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Unipedicular 
approach.  
Bipedicular 
results.*

Achieve precision with a single incision.  

strykerIVS.com/avaflex

Simplify your approach in treating vertebral 
compression fractures (VCFs) and create larger 

today.†

targeted cement placement. It’s more than a 
minimally invasive approach with the potential 

reminder that we’re in this together.

AVAflex® Balloon System

1000-025-577 Rev None

† As of February 2017



MKTG-050    Rev. A

The Barricade Coil System is intended for the endovascular embolization of intracranial aneurysms and other neurovascular abnormalities such as 
arteriovenous malformations and arteriovenous � stulae. The System is also intended for vascular occlusion of blood vessels within the neurovascular 
system to permanently obstruct blood � ow to an aneurysm or other vascular malformation and for arterial and venous embolizations in the peripheral 
vasculature. Refer to the instructions for use for complete product information.

WWW.BLOCKADEMEDICAL.COM
18 TECHNOLOGY DRIVE #169, IRVINE CA 92618  |  p: 949.788.1443  |  f: 949.788.1444

* Estimated savings in this case, data on � le.

Images and data courtesy of Yince Loh, M.D., Seattle, WA

“  I have successfully treated a wide range of aneurysms with the Barricade Coil System. 
I am impressed with the overall performance of the coils and the realized cost savings.”

-Yince Loh, M.D.

COILS THAT

PERFORM

COILS THAT

SAVE $
$110,000*

SAVED

LEFT ICA TERMINUS ANEURYSM 

POST‐TREATMENTPRE‐TREATMENT

RIGHT PERICALLOSAL ANEURYSM

POST‐TREATMENTPRE‐TREATMENT

22 Patients Treated   ®   114 Total Barricade Coils Used   ®   8.2mm Mean Aneurysm Size

Cost Analysis of Cerebral Aneurysms Treated with the 
Barricade Coil System, A Retrospective Review
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The Editors of AJNR are pleased to announce  
the annual Lucien Levy Best Research Article 
Award has been presented to

“�Brain�Network�Architecture�and�
Global�Intelligence�in�Children�
with�Focal�Epilepsy” 
by M.J. Paldino, F. Golriz, M.L. Chapieski,  
W. Zhang, and Z.D. Chu

AJNRAMERICAN�JOURNAL�OF�NEURORADIOLOGY

2017�LUCIEN�LEVY�BEST�RESEARCH�ARTICLE��
AWARD�WINNER�AND�NOMINEES�NAMED

Other�nominated�papers�were:

" Fate of Coiled Aneurysms with Minor Recanalization at 6 Months: Rate of Progression to Further Recanalization and Related Risk Factors" 
by J.P. Jeon, Y.D. Cho, J.K. Rhim, D.H. Yoo, W.-S. Cho, H.-S. Kang, J.E. Kim, and M.H. Han

" Diffusion-Weighted Imaging of Nasopharyngeal Carcinoma: Can Pretreatment DWI Predict Local Failure Based on Long-Term Outcome?" 
by B.K.H. Law, A.D. King, K.S. Bhatia, A.T. Ahuja, M.K.M. Kam, B.B. Ma, Q.Y. Ai, F.K.F. Mo, J. Yuan, and D.K.W. Yeung

" Porcine In Vivo Validation of a Virtual Contrast Model: The Influence of Contrast Agent Properties and Vessel Flow Rates" by T.W. Peach, 
Y. Ventikos, J.V. Byrne, and Z. You

" MR Imaging of Individual Perfusion Reorganization Using Superselective Pseudocontinuous Arterial Spin-Labeling in Patients with 
Complex Extracranial Steno-Occlusive Disease" by V. Richter, M. Helle, M.J.P. van Osch, T. Lindner, A.S. Gersing, P. Tsantilas,  
H.-H. Eckstein, C. Preibisch, and C. Zimmer

" A Semiautomatic Method for Multiple Sclerosis Lesion Segmentation on Dual-Echo MR Imaging: Application in a Multicenter Context" 
by L. Storelli, E. Pagani, M.A. Rocca, M.A. Horsfield, A. Gallo, A. Bisecco, M. Battaglini, N. De Stefano, H. Vrenken, D.L. Thomas,  
L. Mancini, S. Ropele, C. Enzinger, P. Preziosa, and M. Filippi

" Computer-Extracted Texture Features to Distinguish Cerebral Radionecrosis from Recurrent Brain Tumors on Multiparametric MRI:  
A Feasibility Study" by P. Tiwari, P. Prasanna, L. Wolansky, M. Pinho, M. Cohen, A.P. Nayate, A. Gupta, G. Singh, K.J. Hatanpaa, A. Sloan, 
L. Rogers, and A. Madabhushi

This award is named for the late AJNR Senior Editor who championed its establishment and recognizes the best original research paper 
accepted in 2016. The winning paper, submitted by authors from the Texas Children’s Hospital in Houston, was published electronically 
on October 13, 2016 and appeared in the February print issue. It was selected by a vote of the Journal’s Editor-in-Chief and Senior Editors.



* The Trevo Retriever is indicated for use to restore blood fl ow in the neurovasculature by removing 
thrombus for the treatment of acute ischemic stroke to reduce disability in patients with a persistent, 
proximal anterior circulation, large vessel occlusion, and smaller core infarcts who have fi rst received 
intravenous tissue plasminogen activator (IV t-PA). Endovascular therapy with the device should start 
within 6 hours of symptom onset.

NEW 
Indication for 
Trevo® Retrievers 
A New Standard of Care in Stroke

 Retrievers 
A New Standard of Care in Stroke

1st
FIRST 
mechanical thrombectomy device 
indicated to reduce disability in stroke.*

FIRST
new treatment indication for 
stroke in 20 years.

Copyright © 2016 Stryker
NV00018973.AB



Come to the beach! Please join us in Long 
Beach, California, April 22-27, 2017, for the 
55th Annual Meeting of the ASNR. Known 
for its 5.5 miles of Pacific Ocean waterfront, 
this southern California beach resort boasts 
a blend of city sophistication and seaside 
serenity. ASNR is delighted to provide a 
“4D” focus for this meeting, as depicted 
by our meeting logo: Discovery and 
Didactics for The Foundation of the ASNR 
Symposium 2017:  Diagnosis and Delivery 
for the ensuing Annual Meeting Program. 

Centered on Discovery and Didactics, the 
symposium will feature sessions on “What’s 
New?” in the role neuroimaging plays 
defining CNS disease mechanisms and how 
to best prepare for “What’s Next?” for our 
subspecialty in terms of training, teaching, 
and leading the process of lifelong learning. 
The annual meeting programming will 
address best practices in Diagnosis and 
Delivery, as we strive to provide value, 
promote quality in better health and care 
and consider cost. Our discussions will 
consider how to navigate the changing 
landscape of healthcare reform and 
reimbursement as subspecialists in a field 
that is changing at an equally “fast 
forward” pace!

The Foundation of the  
ASNR Symposium 2017:  
Discovery and Didactics 
April 22-23, 2017

ASNR 55th Annual Meeting: 
Diagnosis and Delivery 
April 24-27, 2017

ASNR 55th Annual Meeting
c/o American Society of Neuroradiology
800 Enterprise Drive, Suite 205 • Oak Brook, Illinois 60523-4216
Phone: 630-574-0220 • Fax: 630 574-0661 • 2017.asnr.org Hyatt Regency Long Beach  

© Hyatt Regency Long Beach

Long Beach Convention & Entertainment Center 
© Long Beach Convention & Visitors Bureau

Westin Long Beach  
© The Westin Long Beach

Jacqueline A. Bello, MD, FACR  
ASNR 2017 Program Chair/President-Elect
Programming developed in cooperation with and 
appreciation of the…
American Society of Functional Neuroradiology (ASFNR)
Kirk M. Welker, MD
American Society of Head and Neck Radiology (ASHNR)
Rebecca S. Cornelius, MD, FACR
American Society of Pediatric Neuroradiology (ASPNR)
Susan Palasis, MD
American Society of Spine Radiology (ASSR)
Joshua A. Hirsch, MD, FACR, FSIR
Society of NeuroInterventional Surgery (SNIS)
Blaise W. Baxter, MD
American Society of Neuroradiology (ASNR)  
Health Policy Committee
Robert M. Barr, MD, FACR
Computer Sciences & Informatics (CSI) Committee
John L. Go, MD, FACR
Research Scientist Committee
Dikoma C. Shungu, PhD and Timothy, P.L. Roberts, PhD
The International Hydrocephalus Imaging Working Group  
(IHIWG)/CSF Flow Group
William G. Bradley, Jr., MD, PhD, Harold L. Rekate, MD  
and Bryn A. Martin, PhD

Register Now!  
Visit 2017.asnr.org for more information. 





We’re Inside Every Great Neuroradiologist!

Join the leaders in neuroradiology today!
Learn more at www.asnr.org/join

800 Enterprise Dr., Suite 205, Oak Brook, IL 60523 • (630)574-0220 • membership@asnr.org • www.asnr.org



51st Annual Meeting

American Society of

Head & Neck
Radiology

Head and Neck Imaging in the City of Lights

Please contact Educational Symposia at 813-806-1000 or ASHNR@edusymp.com or  
visit www.ASHNR.org for additional information.

Caesars Palace • Las Vegas, NV 
September 16 – 20, 2017

(Saturday - Wednesday)



Strengthen ASNR’s representation at the  
national level.
 
Your membership in the American Medical Association strengthens ASNR’s  
representation in the AMA House of Delegates—the policymaking body of the  
AMA that brings forth the views and interests of all physicians to establish national  
policy on health, medical, professional and  governance matters.
   
Please activate your 2017 AMA membership, visit ama-assn.org or call AMA 
Member Relations at (800) 262-3211. If you are currently a member, thank you. 

AMA member benefits and resources include: 

    Unlimited access to The JAMA Network® which brings together JAMA and all  
11 specialty journals with CME.  
jamanetwork.com

    STEPS Forward™, the AMA’s new practice transformation series designed to help  
physicians achieve the Quadruple Aim: better patient experience, better population 
health and lower overall costs with improved professional satisfaction.  
stepsforward.org

      Free 18-month trial of DynaMed Plus®, an evidence-based, clinical support tool that  
features thousands of images and provides immediate answers to clinical questions. 
offers.jamanetwork.com

© 2016 American Medical Association. All rights reserved. 16-1648





Trevo® XP ProVue Retrievers 

See package insert for complete indications, complications, 
warnings, and instructions for use.

INDICATIONS FOR USE
1. The Trevo Retriever is indicated for use to restore blood flow in the 

neurovasculature by removing thrombus for the treatment of acute ischemic 
stroke to reduce disability in patients with a persistent, proximal anterior 
circulation, large vessel occlusion, and smaller core infarcts who have first 
received intravenous tissue plasminogen activator (IV t-PA). Endovascular 
therapy with the device should start within 6 hours of symptom onset.

2. The Trevo Retriever is intended to restore blood flow in the neurovasculature 
by removing thrombus in patients experiencing ischemic stroke within 8 
hours of symptom onset. Patients who are ineligible for intravenous tissue 
plasminogen activator (IV t-PA) or who fail IV t-PA therapy are candidates 
for treatment.

COMPLICATIONS
Procedures requiring percutaneous catheter introduction should not be 
attempted by physicians unfamiliar with possible complications which may 
occur during or after the procedure. Possible complications include, but are not 
limited to, the following: air embolism; hematoma or hemorrhage at puncture 
site; infection; distal embolization; pain/headache; vessel spasm, thrombosis, 
dissection, or perforation; emboli; acute occlusion; ischemia; intracranial 
hemorrhage; false aneurysm formation; neurological deficits including stroke; 
and death.

COMPATIBILITY
3x20mm retrievers are compatible with Trevo® Pro 14 Microcatheters (REF 
90231) and Trevo® Pro 18 Microcatheters (REF 90238). 4x20mm retrievers are 
compatible with Trevo® Pro 18 Microcatheters (REF 90238). 4x30mm retrievers 
are compatible with Excelsior® XT-27® Microcatheters (150cm x 6cm straight 
REF 275081) and Trevo® Pro 18 Microcatheters (REF 90238). 6x25mm Retrievers 
are compatible with Excelsior® XT-27® Microcatheters (150cm x 6cm straight 
REF 275081). Compatibility of the Retriever with other microcatheters has not 
been established. Performance of the Retriever device may be impacted if a 
different microcatheter is used.

Balloon Guide Catheters (such as Merci® Balloon Guide Catheter and FlowGate® 
Balloon Guide Catheter) are recommended for use during thrombus removal 
procedures.

Retrievers are compatible with the Abbott Vascular DOC® Guide Wire Extension 
(REF 22260).

Retrievers are compatible with Boston Scientific RHV (Ref 421242).

SPECIFIC WARNINGS FOR INDICATION 1
• The safety and effectiveness of the Trevo Retrievers in reducing disability 

has not been established in patients with large core infarcts (i.e., ASPECTS 
≤ 7). There may be increased risks, such as intracerebral hemorrhage, in 
these patients. 

• The safety and effectiveness of the Trevo Retrievers in reducing disability has 
not been established or evaluated in patients with occlusions in the posterior 
circulation (e.g., basilar or vertebral arteries) or for more distal occlusions in 
the anterior circulation. 

WARNINGS APPLIED TO BOTH INDICATIONS
• Administration of IV t-PA should be within the FDA-approved window (within 

3 hours of stroke symptom onset). 
• Contents supplied STERILE, using an ethylene oxide (EO) process. 

Nonpyrogenic.
• To reduce risk of vessel damage, adhere to the following recommendations:

 – Take care to appropriately size Retriever to vessel diameter at intended 
site of deployment. 

 – Do not perform more than six (6) retrieval attempts in same vessel using 
Retriever devices.

 – Maintain Retriever position in vessel when removing or exchanging 
Microcatheter.

• To reduce risk of kinking/fracture, adhere to the following recommendations:
 – Immediately after unsheathing Retriever, position Microcatheter tip 

marker just proximal to shaped section. Maintain Microcatheter tip marker 
just proximal to shaped section of Retriever during manipulation and 
withdrawal.

 – Do not rotate or torque Retriever.
 – Use caution when passing Retriever through stented arteries.

• Do not resterilize and reuse. Structural integrity and/or function may be 
impaired by reuse or cleaning.

• The Retriever is a delicate instrument and should be handled carefully. Before 
use and when possible during procedure, inspect device carefully for damage. 
Do not use a device that shows signs of damage. Damage may prevent 
device from functioning and may cause complications.

• Do not advance or withdraw Retriever against resistance or significant 
vasospasm. Moving or torquing device against resistance or significant 
vasospasm may result in damage to vessel or device. Assess cause of 
resistance using fluoroscopy and if needed resheath the device to withdraw.

• If Retriever is difficult to withdraw from the vessel, do not torque Retriever. 
Advance Microcatheter distally, gently pull Retriever back into Microcatheter, 
and remove Retriever and Microcatheter as a unit. If undue resistance is met 
when withdrawing the Retriever into the Microcatheter, consider extending 
the Retriever using the Abbott Vascular DOC guidewire extension (REF 22260) 
so that the Microcatheter can be exchanged for a larger diameter catheter 
such as a DAC® catheter. Gently withdraw the Retriever into the larger 
diameter catheter.

• Administer anti-coagulation and anti-platelet medications per standard 
institutional guidelines.

PRECAUTIONS
• Prescription only – device restricted to use by or on order of a physician.
• Store in cool, dry, dark place.
• Do not use open or damaged packages.
• Use by “Use By” date.
• Exposure to temperatures above 54°C (130°F) may damage device and 

accessories. Do not autoclave.
• Do not expose Retriever to solvents.
• Use Retriever in conjunction with fluoroscopic visualization and proper 

anti-coagulation agents.
• To prevent thrombus formation and contrast media crystal formation, 

maintain a constant infusion of appropriate flush solution between guide 
catheter and Microcatheter and between Microcatheter and Retriever or 
guidewire.

• Do not attach a torque device to the shaped proximal end of DOC® 
Compatible Retriever. Damage may occur, preventing ability to attach DOC® 
Guide Wire Extension.

Concentric Medical
301 East Evelyn Avenue
Mountain View, CA 94041

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538

strykerneurovascular.com

Date of Release: SEP/2016

EX_EN_US
Copyright © 2016 Stryker
NV00018973.AB

Target® Detachable Coil  

See package insert for complete indications, 
contraindications, warnings and instructions 
for use.

INTENDED USE / INDICATIONS FOR USE
Target Detachable Coils are intended to endovascularly 
obstruct or occlude blood flow in vascular abnormalities of the 
neurovascular and peripheral vessels.

Target Detachable Coils are indicated for endovascular 
embolization of:

• Intracranial aneurysms
• Other neurovascular abnormalities such as arteriovenous 

malformations and arteriovenous fistulae
• Arterial and venous embolizations in the peripheral 

vasculature

CONTRAINDICATIONS
None known.

POTENTIAL ADVERSE EVENTS
Potential complications include, but are not limited to: 
allergic reaction, aneurysm perforation and rupture, 
arrhythmia, death, edema, embolus, headache, hemorrhage, 
infection, ischemia, neurological/intracranial sequelae, 
post-embolization syndrome (fever, increased white blood 
cell count, discomfort), TIA/stroke, vasospasm, vessel 
occlusion or closure, vessel perforation, dissection, trauma or 
damage, vessel rupture, vessel thrombosis.  Other procedural 
complications including but not limited to: anesthetic and 
contrast media risks, hypotension, hypertension, access site 
complications.

WARNINGS
• Contents supplied STERILE using an ethylene oxide (EO) 

process. Do not use if sterile barrier is damaged. If damage 
is found, call your Stryker Neurovascular representative.

• For single use only. Do not reuse, reprocess or resterilize. 
Reuse, reprocessing or resterilization may compromise 
the structural integrity of the device and/or lead to device 
failure which, in turn, may result in patient injury, illness 
or death. Reuse, reprocessing or resterilization may also 
create a risk of contamination of the device and/or cause 
patient infection or cross-infection, including, but not 
limited to, the transmission of infectious disease(s) from 
one patient to another. Contamination of the device may 
lead to injury, illness or death of the patient.

• After use, dispose of product and packaging in accordance 
with hospital, administrative and/or local government 
policy.

• This device should only be used by physicians 
who have received appropriate training in 
interventional neuroradiology or interventional 
radiology and preclinical training on the 
use of this device as established by Stryker 
Neurovascular.

• Patients with hypersensitivity to 316LVM stainless steel 
may suffer an allergic reaction to this implant.

• MR temperature testing was not conducted in peripheral 
vasculature, arteriovenous malformations or fistulae 
models.

• The safety and performance characteristics of the Target 
Detachable Coil System (Target Detachable Coils, InZone 
Detachment Systems, delivery systems and accessories) 
have not been demonstrated with other manufacturer’s 
devices (whether coils, coil delivery devices, coil 
detachment systems, catheters, guidewires, and/or other 
accessories). Due to the potential incompatibility of non 
Stryker Neurovascular devices with the Target Detachable 
Coil System, the use of other manufacturer’s device(s) with 
the Target Detachable Coil System is not recommended.

• To reduce risk of coil migration, the diameter of the first 
and second coil should never be less than the width of 
the ostium.

• In order to achieve optimal performance of the Target 
Detachable Coil System and to reduce the risk of 
thromboembolic complications, it is critical that a 
continuous infusion of appropriate flush solution be 
maintained between a) the femoral sheath and guiding 
catheter, b) the 2-tip microcatheter and guiding catheters, 
and c) the 2-tip microcatheter and Stryker Neurovascular 
guidewire and delivery wire. Continuous flush also reduces 
the potential for thrombus formation on, and crystallization 
of infusate around, the detachment zone of the Target 
Detachable Coil.

• Do not use the product after the “Use By” date specified 
on the package.

• Reuse of the flush port/dispenser coil or use with any coil 
other than the original coil may result in contamination of, 
or damage to, the coil.

• Utilization of damaged coils may affect coil delivery to, and 
stability inside, the vessel or aneurysm, possibly resulting 
in coil migration and/or stretching.

• The fluoro-saver marker is designed for use with a Rotating 
Hemostatic Valve (RHV). If used without an RHV, the distal 
end of the coil may be beyond the alignment marker when 
the fluoro-saver marker reaches the microcatheter hub.

• If the fluoro-saver marker is not visible, do not advance the 
coil without fluoroscopy.

• Do not rotate delivery wire during or after delivery of the 
coil. Rotating the Target Detachable Coil delivery wire 
may result in a stretched coil or premature detachment 
of the coil from the delivery wire, which could result in 
coil migration.

• Verify there is no coil loop protrusion into the parent 
vessel after coil placement and prior to coil detachment. 
Coil loop protrusion after coil placement may result in 
thromboembolic events if the coil is detached.

• Verify there is no movement of the coil after coil placement 
and prior to coil detachment. Movement of the coil after 
coil placement may indicate that the coil could migrate 
once it is detached.

• Failure to properly close the RHV compression fitting over 
the delivery wire before attaching the InZone® Detachment 
System could result in coil movement, aneurysm rupture or 
vessel perforation.

• Verify repeatedly that the distal shaft of the catheter is 
not under stress before detaching the Target Detachable 
Coil. Axial compression or tension forces could be stored 
in the 2-tip microcatheter causing the tip to move during 
coil delivery. Microcatheter tip movement could cause the 
aneurysm or vessel to rupture.

• Advancing the delivery wire beyond the microcatheter tip 
once the coil has been detached involves risk of aneurysm 
or vessel perforation.

• The long term effect of this product on extravascular 
tissues has not been established so care should be taken 
to retain this device in the intravascular space.

Damaged delivery wires may cause detachment failures, 
vessel injury or unpredictable distal tip response during coil 
deployment. If a delivery wire is damaged at any point during 
the procedure, do not attempt to straighten or otherwise 
repair it. Do not proceed with deployment or detachment. 
Remove the entire coil and replace with undamaged product.

• After use, dispose of product and packaging in accordance 
with hospital, administrative and/or local government 
policy.

CAUTIONS / PRECAUTIONS
• Federal Law (USA) restricts this device to sale by or on the 

order of a physician.
• Besides the number of InZone Detachment System units 

needed to complete the case, there must be an extra 
InZone Detachment System unit as back up.

• Removing the delivery wire without grasping the introducer 
sheath and delivery wire together may result in the 
detachable coil sliding out of the introducer sheath.

• Failure to remove the introducer sheath after inserting 
the delivery wire into the RHV of the microcatheter will 
interrupt normal infusion of flush solution and allow back 
flow of blood into the microcatheter.

• Some low level overhead light near or adjacent to the 
patient is required to visualize the fluoro-saver marker; 
monitor light alone will not allow sufficient visualization of 
the fluoro-saver marker.

• Advance and retract the Target Detachable Coil carefully 
and smoothly without excessive force. If unusual friction is 
noticed, slowly withdraw the Target Detachable Coil and 
examine for damage. If damage is present, remove and use 
a new Target Detachable Coil. If friction or resistance is 
still noted, carefully remove the Target Detachable Coil and 
microcatheter and examine the microcatheter for damage.

• If it is necessary to reposition the Target Detachable 
Coil, verify under fluoroscopy that the coil moves with 
a one-to-one motion. If the coil does not move with a 
one-to-one motion or movement is difficult, the coil may 
have stretched and could possibly migrate or break. Gently 
remove both the coil and microcatheter and replace with 
new devices.

• Increased detachment times may occur when:
 – Other embolic agents are present.
 – Delivery wire and microcatheter markers are not 

properly aligned.
 – Thrombus is present on the coil detachment zone.

• Do not use detachment systems other than the InZone 
Detachment System.

• Increased detachment times may occur when delivery wire 
and microcatheter markers are not properly aligned.

• Do not use detachment systems other than the InZone 
Detachment System.

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538

strykerneurovascular.com

Date of Release: MAR/2016

EX_EN_US
Copyright © 2016 Stryker
NV00018669.AB
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Target Detachable Coils deliver consistently smooth deployment 
and exceptional microcatheter stability. Designed to work 
seamlessly together for framing, fi lling and fi nishing. 
Target Coils deliver the high performance you demand.
 
For more information, please visit www.strykerneurovascular.com/Target 
or contact your local Stryker Neurovascular sales representative.

Smooth and stable.



www.acandis.com

FLEXIBLE ANEURYSM TREATMENT

ACCLINO® flex Stent

DERIVO® Embolisation Devicee
N

ot
 fo

r s
al

e 
w

ith
in

 th
e 

te
rr

ito
ry

 o
f t

he
 U

ni
te

d 
St

at
es

FLEXIBLE ANEUR

ACCL



Hydrogel vs bare platinum coils in recurrent aneurysms
MRI-guided focused ultrasound for intracranial applications
Transverse sinus stenosis in idiopathic intracranial hypotension

Official Journal ASNR • ASFNR • ASHNR • ASPNR • ASSR
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423 PERSPECTIVES S. Ayala

EDITORIAL

424 The Need for Better Data on Patients with Acute Stroke Who Are Not
Treated Because of Unfavorable Imaging M. Goyal, et al.

REVIEW ARTICLE

426 Intracranial Applications of MR Imaging–Guided Focused Ultrasound
N. Khanna, et al.

ADULT BRAIN

LEVEL 1 EBM EXPEDITED PUBLICATION

432 Hydrogel versus Bare Platinum Coils in Patients with Large or Recurrent
Aneurysms Prone to Recurrence after Endovascular Treatment:
A Randomized Controlled Trial J. Raymond, et al.

INTERVENTIONAL

PATIENT SAFETY

442 Reduced Patient Radiation Exposure during Neurodiagnostic and
Interventional X-Ray Angiography with a New Imaging Platform
K. van der Marel, et al.

INTERVENTIONAL

450 The Efficacy of Shielding Systems for Reducing Operator Exposure
during Neurointerventional Procedures: A Real-World Prospective
Study T.R. Miller, et al.

INTERVENTIONAL

455 Measured Head CT/CTA Skin Dose and Intensive Care Unit Patient
Cumulative Exposure R.D. Nawfel, et al.

462 Effects of Radiation Exposure on the Cost-Effectiveness of CT
Angiography and Perfusion Imaging in Aneurysmal Subarachnoid
Hemorrhage J. Ivanidze, et al.

GENETICS VIGNETTE

469 Genetics of Von Hippel-Lindau Disease D.C. Dwyer, et al.

GENERAL CONTENTS

471 Transverse Sinus Stenosis Is the Most Sensitive MR Imaging Correlate of
Idiopathic Intracranial Hypertension P.P. Morris, et al.
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Publication Preview at www.ajnr.org features articles released in advance of print.
Visit www.ajnrblog.org to comment on AJNR content and chat with colleagues
and AJNR’s News Digest at http://ajnrdigest.org to read the stories behind the
latest research in neuroimaging.

AJNR (Am J Neuroradiol ISSN 0195– 6108) is a journal published monthly, owned and published by the American Society of Neuroradiology (ASNR),
800 Enterprise Drive, Suite 205, Oak Brook, IL 60523. Annual dues for the ASNR include $170.00 for journal subscription. The journal is printed by
Cadmus Journal Services, 5457 Twin Knolls Road, Suite 200, Columbia, MD 21045; Periodicals postage paid at Oak Brook, IL and additional mailing
offices. Printed in the U.S.A. POSTMASTER: Please send address changes to American Journal of Neuroradiology, P.O. Box 3000, Denville, NJ 07834,
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EDITORIAL

The Need for Better Data on Patients
with Acute Stroke Who Are Not
Treated Because of Unfavorable
Imaging
X M. Goyal, X B.K. Menon, X M.A. Almekhlafi, X A. Demchuk,
and X M.D. Hill

There are 2 “epochs” of time in acute ischemic stroke caused by

large vessel occlusion: onset to imaging time, which is determin-

istic of the likelihood of favorable imaging (mild to moderate early

ischemic changes [ASPECTS 6–10]), and imaging to reperfusion

time, which is deterministic of the likelihood of a favorable out-

come.1 But what factors influence whether a particular patient with

an acute stroke caused by large vessel occlusion will have favorable

imaging? What is the rate at which the brain dies after stroke onset?

What factors influence the velocity of irreversible infarction?

Ten minutes after stroke onset caused by large vessel occlu-

sion, all patients will have a small core and sizeable penumbra. At

the other extreme, in nearly all patients at 24 hours after stroke

onset, the infarct will have expanded to its maximum volume and

there is no penumbra. The decay curve for growth of infarct (ex-

pansion of core, reduction of penumbra) for an individual patient

begins at 100% salvageable brain (zero core) at onset and follows

a variable downward curve to reach 0% salvageable brain at a

certain point (Figure).2,3

Some patients are likely “fast progressors” (with favorable imag-

ing only very early) and others are “slow progressors” (with favorable

imaging even at late time windows). The biologic infarct growth

curve could also be linear, parabolic (steep initially and flattening out

as time progresses), or even sigmoid shaped (slow infarct growth

initially that increases as time progresses, then flattens out at later

time points).3,4 Recent analyses of workflow time relationships for

both intravenous tPA and endovascular treatment attest to the vari-

able nature of the infarct growth outcome relationships.4-8 In partic-

ular, in a recent meta-analysis of all the endovascular trials, a nonlin-

ear statistical exploration of the time-versus-outcome relationship

showed a shallow slope very early, with a steep fall in good outcome

rate from 190–390 minutes after stroke onset and a gradual decline

later (see Fig 5 in Saver et al4). The nature of this time-versus-out-

come relationship may likely be very different if patients with large

infarcts at baseline (fast progressors) or those with minimal clinical

deficits (very slow progressors) who were likely excluded from the

recent intra-arterial therapy trials that were included in this analysis.

Although “time is brain” is an established construct, we currently

have very limited data on the time-versus-outcome relationship in all

comers and how this relationship may be different in different groups

of patients.

We also have little quality data on why some patients are fast

progressors and some are slow progressors. All the recent trials

(overtly or inadvertently) used imaging or clinical parameters

that resulted in the inclusion of patients with a small core inde-

pendent of time from onset.9 So, by definition, nearly all patients

in the later time windows had to be slow progressors. Fast pro-

gressors were excluded from these trials. A strong candidate as a

pathophysiologic variable to explain the differences between slow

and fast progressors is the status of leptomeningeal collaterals.

The better the collaterals, the slower the progression of infarct. So

what influences the presence of good collaterals, and what do we

understand about it? It is likely that collaterals are influenced by

genetic factors and coexisting conditions such as diabetes and

hypertension. A second candidate variable is tissue susceptibility,

which, to date, is impossible to measure in isolation and is poorly

defined and understood. Another variable that likely comes into

play in patient selection is tissue eloquence (nearly all patients

who were enrolled in the recent trials had clinically major stroke

symptoms; hence, it is possible that there are patients who have

sizeable noneloquent tissue at risk, but were not included in the

trials because of clinically mild symptoms).

Animal data suggest that there are significant genetic influ-

ences on the robustness of collaterals.10 Other risk factors associ-

ated with poor collaterals include aging, hypertension, diabetes,

or the presence of metabolic syndrome and hyperuricemia.11 The

use of statins and angiotensin converting– enzyme inhibitors may

be associated with good collaterals.12 Furthermore, the immedi-

ate physiology of collaterals may be acutely influenced by systemic

blood pressure, locoregional factors such as carotid artery steno-

sis, or the degree of vessel occlusion caused by a large bore catheter

and other modifiable factors.

Tissue susceptibility may be modifiable. Multiple compounds

have been shown to be cytoprotective in ischemia-reperfusion

models in rodents and other preclinical models. None have been

proved in human stroke. Variables that are explanatory for tissue

susceptibility include age and sex, premorbid brain health (per-

haps measured crudely by functional status), comorbid condi-

tions (such as diabetes mellitus, congestive heart failure, and can-

cer). Among these patients, the impact of a moderate stroke may

be much worse. Both novel and well-known compounds such as

NA-1,13 minocycline,14 and uric acid15 may change tissue suscep-

tibility, perhaps to a varying degree depending upon the patient.

So where do we go from here? The shape of the infarct growth

curve is unknown. Variable rates of infarct growth likely exist because

of variability in robustness of collaterals and tissue susceptibility to

ischemia. We have limited understanding of the factors that influ-

ence these variables. Data to understand this issue in humans are

limited by sampling biases stemming from current patient selection

strategies in available studies. As a first step, we need better databases

comprising all patients with acute ischemic stroke caused by large

vessel occlusion. Such prospective databases should capture clinical

information that includes time of onset, age, comorbidities, and in-

formation regarding vital signs (eg, “the patient was not hypoten-

sive”). Imaging data should include modalities that assess the pres-

ence of a sizable penumbra indirectly “collateral information” or

directly “perfusion imaging.” Finally, laboratory investigations

should be added for conditions that are known to impact the pen-

umbra/collateral status, such as blood glucose, uric acid, or metabolichttp://dx.doi.org/10.3174/ajnr.A5094
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syndrome work-up. Clinical follow-up and outcome data irrespec-

tive of how patients were treated are essential. Such data bases could

be an expansion of existing stroke registries (eg, Austrian Stroke Unit

Registry Collaboration16) or previous randomized trials that cap-

tured data on the patients who were screened for eligibility, but ex-

cluded because of unfavorable imaging. These will help advance our

understanding of which factors are associated with the fast progres-

sor state and, hopefully, could be modified to improve the stroke

outcome of these patients.
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REVIEW ARTICLE

Intracranial Applications of MR Imaging–Guided
Focused Ultrasound

X N. Khanna, X D. Gandhi, X A. Steven, X V. Frenkel, and X E.R. Melhem

ABSTRACT
SUMMARY: Initially used in the treatment of prostate cancer and uterine fibroids, the role of focused ultrasound has expanded as
transcranial acoustic wave distortion and other limitations have been overcome. Its utility relies on focal energy deposition via acoustic
wave propagation. The duty cycle and intensity of focused ultrasound influence the rate of energy deposition and result in unique
physiologic and biomechanical effects. Thermal ablation via high-intensity continuous exposure generates coagulative necrosis of tissues.
High-intensity, pulsed application reduces temporally averaged energy deposition, resulting in mechanical effects, including reversible,
localized BBB disruption, which enhances neurotherapeutic agent delivery. While the precise mechanisms remain unclear, low-intensity,
pulsed exposures can influence neuronal activity with preservation of cytoarchitecture. Its noninvasive nature, high-resolution, radiation-
free features allow focused ultrasound to compare favorably with other modalities. We discuss the physical characteristics of focused
ultrasound devices, the biophysical mechanisms at the tissue level, and current and emerging applications.

ABBREVIATIONS: FUS � focused ultrasound; MRgFUS � MR imaging– guided focused ultrasound; TMZ � temozolomide

The use of therapeutic ultrasound predates its role in diagnostic

imaging. Early applications of therapeutic ultrasound were

primarily in physical therapy for the treatment of musculoskeletal

injuries, albeit in a low-energy, nonfocused manner.1 More re-

cently, higher energy focused ultrasound (FUS) has demonstrated

enormous therapeutic and research potential via newly discov-

ered, unique bioeffects. Therapeutic FUS relies on acoustic wave

propagation directed at a specific focus, generating high-resolu-

tion focal energy deposition while sparing intervening and adja-

cent tissues. Acoustic waves can be generated by single-element

transducers. Newer generation devices offer multielement phased ar-

ray transducers, allowing electronic steering of the focal zone.2

Experimentation with neurologic FUS applications began in

earnest more than 60 years ago with partial ablation of the basal

ganglia in cats and monkeys in 1955 by Fry et al3 and intracranial

tumor therapy in humans performed by Heimburger4 3 decades

later. Initially, impedance mismatch and nonuniformity at the

soft-tissue-calvarial interface necessitated surgical craniotomy for

intracranial FUS application. Once reliable transcranial propaga-

tion was achieved, the morbidity associated with craniotomy was

no longer an obstacle in neurologic FUS application and the tech-

nique gained more widespread acceptance as a viable noninvasive

alternative to current therapeutic options. Clinical and preclinical

investigations into potential applications of the controlled depo-

sition of mechanical energy, in the form of ultrasound, have since

accelerated and yielded a variety of bioeffects based on the level of

energy deposition. At high levels of deposition, tissue heating gen-

erates irreversible necrosis of the target area. As the temporally

averaged rate of energy deposition is decreased, via decreasing the

ultrasound intensity and duty cycle (ie, ratio of ON and OFF),

mechanical effects can increase the permeability of the blood-

brain barrier and influence neuronal activity, via both reversible

suppression and stimulation.

Advances in Transcranial FUS
In 2002, the biggest obstacle in the translation of FUS to neuro-

logic applications was overcome when Clement and Hynynen5

achieved reproducible, high-resolution focal energy deposition

via transcranial acoustic wave propagation, obviating craniot-

omy. This is accomplished via registration of data from CT inter-

rogation of the calvaria, specifically to assess its attenuation, con-

tour, and thickness. These data are registered with MR images and

serve as input to the MR imaging– guided FUS (MRgFUS) appa-
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ratus, which can individually steer up to 1024 ultrasound ele-

ments to compensate for predicted acoustic wave distortions at

the soft-tissue– calvarial interface. Focused transcranial acoustic

wave propagation can then be achieved with a resolution of ap-

proximately 1 mm.5 The phased array transducer also offers the

versatility of creating numerous focal points and hence treating

larger volumes. This is currently being evaluated for generating

regional hyperthermia, which may enhance the efficacy of chemo-

therapy and radiation therapy (Fig 1).6

Developments in real-time image guidance and monitoring

have expanded the scope of FUS therapies, namely the integration

of MR imaging– guided therapeutic systems. Early image guid-

ance of FUS relied entirely on diagnostic ultrasound images for

treatment planning and monitoring tissue-level effects, such as in

the treatment of prostate cancer.7 Current MR imaging– guided

therapeutic systems offer superior soft-tissue detail, allowing

preservation of nontarget tissues and accurate identification of

tumor margins and other potential ROIs. Temperature maps via

noninvasive, near-real-time MR thermometry enable validation

of effective treatment for thermal therapies (ie, ablation, hyper-

thermia) and determination whether the nontargeted tissue in

adjacent regions has been spared.

The versatility of the MRgFUS apparatus is a product of its

ability to manipulate the volume and degree of energy deposition.

The magnitude of local energy deposition generated by focused

acoustic wave propagation is influenced by the intensity and duty

cycle of the ultrasound application. High-intensity, continuous

FUS application can generate marked focal temperature eleva-

tion, reaching up to 65°C or greater (with tissue devitalization

generally achieved at temperatures exceeding 55°C)8 within a

matter of seconds. When FUS is applied in a pulsed, high-inten-

sity fashion, cooling can occur between the pulses and the tempo-

rally averaged intensity can be lowered substantially. These factors

lower the temperature elevations to just a few degrees Celsius. As

a result, mechanical effects predominate on local cytoarchitec-

ture, without irreversible thermal injury.9 Further reduction in

energy deposition is achieved with a pulsed low-intensity appli-

cation, which may generate unique neuromodulatory effects with

negligible temperature elevations (Fig 2).

High-Intensity, Continuous FUS
The therapeutic benefit of high-intensity continuous FUS appli-

cation is related to the degree of localized temperature elevation,

resulting in irreversible coagulative necrosis at the tissue level, and

is the basis of ablative therapies. The treatment of benign prostatic

hyperplasia and prostate cancer was the earliest clinical applica-

tion of this form of FUS and used a transrectal transducer and a

collinear ultrasound imaging transducer for both treatment plan-

ning and monitoring. Newer generation devices use MR imaging

guidance and were first used for the treatment of uterine fibroids.7

The use of MRgFUS in the treatment of uterine fibroids has since

acquired FDA approval and is reimbursed by insurance providers

on an individual basis. The advent of transcranial devices has

provided the impetus for investigation into a variety of neurologic

applications.

One of the more promising applications of FUS for thermal

ablation has been in the treatment of medication-refractory es-

sential tremor. While the exact etiology of the disorder is not

entirely understood, disruption of the ventral intermediate nu-

cleus of the thalamus, via stereotactic radiosurgery or deep brain

stimulation, has been shown to be effective in the management of

symptoms.10 In 2013, Elias et al11 demonstrated reliable improve-

ment in tremor-related disability up to 1 year after MRgFUS-

induced unilateral thalamotomy of the ventral intermediate nu-

cleus. Other institutions have since successfully replicated these

findings, and the procedure was recently FDA approved. Recent

evidence also suggests a role for FUS-induced thermal ablation in

cases of Parkinson disease refractory to pharmacologic interven-

tion. In a small trial (n � 13), FUS-induced thermal ablation of

the pallidothalamic tract resulted in significant reduction in

symptoms as measured by the Unified Parkinson Disease Rating

FIG 1. With a multielement, hemispheric phased array transducer, a
single focus can be electronically steered (upper right), multiple focal
points can be generated (upper left), and corrections can be achieved
for aberrations in the beam path. Reprinted with permission from
Tempany et al.37

FIG 2. Unique biologic effects can be achieved over a range of energy-
deposition rates by manipulating the intensity and duty cycle of the
ultrasound application. These include neuromodulation, localized re-
versible enhancement of blood-brain barrier permeability, and ther-
mal ablation.
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Scale and patient assessment of global symptom relief. Patients

undergoing MRgFUS-induced thermocoagulation of the palli-

dothalamic tract experienced a reduction in symptomatology that

was comparable with that in stereotactic radiosurgery when effec-

tive parameters were applied.12

Similarly, MRgFUS-induced central lateral thalamotomy in

patients with medication-refractory neuropathic pain syndrome

has also been shown to result in symptomatic relief. In a small

study (n � 11) performed in 2012, immediate pain relief was

achieved during sonication in more than half the subjects. All

except 1 patient experienced substantial symptomatic relief,

which persisted 1 year after therapy (57% mean pain relief). The

study included patients with both peripheral and central etiolo-

gies of neuropathic pain syndrome, and symptomatic benefit was

similar in both groups.13

An effective and safe protocol for MRgFUS in the treatment of

primary solid intracranial neoplasms remains more elusive. The

infiltrative nature of primary gliomas makes ablation uniquely

challenging. In a small clinical trial assessing the role of MRgFUS

in the ablation of high-grade gliomas, coagulative necrosis and

complete ablation of the tumors were not achieved in 3 patients

undergoing MRgFUS treatment. After modification of the proto-

col, a fourth patient who underwent treatment had successful

ablation of the tumor but with fatal intracranial hemorrhage a few

days after treatment, possibly related to an underlying coagulopa-

thy. Current understanding is that lower frequency application, as

attempted in the fourth patient, seems to be associated with an

increased risk of bleeding.14 A universal protocol has not yet been

established in the ablation of primary gliomas, and continued

investigations are necessary.

High-Intensity, Pulsed FUS
By applying FUS in a pulsed mode rather than a continuous ap-
plication, the temporally averaged rate of energy deposition is

reduced. As a result, lower temperature
elevations are achieved without irrevers-
ible thermal injury. Rather, mechanical
effects will predominate, which may be
used to enhance drug and gene delivery9

via reversible localized enhanced perme-
ability of the BBB (Fig 3).15 Early inves-
tigations into FUS-induced BBB perme-
ability enhancement were inconsistent
and required acoustic energy levels that
resulted in localized tissue damage in the
region of treatment. Later development
demonstrated that when these expo-
sures were used in conjunction with ul-
trasound contrast agents in the form of
“microbubbles,” lower acoustic energies
were required and BBB permeability was
more reproducible. The underlying
mechanism is related to the controlled
oscillation of the bubbles by the varying
pressure field of the ultrasound wave. It
is theorized that bubble interactions
with endothelial cells lead to the com-
promised integrity of the tight junctions

and subsequent “leakiness” of the endothelial membrane.16

Enhanced drug delivery by using FUS is actively being inves-
tigated in several studies to determine a role in the treatment of
CNS neoplasms.17,18 Glioblastoma multiforme, the most com-
mon primary brain tumor in adults, is among the most lethal CNS
neoplasms and has limited chemotherapeutic options. Temozo-
lomide (TMZ) is one of the few agents that has shown a survival
benefit in multiple large phase III trials, though posttreatment,
5-year mortality remains abysmal.19 In a small preclinical study
with a noninvasive glioma model, Wei et al18 compared small-,
medium-, and high-dose TMZ groups with a medium-dose
TMZ � FUS group in regard to CSF/plasma TMZ concentrations,
volume of tumor progression, and survival time in a rat model.
The TMZ � FUS group demonstrated the highest TMZ CSF/
plasma ratio, and MR imaging confirmed that the TMZ � FUS
group showed the lowest rate of tumor progression compared
with TMZ alone, regardless of concentration (Fig 4). Most impor-
tant, the TMZ � FUS group was the only group to demonstrate a
survival benefit compared with the control group (15% median
survival time benefit).18

Enhanced CNS delivery via FUS has also been investigated by
using different classes of therapeutic agents, including gene-car-
rying vectors, stem cells, and immunotherapies such as targeted
antibodies.20 Specifically in the case of Alzheimer disease, immu-
notherapy in the form of anti-amyloid-� plaque antibodies has
yielded promising results.21 Independent investigations by Ray-
mond et al22 and Jordão et al23 have shown that FUS can be used
to significantly increase CNS concentrations of anti-amyloid-�
antibodies in a mouse model (approximately 3-fold in the Ray-
mond et al group). By comparing the amyloid-� plaque burden
between antibody and FUS � antibody cerebral hemispheres, the
Jordão et al group further demonstrated a significant reduction in
amyloid-� plaque burden in the antibody � FUS treatment hemi-
sphere relative to the contralateral FUS-naive cerebral hemi-

FIG 3. Application of MRgFUS for the delivery of iron-labeled neural stem cells. Schematic of the
FUS apparatus (lower left). Sagittal, coronal, and axial T2-weighted images (A) are used to identify
the intended targets of neural stem cell delivery in the left hippocampus and left striatum.
T1-weighted, postcontrast images after local FUS sonication (B and C) demonstrate enhancement
in the striatum and hippocampus (blue arrows) compatible with enhanced BBB permeability. Fast
gradient-echo sequences are obtained before (D) and after (E) sonication, localizing a focus of
hypointense signal (red arrow) confirming delivery of iron-labeled neural stem cells. Reprinted
with permission from Burgess et al.40
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sphere. More recently, a novel modified FUS protocol developed
by Leinenga and Götz24 applied in a mouse model demonstrated
that diffuse BBB permeability could be achieved via multiple son-
ication sites throughout the forebrain, reducing amyloid-�
plaque burden without pharmacologic intervention. The etiology
of amyloid-� plaque reduction is proposed to be related to en-
hancement of intrinsic microglial phagocytosis.24

Low-Intensity, Pulsed FUS
Neuromodulation, or the ability to reversibly influence neuronal

activity, either via excitation or reversible suppression, has enor-

mous therapeutic potential. Other neuromodulatory modalities

have already been used extensively in the treatment of a variety of

diseases. For instance, deep brain stimulation has gained wide-

spread acceptance in the treatment of movement disorders,

including Parkinson disease and essential tremor.25 Electrocon-

vulsive therapy26 and, more recently, transcranial magnetic

stimulation27 have also demonstrated

efficacy in the treatment of major de-

pression. When used in a low-intensity

manner, FUS can also produce local

neuromodulatory effects creating

negligible temperature elevations and

complete preservation of target cyto-

architecture.28

The ability of ultrasound to influence

neuronal activity was first established by

Fry et al29 in 1958 via ultrasound-in-

duced reversible inhibition of visual-

evoked potentials. As the role of FUS has

expanded, so has the number of trials

into the mechanisms and efficacy of

ultrasound-induced neuromodulation.

Mechanistic investigation into the ef-

fects of low-intensity ultrasound on

neuronal electrophysiology by Tyler

et al30 in 2008 showed that ultrasound application triggered open-

ing of sodium (Na�) voltage-dependent channels, free calcium

(Ca2�) channels, and ultimately an increase in soluble N-ethyl-

maleimide sensitive fusion proteins attachment receptor–medi-

ated synaptic vesicle exocytosis and synaptic transmission in ex-

cised hippocampal sections of mouse brain.30 In vivo

neurostimulation through an intact skull in mice has also been

shown, without an increase in apoptosis or loss of BBB integrity.

This was measured indirectly by using antibodies targeting apo-

ptotic mediators and via a lack of intra-axial fluorescein isothio-

cyanate-dextran (10 kDa), which does not cross the BBB under

normal conditions.31

More recently, Yoo et al28 achieved reliable neurostimulation

and reversible suppression by using remote low-intensity FUS in a

rabbit model, as confirmed by fMRI and electroencephalographic

recordings (Fig 5). Concurrent MR thermometry measured tem-

FIG 4. Comparison of TMZ versus TMZ � FUS. At day 10, tumors in all groups are similar in size, designating the start of treatments. At day 17,
the FUS � TMZ group demonstrate the slowest rate of tumor growth as evidenced by the degree of T2-weighted signal. The FUS � TMZ group
also shows the longest survival of any of the TMZ-only groups (not shown). Reprinted with permission from Wei et al.18

FIG 5. Neuromodulation of the rabbit motor cortex. An fMRI activation map shows increased
blood oxygen level– dependent–weighted signal in the right motor cortex (A and B). The blue
crosshairs on the fMRI images correspond to the sonication focus. Cartoon schematic illustrates
the experimental setup and spatial orientation. The graph (C) demonstrates the percentage of
blood oxygen level– dependent signal change as a function of the time/acquisition number at 2
different FUS intensities: 6 W/cm2 (red curve) and 3 W/cm2 (blue curve). The green dataset
represents the control group. The gray bars indicate the sonication time. Reprinted with permis-
sion from Yoo et al.28
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perature elevations of approximately 0.7°C, well below levels re-

quired to cause tissue devitalization.8 Most important, the FUS

exposures did not result in damage to the BBB as demonstrated by

the absence of enhancement on postcontrast MR imaging or cy-

toarchitectural distortion as confirmed by histologic evaluation.28

Low-intensity FUS for neuromodulation is one of the newest ap-

plications of FUS currently being investigated. Preliminary stud-

ies have been promising, and research is ongoing.

Advantages and Obstacles of FUS
High-intensity MRgFUS shares a great deal of therapeutic overlap

with surgical resection and stereotactic radiosurgery, albeit with a

few important distinctions. Both MRgFUS and radiosurgery

compare favorably with surgical intervention in that both do not

require surgical craniotomy. While radiosurgery is a mainstay in

the treatment of intracranial neoplasms, its role in nonneoplastic

pathologies is somewhat limited due to ionizing radiation expo-

sure. In contradistinction, MRgFUS offers reliable, high-resolu-

tion energy deposition without radiation exposure or thermal in-

jury to nontarget intracranial tissues.

As a tool for therapeutic agent delivery, FUS is the only avail-

able method of generating localized reversible BBB permeability

in a noninvasive manner. Selective transport across the BBB is a

challenge in ensuring CNS delivery.32 A common obstacle in the

development of CNS immunotherapy is the requirement of mo-

lecular modification to allow prohibitively large agents to traverse

the BBB. While other noninvasive methods have been devel-

oped,33 customized modification of each agent is required to take

advantage of endogenous transport mechanisms, imposing a

costly and time-intensive burden on translation to clinical trials.

Use of an FUS-induced BBB opening would substantially decrease

the size restrictions dictating molecular permeability and expedite

assessment of clinical efficacy.34

FUS offers unique benefits as a therapeutic technique in influ-

encing neuronal activity. FUS-induced neuromodulation does

not require surgical craniotomy as is required for deep brain stim-

ulation or subdural and epidural cortical stimulation. Other non-

invasive systems, such as transcranial magnetic stimulation and

electroconvulsive therapy can be effective; however, they offer

inferior spatial resolution.35 The superior spatial resolution of-

fered by FUS could complement functional imaging modalities

such as fMRI, to potentially serve as a powerful tool in functional

connectivity studies.

Important obstacles remain in the development of FUS as a

clinical tool. Further investigations into safe and effective proto-

cols in the ablation of gliomas are needed because its role has

lagged behind that of thalamotomy in the treatment of movement

disorders and neuropathic pain. Achieving generalizability has

also been challenging, most notably due to the limitations of

acoustic accessibility in the ablation of superficial lesions or treat-

ment envelope and in patient selection based on heat generation

at the calvaria. Overcoming these limitations is actively being

investigated.

CONCLUSIONS
The discovery of a noninvasive method of focusing mechanical

energy, in the form of acoustic waves, within the parenchyma

has heralded a new age of investigations into clinical and re-

search applications. In the brief time since transcranial acous-

tic wave propagation was achieved, FUS has empirically dem-

onstrated efficacy in the ablation of tissues, therapeutic agent

delivery, and neuromodulation. The ability to focus acoustic

wave propagation noninvasively on the scale of a few millime-

ters while manipulating the magnitude of energy deposition to

create unique bioeffects offers versatility that is unparalleled in

neurotherapeutics and research (Table). The role of FUS ap-

pears destined to expand as investigations into its utility con-

tinue at a rigorous pace.
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ABSTRACT

BACKGROUND AND PURPOSE: Some patients are at high risk of aneurysm recurrence after endovascular treatment: patients with large
aneurysms (Patients Prone to Recurrence After Endovascular Treatment PRET-1) or with aneurysms that have previously recurred after
coiling (PRET-2). We aimed to establish whether the use of hydrogel coils improved efficacy outcomes compared with bare platinum coils.

MATERIALS AND METHODS: PRET was an investigator-led, pragmatic, multicenter, parallel, randomized (1:1) trial. Randomized allocation
was performed separately for patients in PRET-1 and PRET-2, by using a Web-based platform ensuring concealed allocation. The primary
outcome was a composite of a residual/recurrent aneurysm, adjudicated by a blinded core laboratory, or retreatment, intracranial
bleeding, or mass effect during the 18-month follow-up. Secondary outcomes included adverse events, mortality, and morbidity (mRS �

2). The hypothesis was that hydrogel would decrease the primary outcome from 50% to 30% at 18 months, necessitating 125 patients per
group (500 for PRET-1 and PRET-2).

RESULTS: The trial was stopped once 250 patients in PRET-1 and 197 in PRET-2 had been recruited because of slow accrual. A poor primary
outcome occurred in 44.4% (95% CI, 35.5%–53.2%) of those in PRET-1 allocated to platinum compared with 52.5% (95% CI, 43.4%– 61.6%) of
patients allocated to hydrogel (OR, 1.387; 95% CI, 0.838 –2.295; P � .20) and in 49.0% (95% CI, 38.8%–59.1%) in PRET-2 allocated to platinum
compared with 42.1% (95% CI, 32.0%–52.2%) allocated to hydrogel (OR, 0.959; 95% CI, 0.428 –1.342; P � .34). Adverse events and morbidity
were similar. There were 3.6% deaths (1.4% platinum, 5.9% hydrogel; P � .011).

CONCLUSIONS: Coiling of large and recurrent aneurysms is safe but often poorly effective according to angiographic results. Hydrogel
coiling was not shown to be better than platinum.

ABBREVIATION: PRET � Patients Prone to Recurrence After Endovascular Treatment

Endovascular coiling has revolutionized the management of in-

tracranial aneurysms.1,2 Coiling has been shown safe and ef-

fective in the treatment of ruptured aneurysms compared with

surgical clipping.3 Coiling is also frequently used to preventively

treat unruptured aneurysms, even though it has never been

proved superior to clipping or observation.4,5 One drawback of

coiling is the occurrence of residual or recurrent aneurysms at

follow-up angiography in 20%–30% of patients.6-8 The impact of

recurrent aneurysms on long-term clinical outcomes remains un-

clear. They have infrequently been associated with subarachnoid

hemorrhage, in the range of 0.1%–1% per year.7,9 Nevertheless,

concerns for recurrences have a number of clinical consequences,
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such as routine angiographic surveillance of nearly all patients,

retreatment in 5%–15%, and, more recently, the emergence

and growing use of potentially more effective but also poten-

tially more risky alternatives, such as stent placement or flow

diversion.10-13

A randomized trial comparing hydrogel and platinum coiling

published in 2011 failed to confirm its primary composite endpoint

in favor of hydrogel coils but demonstrated improved core labo-

ratory adjudicated angiographic outcomes overall and in pre-

specified subgroups of medium (5.0 –9.0 mm) and ruptured an-

eurysms.11,14 There was no difference in retreatment rates. A

recent systematic review of randomized trials concluded with a

reduction of residual aneurysms after hydrogel compared with

platinum coiling, but results were barely significant.15 Recurrent

aneurysms after platinum coiling are at high risk of re-recurring

when retreated, but these patients were excluded from all pub-

lished randomized trials.8,14,16-18

The Patients Prone to Recurrence After Endovascular Treat-

ment (PRET) study was designed in 2007 to offer an alternative to

platinum coiling in patients previously shown to be at high risk of

recurrence: patients with large (�10 mm) or recurrent aneurysms

after coiling. The trial protocol was published in 2008.19 We

aimed to establish whether the use of hydrogel coils improved

efficacy outcomes compared with bare platinum coils, without

increasing procedural risks. Similar periprocedural (30 days) out-

comes were reported for hydrogel and platinum coiling.20 We

now report the primary outcome of the trial: The primary hypoth-

esis was that the use of hydrogel coils would decrease the propor-

tion of residual or recurrent aneurysms from 50% to 30% (range

from 50%– 40% to 30%–21%) at 18 months compared with bare

platinum coils.

MATERIALS AND METHODS
Study Design
PRET was an investigator-led, pragmatic, multicenter, interna-

tional, randomized (1:1), controlled trial comparing a policy of

using hydrogel versus bare platinum coils in the endovascular

treatment of intracranial aneurysms. There were 25 participating

clinical sites from 6 countries (United States, Canada, United

Kingdom, France, Chile, Japan). The ClinicalTrials.gov registra-

tion number from the US National Institutes of Health is

NCT00626912. All trial sites had local institutional review board

approval. All patients (or legal representatives) signed a standard-

ized informed consent form.

During the course of the trial, no change in methods or pro-

tocol occurred, but multiple different types of hydrogel coils were

being manufactured, approved, and used.

Participants
Eligible patients, with an intracranial aneurysm requiring endo-

vascular treatment, fell into 1 of 2 groups: PRET-1, with a large

aneurysm (longest dimension, �10 mm, including any throm-

bosed portion), never treated; PRET-2, with an aneurysm of any

size, presenting with a postcoiling recurrence requiring retreat-

ment. There were few selection criteria: The patient was 18 years

of age or older; life expectancy was �2 years; the aneurysm could

be ruptured (World Federation of Neurologic Societies grade

�IV) or unruptured; anatomy was such that endovascular treat-

ment was considered possible with both types of coils; the endo-

vascular operator was satisfied with using either type of coil, but

no other type (such as polyglycolic acid/lactide copolymer coils);

and the patient or authorized representative had given fully in-

formed consent and had signed the consent form. Patients were

not eligible if they met any of the following criteria: the presence of

other aneurysms requiring treatment during the same session; the

presence of an associated cerebral arteriovenous malformation;

the primary intent of the procedure being parent vessel occlusion

without simultaneous endovascular coiling of the aneurysm; and

any absolute contraindication to endovascular treatment, angiog-

raphy, or anesthesia.

Trial sites were tertiary centers experienced in the endovascu-

lar treatment of aneurysms with both platinum coils (at least 100

patients treated before enrollment) and hydrogel-coated coils (at

least 10 patients previously treated).

Interventions
Standard local endovascular procedures were followed. Any lo-

cally approved bare platinum coil with controlled detachment

was permitted, as were any assist devices believed necessary by the

operator, provided they had local regulatory approval, excluding

flow diverters, irrespective of the intended use indicated at ran-

domization. Antiplatelet and anticoagulation regimens were left

to the individual operator’s judgment, according to the clinical

practice at each site. When treatment allocation was to “plati-

num,” types of coils other than bare platinum were forbidden.

When treatment allocation was to “hydrogel,” any coil of the hy-

drogel family was allowed but any bare platinum coil could also be

used if the operator believed it was in the patient’s best interest.

Recommendations concerning hydrogel coil use pertaining to

type, size, and sequence of introduction were issued but not en-

forced. No minimum percentage of hydrogel coils was prescribed;

the protocol required “the substitution, as far as possible, of plat-

inum by hydrogel coils, the operator always being allowed to use

the coils he or she believes [are] appropriate at any time during the

procedure.”15 “Successful hydrogel coiling” was predefined as

two-thirds total coil lengths being hydrogel coils, to be used for

explanatory analyses only. Other technical considerations such as

preparing or steaming of hydrogel coils and the type of bare plat-

inum coil were left entirely to the operator’s discretion. The goal

of the procedure was to occlude the aneurysm as completely as

possible, keeping the risks of the procedure as low as possible.15

Outcomes
The primary outcome of the trial was the proportion of patients

with a recurrence, defined as the following: 1) major angiographic

recurrence of the lesion or the presence of a residual aneurysm at

last angiographic follow-up, as determined by the core laboratory,

blinded to treatment allocation; 2) retreatment of the same aneu-

rysm by endovascular or surgical means during the 18-month

follow-up period; and 3) an intracranial bleeding episode or the

occurrence or progression of a mass effect in relation to the

treated aneurysm during the follow-up period, as determined by

the blinded Adverse Event Committee. Immediate treatment fail-

ures and missing follow-up angiographic data because of treat-
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ment or aneurysm-related deaths or poor clinical outcomes

(mRS � 2) were treated as primary outcome events.

Secondary outcomes included safety data, mortality and mor-

bidity, and adverse events, defined as an event of any severity

being possibly or probably related to the disease or the treatment

and happening at any time during the 18-month follow-up. The

independent Adverse Event Committee was responsible for the

attribution of secondary outcome events. The protocol prespeci-

fied that morbidity would be defined per patient, according to the

mRS score (mRS � 2). Adverse event reports and individual case

report forms were cross-checked to determine the secondary

safety endpoint for each patient. Periprocedure safety endpoints

were reported. Delayed safety outcomes were categorized as the

following: subarachnoid hemorrhage, progressive mass effect,

stroke, transient ischemic events, inflammatory complications

potentially related to coils, non-neurologic, retreatment-related,

and others.

Number of Patients
Two hundred fifty subjects (125 in each group) were judged nec-

essary to achieve 80% power at a 2-sided .0250 significance level to

detect a difference of .20 (between .30 and .50) in primary out-

come events between the intervention and control groups for pa-

tients in PRET-1 and PRET-2 separately, assuming a 10% propor-

tion of patients lost during follow-up.19

Randomization
Randomized allocation (1:1) with minimization of risk factors was

through the Web-based PRET application package (MedSciNet,

Stockholm, Sweden; http://medscinet.com/), ensuring that allo-

cation was concealed before the decision to include a patient. The

minimization algorithm computes an imbalance score for each

new patient on the basis of patient characteristics (the minimiza-

tion criteria) and treatment assignments and characteristics of

already-enrolled patients, with treatment with the lowest imbal-

ance score being assigned; in addition, the minimization algo-

rithm is dynamic in that it has a built-in random element for

assigning patients to the treatment. We used the following mini-

mization criteria: rupture status (yes, no); if the aneurysm was

unruptured, planned use of an adjunct device (yes, no). From the

moment of randomization, the patient was in the trial and ac-

counted for in the analysis (intention-to-treat). PRET-1 and

PRET-2 patient groups were randomized separately.

Masking and Trial Monitoring
Masking of the treatment teams was not possible. Patients were

masked unless they specifically requested otherwise. The Ad-

verse Event Committee and the Data Safety and Monitoring

Committee, working independently from the Steering Com-

mittee, had access to masked data, but the Data Safety and

Monitoring Committees could unmask groups whenever

members thought that unmasking was mandatory to protect

the safety of participants, though the need for unblinding did

not arise during the trial. Monitoring of trial data quality was

Web-based and performed by periodic review of data stored in

the data base.

Data Collection
Data capture and management were held independent of the

sponsor and funder on the secure servers of MedSciNet,

ISO27000 and Statement on Auditing Standards-70 compliant.

Details of data collection are given elsewhere.20 Briefly, following

registration, intervention, and discharge data collection, clinical

follow-up data were recorded at 1, 6, and 18 months and angio-

graphic follow-up imaging was performed at 6 and 18 months.

Adverse events and additional interventions on the target aneu-

rysm were reported at any time during the trial. When an addi-

tional intervention was planned following the 18-month angio-

graphic follow-up, the form allowed the recording of this event

(yes/no check box), though some sites also chose to complete an

additional intervention form as well. Anonymized angiographic

imaging data (catheter or noninvasive, including additional pro-

cedures) were sent in batches to the independent core laboratory

(lead, P.M. White, Stroke Research Group, Institute of Neuro-

science, Newcastle upon Tyne, United Kingdom) for adjudica-

tion of location, dimension, and occlusion state of the aneu-

rysm. The core laboratory was masked to treatment allocation

and treatment received. Assessment of the occlusion state was

according to the revised 3-point Montreal scale; evolution

(stable, better, worse) and occurrence of a major recurrence,

defined as sufficiently large to technically allow placements of

further coils, were recorded.21

Statistical Methods
All analyses were performed by the trial statistician (M.C.) ac-

cording to the published trial protocol.19 Analyses were Intent-to-

treat. The primary outcome was studied by using odds ratios with

95% confidence intervals (platinum coiling as the reference), and

groups were compared by using �2 tests. Multiple sensitivity anal-

yses were performed for missing values. We performed explor-

atory stratified analyses, adjusting for rupture status, location,

aneurysm size, and the use of adjunct devices. The median pack-

ing density was compared between hydrogel and platinum with

Mann-Whitney U tests. Packing density is the volume of inserted

coils divided by the aneurysm volume. Coil volume (V) was cal-

culated by using the formula V � �(c/2)2 L, where c is coil caliber

and L is coil length for coils entered in the procedural case report

forms. Aneurysm volumes (VA) were determined by using a sim-

ple mathematic model VA � 4/3 � ab (a � b)/2, where a and b are

half the long and short axes of the aneurysm, as entered on the

case report forms. The number of deaths was compared with a

Fisher exact test. To evaluate the possibility of different results for

PRET-1 and PRET-2, we stratified descriptive and safety analyses

by groups. All analyses were made with SPSS, Version 23 (IBM,

Armonk, New York) by using a significance level of 5%.

Role of the Funding Source
The trial was sponsored by the Centre Hospitalier de l’Université

de Montréal and funded by MicroVention Terumo. The sponsor

and funder had no part in study design, data collection, analysis,

or reporting and had no direct or indirect access to the data or

source documents. The Steering Committee bears the sole re-

sponsibility for all aspects of the trial.
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RESULTS
Patients were recruited between June 2007 and January 2014. On

December 13, 2013, the Steering Committee decided to stop re-

cruitment after the target number of patients (n � 250) had been

recruited in PRET-1, but before reaching the target number of

patients for PRET-2, because the trial was already 2 years behind

schedule, recruitment rates were decreasing, and provisions had

to be made to cover compensations to participating sites for the

18-month follow-up data. For each group, the number of partic-

ipants who were randomly assigned, received intended treatment,

and were analyzed for the primary outcome is illustrated in the

trial profile (Fig 1). The number of screened patients cannot be

provided because eligibility logs were not required per protocol.

Four hundred forty-seven patients were recruited by 25 centers in

6 countries, 250 in PRET-1 and 197 in PRET-2.

The baseline patient and aneurysm characteristics are shown

in Table 1. Groups were comparable.

Three patients (0.7%; 2 in PRET-1 and 1 in PRET-2; all 3 in the

hydrogel group) were withdrawn before any treatment was at-

tempted (1 protocol violation [World Federation of Neurological

Societies IV after SAH]), 1 PRET-1 aneurysm judged untreatable,

1 patient in PRET-2 in whom no true recurrence was found).

There were 1 crossover from hydrogel to platinum and 1 cross-

over from platinum to hydrogel, included in the intent-to-treat

analyses.

For 9 patients (2.0%; 2 platinum; 7 hydrogel), the primary

outcome could not be attributed because of withdrawn consent

(2 hydrogel), lack of follow-up from unrelated mortality (1 hy-

drogel), or patients lost to follow-up (2 platinum; 4 hydrogel).

Details are provided in On-line Table 1.

For 24 patients (5.4%; 11 platinum; 13 hydrogel), the 18-

month follow-up angiogram was not available and the primary

outcome was adjudicated by using the 6-month follow-up angio-

gram. For 17 patients (3.8%), the primary outcome was deter-

mined on the basis of a treatment failure and no further angio-

graphic follow-up (no coil deployed: 3 platinum, 5 hydrogel;

residual aneurysm: 4 platinum, 5 hydrogel).

The primary outcome, available for 435/447 patients (97.3%),

was reached in 102/220 (46.4%) and 103/215 (47.9%) patients of

the platinum and hydrogel groups, respectively (OR, 1.064; 95%

CI, 0.730 –1.550; P � .747). Each component of the composite

primary outcome is detailed for PRET-1 and PRET-2 separately in

Table 2. Results for predetermined subgroups (unruptured aneu-

rysms, carotid aneurysms, use of stents, and location) are detailed

in On-line Tables 2– 4 and in the forest plots (Fig 2).

A poor primary outcome occurred in 55/124 (44.4%; 95% CI,

35.5%–53.2%) patients in PRET-1 with large aneurysms allocated

to platinum compared with 63/120 (52.5%; 95% CI, 43.4%–

61.6%) patients allocated to hydrogel (OR, 1.387; 95% CI, 0.838 –

2.295; P � .204).

In PRET-2 patients who had already presented with a recur-

rence, a poor primary outcome occurred in 47/96 (49.0%; 95% CI,

38.8%–59.1%) and 40/95 (42.1%; 95% CI, 32.0%–52.2%) patients

allocated to platinum and hydrogel, respectively (OR, 0.959; 95%

CI, 0.428 –1.342; P � .342).

The angiographic outcome (residual or recurrent aneurysms)

accounted for most primary outcome events (92.2%); the clinical

components (SAH, mass effect, related morbidity or mortality;

n � 4 each) accounted for 16/205 or 7.8% of primary outcome

events. Forty-six patients (10.4%; 21 platinum, 25 hydrogel) were

retreated during the 18-month follow-up, but 34 other retreat-

ments (7.7%; 19 platinum, 15 hydrogel) were planned. Follow-up

vascular imaging studies were performed by conventional angiog-

raphy in 75% and 49% and by MRA in 25% and 51% of patients at

6 and 18 months, respectively.

Four different sensitivity analyses (excluding patients with

no angiographic follow-up study from analyses [total n � 426];

counting the 9 patients with no primary outcome as good or

poor [n � 444]; including the 3 patients withdrawn before

treatment as treatment failures [n � 447]) did not change the

results (On-line Table 5). Repeating all analyses, adjusting for

aneurysm location, dimension of the long or short axis, width

of the neck, rupture status, or use of stents, did not change the

results.

Exploratory analyses, including only patients in whom the tar-

get length of hydrogel coils was met (103/120, 85.8% in PRET-1,

and 88/95, 92.6% in PRET-2) and repeating all sensitivity analy-

ses, did not show any significant difference between platinum and

hydrogel (P � .08 in all cases). There was a significant difference

between patients in PRET-1 and PRET-2 when patients lost, with-

drawn, or without a primary outcome and when the hydrogel

target was not met were excluded (n � 395) (P � .025) (On-line

Table 6).

The median packing density of hydrogel-treated aneurysms

(50.9%) was significantly higher (P � .001) than that in patients

FIG 1. Trial profile. Patients screened are not reported because no
eligibility logs were required per protocol. Four hundred forty-seven
patients in PRET included 250 in PRET-1 and 197 in PRET-2 groups.
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with platinum coils (22.0%). Patients reaching the primary out-

come had a significantly lower packing density (P � .001) than

patients without a recurrence, whether platinum or hydrogel was

used (Table 3).

The periprocedural morbidity, mortality, and adverse events

(up to 1 month) have previously been published.20 Twenty-seven

additional adverse events (14 platinum, 13 hydrogel) occurred

after 1 month. Eighteen were serious (7 platinum, 11 hydrogel).

Details are provided in Table 4.

Adverse events attributed to inflammation at any time after

the procedure (including the first 30 days after treatment) oc-

curred in 6 patients (4 platinum, 2 hydrogel).

Morbidity according to the modified Rankin Scale and mor-

tality are summarized in Table 5. There were 16 deaths (3.6%, 3

platinum, 13 hydrogel; P � .011). Two deaths (both hydrogel)

related to the initial SAH were reported previously. Two other

deaths, one 148 days after the procedure (platinum), the other at

an unknown time from an unknown cause following treatment

(hydrogel; the patient was lost to follow-up after 1-month) were

not initially reported and have been adjudicated to be treatment-

related delayed deaths. Two deaths 31 and 474 days after treat-

ment were related to SAH at follow-up (hydrogel and platinum,

respectively). Two deaths at 64 and 693 days were retreatment-

related deaths (both hydrogel). Deaths unrelated to the aneurysm

Table 1: Baseline characteristics of patients and aneurysms
PRET-1 PRET-2 PRET

Platinum Hydrogel Platinum Hydrogel Platinum Hydrogel
Total No. patients randomized 125 125 97 100 222 225
Male sex 35 (28.0%) 33 (26.4%) 33 (34%) 27 (27.0%) 68 (30.6%) 60 (26.7%)
Mean age (SD) (yr) 59 (11) 58 (11) 57 (12) 56 (10) 58 (12) 57 (11)
Multiple aneurysms 36 (28.8%) 36 (28.8%) 23 (23.7%) 22 (22.0%) 59 (26.6%) 58 (25.8%)
Ruptured aneurysms

No. (%) of treatment group 37 (29.6%) 35 (28%) 2 (2.1%) 5 (5.0%) 39 (17.6%) 40 (17.8%)
No. (%) WFNS � II 3 (8.1%) 8 (22.9%) 0 0 3 (7.7%) 8 (20.0%)

Unruptured aneurysms
mRS at baseline 0–2 85 (96.6%) 90 (100.0%) 94 (98.9%) 94 (98.9%) 179 (97.8%) 184 (99.5%)
mRS at baseline 3–5 3 (3.4%) 0 1 (1.1%) 1 (1.1%) 4 (2.2%) 1 (0.5%)
No. (%) symptomatic 24 (27.3%) 18 (20%) 8 (8.4%) 9 (9.5%) 32 (17.5%) 27 (14.6%)

Aneurysm size (maximal dimension)
Mean (SD) (mm) 13.3 (4.9) 12.7 (4.3) 8.6 (5.8) 8.3 (5.5) 11.3 (5.8) 10.7 (5.3)
�10 mm 97 (77.6%) 96 (76.8%) 29 (29.9%) 25 (25.0%) 126 (56.8%) 121 (53.8%)
1.0–9.9 mma 28 (22.4%) 29 (23.2%) 68 (70.1%) 75 (75.0%) 96 (43.2%) 104 (46.2%)
10.0–14.9 mm 59 (47.2%) 66 (52.8%) 16 (16.5%) 14 (14.0%) 75 (33.8%) 80 (35.6%)
15.0–19.9 mm 25 (20.0%) 24 (19.2%) 5 (5.2%) 7 (7.0%) 30 (13.5%) 31 (13.8%)
20.0–24.9 mm 8 (6.4%) 4 (3.2%) 6 (6.2%) 1 (1.0%) 14 (6.3%) 5 (2.2%)
�25 mm 5 (4.0%) 2 (1.6%) 2 (2.1%) 3 (3.0%) 7 (3.2%) 5 (2.2%)

Aneurysm neck
Mean (SD) (mm) 5.0 (2.1) 4.8 (1.6) 4.5 (2.5) 4.6 (2.3) 4.8 (2.3) 4.7 (1.9)
Neck �4.0 (mm) 88 (70.4%) 94 (75.2%) 53 (54.6%) 58 (58.0%) 141 (63.5%) 152 (67.6%)

Aneurysm location, anterior 96 (76.8%) 104 (83.2%) 69 (71.1%) 70 (70.0%) 165 (74.3%) 174 (77.3%)
Internal carotid 58 (46.4%) 69 (55.2%) 43 (44.3%) 40 (40.0%) 101 (45.5%) 109 (48.4%)
Anterior cerebral 23 (18.4%) 18 (14.4%) 21 (21.6%) 24 (24.0%) 44 (19.8%) 42 (18.7%)
Middle cerebral 15 (12.0%) 17 (13.6%) 5 (5.2%) 6 (6.0%) 20 (9.0%) 23 (10.2%)

Aneurysm location, posterior 29 (23.2%) 21 (16.8%) 28 (28.9%) 30 (30.0%) 57 (25.7%) 51 (22.7%)
Basilar 23 (18.4%) 13 (10.4%) 21 (21.6%) 19 (19.0%) 44 (19.8%) 32 (14.2%)
Other posterior 6 (4.8%) 8 (6.4%) 7 (7.2%) 11 (11.0%) 13 (5.9%) 19 (8.4%)

Intended use of adjunct device 41 (32.8%) 42 (33.6%) 35 (36.1%) 38 (38.0%) 76 (34.2%) 80 (35.6%)

Note:—WFNS indicates World Federation of Neurological Societies.
a PRET-1 aneurysms recruited as �10 mm on noninvasive imaging have been measured using fiducials as �10 mm by the core laboratory; median size was 8.6 mm (mean, 8.3 �
1.3 mm).

Table 2: Primary outcome in all patients in PRETa

PRET-1 PRET-2 PRET

Platinum
(n = 124)

Hydrogel
(n = 120)

Platinum
(n = 96)

Hydrogel
(n = 95)

Platinum
(n = 220)

Hydrogel
(n = 215)

Primary outcome 55 (44.4%) 63 (52.5%) 47 (49.0%) 40 (42.1%) 102 (46.4%) 103 (47.9%)
Major recurrence 33 (26.6%) 35 (29.2%) 33 (34.4%) 25 (26.3%) 66 (30.0%) 60 (27.9%)
Retreatment 11 (8.9%) 19 (15.8%) 10 (10.4%) 6 (6.3%) 21 (9.5%) 25 (11.6%)
Initial treatment failure 3 (2.4%) 1 (0.8%) 0 (0.0%) 4 (4.2%) 3 (1.4%) 5 (2.3%)
SAH 1 (0.8%) 1 (0.8%) 1 (1.0%) 1 (1.1%) 2 (0.9%) 2 (0.9%)
Mass effect 0 (0.0%) 1 (0.8%) 3 (3.1%) 0 (0.0%) 3 (1.4%) 1 (0.5%)
Related mortality 1 (0.8%) 3 (2.5%) 0 (0.0%) 0 (0.0%) 1 (0.5%) 3 (1.4%)
Related morbidity 2 (1.6%) 1 (0.8%) 0 (0.0%) 1 (1.1%) 2 (0.9%) 2 (0.9%)
Last observation carried forwardb 4 (3.2%) 2 (1.7%) 0 (0.0%) 3 (3.2%) 4 (1.8%) 5 (2.3%)

a Data are numbers.
b Residual aneurysm at initial treatment and no angiographic follow-up.
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or its treatment were reported in 8 patients (1 platinum; 7 hydro-

gel). Details are provided in On-line Tables 7 and 8.

DISCUSSION
A randomized comparison did not show any significant differ-

ence between patients in the hydrogel and platinum groups when

assessing the primary outcome—a composite of major angio-

graphic recurrence and clinical status. This was true for both pa-

tients with large (PRET 1) and recurrent

aneurysms (PRET 2) and for each com-

ponent of the primary outcome. What

is not surprising in these high-risk pa-

tients, angiographic outcomes were in-

ferior compared with those in other

coiling trials.16,17,22,23 Safety endpoints

were similar for the 2 groups, except for

a greater number of deaths unrelated to

the aneurysm or treatment (7 versus 1)

in the hydrogel group. A careful review

of individual cases indicates that this dif-

ference is probably a chance finding.

There were more missing primary out-

comes in the hydrogel group (n � 7) than

in the control group (n � 2). Although

some of these outcomes were missing for

reasons unrelated to treatment, reasons

are not known for all patients. Sensitivity

analyses indicated that missing data would

not have affected trial results.

The median packing density of the

hydrogel group was significantly higher

than in the platinum group, but this

finding did not translate into better

long-term angiographic results. The vol-

umetric packing density calculation as-

sumes full hydrogel expansion, which

might not occur in vivo. Preplanned

analyses focusing on patients who have

reached the “target hydrogel coiling

strategy” did not show better results

than those with platinum coiling. There

was a correlation between packing den-

sity and recurrences for each group

studied separately, suggesting that pack-

ing density is better understood as an in-

dex combining aneurysm characteristics

(size, aspect ratio) and technical success

of the coiling procedure (with any mate-

rial) than as an independent mechanistic

means to deliberately improve long-term

results of embolization, at least with hy-

drogel in large and recurrent aneurysms.

Residual or recurrent aneurysms are

signs that treatment may not be defini-

tive. As expected, there were a few hem-

orrhagic episodes (n � 4 or 0.9%) dur-

ing the 18-month follow-up, but 46 or

10.4% of patients were retreated and retreatments were planned

for 34 other patients.

Inflammatory problems have previously been a concern with

the use of hydrogel.14,22,24-27 In PRET, adverse events that have

been (rightly or wrongly) attributed to inflammation were transient

and occurred rarely and with equal frequency in both groups.

Coiling of large and recurrent aneurysms proved safe.20 There

were few delayed adverse events after 1 month.

FIG 2. Subgroup analysis of primary outcome in PRET groups.
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Treatment-related morbidity (4.0%) and mortality (0.7%)

were relatively low for both groups. Unfortunately, the efficacy of

coiling remains problematic, with poor long-term primary out-

comes in nearly half of patients. Major angiographic recurrence

rates were higher than those in other coiling studies,8,28-30 but this

finding was not unexpected for these high-risk patients; indeed,

the trial hypothesized a 50% recurrence rate for the control group.

Similar 50% recurrence rates for both hydrogel and platinum

were reported for the subgroup of patients in the Hydrogel-

Coated Coils versus Bare Platinum Coils for the Endovascular

Treatment of Intracranial Aneurysms trial with �10-mm

aneurysms.14

Whether patients treated with coiling should be followed to

detect recurrences and whether recurrences should be retreated

are questions that cannot be answered by the present data. We can

only point out that despite retreatment, 3 patients in PRET-2 bled

during follow-up; 2 others had progres-

sive mass effect; residual or recurring

aneurysms still occurred in �45% of pa-

tients; and re-retreatments were associ-

ated with serious adverse events in 3

patients.

How patients with large or recurrent

aneurysms should be managed remains

an open question. In the landmark

International Subarachnoid Aneurysm

Trial (ISAT), which has established the

coiling of ruptured aneurysms com-

pared with clipping, clinical outcomes

of patients with aneurysms of �10 mm

(n � 155) were similar (relative risk,

0.96; 95% CI, 0.65–1.42). Thus, clip-

ping, reputed but not proved, at least for

unruptured aneurysms,31 to be more

durable than coiling, is a reasonable op-

tion for some of these patients, though

the long-term follow-up ISAT data con-

Table 3: Packing density versus primary outcome

Packing Densitya

Platinum Primary
Outcome

(Angiographic
Outcome Only)

Hydrogel Primary
Outcome

(Angiographic
Outcome Only)

Total Primary
Outcome

(Angiographic
Outcome Only)

No Yes No Yes No Yes
PRET-1

Valid No. 69 51 57 61 126 112
Percentile 25 14.72 11.92 33.91 18.55 18.28 13.79
Median 22.18 17.13 50.92 36.93 29.60 23.47
Median 35.52 27.61 89.26 58.88 53.60 46.90

PRET-2
Valid No. 49 47 55 37 104 84
Percentile 25 18.15 6.02 34.62 11.64 24.46 7.37
Median 34.05 19.66 84.80 40.38 51.49 29.12
Percentile 75 60.15 43.21 172.95 94.72 111.77 65.92

PRET
Valid No. 118 98 112 98 230 196
Percentile 25 15.23 7.65 34.27 17.91 21.81 12.55
Median 24.14 17.66 62.47 38.50 37.94 25.58
Percentile 75 43.72 35.71 114.34 71.66 74.87 50.58

a Packing density is coil volume (V) divided by aneurysm volume (VA). V � �(c/2)2 L, where c is coil caliber and L is coil
length. VA � 4/3 � ab (a � b)/2, where a and b are half the long and short axes of the aneurysm.

Table 4: Adverse eventsa

PRET-1 PRET-2 PRET

Platinum
(n = 125)

Hydrogel
(n = 123)

Platinum
(n = 97)

Hydrogel
(n = 99)

Platinum
(n = 222)

Hydrogel
(n = 222)

Total 24 (19.2%) 26 (21.1%) 13 (13.4%) 15 (15.2%) 37 (16.7%) 41 (18.5%)
SAH during follow-up 1 (0.8%) 0 (0.0%) 1 (1.0%) 2 (2.0%) 2 (0.9%) 2 (0.9%)
Mass effect 0 (0.0%) 1 (0.8%) 2 (2.1%) 0 (0.0%) 2 (0.9%) 1 (0.5%)
Stroke 1 (0.8%) 2 (1.6%) 1 (1.0%) 0 (0.0%) 2 (0.9%) 2 (0.9%)
TIA 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (1.0%) 0 (0.0%) 1 (0.5%)
Inflammatory 2 (1.6%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (0.9%) 0 (0.0%)
Subdural hematoma 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (1.0%) 0 (0.0%) 1 (0.5%)
Non-neurologic 3 (2.4%) 1 (0.8%) 0 (0.0%) 0 (0.0%) 3 (1.4%) 1 (0.5%)
Retreatment-related 1 (0.8%) 4 (3.3%) 2 (2.1%) 1 (1.0%) 3 (1.4%) 5 (2.3%)
Periprocedural event 16 (12.8%) 18 (14.6%) 7 (7.2%) 10 (10.1%) 23 (10.4%) 28 (12.6%)

Serious 15 (12.0%) 15 (12.2%) 5 (5.2%) 10 (10.1%) 20 (9.0%) 25 (11.3%)
Delayed 5 (4.0%) 7 (5.7%) 2 (2.1%) 4 (4.0%) 7 (3.2%) 11 (5.0%)
Periprocedure 10 (8.0%) 8 (6.5%) 3 (3.1%) 6 (6.1%) 13 (5.9%) 14 (6.3%)

a Adverse events were recorded during the trial. Periprocedural events (within 1 month of procedure) are lumped together. Data are numbers.

Table 5: Morbidity and mortality according to mRS at last follow-upa

mRS

PRET-1 PRET-2 PRET

Platinum
(n = 125)

Hydrogel
(n = 123)

Platinum
(n = 97)

Hydrogel
(n = 99)

Platinum
(n = 222)

Hydrogel
(n = 222)

0 88 (70.4%) 77 (62.6%) 60 (61.9%) 67 (67.7%) 148 (66.7%) 144 (64.9%)
1 19 (15.2%) 25 (20.3%) 23 (23.7%) 16 (16.2%) 42 (18.9%) 41 (18.5%)
2 7 (5.6%) 7 (5.7%) 10 (10.3%) 9 (9.1%) 17 (7.7%) 16 (7.2%)
3 1 (0.8%) 3 (2.4%) 3 (3.1%) 0 (0.0%) 4 (1.8%) 3 (1.4%)
4 5 (4.0%) 1 (0.8%) 1 (1.0%) 3 (3.0%) 6 (2.7%) 4 (1.8%)
5 2 (1.6%) 0 (0.0%) 0 (0.0%) 1 (1.0%) 2 (0.9%) 1 (0.5%)
6 3 (2.4%) 10 (8.1%) 0 (0.0%) 3 (3.0%) 3 (1.4%) 13 (5.9%)

a Data are numbers.
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firm a low rebleed risk after de novo coiling and long-term out-

come superiority over clipping.9 Patients with large ruptured an-

eurysms could be offered participation in the ISAT II trial.32

There are no randomized data for unruptured aneurysms, but a

trial is ongoing.4 Although meta-analyses of case series have re-

ported improved angiographic results with stent-assisted coil-

ing12 or flow diversion10 compared with historical coiling con-

trols, preliminary results from the Flow Diversion in Intracranial

Aneurysm Treatment trial have so far been below expectations.11

Participation in these or other ongoing trials may be the best way

to manage these high-risk patients.33-36

The PRET trial had several limitations. Operators could not be

blinded to coil type. This may have affected case selection and coil

selection and perhaps may have even modified the extent and

completeness of the coiling procedure. Aneurysm volumes were

not directly measured but were extrapolated from aneurysm di-

mensions; this method typically overestimates volumes and un-

derestimates packing density. This is unlikely to have biased the

comparison between groups. Recruitment was slowing down in

the last years of enrollment, perhaps because treatment alterna-

tives, such as flow diverters, were increasingly used for large and

recurrent aneurysms. This may not affect the generalizability of

conclusions, equally disappointing for both groups. The PRET-2

substudy was interrupted before the target number of patients was

enrolled. Given the similarities in overall trial results, it is unlikely

that a convincing difference between groups would have been

shown had the trial reached its target. The relatively short 18-

month follow-up was not completed by all patients, and the pri-

mary endpoint had to be imputed from the 6-month follow-up

angiogram in 5.5% of patients. Short follow-up periods may not

have captured all clinical consequences of recurrences, such as

retreatments, along with the associated morbidity. Data monitor-

ing was done on-line, with no local site visits to verify the data.

Brain imaging studies were not imposed by protocol to verify the

absence of asymptomatic complications. These perceived defi-

ciencies are expected to affect treatment groups in a balanced

manner.
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36. Gory B, Bonafé A, Pierot L, et al. Safety and efficacy of flow-diverter
stents in endovascular treatment of intracranial aneurysm: interest
of the prospective DIVERSION observational study. J Neuroradiol
2014;41:93–96 CrossRef Medline

AJNR Am J Neuroradiol 38:432– 41 Mar 2017 www.ajnr.org 441

http://dx.doi.org/10.1227/01.NEU.0000324730.37144.4B
http://www.ncbi.nlm.nih.gov/pubmed/18812958
http://dx.doi.org/10.1227/01.NEU.0000369194.13994.62
http://www.ncbi.nlm.nih.gov/pubmed/20495397
http://dx.doi.org/10.3171/jns.1999.90.4.0656
http://www.ncbi.nlm.nih.gov/pubmed/10193610
http://dx.doi.org/10.1148/radiology.206.2.9457205
http://www.ncbi.nlm.nih.gov/pubmed/9457205
http://dx.doi.org/10.1136/jnnp-2011-302068
http://www.ncbi.nlm.nih.gov/pubmed/23012447
http://dx.doi.org/10.1186/1745-6215-14-156
http://www.ncbi.nlm.nih.gov/pubmed/23714335
http://dx.doi.org/10.1136/neurintsurg-2011-010065
http://www.ncbi.nlm.nih.gov/pubmed/21990519
http://www.ncbi.nlm.nih.gov/pubmed/21696651
http://www.ncbi.nlm.nih.gov/pubmed/21696651
http://dx.doi.org/10.3174/ajnr.A3968
http://www.ncbi.nlm.nih.gov/pubmed/24831596
http://dx.doi.org/10.1016/j.neurad.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24698743


ORIGINAL RESEARCH
PATIENT SAFETY

Reduced Patient Radiation Exposure during Neurodiagnostic
and Interventional X-Ray Angiography with a New

Imaging Platform
X K. van der Marel, X S. Vedantham, X I.M.J. van der Bom, X M. Howk, X T. Narain, X K. Ty, X A. Karellas, X M.J. Gounis, X A.S. Puri,

and X A.K. Wakhloo

ABSTRACT

BACKGROUND AND PURPOSE: Advancements in medical device and imaging technology as well as accruing clinical evidence have
accelerated the growth of the endovascular treatment of cerebrovascular diseases. However, the augmented role of these procedures
raises concerns about the radiation dose to patients and operators. We evaluated patient doses from an x-ray imaging platform with
radiation dose–reduction technology, which combined image noise reduction, motion correction, and contrast-dependent temporal
averaging with optimized x-ray exposure settings.

MATERIALS AND METHODS: In this single-center, retrospective study, cumulative dose-area product inclusive of fluoroscopy, angiog-
raphy, and 3D acquisitions for all neurovascular procedures performed during a 2-year period on the dose-reduction platform were
compared with a reference platform. Key study features were the following: The neurointerventional radiologist could select the targeted
dose reduction for each patient with the dose-reduction platform, and the statistical analyses included patient characteristics and the
neurointerventional radiologist as covariates. The analyzed outcome measures were cumulative dose (kerma)-area product, fluoroscopy
duration, and administered contrast volume.

RESULTS: A total of 1238 neurointerventional cases were included, of which 914 and 324 were performed on the reference and dose-
reduction platforms, respectively. Over all diagnostic and neurointerventional procedures, the cumulative dose-area product was signif-
icantly reduced by 53.2% (mean reduction, 160.3 Gy � cm2; P � .0001), fluoroscopy duration was marginally significantly increased (mean
increase, 5.2 minutes; P � .0491), and contrast volume was nonsignificantly increased (mean increase, 15.3 mL; P � .1616) with the dose-
reduction platform.

CONCLUSIONS: A significant reduction in patient radiation dose is achievable during neurovascular procedures by using dose-reduction
technology with a minimal impact on workflow.

ABBREVIATIONS: CBCT � conebeam CT; CPKA � cumulative dose (kerma)-area product; 3DRA � 3D rotational angiography; EAKR � phantom-entrance air kerma
rate; IPDRT � imaging platform with dose-reduction technology; IPR � reference imaging platform; K̇a,r � air kerma rate at the fluoroscopic reference point; LAT �
lateral plane of the biplane system; PKA � dose (kerma)-area product; RAKR � image-receptor (detector) entrance air kerma rate

The advancement of neurointerventional practice offers in-

creasingly safe and minimally invasive treatment for a variety

of neurovascular diseases. In most cases, the benefits of neuroin-

terventional treatment afforded by fluoroscopic image guidance

clearly outweigh the associated radiation risks to patients, espe-

cially in comparison with invasive surgical alternatives.1 How-

ever, the growing use of diagnostic procedures and complex flu-

oroscopy-guided interventions2 has led to heightened concerns

over ionizing radiation exposure to patients and staff.3,4

To address these concerns, a new commercially available an-

giographic imaging platform has been developed.5 Its dose-re-

duction strategy applies to digital fluoroscopy and digital subtrac-

tion angiography, which accounts for approximately 70%– 80%

of the total patient radiation dose in vascular angiographic proce-
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dures.6,7 At the core of the system is an image postprocessing

chain intended to yield diagnostic-quality DSA images at a lower

radiation dose to the patient.7 Key features of this image-process-

ing chain are multiscale implementations of real-time motion

correction, image contrast-dependent temporal averaging, and

image noise reduction.7 Lower dose acquisitions further allow the

use of a smaller focal spot size, reducing magnification-dependent

focal spot blur.7 Additional hardware optimization includes the

use of Cu beam filtration, depending on x-ray tube loading and a

narrower x-ray pulse width.8 Herein, these noise reduction algo-

rithms and optimized exposure settings7 will be collectively re-

ferred to as “dose-reduction technology,” which is implemented

on the dose-reduction x-ray imaging platform (IPDRT).

Procedural dose reductions and the noninferiority of image

quality by using IPDRT have been described for iliac9,10 and

coronary angiography in adults8,11-13 and in children.13 For

neuroangiographic procedures, a randomized, blinded review

of consecutive DSA runs with dose-reduction technology tar-

geting one-fourth of the standard radiation dose showed the

ability to maintain diagnostic image quality.7 A larger Euro-

pean study in 614 patients provided further evidence of signif-

icant reductions in total dose-area products of 62% and 65%

for diagnostic and interventional procedures, respectively,

while not significantly affecting fluoroscopy time, procedure

duration, and the number of acquired images.5

A unique aspect of this study was that the neurointerventional

radiologist with the dose-reduction platform had the flexibility to

select, per case and per acquisition, a targeted dose reduction of

0%, 50%, or 75% as preferred, rather than using a protocol with a

prespecified dose-reduction target.5 This paradigm was investi-

gated so that any equivocal image finding may be better visualized

at different settings. Our study investigated the dose-reduction

achieved in cumulative dose (kerma)-area product (CPKA) by us-

ing such a flexible protocol for common interventional treat-

ments and diagnostic examinations based on a retrospective re-

view of all such procedures during a 2-year period in a North

American academic practice. In addition, a key feature of this

study that distinguishes it from prior studies was the inclusion of

the neurointerventional radiologist (operator) and patient-spe-

cific factors as covariates in the statistical analyses.

MATERIALS AND METHODS
This study was conducted in adherence to a protocol approved by
our institutional review board and in compliance with the Health
Insurance Portability and Accountability Act. Our institutional
review board waived the requirement for informed consent for
this retrospective study.

Included were neurointerventional and diagnostic procedures
performed in 2 dedicated neurointerventional radiology suites
during a 2-year time period from January 2, 2013, to December
30, 2014. Initially during approximately 1 year (January 2, 2013,
to January 21, 2014), both neurointerventional suites (AlluraXper
FD20/10 and FD20/20; Philips Healthcare, Best, the Netherlands)
were not equipped with dose-reduction technology. In January
2014, dose-reduction technology was installed in 1 system (Allura
Clarity FD20/10; Philips Healthcare). All procedures and exami-
nations performed on this system subsequent to the installation of
dose-reduction technology are referred to as performed on the
IPDRT. The other system (AlluraXper FD20/20) continued to be
operated without dose-reduction technology. All procedures and
examinations performed on this system and those performed on
the FD20/10 system before installation of dose-reduction tech-
nology are referred to as performed on the “reference” platform
(IPR). For the FD20/20 system, the small and large focal spot sizes
(nominal) were 0.4 and 0.7 mm in both planes. For the FD 20/10
system, which is equipped with a smaller detector in the lateral
(LAT) plane, the small and large focal spot sizes (nominal) were
0.4 and 0.7 mm for the anteroposterior plane and 0.5 and 0.8 mm
for the lateral plane.

The programmed maximum entrance air kerma rates
(EAKRs) for each of the 3 available fluoroscopy modes were re-
duced for IPDRT compared with IPR. The frame rate, x-ray beam
filtration, and maximum EAKR are summarized in Table 1 and
were identical for both planes. For both platforms, fluoroscopic

mode II was the default mode. For this
mode, quality-control audits performed
by an independent American Board of

Radiology– certified diagnostic medical
physicist encompassing the study period
were collected and were used to validate
the system-reported air kerma rate at the
fluoroscopic reference point (K̇a,r) (Table
2). Because the deviations from unity for
the ratios of measured and system-re-
ported K̇a,r were comparable with external

dosimeter readings and positioning un-

certainties,14 no correction was performed

Table 1: Maximum entrance air kerma rates for the 3 fluoroscopic
modes I, II, and III on the reference and dose-reduction
platformsa

Platform,
Mode Frames/Second Filtration

Maximum
EAKR

(mGy/min)
Reference

I 6 0.4 mm Cu �1 mm Al 22
II 12.5 0.4 mm Cu �1 mm Al 44
III 12.5 0.1 mm Cu �1 mm Al 79

DRT
I 15 0.4 mm Cu �1 mm Al 11
II 15 0.4 mm Cu �1 mm Al 26
III 15 0.1 mm Cu �1 mm Al 62

Note:—DRT indicates dose-reduction technology.
a The operator chooses the fluoroscopy mode on the dose-reduction platform in-
dependent of the DSA program and the targeted dose-reduction setting used for
angiography.

Table 2: Measured entrance air kerma rates for a typical patient examination and for the
largest FOV in fluoroscopic mode II preferred for clinical imaginga

System DRT Plane kV
Focal Spot

(mm)
Measured EAKR

(mGy/min) K̇a,r Ratio
FD 20/20 No AP 68 � 1 Small (0.4) 5.1 � 0.2 1.03 � 0.12

LAT 69 � 1 Small (0.4) 6.1 � 1.0 1.00 � 0.04
FD 20/10 Before AP 68 � 1 Small (0.4) 4.9 � 1.0 1.07 � 0.03

LAT 72 � 4 Small (0.5) 6.3 � 3.4 0.97 � 0.004
After AP 68 � 1 Small (0.4) 2.8 � 0.4 0.96 � 0.08

LAT 73 � 2 Small (0.5) 4.4 � 0.6 1.01 � 0.1

Note:—AP indicates anteroposterior; DRT, dose-reduction technology.
a For each system, the selected kilovolt and x-ray focal spot along with its nominal size (millimeter) for each plane are
summarized. For the FD 20/10 system, these values are reported before and after the installation of the DRT. The x-ray
beam filtration is 0.4 mm Cu and 1 mm of Al for all systems, platforms, and planes.
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to system-reported data. Also, from Table 2, it can be inferred that for

IPDRT, the EAKR was approximately reduced by 50% compared with

IPR.

Regarding DSA acquisitions, the programmed settings for the

image-receptor (detector) entrance air kerma rate (RAKR) for

IPR is shown in Table 3 and is referred to as “standard” acquisition

protocol. The default setting programmed for the IPDRT targeted

an approximate 75% reduction in EAKR with respect to the IPR,

herein referred to as “quarter-dose” protocol. However, the neu-

rointerventional radiologist, on the basis of patient-, procedure-,

and acquisition-specific needs had the flexibility to select either

the “quarter-dose” protocol; a “half-dose” protocol, which re-

duced the EAKR by approximately 50% with the dose-reduction

technology; or, in rare circumstances, to revert to the reference

platform hardware and software settings at 100% of the original

dose, referred to as “full-dose” protocol and is identical to the

“standard” protocol. The RAKRs for the 3 acquisition protocols

are summarized in Table 3. The programmed settings were iden-

tical for both planes in each system and for each acquisition

protocol.

Data Collection
The following information was retrospectively collected for each

procedure or examination from the neurointerventional suites

during the analyzed time period: procedure type classified into 10

categories (diagnostic angiography, aneurysm coil embolization,

flow-diverter placement, intra-arterial vasospasm treatment,

thrombectomy for acute ischemic stroke, stent-assisted aneurysm

coiling, epistaxis treatment, carotid stent placement, brain AVM

embolization, and dural AVF treatment), cumulative dose-area

product in units of Gy � cm2, total fluoroscopy duration (min-

utes), administered contrast volume (milliliter), names of the

neurointerventional radiologists performing the procedure or ex-

amination labeled as “operators,” and a selection of patient char-

acteristics that may reflect differences in outcome measures. The

collected patient characteristics included age, sex, body weight

(kg), preprocedural blood pressure, and medical history such as

hypertension, chronic obstructive pulmonary disorder, coronary

artery disease, obesity, and diabetes mellitus. The patient charac-

teristics were obtained from electronic medical records and pro-

cedure documents. Contrast volume was extracted from proce-

dure documents. Cumulative dose (kerma)-area product and

total fluoroscopy duration were extracted from procedure docu-

ments or retrieved from a Cloud-based dose-monitoring system

(DoseWise Portal; Philips Healthcare). The dose-monitoring sys-

tem gathered and anonymized system-generated dose-area prod-

uct (PKA) for each fluoroscopic, angiographic, and 3D imaging

acquisition, and the CPKA was aggregated from all acquisitions for

that procedure. The CPKA reported in this study is for the entire

procedure and is inclusive of 3D rotational angiography (3DRA)

and conebeam CT (CBCT), if performed, which do not benefit

from dose-reduction technology enabled by the IPDRT platform.

Data Preparation
A total of 1592 procedures were performed during the 2-year

period in the 2 suites. After excluding spinal procedures (n �

260), cases with multiple or mixed treatment procedures (n �

11), partial diagnostic or partial/follow-up treatment studies

(n � 14), other non-neurointerventional procedures (n � 25),

and aneurysm-embolization procedures without coils or flow di-

verters (n � 4), we included data for the remaining cases (n �

1278). Cases with �1 missing outcome variable (n � 27) or pa-

tient-related factors (n � 13) were discarded, resulting in 1238/

1592 (77.7%) cases available for analysis.

The 3 outcome variables of interest analyzed in the study were

CPKA, fluoroscopy duration, and administered contrast volume.

Four interventional neuroradiologists performed these proce-

dures. For procedures involving �1 operator, we could not accu-

rately apportion the outcome variables. Therefore, any procedure

involving �1 operator was coded as �1 operator. Patient medical

history, with the exception of hypertension, was binary-coded for

each condition. History of hypertension was combined with the

preprocedural blood pressure measurement to generate a 4-point

categoric scale: 0, no history of hypertension with preprocedural

systolic and diastolic measurements of �140 and 90 mm Hg, re-

spectively; 1, a history of hypertension and preprocedural systolic

and diastolic measurements of �140 and 90 mm Hg, respectively;

2, no history of hypertension and preprocedural systolic and dia-

stolic measurements of either �140 or �90 mm Hg, respectively;

and, 3, a history of hypertension and preprocedural systolic and

diastolic measurements of either �140 or �90 mm Hg,

respectively.

Statistical Analysis
All statistical analyses were performed by using SAS 9.3 (SAS In-

stitute, Cary, North Carolina). Generalized linear models were

used to quantify the changes in the 3 outcome measures between

the 2 neurointerventional imaging platforms. The outcome vari-

ables were appropriately Box-Cox transformed before statistical

modeling. All models included the platform type (IPDRT or IPR)

Table 3: DSA programmed settings for the image-receptor (detector) entrance air kerma rate for a typical patient examination with the
largest FOV on both platformsa

System DRT
Acquisition

Protocol kV Filtration Focal Spot (mm)

Programmed
RAKR

(�Gy/frame)
FD 20/20 No Standard 80 0.1 mm Cu �1 mm Al Large (AP/LAT: 0.7 mm) 4.0
FD 20/10 Before Standard 80 0.1 mm Cu �1 mm Al Large (AP: 0.7 mm; LAT: 0.8 mm) 4.0

After Quarter 75 0.1 mm Cu �1 mm Al Small (AP: 0.4 mm; LAT: 0.5 mm) 0.7
Half 78 No added filtration Small (AP: 0.4 mm; LAT: 0.5 mm) 1.0
Full 80 0.1 mm Cu �1 mm Al Large (AP: 0.7 mm; LAT: 0.8 mm) 4.0

Note:—AP indicates anteroposterior; DRT, dose-reduction technology.
a The dose-reduction platform was equipped with 3 acquisition protocols in which the “full-dose” protocol reverts to the reference platform hardware and software settings
(“standard” dose protocol). The programmed settings are identical for both planes in each system and for each acquisition protocol.
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and the neurointerventional procedure category as independent

variables; and inclusion of covariates (operator, patient character-

istics) was determined by using stepwise selection based on the

corrected Akaike Information Criterion.15 For each model, the

least squares means and the confidence intervals for each platform

and the Sidak multiple comparison–adjusted P values for the dif-

ferences in least squares means between the 2 imaging platforms

were obtained. The differences in least squares means between

IPDRT and IPR and the percentage change were computed. Effects

associated with P � .05 were considered statistically significant.

RESULTS
Patient demographics and the number of cases are summarized in

Table 4. Among the 1238 cases analyzed, 914 were performed on

the IPR and 324 were performed on the IPDRT. The diagnostic

examinations were 71.6% and 53.4% of the cases on the reference

and dose-reduction platforms, respectively. All results are pre-

sented after adjusting for neurointerventional radiologist and pa-

tient characteristics in each model.

Procedural Cumulative Dose-Area Product
Overall and across all diagnostic examinations and neurointer-

ventional procedures, the IPDRT was associated with a significant

reduction in procedural CPKA, inclusive of all executed fluoro-

scopic, angiographic, and 3D imaging acquisitions (53.2%; mean

reduction, 160.3 Gy � cm2; P � .0001) compared with the IPR

(Table 5). Most cases were diagnostic procedures (Table 4) and

yielded a 63.3% reduction (mean reduction, 88.2 Gy � cm2; P �

.0001) with IPDRT. For diagnostic procedures, least squares means

for the CPKA were 139.4 Gy � cm2 (95% CI, 131.6 –147.6 Gy �

cm2) for the IPR and 51.1 Gy � cm2 (95% CI, 47–55.6 Gy � cm2)

for the IPDRT. Across all interventional procedures, a 52.7% re-

duction (mean reduction, 171.8 Gy � cm2; P � .0001) was ob-

served with IPDRT compared with IPR, and the least squares

means for the CPKA were 326.3 Gy � cm2 (95% CI, 295.5–360.4

Gy � cm2) and 154.5 Gy � cm2 (95% CI, 136 –175.4 Gy � cm2)

for IPR and IPDRT, respectively. The reduction in CPKA ranged

from 30.5% for flow-diverter implants (mean reduction, 82.1

Gy � cm2; P � .0015) to 73.8% for epistaxis (mean reduction, 251

Gy � cm2; P � .0001). Also, with the exception of dural AVFs

(n � 7 and 3 for IPDRT and IPR, respectively) and brain AVMs

(n � 10 and 6 for IPDRT and IPR, respectively), all procedure types

showed a significant reduction in CPKA with the IPDRT (Table 5

and Fig 1).

Fluoroscopy Duration
Overall, the difference in total fluoros-

copy duration between IPDRT and IPR

was marginal (P � .0491) and resulted

in a 5.2-minute (16.8%) increase with

IPDRT (Table 5 and Fig 2A). Procedure-

related increases in fluoroscopy dura-

tion with the IPDRT were found for diag-

nostic (an additional 1.7 minutes, P �

.0002) and flow-diverter cases (an addi-

tional 14.9 minutes; P � .0038).

Administered Contrast Volume
Overall, the difference in administered

contrast volume between IPDRT and IPR

was nonsignificant (P � .1616) and re-

sulted in a 15.3-mL (6.7%) increase with

IPDRT (Table 5 and Fig 2B). Increases in

Table 4: Patient demographics and number of cases performed
on each imaging platforma

Reference
Platform

Dose-Reduction
Platform

No. of cases
Diagnostic 654 (71.6%) 173 (53.4%)
Coil embolization 45 (5.0%) 42 (12.2%)
Flow diverter 58 (6.5%) 26 (7.6%)
Vasospasm 34 (3.7%) 26 (8.0%)
Thrombectomy 37 (4.1%) 19 (5.5%)
Stent-assisted coiling 27 (3.0%) 15 (4.4%)
Carotid stenting 25 (2.8%) 9 (2.6%)
Epistaxis 17 (1.9%) 5 (1.5%)
AVM 10 (1.1%) 6 (1.7%)
AVF 7 (0.8%) 3 (0.9%)
Total 914 (73.8%) 324 (26.2%)

Patient characteristics
Age (yr) 57.4 � 14.7 56.6 � 15.2
Weight (kg) 79.3 � 19.9 77.6 � 18.4
Male 370 (40.5%) 134 (41.4%)
Female 544 (59.5%) 190 (58.6%)
Hypertension 276 (30.2%) 89 (27.5%)

Medical history
Diabetes 113 (12.4%) 39 (12.0%)
CAD 67 (7.3%) 21 (6.5%)
COPD 61 (6.7%) 26 (8.0%)
Hypertension 496 (54.3%) 177 (54.6%)
Obesity 53 (5.8%) 17 (5.2%)

Operator
1 59 (6.5%) 18 (5.6%)
2 433 (47.4%) 175 (54.0%)
3 249 (27.2%) 23 (7.1%)
4 79 (8.6%) 92 (28.4%)
Multiple 94 (10.3%) 16 (4.9%)

Note:—CAD indicates coronary artery disease; COPD, chronic obstructive pulmo-
nary disorder.
a Data are presented as number (percentage) or mean � SD. The number of patients
with preprocedural hypertension is reported under “Patient characteristics,” while
the number of patients with a documented history of hypertension is reported under
“Medical history.”

Table 5: Reduction achieved with the dose-reduction platform in comparison with the
reference platforma

Procedure
CPKA

(Gy × cm2)

Fluoroscopy
Duration

(min)

Contrast
Volume

(mL)
Diagnostic 88.2 (63.3%)b �1.7 (�17.3%)c �12.6 (�8.3%)
All interventions 171.8 (52.7%)b �5.9 (�16.6) �23.1 (�10.1%)
Coil embolization 166.3 (50.3%)b �4.4 (�10.3%) �37.3 (�13.7%)
Flow diverter 82.1 (30.5%)c �14.9 (�55.1%)c �34.6 (�15.5%)
Vasospasm 124.9 (71.1%)b 1.7 (11.1%) 9.4 (6.2%)
Thrombectomy 191.9 (60.2%)b �5.1 (�17.8%) 2.9 (1.4%)
Stent-assisted coiling 112.1 (35.2%)c �11.1 (�26.2%) �72.6 (�27.1%)c

Carotid stenting 122.2 (55.7%)b �1.7 (�6.7%) 17.6 (7.9%)
Epistaxis 251.0 (73.8%b �7.4 (�22.7%) 73.7 (30.2%)
AVM 165.4 (26.2%) �8.9 (�8.7%) �105.3 (�43.2%)c

AVF 222.4 (37.6%) �24.9 (�36.2%) �51.3 (�15.6%)
Overall 160.3 (53.2%)b �5.2 (�16.8%)c �15.3 (�6.7%)

a Positive values indicate a reduction with the dose-reduction platform. Differences (percentage) in cumulative dose-
area product, total fluoroscopy duration, and administered contrast volume were obtained from least squares means.
b P � .0001.
c P � .05.
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administered contrast volume with the IPDRT were observed for

brain AVMs and stent-assisted coiling (Table 5 and Fig 2B).

DISCUSSION
While serious deterministic eye and skin injuries including cata-

racts are rare, erythema, and epilation as a consequence of inter-

ventional procedures are likely in a very small percentage of pa-

tients.16,17 Several joint-society initiatives have been launched in

response to increased recognition of the need to address such

deterministic and long-term stochastic adverse events by carefully

considering radiation exposure across medical imaging proce-

dures, particularly in pediatric populations. The Image Wisely

campaign was unveiled by the Joint Task Force on Adult Radia-

tion Protection, an initiative established in 2009 by the American

College of Radiology and the Radiological Society of North Amer-

ica.18 Around the same time, the Alliance for Radiation in Pedi-

atric Imaging introduced the Image Gently, Step Lightly cam-

paign to encourage dose reduction in pediatric interventional

radiologic procedures.19

General effort to minimize the risk of skin injury during fluoro-

scopic procedures entails using proper applied x-ray tube potential

and beam filtration, limiting exposure duration for fluoroscopy,

DSA, and non-DSA digital acquisitions, modifying the x-ray beam

geometry by appropriate collimation and by placing the imaging de-

tector close to the patient, and by ensuring minimal biplane over-

lap.20 Besides educating interventional practitioners and technical

staff on As Low As Reasonably Achievable practices, improvement in

angiographic systems technology is needed to achieve further dose

reductions while maintaining acceptable image quality.

The introduction of the IPDRT with flexible selection of dose-

reduction protocols to suit clinical needs was associated with an

overall reduction in CPKA of 53.2% across all diagnostic and in-

terventional procedures in our academic neurointerventional

practice. For diagnostic examinations, which constituted the larg-

est fraction of studies, the mean CPKA of 139.4 Gy � cm2 (95% CI,

131.6 –147.6 Gy � cm2) observed in this study for the IPR is lower

than the 162.2 � 231.7 Gy � cm2 (95% CI, 129.0 –195.4 Gy �

cm2) reported by Söderman et al.5 In this study, the flexible use of

dose-reduction protocols with the default setting of a quarter-

dose protocol for the IPDRT reduced the cumulative dose

(kerma)-area product to 51.1 Gy � cm2 (95% CI, 47–55.6 Gy �

cm2) constituting a 63.3% reduction with respect to the IPR, sim-

ilar to the 62% reduction in CPKA with the fixed quarter-dose proto-

col reported by Söderman et al. Fig 3 shows a sample case highlight-

ing improved visualization of perforators in diagnostic angiography

with the half-dose and quarter-dose protocols.

Previous surveys of dose reports from a variety of interven-

tional practices were used to infer reference dose values.21-24 In

addition, estimates of radiation doses for smaller groups of pa-

tients and for various neurointerventional procedures have been

reported.25-27 For the reference platform (IPR), our CPKA esti-

mate of 139.4 Gy � cm2 (95% CI, 131.6 –147.6 Gy � cm2) for

diagnostic procedures is consistent with earlier reports by Kien

et al23 (173.9 � 90.9 Gy � cm2), D’Ercole et al24 (142.1 � 75.5

Gy � cm2), Söderman et al5 (162.2 � 231.7 Gy � cm2; 95% CI,

129.0 –195.4 Gy � cm2), and Alexander et al25 (102.4 � 43.4 Gy �

cm2). In addition, for aneurysm coil embolization, our CPKA es-

timates of 330.3 Gy � cm2 (95% CI, 285.6 –381.9 Gy � cm2) for

IPR are not markedly different from those reported by Miller

et al21 (282.7 Gy � cm2; 95% CI, 261.1–304.3 Gy � cm2),

D’Ercole et al28 (413 Gy � cm2; 95% CI, 343– 482 Gy � cm2),

Kien et al23 (275.7 � 145.1 Gy � cm2), D’Ercole et al24 (369.5 �

162.3 Gy � cm2), Vano et al27 (293 � 188 Gy � cm2 and 317 �

234 Gy � cm2), and Alexander et al25 (172.3 � 67.7 Gy � cm2).

The wide range of CPKA reported in this and prior studies reflects

the diverse nature of neurointerventional procedures performed

with varying degrees of complexity, partly due to the expanded re-

pository of neurointerventional devices such as Onyx (Covidien, Ir-

vine, California), which is known to increase the procedure duration

for AVM embolization,29 and to the enhanced capabilities of the

imaging equipment, such as the ability to perform 3DRA and CBCT.

The procedural CPKA reported in this study is inclusive of 3DRA and

CBCT. Hence, caution is warranted while comparing results from

this study with those of earlier studies, in which such 3D acquisitions

were not prevalent, different devices were used, and case complexity

FIG 1. The cumulative dose-area product is significantly reduced with
the dose-reduction technology platform. Bar graph and error bars
represent least squares means and the associated 95% confidence
intervals. Note a significant reduction in CPKA between the dose-
reduction technology and reference platforms. Asterisk indicates P �
.05; double asterisks, P � .0001.

FIG 2. Least squares means and 95% confidence intervals of total
fluoroscopy duration (A) and total administered contrast volume (B)
are plotted for the reference and dose-reduction technology plat-
forms. Note significant differences in fluoroscopy duration or con-
trast volume between the dose-reduction technology and reference
platforms. Asterisk indicates P � .05; double asterisks, P � .0001.
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was difficult to assess. The advantage of our analysis for comparison

of IPDRT and IPR is that it is adjusted for operator and patient char-

acteristics under identical practice standards with independent con-

firmation of system-reported CPKA.

For the IPDRT, the dose-reduction technology and the reduced

air kerma rates are active only during 2D acquisitions such as

fluoroscopy and DSA. For procedures requiring CBCT scans and

depending on the number and type of CBCT scans, the relative

benefit of the IPDRT in terms of cumulative dose (kerma)-area

product is reduced. For instance, flow-diverter placement at our

institution commonly requires 3DRA before device deployment

and at least 2 CBCT image volumes following implantation to

confirm proper deployment and the absence of intraprocedural

hemorrhage. Moreover, because flow-diverter placement is gen-

erally accompanied only by several angiograms before and after

device deployment, the opportunities for dose reduction are rel-

atively limited. For flow-diverter placement, the mean CPKA for

the IPR and IPDRT was 269.1 and 187 Gy � cm2, respectively,

constituting a significant (P � .0015) but relatively modest 30.5%

reduction. Even in aneurysm coil embolization, an initial 3DRA

and final CBCT are performed as standard of practice at our in-

stitution. Analysis of a subset of cases in which PKA measurements

were available separately for fluoroscopy, DSA, and CBCT sug-

gests that there was no difference in the relative contribution of

CBCT to the procedural CPKA between the IPR and IPDRT for

diagnostic cases, while results acquired on the IPDRT indicate that

the relative contribution of the CBCT to the CPKA may vary with

procedure type (On-line Figs 1 and 2 and On-line Table).

The study observed CPKA reduction with the IPDRT for each pro-

cedure type, with the exception of dural AVFs and brain AVMs. On

occasion, an operator may repeat an acquisition at a higher dose for

verification. However, in practice these situations arose sporadically,

such as when examining highly complex brain AVMs, and rarely

occurred during most of the diagnostic and other treatment proce-

dures. The limited sample size for brain

AVMs (10 and 6 treated on the IPR and

IPDRT, respectively) and dural AVFs (7

and 3 treated on the IPR and IPDRT, re-

spectively) could have also contributed to

a nonsignificant reduction (P � .15) to the

procedure CPKA.

Despite significant reductions in CPKA

and across most procedure types, overall,

we observed a marginal difference (P �

.0491) in total fluoroscopy duration be-

tween the 2 platforms, with an additional

5.2 minutes of fluoroscopy duration with

the IPDRT. On our systems, the default is

fluoroscopy mode II and is typically used

for interventions. Generally, fluoroscopy

mode I was used for diagnostic exam-

inations, and fluoroscopy mode III

was reserved for complex cases involv-

ing flow-diverter placement and AVM

embolization. There was no indication

that the use of these modes was different between the IPR and the

IPDRT. Significant differences in total fluoroscopy duration be-

tween the 2 platforms were observed for diagnostic examinations

(P � .0002) and flow-diverter placement (P � .0038), with an

increase of 1.7 and 14.9 minutes, respectively, with IPDRT. Addi-

tional analyses for these procedures indicated that the total fluo-

roscopy duration with IPDRT increased for 1 operator by 2.3 min-

utes for diagnostic examinations (P � .0001) and 10.7 minutes for

flow-diverter placement (P � .0026). Also, for flow-diverter

placement, procedures involving �1 operator contributed to a

substantial 34.5-minute (P � .0203) increase with IPDRT. In our

academic practice, the extent to which the assisting fellows are

involved and the nature of their contribution to a case, depending

on the procedure, may vary. Regarding the total administered

contrast volume, overall, the difference between the 2 platforms

was nonsignificant (P � .1616), with an increase of 15.3 mL

(6.7%) with IPDRT. Overall, the marginal increase in fluoroscopy

duration and the nonsignificant change in administered contrast

volume suggest that workflow was unaffected by the use of the

IPDRT.

Our study had limitations. This retrospective study precluded

randomization of the operator and imaging platform. We did not

analyze the partial contributions to CPKA from fluoroscopy, an-

giography, and 3D imaging for all cases because these data were

not recorded uniformly. For each procedure type, the sample-size

distribution was not uniform for the 2 platforms in this retrospec-

tive study. Another confounding factor is the smaller x-ray detec-

tor for the LAT plane of the FD20/10 system, which was used for

all IPDRT examinations and part of the IPR examinations. The

smaller detector size may contribute to lower PKA for that acqui-

sition or may contribute to higher procedural CPKA, because ad-

jacent regions were additionally imaged when clinically needed.

At our institution, all neurointerventional systems are from a single

vendor; hence, our analysis is restricted to that vendor. Our study

FIG 3. Diagnostic angiography was performed to assess the source of bleeding in a 43-year-old
man who presented with diffuse SAH. During the examination, angiograms after contrast admin-
istration into the right ICA were obtained on IPDRT platform by using the “full-dose” protocol
(left), which is identical to the reference platform in terms of hardware and software settings,
“half-dose” protocol (middle), and “quarter-dose” protocol (right). Magnified views of the dashed
area highlight improved visualization of small perforators (white arrows) with the “half-dose” and
“quarter-dose” protocols (lower panels).
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considered CPKA alone as the metric for analysis and does not ad-

dress the skin-dose distribution and the peak skin dose30 because the

imaging geometry relative to the patient and anatomic region was not

collected. CPKA is relevant to the estimation of stochastic effects,

while peak skin dose is directly related to skin effects.

CONCLUSIONS
The introduction of a dose-reduction platform was associated

with a significant reduction of 53.2% in CPKA over all procedure

types, ranging from 30.5% to 73.8% for individual procedures

compared with the reference platform without the noise-reduc-

tion algorithm from the same vendor. After adjustment for the

operating neurointerventional radiologist and patient character-

istics, our results demonstrate that significant dose reductions can

be achieved for almost all the considered procedure types. Only

marginal effects on total fluoroscopy duration and total adminis-

tered contrast volume were observed, suggesting that the impact

on workflow was minimal.
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ORIGINAL RESEARCH
PATIENT SAFETY

The Efficacy of Shielding Systems for Reducing Operator
Exposure during Neurointerventional Procedures:

A Real-World Prospective Study
X T.R. Miller, X J. Zhuo, X G. Jindal, X R. Shivashankar, X N. Beaty, and X D. Gandhi

ABSTRACT

BACKGROUND AND PURPOSE: Neurointerventional surgery may expose patients and physician operators to substantial amounts of
ionizing radiation. Although strategies for reducing patient exposure have been explored in the medical literature, there has been relatively
little published in regards to decreasing operator exposure. The purpose of this study was to evaluate the efficacy of shielding systems in
reducing physician exposure in a modern neurointerventional practice.

MATERIALS AND METHODS: Informed consent was obtained from operators for this Health Insurance Portability and Accountability
Act– compliant, institutional review board–approved study. Operator radiation exposure was prospectively measured during 60 consec-
utive neurointerventional procedures from October to November 2013 using a 3-part lead shielding system. Exposure was then evaluated
without lead shielding in a second 60-procedure block from April to May 2014. A radiation protection drape was randomly selected for use
in half of the cases in each block. Two-way analysis of covariance was performed to test the effect of shielding systems on operator
exposure while controlling for other covariates, including procedure dose-area product.

RESULTS: Mean operator procedure dose was 20.6 �Sv for the entire cohort and 17.7 �Sv when using some type of shielding. Operator
exposure significantly correlated with procedure dose-area product, but not with other covariates. After we adjusted for procedure
dose-area product, the use of lead shielding or a radiation protection drape significantly reduced operator exposure by 45% (F � 12.54, P �

.0001) and 29% (F � 7.02, P � .009), respectively. The difference in protection afforded by these systems was not statistically significant (P �

.46), and their adjunctive use did not provide additional protection.

CONCLUSIONS: Extensive lead shielding should be used as much as possible in neurointerventional surgery to reduce operator radiation
exposure to acceptable levels. A radiation protection drape is a reasonable alternative when standard lead shielding is unavailable or
impractical to use without neglecting strategies to minimize the dose.

ABBREVIATIONS: BMI � body mass index; PKA � air kerma area product

Advances in endovascular technology have led to the increas-

ing use of minimally invasive, neurointerventional proce-

dures for the diagnosis and treatment of cerebrovascular disease.

While the efficacy of these fluoroscopically guided examinations

is well-established, there is growing concern regarding the ex-

posure of patients and medical personnel to ionizing radiation.

Prior reports have demonstrated that exposure of patients and

workers may not be negligible during interventional neurora-

diology procedures, likely due to the complexity of some inter-

ventions and the use of digital subtraction angiography and

biplane fluoroscopy.1-7 Patient exposure may be high enough

to result in deterministic effects such as skin erythema and

epilation, while both patients and physician operators are po-

tentially at risk from the stochastic effects of this radiation,

namely carcinogenesis.8-16

Although multiple reports in the literature detail the risks of pa-

tient exposure to ionizing radiation during neurointerventional pro-

cedures, little has been published regarding exposure of the treating

physician operators. Furthermore, the few reports available have ei-

ther included a relatively small number of cases performed by a few

experienced neurointerventionalists or, alternatively, have focused

on quantifying the degree of protection afforded by personal protec-

tive equipment, such as lead glasses or caps.1-4,17,18 While the use of

such equipment remains an essential component of an overall strat-

egy to protect medical personnel from scatter radiation, an equally

important approach is to reduce the amount of scatter radiation
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reaching the physician operator. The latter may be achieved by min-

imizing the use of ionizing radiation in neurointerventions as much

as clinically feasible and by the adjunctive deployment of shielding

systems in the angiosuite. Strategies for minimizing radiation use in

neurointerventional surgery have recently been described in detail by

several groups and include the use of low-dose fluoroscope set-

tings.19-22 However, the efficacy of shielding systems in neurointer-

ventional surgery has largely remained unstudied.

We therefore elected to prospectively evaluate operator expo-

sure to scatter ionizing radiation in our neurointerventional prac-

tice while using various shielding systems.

MATERIALS AND METHODS
The institutional review board approved the research protocol for

this single-center, HIPAA-compliant study. Operator radiation ex-

posure was prospectively measured during 2 blocks of 60 consecutive

neuroangiography procedures performed in roughly 6-week peri-

ods from October to November 2013 and April to May 2014.

Physician operators participating in the study included attend-

ing neurointerventional radiologists (n � 3) and physician

trainees specializing in the field (n � 2). All physician opera-

tors wore standard personal protective equipment during the

study, including a lead vest and skirt and a thyroid shield.

Written and verbal informed consent was obtained from phy-

sician operators. Patient consent was not obtained because

their clinical care and radiation dose were unaffected by the

research protocol.

During each 60-procedure block, operator exposure was mea-

sured during all neuroangiography procedures performed on an Ar-

tis zee biplane fluoroscopy unit (Siemens, Erlangen, Germany), con-

sisting of two 40 � 30 cm flat panel image detectors in the

anteroposterior and lateral planes. Along with operator radiation

dose, fluoroscopy time, air kerma area product (PKA), procedure

type (diagnostic versus intervention/treatment), and patient body

mass index (BMI) were recorded for all procedures. Operator skin

dose was measured by a personal electronic dosimeter (DMC 300;

Mirion Technologies, Irvine California), which measures Hp(10),

with a measurement range of 15 keV to 7 MeV for x-rays and

gamma rays, a dose range from 1 �Sv to 10 Sv, and an accuracy of

at least �20% (typical, �10%). Body mass index was obtained

from the patient’s medical record. The specific type of inter-

vention was not recorded (eg, aneurysm coiling, mechanical

thrombectomy) because it was thought that other factors, in-

cluding vessel tortuosity, plaque burden, and lesion morphol-

ogy, would also play a critical role in determining overall pro-

cedure complexity. Consequently, our study design accounted

for procedure complexity by taking into account the overall

amount of ionizing radiation used during the procedure, as

reflected by the PKA.

During the first 60 consecutive procedures, the personal do-

simeter was attached to the left collar of the primary operator on

top of the individual’s lead vest and thyroid shield. If �1 physician

participated in the procedure, the dosimeter was transferred be-

tween operators to ensure that it was always located on the primary

operator standing closest to the fluoroscope. The dosimeter was left

in the angiosuite on the patient’s upper right thigh during all power-

injected DSA runs while physician operators stood in the control

room to avoid unnecessary radiation exposure. This procedure was

used to standardize the relationship between measured operator ex-

posure and the PKA. The dosimeter remained on the primary oper-

ator’s left collar during all hand-injected DSA runs.

Standard radiation lead shielding was used in all cases, includ-

ing an overhanging lead acrylic shield positioned over the pa-

tient’s midabdomen (upper body shield), a lead apron skirt ex-

tending parallel to the fluoroscopy table on the side of the

operator (lower body shield), and an approximately 2 � 1 m

mobile barrier placed in front of the primary operator perpendic-

ular to the angiography table. In addition, a disposable radiation-

absorbing surgical drape (RADPAD; Worldwide Innovations &

Technologies, Lenexa, Kansas), which has proved efficacious in

reducing physician exposure during interventional cardiology

and vascular interventional radiology procedures, was randomly

selected to be used in half of cases.23-31 If selected for use, the

radiation protection drape was initially placed on the patient’s

right thigh below the femoral sheath insertion site and was subse-

quently transferred to the right lower abdomen once the catheter

had been advanced into the thoracic aorta (Fig 1).

In the second half of the study, radiation exposure was again mea-

sured during 60 additional consecutive neuroangiography proce-

dures performed in the same biplane angiosuite. However, in this

portion of the study, the electronic dosimeter was placed at the

collar level on an IV pole located on the opposite side of the

angiosuite table immediately across from the primary operator

and standard lead shielding. This step was to simulate operator

exposure when lead shielding is not used because it was

thought unethical to remove lead shielding from the side of the

operator. Once again, a radiation protection drape was ran-

domly selected for use in half of cases, this time positioned over

the left lower abdomen. The dosimeter remained in the angio-

suite throughout the procedure, including during power-in-

jected DSA runs.

Operator radiation exposure was then analyzed according to

the presence or absence of lead shielding and the radiation pro-

tection drape, yielding 4 groups (Table 1). One-way ANOVA was

initially performed to test whether there were any group differ-

ences in procedure PKA, fluoroscopy time, and patient BMI. The

Pearson correlation was used to analyze the simple relationship

between operator radiation exposure and procedure PKA, fluo-

roscopy time, and patient BMI. Two-way analysis of covariance

was performed to test the effect of lead shielding and the radiation

protection drape on operator exposure, controlling for �1 of the

other covariates (PKA, fluoroscopy time, patient BMI). Covari-

ates were selected on the basis of whether they were significant

explanatory variables in the multiple linear regression model with

exposure dose as the response. A post hoc test with a Tukey cor-

rection was then performed to test for group differences in expo-

sure dose, while controlling for the covariates. All statistical anal-

ysis was performed by using the computing environment R

statistical and computing software (Version 3.2.0) (http://www.

r-project.org). P � .05 was considered statistically significant.

RESULTS
Data were successfully collected from all eligible neurointerven-

tional examinations in 2 blocks of 60 consecutive procedures. In
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total, 71 diagnostic and 49 interventional neuroangiography pro-

cedures were included. During the initial investigation of opera-

tor radiation exposure data, 1 diagnostic procedure was excluded

from further analysis due to a reported high operator exposure

dose, which was out of proportion to the procedure PKA. This

outlier may have occurred due to either improper dosimeter po-

sitioning or erroneous data entry. Consequently, data from 70

diagnostic and 49 therapeutic neurointerventional angiography

procedures were included for further analysis (Table 2).

Mean operator radiation dose per procedure in the entire cohort

was 20.6�1.6�Sv and 17.7�1.4 �Sv for the 89 procedures in which

exposure was measured by using some type of shielding system. The

mean fluoroscopy time and PKA for the entire cohort were 44.6 �

47.3 minutes and 149.3 � 90.1 Gy � cm2, respectively. Compared

with therapeutic interventions, diagnostic

examinations were associated with shorter

fluoroscopy times (17.5 � 1.4 minutes

versus 83.3 � 51.0 minutes, P � .0001)

and lower PKA (132 � 88 Gy � cm2 ver-

sus 174 � 88 Gy � cm2, P � .014). The

mean patient body mass index was 28.2

(range, 15.2–50.1).

One-way ANOVA testing demon-

strated no statistically significant differ-

ences in the ratio of diagnostic-versus-

interventional procedures (F � 0.86,

P � .47), mean fluoroscopy time (F �

0.433, P � .73), mean PKA (F � 0.53,

P � .67), or mean patient BMI

(ANOVA, F � 2.36, P � .08) among the

4 shielding groups. Two-way analysis of

the covariance showed that operator ra-

diation exposure was highly correlated

with procedure PKA, regardless of the

shielding systems used (r � 0.59, P �

.0001). Although fluoroscopy time (r �

0.29, P � .0013) and patient BMI (r �

�0.17, P � .062) also correlated with

operator radiation exposure, these cova-

riates were no longer significant after

taking PKA into account. Consequently,

only PKA was included as a covariate in

the final ANCOVA model for the effects

of shielding systems on operator expo-

sure dose.

ANCOVA revealed that the use of

lead shielding (F � 12.54, P � .0001)

and the radiation protection drape (F �

7.02, P � .009) significantly reduced operator exposure after ad-

justing for procedure PKA (Table 3). Post hoc tests comparing the

adjusted operator exposure dose for the 4 shielding groups indi-

cated that standard lead shielding (R0L1) reduced operator expo-

sure to scatter radiation by nearly half (45%) compared with no

shielding (R0L0) (P � .001). Use of the RADPAD drape (R1L0)

was also associated with a significant but smaller reduction in

operator exposure (29%) (P � .026). Finally, the concomitant use

of the 2 shielding systems together (R1L1) failed to further reduce

operator exposure to scatter radiation. The R1L1 group demon-

strated a 44% reduction in operator exposure compared with no

shielding (R0L0), essentially identical to standard lead shielding

alone (R1L1 versus R0L1, P � .99).

DISCUSSION
Our results demonstrate that the consistent use of standard lead

shielding can reduce the exposure of neurointerventionalists to

scatter radiation by as much as 45%. More surprising is the 29%

reduction in exposure afforded by the radiation protection drape.

Although the drape had previously been shown to be effective in

interventional cardiology and vascular interventional radiology

procedures, physicians in these specialties often stand much

closer to the irradiated portion of the patient’s body, for example,

FIG 1. Configuration of shielding systems and dosimeter in the angiosuite. A, Positions of the
mobile barrier (X), upper body shield (Y), and lower body shield (Z) are noted. B, Position of
the radiation protection drape (white arrows) before sheath insertion and advancement of the
diagnostic/intermediate catheter into the thoracic aorta. C, Position of the radiation protection
drape (white arrows) during the remainder of the procedure. D, Position of the dosimeter (white
X) in the second block of 60 patients, attached to an IV pole. The radiation protection drape is
positioned over the left side of the patient.

Table 1: Shielding system groups

Group
Radiation

Protection Drape
Standard Lead

Shielding Systems
R0L0 � �
R1L0 � �
R0L1 � �
R1L1 � �

Note:—R0L1 indicates standard lead shielding; R0L0, no shielding; R1L0, use of the
RADPAD drape; R1L1, concomitant use of the 2 shielding systems together; �, present; �,
absent.
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next to the thorax during cardiac pacemaker/defibrillator place-

ment. In these instances, the drape is placed directly adjacent to

the irradiated body part, where it is in an optimal position to

shield the operator from scatter radiation. In contradistinction,

neurointerventionalists using femoral artery access typically

stand much farther away from the x-ray target (ie, head and neck),

and it was uncertain whether placing the drape over the patient’s

lower abdomen would still be effective. However, despite the

greater distance between operator and x-ray source, the drape still

significantly reduced operator exposure.

The current study failed to show a further reduction in operator

dose when augmenting lead shielding with the radiation protection

drape. However, we still use the inexpensive, easy-to-use drape in our

practice because we believe it may provide additional radiation pro-

tection in certain situations. These include procedures requir-

ing greater radiation exposure of the pelvis (eg, difficult fem-

oral artery access, femoral artery injury), spinal angiography,

and studies using brachial or radial artery access. Although not

evaluated in the current study, the drape may be more effective

in these instances due to a combination of increased proximity

of the operator to the irradiated body part and an inability to

optimally position all lead shielding components. For example,

the overhanging lead shield is impractical to use during femo-

ral sheath insertion, while the stand-alone lead shield is simi-

larly unworkable when using a brachial artery approach.

Furthermore, although we consistently use extensive lead

shielding in our practice, this is likely not the case for all neuroin-

terventionalists. Overhanging and stand-alone lead shielding can

be cumbersome to use, particularly during complex interventions

such as aneurysm coiling, which often require oblique positioning

of the fluoroscopy tubes. In these instances, the working space

available for lead shields is often reduced, making them difficult

or impractical to use. Moreover, some practices may be limited in

their use of lead shielding, either because it is not readily available

or due to physical constraints within the angiography suite. In

situations in which lead shielding is not ideal, either due to oper-

ator preference or limitations of a particular practice, a radiation

protection drape may be a reasonable alternative for scatter radia-

tion protection.

Operator exposure was highly corre-

lated with PKA. As discussed in the “Ma-

terials and Methods” section, procedure

PKA is a reasonable measure of overall

procedure complexity, potentially ac-

counting for a diverse array of difficult-to-

anticipate variables, including interven-

tion type, experience of the operators,

vessel tortuosity, and vessel plaque bur-

den. After we accounted for this correlation, neither procedure type

nor patient BMI significantly impacted operator dose. Before the

current study, we had speculated that patient BMI might impact op-

erator exposure secondary to increased scatter radiation production

while imaging over the superiormost aspect of the thorax and lower

neck. The latter occurs during catheterization of cervical vessels and

can represent a significant percentage of procedure time in diagnostic

cerebral angiograms, particularly with tortuous vessel anatomy.

However, any increase in scatter radiation generated by larger

size patients was too small to be detected.

Operator exposure was modest in the current study: 20.6 �Sv per

procedure for the entire cohort and 17.7 �Sv when using some types

of shielding. Given these results, it is highly unlikely that an operator

in our practice would exceed the annual occupational limit of 20

mSv. Although comparison with prior studies can be challenging due

to differences in methodology, other authors have typically noted

higher operator doses during neurointerventional procedures. For

example, Moritake et al5 reported an average entrance dose at the

operator’s left collar of 50 �Gy/�Sv (n � 32), Kemerink et al2 found

an average entry dose at the operator’s neck of 74 �Gy/�Sv (n � 31),

and Bor et al18 noted a mean entry dose of 28.8 �Gy/�Sv in the

region of the thyroid (n � 57). We believe that the meticulous

use of shielding systems in most of our cases contributed to the

relatively low operator exposure, though other factors, includ-

ing fluoroscope settings, likely played a role.

The current study has several limitations, which reflect some of

the practical challenges of measuring operator radiation exposure

during everyday clinical practice. First, our measured operator dose

likely overestimates true physician exposure during clinical practice

secondary to leaving the dosimeter in the angiosuite during power-

injected DSA runs. However, this practice allowed us to standardize

the relationship between measured operator exposure and proce-

dure PKA. In addition, estimated operator exposure in the second

half of the study may have been slightly greater than in the first half

due to the dosimeter being located on the side of the lateral fluoro-

scope x-ray source. This feature, in turn, may have led to a mild

overestimation of the efficacy of lead shielding. However, the differ-

ence was thought likely to be small because the lateral tube is almost

exclusively used when imaging over the head and upper neck, where

the greater distance of the operator/dosimeter from the irradiated

body part would likely minimize any such variation. Finally, small

variations in positioning of the dosimeter during the first half of the

study, when operators wore the dosimeter, may have also affected

our results. However, it was not practical to attach the dosimeter to a

fixed position such as an IV pole on the right side of the angiosuite

table because it would have interfered with the work of physician

operators. Despite these issues, our results help to quantify the degree

of protection afforded by shielding systems in neurointerventional

Table 2: Baseline group characteristics
Shielding

Group
Mean

FT (min)
Mean PKA
(Gy × cm2)

Mean
Patient BMI Intervention/Diagnostic

R0L0 41.63 148.43 25.9 12/18
R1L0 37.38 138.64 29.74 9/21
R0L1 54.08 164.11 29.48 14/16
R1L1 45.17 145.74 27.35 14/15

Note:—FT indicates fluoroscopy time; R0L1, standard lead shielding; R0L0, no shielding; R1L0, use of the RADPAD drape;
R1L1, concomitant use of the 2 shielding systems together.

Table 3: Operator dose and adjusted dose reduction relative to
R0L0

Shielding
Group

Mean
Operator

Dose (�Sv)
Standard

Error

Dose Relative
to R0L0:

Adjusted for PKA Significance
R0L0 29.1 0.212 NA NA
R1L0 19.5 0.211 0.78 P � .001
R0L1 17.7 0.211 0.55 P � .026
R1L1 15.9 0.213 0.56 P � .001

Note:—NA indicates not applicable; R0L1, standard lead shielding; R0L0, no shielding;
R1L0, use of the RADPAD drape; R1L1, concomitant use of the 2 shielding systems together.
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surgery and have demonstrated that such systems may help limit

physician exposure to acceptable levels in a modern neurointerven-

tional practice.

CONCLUSIONS
Extensive lead shielding should be used as much as possible in neu-

rointerventional surgery to reduce operator radiation exposure to

acceptable levels. A radiation protection drape is a reasonable alter-

native when standard lead shielding is unavailable or impractical to

use without neglecting strategies to minimize the dose.
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ORIGINAL RESEARCH
PATIENT SAFETY

Measured Head CT/CTA Skin Dose and Intensive Care Unit
Patient Cumulative Exposure

X R.D. Nawfel and X G.S. Young

ABSTRACT

BACKGROUND AND PURPOSE: Estimates of cumulative CT/CTA radiation dose based on volumetric CT dose index have raised concern
that neurological intensive care unit patient exposures may reach thresholds for deterministic skin injury. Because the accuracy of volumetric CT
dose index for this purpose in unknown, we set out to directly measure head CT and CTA peak skin dose, assess the relationship of volumetric CT
dose index to measured peak skin dose, and determine whether multiple CT/CTA exposures in typical patients in the neurological intensive care
unit produce cumulative doses approaching or exceeding single-dose deterministic thresholds for skin injury.

MATERIALS AND METHODS: In a prospective study from 2011–2013, nanoDot optical stimulated luminescence dosimeters were used to
measure head CT/CTA peak skin dose in 52 patients (28 female, 24 male; mean age, 63 years) divided equally between 2 CT scanners. Volumetric
CT dose index and dose-length product were recorded for each examination. Peak skin dose was also measured on an acrylic skull phantom in
each scanner. A 2-tailed, unpaired t test was used to compare mean patient skin doses between the 2 scanners. The measured peak skin doses
were then used to calculate cumulative peak skin dose in 4 typical patients in intensive care units who received multiple CT/CTA scans.

RESULTS: Head CT/CTA peak skin dose agreed between scanners in patients and phantoms: (scanner 1 CT/CTA: patients, 39.2 � 3.7 mGy
and 98.9 � 5.3 mGy, respectively, versus phantom, 40.0 mGy and 105.4 mGy, respectively; scanner 2 CT/CTA: patients, 42.9 � 9.4 mGy and
98.8 � 7.4 mGy, respectively, versus phantom, 37.6 mGy and 95.2 mGy, respectively). Volumetric CT dose index overestimated peak skin
dose by a factor of 1.4 –1.9 depending on examination and CT scanner. Cumulative doses in 4 patients in the intensive care unit estimated
from measured CT/CTA peak skin dose ranged from 1.9 – 4.5 Gy.

CONCLUSIONS: Directly measured radiation skin doses from head CT/CTA patient examinations are substantially lower than volumetric
CT dose index. Measured peak skin dose confirms that multiple head CT/CTA examinations in representative patients in the neurological
intensive care unit may produce cumulative doses exceeding the single-dose deterministic threshold for skin injury.

ABBREVIATIONS: CAK � cumulative air kerma; CTDIvol� volumetric CT dose index; ICU � intensive care unit; PSD � peak skin dose

Patients in the neurological intensive care unit (ICU) require

rapid, accurate head CT and CTA diagnosis and monitoring

to guide therapy of critical neurologic emergencies such as infarc-

tion and hemorrhage associated with high short-term risk of

death or severe disability.1,2 Although 1 head CT/CTA exposure

falls in the low-dose radiation range that poses no risk of deter-

ministic effects,3,4 cumulative radiation doses from multiple head

CT/CTA scans combined with angiography over 1–3 weeks in

patients in the ICU have been reported to range from 0.46 – 8.32

Gy by using equipment-displayed dose data5 and 0.22–1.8 Gy by

using dosimeters.6 These doses approach or exceed the accepted

2-Gy single-dose deterministic threshold for skin injury, above

which erythema (skin redness) and epilation (hair loss) may oc-

cur. The frequency and severity of radiation skin damage in-

creases with dose. Transient erythema and epilation may be ob-

served hours after a single exposure to 2–5 Gy and usually resolve

by 24 hours without long-term sequelae. Latent effects, typically

seen weeks after single-dose exposure to �5 Gy, may lead to per-

manent epilation and dermal atrophy or induration. Desquama-

tion, ulceration, and necrosis are typically not seen with single

doses �10 Gy.7,8 Although skin effects have been produced in a

small number of patients by a series of much higher radiation dose

exposures from conventional cerebral angiography and/or high-
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dose CT perfusion,9-15 no skin effects have been reported in the

much larger group of more typical patients in the ICU who are

exposed to multiple low-dose fractions from CT/CTA without CT

perfusion or repeated high-dose angiograms.

Volumetric CT dose index (CTDIvol), the most frequently used

dose descriptor, does not accurately represent dose to the patient. In

particular, CTDIvol has been shown to overestimate skin dose to the

head,9,10,16-18 and thus is not a reliable metric for predicting risk of

head CT/CTA radiation–induced skin injury. To estimate skin dose

for patients in the ICU exposed to multiple CT/CTA and neuroint-

erventional studies over a short period of time requires combining

doses from multiple CT/CTA scans with angiographic dose esti-

mates. We directly measured peak skin dose (PSD) from head CT/

CTA examinations and determined if multiple examination expo-

sures in typical patients in the neurological ICU result in cumulative

doses approaching or exceeding determin-

istic thresholds for skin injury.

MATERIALS AND METHODS
Institutional review board approval was

obtained for this prospective study per-

formed at the Brigham and Women’s

Hospital. Patient informed consent was

waived by the institutional review board.

Between March 2011 and June 2013, skin

dose was measured by using dosimeters

applied to 52 randomly selected patients,

and CTDIvol was recorded during head

CT/CTA examinations on 2 CT scanners

representing the most disparate architec-

tures available at our institution: a con-

ventional 40-detector CT scanner and a

320-detector conebeam CT. Doses were

measured on 26 patients scanned on scan-

ner 1 (40 detector row CT scanner; Sie-

mens Somatom Definition AS, Siemens,

Erlangen, Germany), and 26 patients on

scanner 2 (320 detector rows; Aquilion

ONE CT scanner, Toshiba Medical Sys-

tems, Tokyo, Japan). On each scanner, 13

patients received a head CTA examina-

tion, and 13 patients received a routine

head CT examination (Table 1). Scanning

protocols are given in Tables 2 and 3. A

single technologist collected examination

data on each scanner, placed the dosime-

ters on patients, and performed the scan. CT examination dose

metrics, CTDIvol, and dose-length product were also recorded for

each patient examination. The CTDIvol specified for CTA exam-

inations was defined as the sum of CTDIvol values from phases

scanning over the head only; premonitoring and monitoring

phases were not included in the calculation because these expo-

sures occur to the chest rather than the head.

Patient and phantom head sizes were determined by measuring

head thickness on CT images as the transverse anteroposterior (AP)

and lateral diameters (LAT) by using the CT console software. The

effective diameter was calculated as the square root of the product of

the anteroposterior and lateral thickness: (AP � LAT)1/2.

Study Group Skin Dose Measurement
Doses were measured with optically stimulated luminescence do-

simeters at 4 locations with respect to the surface of the patient’s

head. The same measurements were performed on the acrylic

skull phantom (Fig 1A). The optical stimulated luminescence do-

simeters used were 1 cm � 1 cm aluminum oxide– based nano-

Dots19 (Landauer, Glenwood, Illinois) and were read by using a

microStar reader (Landauer). The microStar reader was cali-

brated according to manufacturer’s user manual recommenda-

tions by using 5 control nanoDots provided with the dosimetry

system. The dosimeters were tested for reproducibility with 5 ex-

posure measurements in air at 120 kVp. They demonstrated very

good reproducibility (coefficient of variation, 0.01).

Table 1: Patient demographics by scanner
Scanner 1 (Siemens) Scanner 2 (Toshiba)

CTA Head Routine Head CTA Head Routine Head
No. of patients 13 13 13 13

Female 6 4 11 7
Male 7 9 2 6

Mean age � SD 67.6 � 11.8 60.8 � 15.6 59.3 � 13.6 63.1 � 21.6

Table 2: CT/CTA technique

Scan/Phase

Tube
Potential

(kVp)

Tube
Current
(mA)a mAseff

a

Rot.
Time
(sec)

Beam
Width
(mm) Pitch

Scan
Length
(mm)

Scanner 1
Head CT

Head 120 450 450 1 16 � 1.2 195
Head CTA

Head 120 450 450 1 16 � 1.2 156
Premonitoringb 120 182 60 0.33 1 � 10 10
Monitoringb 120 182 60 0.33 1 � 10 10
CTA head 120 342 174 0.33 20 � 0.6 0.65 180
Delayed head 120 585 450 0.5 20 � 0.6 0.65 171

Scanner 2
Head CT

Head 120 250 286 0.75 32 � 0.5 0.65 160
Helical 120 250 286 0.75 32 � 0.5 0.65 160

Head CTA
Helical 120 250 286 0.75 32 � 0.5 0.65 160
Premonitoringb 120 50 25 0.5 4 � 0.5 2
Monitoringb 120 50 25 0.5 4 � 0.5 0
Helical 120 250 196 0.5 64 � 0.5 0.64 160
Helical 120 250 196 0.5 64 � 0.5 0.64 160

Note:—mAseff indicates effective mAs; Rot., rotation.
a Tube current and mAseff were variable for Monitoring phase.
b Scan over region of chest.

Table 3: PSD and CTDIvol from head CT/CTA by scanner (mGy)
Scanner 1 Scanner 2

CTAa CT CTAa CT
Patientsb

PSD 98.9 � 5.3 39.2 � 3.7 98.8 � 7.4 42.9 � 9.4
CTDIvol 187 � 15.1 68.4 � 2.5 142 � 3.6 64.6 � 1.5

Phantom
PSD 105 40.0 95.2 37.6
CTDIvol 167 68.8 139 62.4

a CTDIvol is total of all phases exposing head.
b Dose for patient exams is given as mean � standard deviation.
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Two nanoDots were placed on the surface of the patient’s head: 1

on the forehead (Fig 1B) and 1 on the back of the head. Two nano-

Dots were also placed at locations on the head holder adjacent to the

left and right temporal bone. At these lateral locations, the dosimeters

were placed on the head holder instead of the patient’s head to avoid

disturbing the patient. Each individual patient’s PSD was specified as

the maximum of the 4 measurements.

Skin Dose Measurement Correction Factor
Skin dose was measured at both temporal locations on an acrylic

skull phantom and corresponding locations on the head holder

while using the same clinical protocols and scan parameters (Ta-

ble 2). The standard filters used provide 6.8-mm Al equivalent

filtration for scanner 1 and 4.8-mm Al equivalent filtration for

scanner 2. Tube current modulation was used for CTA, and fixed

mAs was used for routine head CT on both scanners. Detector

configuration and collimation for CTA were 20 rows � 0.6 mm

for scanner 1 and 64 rows � 0.5 mm for scanner 2. The ratio of the

skin dose measured at the temporal location of the phantom and

the dose at the corresponding location on the head holder was

used as a correction factor to estimate patient temporal skin dose

from the head holder measurements acquired during patient ex-

aminations. The mean correction factor was 1.33 � 0.10 when

averaged over all examination techniques. This factor of 1.33 was

multiplied by the dose measured at the head holder locations for

patient examinations.

Statistical Analysis
Mean, standard deviation, and coefficient of variation were cal-

culated for all doses and size measurements. Correlations were

also calculated to compare doses between patient groups and pa-

tient dose values with corresponding values on the phantom. A

2-tailed, unpaired t test was used to compare mean patient skin

doses between the 2 scanners.

Estimate of Patient Skin Dose from Neurointerventional
Imaging
Doses were measured with optical stimulated luminescence do-

simeters at the same 4 locations on the surface of the acrylic skull

phantom (Fig 1A) during 2 separate trials by using an interven-

tional x-ray fluoroscopy imaging system (Innova 3100; GE

Healthcare, Milwaukee, Wisconsin) with examination technique

factors typically used during neurointerventional imaging, pro-

ducing a total of 8 dose measurements. The maximum dose to the

phantom for each assessment was specified as the PSD of the 4

measurements. The total cumulative air kerma (CAK) was also

recorded from the imaging system display for each trial. This is

specified as the CAK at the interventional reference point.20 The

PSD to CAK ratio was calculated for each assessment.21

Predicting Patient Skin Dose for ICU Clinical Examinations
Patients in the ICU who received between 12 and 27 total CT

examinations and several cerebral angiograms over a period of

2– 4 weeks were identified. In accordance with hospital radiation

safety practice, these patients were examined for evidence of radi-

ation-induced skin injury or hair loss. PSD measurements from

the 52-patient study group were used to estimate cumulative

doses to these patients in the ICU having the same examinations.

For interventional angiography examina-

tions, the PSD to CAK ratio, together with

the total patient examination CAK, was

used to estimate the cumulative skin dose

for patients in the ICU who had previ-

ously received multiple cerebral angio-

grams. Total cumulative skin dose was

calculated by adding the PSD estimates

from CT to the skin dose estimate from

angiography.

RESULTS
The maximum optical stimulated lumines-

cence dose was measured in the forehead

location in 14 patient examinations, in the

left temporal location in 23 patient exami-

nations, in the right temporal location in 15

patient examinations, and at the back of the

head location in no patient examinations.

The mean PSD for CTA examinations

(98.9 � 5.3 mGy) and for routine head

CT examinations (39.2 � 3.7 mGy) per-

FIG 1. A, Acrylic skull phantom with nanoDots at forehead and lateral
locations. B, Patient CT image with nanoDot on forehead.

FIG 2. PSD distribution for all 52 patient examinations on both scanners. PSD was very compa-
rable between scanners for the same patient examination. On average, the PSD for CTA exam-
inations was more than twice that of routine head CT examinations. Note that 2 data points
coincide for examination 7 (head CT) and examination 12 (head CTA).
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formed on scanner 1 agreed well with PSD measured on the

acrylic head phantom: 105.4 mGy and 40.0 mGy, respectively

(Table 3). In addition, for scanner 2, the mean PSDs for CTA

examinations (98.8 � 7.4 mGy) and routine head CT examina-

tions (42.9 � 9.4 mGy) were very comparable with corresponding

phantom measurements: 95.2 mGy and 37.6 mGy, respectively.

In general, the PSD for CTA examinations was slightly more than

double that of routine head CT examinations (Fig 2). The differ-

ence in mean PSD for corresponding examinations on both scan-

ners 1 and 2 were not statistically significant (CTA examinations,

P � .97; routine head CT examinations, P � .19).

CTDIvol overestimated PSD for all patient examinations on

both scanners 1 and 2 as illustrated in Fig 3. The mean CTDIvol

was an overestimate of the PSD for all patient examinations and

phantom scans (Table 3). CTDIvol was very comparable for rou-

tine head examinations performed on both scanners; however, for

CTA examinations, the CTDIvol was approximately 24% (142/

187) lower on scanner 2 compared with scanner 1. The difference

between mean CTDIvol for scanners 1 and 2 was statistically sig-

nificant for both CTA (P � .0001) and

routine head CT (P � .0001).

Effect of Patient Head Size
The mean effective diameters were 17.4 �

0.7 cm and 16.8 � 0.8 cm for patients ex-

amined on scanners 1 and 2, respectively.

The effective diameter of the phantom

was 16.6 cm. Figure 4 demonstrates the

variation in PSD with patient size for all

52 patient examinations on both scan-

ners. On neither scanner was there a sig-

nificant correlation between PSD and pa-

tient head size for corresponding patient

examinations (scanners 1 and 2 CTA ex-

aminations, R2 � 0.0008 and R2 � 0.006,

respectively; scanners 1 and 2 routine

head CT examinations, R2 � 0.0001 and

R2 � 0.285, respectively).

Comparison of Dose Descriptors
Patient and phantom CTDIvol overesti-

mated the measured PSD for both head

CTA and head CT on average by 65%

(range, 44%– 89%). The CTDIvol to PSD

ratio ranged from 1.4 � 0.5 to 1.9 � 2.8

for the various examinations and scan-

ners. This overestimation was statistically

significant (P � .0001) (Table 3).

Skin Dose from Neurointerventional
Imaging
The PSDs measured on the surface of the

acrylic skull phantom for 2 separate as-

sessments are given in Table 4. Using the

total CAK (mGy) from each trial, the PSD

to CAK ratio was determined to be 0.45.

This is consistent with literature docu-

menting that CAK overestimates PSD.21

When the total CAK was known, the PSD to CAK ratio was used

to estimate the cumulative skin dose from patient examinations

performed on the same interventional imaging system by multi-

plying the total CAK by 0.45.

Total Patient Skin Dose from Multiple Imaging
Examinations
Table 5 provides 4 examples of patients having multiple CTA and

routine CT examinations of the head over a period of days to

weeks. These patients also had several cerebral angiograms over

the same time period. The PSD for these patients’ CT examina-

tions was calculated by multiplying the mean PSD obtained from

optical stimulated luminescence measurements by the corre-

sponding number of CTA or routine head CT examinations that

the patient received. These calculated PSDs for CT were added

to cumulative skin dose estimated from cerebral angiography

by using the phantom measurement– based conversion above.

Total cumulative skin dose ranged from 1.9 – 4.8 Gy for these

patients.

FIG 3. A, PSD and CTDIvol for all patients examined on scanner 1. B, PSD and CTDIvol for all
patients examined on scanner 2. CTDIvol overestimated PSD for all patient examinations on each
scanner for both CTA examinations and routine head CT examinations.
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Skin Effects
No evidence of radiation-induced skin injury or hair loss was

detected in any patient.

DISCUSSION
CT and CTA are effective essential diagnostic tools for managing

patients with stroke, intracranial hemorrhage, brain trauma, and

other critical neurologic conditions. Typical patients undergoing

multiple CTA and routine head CT scans, and in some cases ce-

rebral angiography, may receive cumulative doses approaching

accepted thresholds for deterministic radiation skin injuries such

as erythema and epilation. In addition, these cumulative expo-

sures may reach thresholds associated with cataract induction, a

latent deterministic effect that may occur at single doses lower

than 2 Gy.22 Importantly, the dose thresholds for these determin-

istic effects have primarily been studied in the setting of single

exposure rather than multiple exposures separated by days or

weeks. Because tissue-protective and

DNA-repair effects usually occur within

24 hours, the actual threshold for induc-

tion of deterministic injury by cumula-

tive low-dose exposures remains un-

known and may be substantially higher.8

There is compelling preclinical evidence

that biologic effects of low-dose and

low– dose rate exposures are qualita-

tively distinct from well-studied high-

dose and high– dose rate exposures.4,23

In addition, clinical experience, as in the

4 patients from the ICU whom we stud-

ied, suggests that CT radiation–induced

skin injury is very rarely observed in typ-

ical patients in the neurological ICU.

Clearly, more study of the effects of cu-

mulative CT radiation is needed to as-

sess risk in this group. The first step in

determining the actual effects of cumu-

lative low-dose radiation is to accurately

measure skin dose resulting from multi-

ple head CT/CTA. To address this, we measured dose in a sample

of patients undergoing CT/CTA on the 2 different CT scanners at

our institution with the most dissimilar architectures.

In the 4 patients reported, as is typical of the adult neurological

ICU population, the radiation risk is outweighed by the immedi-

ate risk of death or severe permanent disability. These patients

received a large number of imaging examinations (14 –30 over a

period of 2– 4 weeks); however, reducing the number of these

examinations would compromise treatment and is likely not in

the best interest of the patient. The mean PSD from the CT study

groups allowed us to predict PSD from these 4 patient examina-

tions because direct patient measurement was not available. The

range in total cumulative skin dose was estimated to be 1.9 – 4.8

Gy, which is at or above the threshold for deterministic effects,

consistent with the initial dose-measurement feasibility study by

Mamourian et al6 in patients with SAH. We agree with the inves-

tigators’ conclusions that radiation awareness and accurate dose

assessment of these hospitalized patients are important, but cau-

tion that because these risks are much less of a concern than the

immediate risk of death and severe disability in these patients,

cumulative dose estimates should not be the basis for decreasing

clinically indicated imaging studies or decreasing CT dose at the

expense of diagnostic image quality.24

Nevertheless, surveillance for immediate or delayed skin in-

jury may be reasonable in selected patients in the ICU who survive

to leave the hospital after undergoing multiple CT examinations

with high cumulative doses. Occasionally, transient erythema

may be observed after coronary or cerebral angio-intervention,

and epilation has been reported in a number of patients exposed

to inadvertent high exposures during CT perfusion.7,8,10-13 In

contrast, deterministic skin effects have not been reported in the

large number of patients in the ICU exposed over the course of

weeks to similar cumulative doses from multiple daily CT and

CTA; however, it is possible that these effects occur but have gone

undetected. Despite this remote possibility, it seems unlikely that

FIG 4. PSD versus patient size for all patient examinations on both scanners. Patient size is
specified as the effective diameter, calculated from anteroposterior and lateral thickness mea-
surements of patient’s head. There was no significant correlation between PSD and patient head
size for corresponding patient examinations on each scanner.

Table 4: Angiographic phantom CAK and PSD (mGy)
CAK PSD PSD/CAK

Trial 1 73 33.1 0.45
Trial 2 101 45.1 0.45

Table 5: Illustrative ICU patient CT/CTA and cerebral
angiography exposuresa

Patient
1

Patient
2

Patient
3

Patient
4

No. of CTA 12 8 8 8
PSD (mGy) 1187 791 791 791
No. of head CT 2 7 4 18
PSD (mGy) 78 274 157 706
No. of cerebral angiograms 11 9 2 14
Cumulative skin dose (mGy)b 2667 1574 908 3261
Total skin dose, all exams (mGy) 3932 2639 1856 4758
Time interval for all exams (days) 30 18 16 31

a All patient CT exams performed on scanner 1.
b Cumulative skin dose for cerebral angiography predicted from phantom measure-
ments.
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such skin effects are occurring at a frequency or severity compa-

rable with well-documented single-dose exposures. This clinical

experience is consistent with the radiation biology literature

showing that exposure to multiple low-dose fractions of radiation

stimulates immediate DNA repair, cellular protective changes,

apoptosis, and tissue effects that are substantially different from

the effects of a single or several high-dose radiation exposures.23

Although these contemporary biologic data and recent epidemi-

ologic analyses have cast substantial doubt on the validity of the

linear no-threshold model for estimating low-dose radiation ef-

fects, some controversy persists in the radiation biology literature,

causing concern among patients and physicians.3,4,23 Although

the predicted low-level decades-delayed stochastic risks of radia-

tion-induced carcinogenesis are very difficult to investigate clini-

cally, direct DNA and cellular effect of radiation and rapid deter-

ministic skin effects should be far easier to study and may help to

directly address this controversy. Valid accurate estimates of pa-

tient exposure are needed as a first step toward such research.

In this study, measurement results from CT examinations

demonstrated that phantom skin doses were a reasonable approx-

imation of patient skin doses. Thus, results from phantom mea-

surements were used when direct patient measurements were not

otherwise available. Our results indicate that PSD was consistent

for all patients on a particular scanner when comparing the same

patient examination. This result would allow us to predict the

PSD reasonably well for other patients who may receive head CTA

or CT examinations on either of these scanners. In contrast, the

mean CTDIvol overestimated the mean PSD by a factor ranging

from 1.4 � 0.5 to 1.9 � 2.8 depending on the specific CT protocol

and scanner, and there is some interpatient variation in the rela-

tionship of CTDIvol and PSD (Fig 3B). These findings confirm

that CTDIvol alone is inadequate as an indicator of patient radia-

tion dose and potential for radiation-induced deterministic ef-

fects. As such, though a correction factor for CTDIvol specific to

each scanner and protocol would be possible, we chose not to use

CTDIvol, but instead to calculate cumulative individual patient

dose for our 4 patients from the ICU directly from PSD measure-

ments on the relevant scanner and protocol.

Prediction of patient skin dose in a single patient undergoing

multiple scans by using dose measurements on multiple patients

is a limitation of this study. This was unavoidable because of the

logistical challenges of placing and retrieving the dosimeters on

patients who are critically ill and may be scanned at any time of

day or night. Our data indicate that there was a high degree of

consistency between PSD on different scanners for the same CT

examination protocol and that the head phantom served as an

acceptable alternative to patient dose measurements, particularly

for assessment of skin dose during cerebral angiography. For these

reasons, we believe our method provided a reasonable initial basis

for dose quantification. Although direct measurements on the

same patient having multiple examinations would have been a

more valid means of data collection, this would have been ex-

tremely cumbersome in the most critically ill patients. Although

our measurement results were useful in calculating the PSD for

examinations and protocols on our scanners, the results of this

study reflect the scanners and imaging protocols specifically at

our institution.

CONCLUSIONS
Directly measured head CT/CTA PSD was reasonably consistent

for a given examination across patients and CT scanners. Using

these scanner- and protocol-specific PSD measurements to pre-

dict doses to 4 typical patients in the neurological ICU exposed to

multiple CT/CTA examinations, we found cumulative skin doses

ranged from 1.9 – 4.8 Gy, at or above the threshold for single-dose

deterministic skin effects, but we observed no skin effects. Further

study correlating diagnostic CT exposure in patients in the ICU

with direct cellular, DNA, and deterministic skin effects is needed

to investigate what if any risk these cumulative exposures impart.

Meanwhile, cumulative dose estimates should not be used to jus-

tify reduction in individual CT scan dose at the expense of diag-

nostic image quality or to limit the number of otherwise clinically

indicated scans in critically ill patients in the neurological ICU.
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ORIGINAL RESEARCH
PATIENT SAFETY

Effects of Radiation Exposure on the Cost-Effectiveness of CT
Angiography and Perfusion Imaging in Aneurysmal

Subarachnoid Hemorrhage
X J. Ivanidze, X R.A. Charalel, X I. Shuryak, X D. Brenner, X A. Pandya, X O.N. Kallas, X K. Kesavabhotla, X A.Z. Segal, X M.S. Simon,

and X P.C. Sanelli

ABSTRACT

BACKGROUND AND PURPOSE: CT angiography and perfusion imaging is an important prognostic tool in the management of patients
with aneurysmal subarachnoid hemorrhage. The purpose of this study was to perform a cost-effectiveness analysis of advanced imaging
in patients with SAH, incorporating the risks of radiation exposure from CT angiography and CT perfusion imaging.

MATERIALS AND METHODS: The risks of radiation-induced brain cancer and cataracts were incorporated into our established decision
model comparing the cost-effectiveness of CT angiography and CT perfusion imaging and transcranial Doppler sonography in SAH. Cancer
risk was calculated by using National Cancer Institute methodology. The remaining input probabilities were based on literature data and
a cohort at our institution. Outcomes were expected quality-adjusted life years gained, costs, and incremental cost-effectiveness ratios.
One-way, 2-way, and probabilistic sensitivity analyses were performed.

RESULTS: CT angiography and CT perfusion imaging were the dominant strategies, resulting in both better health outcomes and
lower costs, even when incorporating brain cancer and cataract risks. Our results remained robust in 2-way sensitivity analyses
varying the prolonged latency period up to 30 years, with either brain cancer risk up to 50 times higher than the upper 95% CI limit
or the probability of cataracts from 0 to 1. Results were consistent for scenarios that considered either symptomatic or asymptom-
atic patients with SAH. Probabilistic sensitivity analysis confirmed our findings over a broad range of selected input parameters.

CONCLUSIONS: While risks of radiation exposure represent an important consideration, CT angiography and CT perfusion imaging
remained the preferred imaging compared with transcranial Doppler sonography in both asymptomatic and symptomatic patients with
SAH, with improved health outcomes and lower health care costs, even when modeling a significantly higher risk and shorter latency
period for both cataract and brain cancer than that currently known.

ABBREVIATIONS: CTAP � CT angiography and CT perfusion; NCI � National Cancer Institute; QALY � quality-adjusted life year; TCD � transcranial Doppler
sonography

Aneurysmal subarachnoid hemorrhage is a devastating illness

with the reported incidence estimated as 14.5 per 100,000

person years in the United States.1 SAH is associated with a mor-

tality of 15%, and approximately 58% of survivors experience

functional disability, with global cognitive impairment being a

major contributor to poor functional status.2 SAH is also associ-

ated with a considerable economic burden, with average inpatient

costs of $150,101 for patients with symptomatic vasospasm in the

United States and $110,310 for patients without symptomatic va-

sospasm.3 A study conducted in the United Kingdom in 2010

found the total annual economic burden of SAH to be approxi-

mately £510 million ($873.5 million),4 accounting for outpatient

care, cerebrovascular rehabilitation, and social services. The same

study found an estimated annual total of 74,807 quality-adjusted

life years (QALYs) lost due to SAH. Therefore, SAH is associated

with a substantial burden on health care resources, most of which

are related to the long-term effects of functional and cognitive

disability.

The marked increase in CT use during the past several decades
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has revolutionized the practice of medicine and is associated with

a marked rise in administered radiation doses.5 This increase in

radiation dose is attributable, in part, to the increased speed of

image acquisition, allowing multiphase examinations to evaluate

greater coverage of the body and provide functional information.

This has resulted in a significant increase in the population’s cu-

mulative exposure to ionizing radiation and concern for the po-

tential increase in cancer risk.6 In 2009, the US Food and Drug

Administration issued a notification regarding the safety of CT

perfusion in administering high radiation doses.7 Consequently,

there has been a focus on reducing radiation exposure from med-

ical imaging and evaluating the appropriate use of CT.8

The purpose of our study was to incorporate the short- and

long-term risks of ionizing radiation exposure from CT angiog-

raphy and CT perfusion (CTAP) imaging into our established

cost-effectiveness decision model of patients with aneurysmal

subarachnoid hemorrhage9 to determine whether the risks of ra-

diation-induced brain cancer and cataracts would potentially al-

ter the model results. In our previous work, which did not include

the downstream effects of radiation exposure from CTAP on

health outcomes and health care costs, our model results indi-

cated that CTAP is the preferred imaging strategy compared with

transcranial Doppler sonography (TCD), leading to improved

clinical outcomes and lower health care costs in patients with

SAH.9 Our hypothesis is that CTAP will remain the preferred

imaging strategy in patients with SAH due to its relatively low risk

from radiation exposure coupled with the high morbidity and

mortality rates in this patient population.

MATERIALS AND METHODS
Model Structure
Our established decision-analysis model

was developed by using the TreeAge Pro

software program (Version 2013.1.0;

TreeAge Software, Williamstown, Mas-

sachusetts).9 The model compares the

health and economic consequences of

2 imaging strategies for management

of SAH: TCD and CTAP. Following

aneurysmal rupture, patients with SAH

are classified as either symptomatic or

asymptomatic for complications such as

vasospasm and/or delayed cerebral ischemia. The test result of

either TCD or CTAP leads to management options, including no

treatment (patient observation), immediate treatment with med-

ical hypertensive therapy, and further testing by using digital sub-

traction angiography with potential interventional treatment.

The organization of the branches in the model is based on the

Guidelines for the Management of Aneurysmal Subarachnoid

Hemorrhage published by the American Heart Association/

American Stroke Association10 and a clinical decision-making al-

gorithm derived from consultation with 4 neurologists specializ-

ing in neurointensive care at New York-Presbyterian Hospital

Weill Cornell Campus for specific clinical scenarios.

Patient Population
The base case scenario is a 50-year-old patient, representing the

average age in a previously described SAH cohort at our institu-

tion.9 Inclusion criteria for the empiric patient cohort are de-

scribed in detail in our previously published decision analytic

model.9 Briefly, this cohort included adult patients with docu-

mented aneurysmal SAH at admission enrolled in an internal re-

view board–approved prospective diagnostic accuracy trial at our

institution. Patients underwent aneurysm repair and were moni-

tored in the neurologic intensive care unit, as per the standard of

care. Patients were defined as symptomatic if they had docu-

mented clinical deterioration with the occurrence of focal neuro-

logic impairment or a decrease of at least 2 points on the Glasgow

Coma Scale that was new and not attributable to other causes.

Patients who did not experience the above symptoms were de-

fined as asymptomatic. All patients were imaged with CTAP on

the day of occurrence of symptoms or on days 6 – 8 in case of

asymptomatic patients. Patients who had negative CTAP findings

were managed conservatively. Patients who had positive CTAP

findings received medically induced hypertensive therapy as per

standard guidelines.11 Patients who did not respond to medical

therapy proceeded to angiographic testing. If angiographic testing

was positive for vasospasm, patients were treated intraprocedur-

ally with intra-arterial verapamil.

Input Probabilities

Input Parameters Derived from Published Literature. Table 1

lists all input parameters incorporated in our expanded decision

analytic model incorporating the effects of radiation exposure. All

other preexisting input parameters are described in detail in our

previously published decision analytic model.9 Probabilities were

Table 1: Input parameters added into the decision analytic model incorporating the effects
of radiation exposure

Input Parameter Value Source
Probability of brain cancer 27.35 per 100,000

person years
Calculated using NCI methodology

(Berrington de Gonzalez et al,15 see
main text for further details)

Probability of cataract 0.0025 Yuan et al13

Latency of brain cancer 10.7 yr Kranzinger et al12

Latency of cataract 6 yr Henk et al14

Utility of brain cancer 0.69 de Rooij et al19

Utility of cataract 0.86 Kallmes and Kallmes20

Cost of brain cancer $49,301.70 de Rooij et al19

Cost of cataract $2692 Kallmes and Kallmes20

Table 2: Lifetime brain cancer risksa

Age at
Treatment

(yr) Sex

Life
Expectancy
(mRS Score)

Lifetime Brain Cancer Risk
(per 100,000 Individuals)

(Mean) (95% CI)
70 M Normal (0–2) 8.14 (1.52–23.82)
70 M Reduced (3–5) 2.33 (0.44–6.82)
70 F Normal (0–2) 2.47 (0.52–6.84)
70 F Reduced (3–5) 0.66 (0.14–1.83)
50 M Normal (0–2) 27.35 (5.25–80.16)b

50 M Reduced (3–5) 5.26 (1.01–15.40)
50 F Normal (0–2) 7.32 (1.55–20.36)
50 F Reduced (3–5) 1.39 (0.29–3.85)

a Risks were calculated using NCI methodology (https://irep.nci.nih.gov/radrat/), ad-
justed for life expectancy.15 The average dose for a CT�CTA�CTP examination was
estimated from published literature.16
b To assume a conservative approach, we used the highest modeled risk (50-year-old
male patient with normal life expectancy) for our base case scenario.

AJNR Am J Neuroradiol 38:462– 68 Mar 2017 www.ajnr.org 463



calculated by using a conditionally dependent multinomial pre-

diction model.

A mean brain cancer latency of 10.7 years after exposure was

used in the model based on published literature.12 The risk of

cataract from radiation exposure related to CTAP was estimated

at 0.0025 based on published litera-

ture.13 The average latency of cataract is

reported as 6 years after exposure.14

Risks from Radiation Exposure. Lifetime

brain cancer risk from CTAP was calcu-

lated by using National Cancer Institute

(NCI) methodology (https://irep.nci.

nih.gov/radrat/) and adjusted for life ex-

pectancy.15 As demonstrated in Table 2,

the risks differed on the basis of patient

sex, age, and life expectancy. We conser-

vatively elected to use the highest mod-

eled risk as the base case risk of radia-

tion-induced brain cancer included in

the model, which was 27.25 per 100,000

persons per year (95% CI, 5.3– 80.2 per

100,000) in a 50-year-old male patient

with normal life expectancy (Table 2).

The average brain effective dose from

NCCT/CTAP used in the risk calcula-

tion was 16.4 mSv (range, 11.8 –27.3

mSv), and the mean dose-length prod-

uct was 6790.0 mGy � cm, based on

published literature.16 Of note, this

mean effective dose has been further de-

creased in recent years, with published

studies citing comprehensive acute stroke

protocol NCCT/CTAP doses of up to

10.6 mSv.17 However, we sought a con-

servative approach and elected to use the

higher mean effective dose of 16.4 mSv because the empiric pa-

tient cohort used as a basis for our decision analytic model had

received this dose. Furthermore, our model results would repre-

sent the higher limit of radiation exposure from CTAP imaging in

this cohort.

Outcomes

Health Outcomes. Outcome health states reflect functional

outcomes from SAH, incorporating quality-of-life impair-

ments associated with cataract formation and developing brain

cancer.

The probabilities for long-term clinical outcomes from SAH,

representing health states, were categorized as recovered (mRS,

0 –2), disability (mRS, 3–5), or death (mRS, 6) and were derived

from the International Subarachnoid Aneurysm Trial.1

Utility Weights and Quality-Adjusted Life Years. Utilities were

calculated as a weighted average from a systematic review of util-

ities assigned according to mRS scores. The utilities of recovered

and disability were 0.80 and 0.22, respectively.18 Life expectancies

in each health state were derived from literature review as 28 years

for recovered (mRS, 0 –2),19 and 10.8 years for disability (mRS,

3–5).20 Death was assigned a value of zero for both life years and

utility.

The utility of brain cancer of 0.692 was assumed on the basis of

published literature.21 The utility of cataract of 0.86 was assumed

on the basis of published literature.22

FIG 1. Cost-effectiveness analysis results. The CTAP strategy had greater QALYs and lower cost
than the TCD strategy after incorporating the risks of brain cancer and cataract.

FIG 2. Two-way sensitivity analysis on the probability of brain cancer
and the latency of brain cancer overall in the patient population. The
CTAP strategy is indicated in blue, and the TCD strategy is indicated in
red. X denotes the base case (latency of brain cancer � 10.7 years
based on published literature; modeled probability of brain cancer �
0.0002725; 95% CI, 0.000053– 0.000802). A willingness-to-pay (WTP)
threshold of $100,000 was assumed.

Table 3: Cost-effectiveness analysis results: overall patient populationa

Strategy
Cost
($)

Incremental
Cost ($)

Effectiveness
(QALYs)

Incremental
Effectiveness

(QALYs)

Incremental
Cost-Effectiveness

Ratio ($/QALY)
CTAP 147,116 – 13.81 –
TCD 154,718 7601 13.62 �0.1972 Dominated

a CTAP imaging strategy is used as the reference in the incremental cost-effectiveness results.
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Health outcomes were expressed as quality-adjusted-life years

gained for each imaging strategy. Lifetime QALYs were calculated

by multiplying the sum of the number of years spent in each

health state by the utility associated with that state.

Cost Outcomes. Evaluation of costs included only direct med-

ical costs; indirect costs such as loss of earnings through inabil-

ity to work were omitted according to standard methods in

performing cost-effectiveness analyses in the United States.

Imaging costs were based on the 2012 Medicare rates (includ-

ing both technical and professional fees) based on the Current

Procedural Terminology codes. The 2012 rates were chosen to

maintain consistency with our empiric cohort. The total costs

for long-term care in each health state were estimated from the

literature and multiplied by the life expectancy. Current values

for both benefits and costs were calculated by discounting the

original values at a rate of 3% per year, as recommended for

cost-effectiveness analyses in the United States.23 Costs of

brain cancer24 and cataract surgery25 were estimated on the

basis of published literature.

Statistical Analyses
Incremental cost-effectiveness ratios were calculated as well as the

incremental cost per QALY gained. Univariable and multivariable

sensitivity analyses were performed to determine the independent

and combined effect of input parameter uncertainty. A willing-

ness-to-pay threshold of $100,000/QALY was assumed on the

basis of previously published work.9 Two-way sensitivity anal-

yses were performed to evaluate the impact of the following: 1)

the probability of brain cancer and latency until brain cancer

development, and 2) the probability of cataract and latency

until cataract development based on model results. A scenario

analysis considering only asymptomatic patients was also

performed.

To assess overall model uncertainty, we conducted probabilis-

tic sensitivity analysis in which 10,000 simulations were per-

formed. The selected key variables were assumed to have triangu-

lar distributions. In a separate probabilistic sensitivity analysis,

the range of the probability of brain cancer was extended to in-

corporate an upper limit of 5% (�50 times the upper limit of the

95% confidence interval), and 10,000 simulations of the model

were repeated.

RESULTS
The per-person cost for the CTAP strategy was $147,116. The

per-person cost for the TCD strategy was $154,718. The CTAP

strategy resulted in a gain of 13.81 QALYs. The TCD strategy

resulted in a gain of 13.62 QALYs (Table 3). Because the CTAP

strategy resulted in lower cost and greater gains in QALYs, the

CTAP strategy was dominant over the TCD strategy. When we

varied the probability of brain cancer, the CTAP strategy re-

mained cost-effective at $100,000/QALY as long as the risk of

brain cancer remained lower than approximately 4%, com-

pared with 0.03% in the base case. This threshold value was 50

times greater than the upper limit of the 95% confidence in-

terval (0.08%) (Figs 1 and 2). Our results remained robust

when varying the latency of brain cancer onset from 0.1 years

to 30 years at base case brain cancer risk (Fig 2).

In 2-way sensitivity analysis, the CTAP strategy remained

dominant over the TCD strategy under all circumstances when

the probability of cataract was varied from 0 to 1 and cataract

FIG 3. Two-way sensitivity analysis on the probability of brain cancer
and the latency of brain cancer and subanalysis of the asymptomatic
patient population. The CTAP strategy is indicated in blue, and the
TCD strategy is indicated in red. X denotes the base case (latency of
brain cancer � 10.7 years based on published literature; modeled
probability of brain cancer � 0.0002725; 95% CI, 0.000053– 0.000802).
A willingness-to-pay (WTP) threshold of $100,000 was assumed.

Table 4: One-way sensitivity analysis results: probability of cataracta

Probability of
Cataract Strategy Cost ($)

Effectiveness
(QALYs)

Incremental
Cost ($)

Incremental
Effectiveness

(QALYs)

Incremental
Cost-Effectiveness

Ratio ($/QALY)
0 CTAP 147,110 13.81 0 0
0 TCD 154,719 13.62 7608.40 �0.20 Dominated
0.2 CTAP 147,625 13.80 0 0
0.2 TCD 154,719 13.62 7094.12 �0.18 Dominated
0.4 CTAP 148,139 13.78 0 0
0.4 TCD 154,719 13.62 6579.84 �0.17 Dominated
0.6 CTAP 148,653 13.77 0 0
0.6 TCD 154,719 13.62 6065.56 �0.15 Dominated
0.8 CTAP 149,168 13.75 0 0
0.8 TCD 154,719 13.62 5551.28 �0.13 Dominated
1 CTAP 149,682 13.73 0 0
1 TCD 154,719 13.62 5037.00 �0.12 Dominated

a In a 1-way sensitivity analysis, CTAP remained the optimal strategy when varying the probability of cataract from 0.0 to 1.0.

AJNR Am J Neuroradiol 38:462– 68 Mar 2017 www.ajnr.org 465



latency was varied from 0.1 to 30 years. Table 4 demonstrates

results of a 1-way sensitivity analysis varying the probability of

cataract from 0 to 1 when there was no condition for which TCD

was preferred.

A scenario analysis of asymptomatic

patients with SAH did not change the

results; CTAP remained the dominant

strategy compared with TCD (Fig 3 and

Table 5).

In probabilistic sensitivity analysis,

CTAP was the preferred strategy in

100% of iterations across a broad range

of willingness-to-pay threshold values

(Fig 4A). When the upper limit of the

probability distribution for developing

brain cancer was increased to 5% (com-

pared with the upper limit of the 95%

confidence interval, 0.08%; Table 2),

CTAP was still preferred in �92% of it-

erations at a willingness-to-pay value

below $100,000/QALY (Fig 4B).

DISCUSSION
Our model demonstrates that while the

development of brain cancer and cata-

ract from radiation exposure in patients

undergoing CTAP is an important con-

sideration, it does not alter CTAP as the

preferred imaging strategy in SAH com-

pared with TCD. Similar to our prior

analysis that did not incorporate these

radiation-induced complications, we

found that CTAP leads to greater quality-

adjusted life expectancy for patients

with SAH and lower health care costs af-

ter incorporating brain cancer and cata-

ract risk. These findings were robust

across a broad range of plausible values

and remained consistent even after

modeling a significantly higher risk and

shorter latency period than known from

current literature. Moreover, we conser-

vatively elected to use the highest mod-

eled risk (50-year-old male patient with

normal life expectancy) for our base case

scenario. This age approximates the me-

dian age of a patient with SAH in pub-

lished cohorts.1 If we had assumed a

higher age or additional comorbidities,

results would have been even more fa-

vorable for CTAP because of lower life-

time brain cancer risk (Table 2).

In recent years, CTAP has become

increasingly recognized as an important

prognostic tool in patients with SAH, es-

pecially given the recognized impor-

tance of cerebral blood flow evaluation

in the prediction of poor clinical outcomes.26 Moreover, recent

studies have shown that blood-brain barrier permeability evalua-
tion with CTAP may become an important early prognostic
marker of global cerebral edema27 and delayed cerebral isch-

FIG 4. Cost-effectiveness (CE) acceptability curves. CE acceptability curves were calculated in-
corporating distributions reported in the literature and the probability of brain cancer as mod-
eled on the basis of NCI methodology (A, see Table 1) and, in a separate subanalysis, incorporating
an upper limit of the probability of brain cancer of 5% (ie, �50 times higher than the calculated
95% confidence interval upper limit of 80.16 per 100,000, B).

Table 5: Cost-effectiveness analysis results: asymptomatic patient population subanalysisa

Strategy Cost ($)
Incremental

Cost ($)
Effectiveness

(QALYs)

Incremental
Effectiveness

(QALYs)

Incremental
Cost-Effectiveness

Ratio ($/QALY)
CTAP 145,247 – 13.86 –
TCD 156,272 11,024 13.51 �0.3517 Dominated

a CTAP imaging strategy is used as the reference in the incremental cost-effectiveness results.
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emia.28 Early identification of these complications before they
become apparent on noncontrast CT further increases the utility
of CTAP. Furthermore, CTAP radiation doses have gradually de-
creased in recent years in an effort to decrease radiation exposure
to the patient, with published studies citing comprehensive acute
stroke protocol NCCT/CTAP doses of up to 10.6 mSv.17 There-
fore, the radiation risk assumed in our model may, in fact, be
overestimated, further supporting CTAP as the superior imaging
technique in patients with SAH.

While radiation risk is an important consideration when se-
lecting the appropriate imaging technique, our study shows that
after we account for the risk of developing radiation-induced
brain cancer and the risk of developing radiation-induced cata-
ract, CTAP remains the superior imaging technique in patients
with SAH, resulting in improved clinical outcomes and lower
health care costs. This has important implications in the clinical
decision-making for the management of patients with SAH, sup-
porting the use of CTAP imaging.

The main limitation of our study is that a decision-modeling
study design was performed instead of a prospective randomized
clinical trial. Decision analytic models can help inform clinical
decision-making by considering all potential consequences, in-
corporating the best available evidence, and considering uncer-
tainty in estimates. Such models are particularly useful when ran-
domized controlled trials are not feasible, such as in the case of
gauging the contribution of radiation exposure effects on man-
agement strategies for SAH. This scenario is particularly relevant
in this study given the long-term latency period associated with
radiation-induced brain cancer. Another limitation in decision
modeling is the variability of the input parameters. However, we
performed several types of sensitivity analyses (1-way, 2-way, and
probabilistic) to assess the variability of each input in the model
results.

CONCLUSIONS
While there have been, to our knowledge, no randomized trials

directly comparing the impact of different imaging modalities on

clinical outcomes of patients with SAH, recent publications have

demonstrated the added benefit of CTAP imaging in the detection

of vasospasm and perfusion deficits.9,29 Moreover, CT perfusion

imaging has the added benefit of evaluating delayed cerebral isch-

emia, an important SAH complication and determinant of poor

clinical outcomes in SAH,26 which is particularly important given

the limitations of clinical examination30 and TCD31 in this patient

population.

Until recently, the focus has been on avoiding any kind of

radiation exposure related to CT-based imaging, focusing on

sonography-based methods instead. However, our study shows

that the significant health benefits of CTAP outweigh the risks

related to radiation exposure, even when modeling a far greater

brain cancer risk than has been determined by using NCI

methodology.

Future studies assessing the clinical and cost effectiveness of

other imaging studies associated with radiation exposure should

include the short- and long-term effects of radiation exposure to

provide a comprehensive analysis of the benefits and risks for a

given patient population.

Disclosures: Jana Ivanidze—RELATED: Grant: Radiological Society of North America
Research and Education Foundation Resident Research Grant, Comments: Resident
Research Grant (awarded to J.I.) 2014 –2015.
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GENETICS VIGNETTE

Genetics of Von Hippel-Lindau Disease
X D.C. Dwyer and X R.K. Tu

ABBREVIATIONS: VHL � Von Hippel Lindau; pVHL � VHL protein; HIF � hypoxia-inducible factor

Von Hippel-Lindau (VHL) disease is a rare, autosomal domi-

nant syndrome that is associated with the development of

tumors in a variety of organ systems, most commonly hemangio-

blastoma of the central nervous system and retina.1 The ocular

manifestations of the disease were first independently described

by 2 ophthalmologists, Treacher Collins in 18942 and Eugene von

Hippel in 1904.3 Both recognized families with angiomatous ret-

inal growths and described them in the medical literature. In

1927, Arvid Lindau,4 a Swedish pathologist, recognized that these

retinal lesions were associated with an increased risk of develop-

ing hemangioblastomas of the central nervous system. Since then,

VHL disease has been associated with many other lesions, includ-

ing clear cell renal carcinoma, pheochromocytoma, endolym-

phatic sac tumors, epidydimal and broad ligament cystadenomas,

and islet-cell tumors.5 The prevalence of VHL disease is estimated

to be between 1 in 31,000 and 1 in 53,000.6,7

DIAGNOSIS
The diagnosis of VHL is often made by using clinical criteria.

Patients with a family history of VHL are diagnosed with the dis-

ease in the presence of 1 additional tumor—a CNS hemangioblas-

toma, pheochromocytoma, or clear cell renal carcinoma. Those

without a family history must have 2 CNS hemangioblastomas or

1 CNS hemangioblastoma with either a pheochromocytoma or

clear cell renal carcinoma.8,9 With the current understanding of

the genetic basis for VHL disease and the availability of molecular

genetic testing, the diagnosis of VHL disease may be made in

individuals who do not satisfy the clinical diagnostic criteria.

Despite the increased availability and detection rate of genetic

testing, negative results are not always definitive. Up to 20% of

tumors in individuals with VHL disease result from de novo mu-

tations, and these individuals do not have a family history of the

disease.10 Furthermore, many de novo mutations result in mosa-

icism, in which patients may have clinical signs of the disease but

test negative genetically for it because not all tissues carry the

mutation.11

MOLECULAR GENETICS
VHL disease is an autosomal dominantly inherited disorder with

marked variability in penetrance and phenotype. The VHL gene is

located on the short arm of chromosome 3 (3p25–26) with its

coding sequence represented in 3 exons.12,13 The gene encodes 2

protein isoforms, a full-length 30-kDa protein (pVHL30) and a

smaller 19-kDa protein (pVHL19), generated by alternative

translation initiation.14 The VHL gene is evolutionarily conserved

and is expressed in all organ systems, not exclusively those af-

fected by VHL disease.15

Patients with VHL disease have an inactivating germline mu-

tation in 1 copy of the VHL gene and 1 normally functioning wild

type allele. Tumor development depends on mutation of the re-

maining wild type allele in a susceptible target organ. A wide va-

riety of germline mutations have been identified, but the largest

group consists of deletions that alter exon sequences.16 The re-

maining mutations are due to nonsense mutations or missense

substitutions. A complex classification system has been described

to correlate genotype and phenotype, but it is less useful for clin-

ical management because an individual may move from one sub-

type to another.17

FUNCTION OF THE TUMOR SUPPRESSOR PROTEIN
The VHL gene product is a tumor-suppressor protein that influ-

ences many cellular pathways but is best characterized by its func-

tion in the oxygen-sensing pathway. The VHL protein (pVHL)

has a critical role in regulating a transcription factor called hypox-

ia-inducible factor (HIF). In the presence of functioning pVHL

and normoxic conditions, pVHL binds to a subunit of HIF and

acts as a ubiquitin ligase, leading to the destruction of HIF via
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proteasomal degradation. In the presence of functioning pVHL

and hypoxic conditions, pVHL is unable to form a ubiquitin ligase

and HIF is not degraded. This outcome allows HIF to induce

transcription of genes involved in diverse processes including an-

giogenesis, proliferation, metabolism, and apoptosis (eg, VEGF,

PDGF�, TGF�). In the presence of nonfunctioning pVHL, HIF

will not be degraded regardless of oxygen conditions. This feature

allows the inappropriate overproduction of hypoxia-inducible

messenger RNAs and unregulated cell growth—the hallmark of

pVHL-defective cells.13,18-20

ROLE OF IMAGING
Imaging plays a crucial role in the diagnosis and surveillance of

VHL disease, particularly with identification of CNS hemangio-

blastomas. These are the most common tumors in VHL disease,

affecting 60%– 80% of all patients and are the presenting feature

in approximately 40% of cases.11,21,22 VHL disease accounts for

approximately one-third of patients with CNS hemangioblasto-

mas. The most common site is the cerebellum (44%–72%), fol-

lowed by the spinal cord (13%–50%), brain stem (10%–25%),

and supratentorial structures (1%).18,23

Imaging is also crucial in the identification and surveillance of

lesions outside the CNS, including the pancreas, kidneys, adrenal

glands, and reproductive organs. Identification of renal carci-

noma is of particular importance because it is the major malig-

nant neoplasm of VHL disease and one of the leading causes of

mortality.19 Although retinal hemangioblastomas are the second

most common tumor in VHL disease, they are typically only de-

tectable by examination of the dilated eye.18

Screening is critical in all patients with VHL disease regardless

of symptoms because lesions are treatable. Indeed, the morbidity

and mortality of VHL disease has been significantly reduced dur-

ing the past 20 years due to advanced screening and surgical tech-

niques.6 Particular screening guidelines vary among different cen-

ters but typically include renal, brain, and spinal cord imaging at

regular intervals.24,25
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ORIGINAL RESEARCH
ADULT BRAIN

Transverse Sinus Stenosis Is the Most Sensitive MR Imaging
Correlate of Idiopathic Intracranial Hypertension

X P.P. Morris, X D.F. Black, X J. Port, and X N. Campeau

ABSTRACT

BACKGROUND AND PURPOSE: Patients with idiopathic intracranial hypertension have transverse sinus stenosis on gadolinium-bolused
MRV, but other MR imaging signs are less consistently seen. Our aim was to demonstrate that transverse sinus stenosis could be identified
on conventional MR imaging, and this identification would allow improved diagnostic sensitivity to this condition.

MATERIALS AND METHODS: MR imaging and MRV images from 63 patients with idiopathic intracranial hypertension and 96 controls
were reviewed by using 3 independent procedures. MRV images were graded for the presence and degree of stenosis of the transverse
sinus. Postgadolinium coronal T1-weighted sequences were evaluated independent of MRV. The dimensions of the proximal and distal
transverse sinus were measured from the MRV examinations, and the cross-sectional area of the transverse sinus was calculated. Corre-
lation among the 3 modes of evaluation of the transverse sinus was conducted by using Wilcoxon/Kruskal-Wallis, Pearson, and Spearman
� nonparametric statistical techniques.

RESULTS: Transverse sinus stenosis was identified bilaterally on MRV in 94% of patients with idiopathic intracranial hypertension and in 3%
of controls. On coronal T1 postgadolinium MR images, transverse sinus stenosis was identified in 83% of patients with idiopathic intracranial
hypertension and 7% of controls. Previously described MR imaging signs of intracranial hypertension were identified in 8%– 61% of patients
with idiopathic intracranial hypertension. Correlation among the 3 modes of evaluation was highly significant (P � .0001).

CONCLUSIONS: Even without the assistance of an MRV sequence, neuroradiologists can validly identify bilateral transverse sinus stenosis
in patients with intracranial hypertension more reliably than other previously described MR imaging findings in this condition. We conclude
that transverse sinus stenosis is the most useful and sensitive imaging indicator of this disease state.

ABBREVIATIONS: IIH � idiopathic intracranial hypertension; TS � transverse sinus

Primary idiopathic intracranial hypertension (IIH), alterna-

tively known as pseudotumor cerebri, is a little-understood

condition characterized by unexplained elevation of intracranial

pressure. The diagnosis is established by the Modified Dandy Cri-

teria, which, in essence, means an opening pressure at lumbar

puncture of �250 mm of water in adults and �280 mm in chil-

dren, with no definable etiology.1 The condition is known to be

more prevalent in young adult women, especially those with an

elevated body mass index,2,3 older men with obstructive sleep

apnea,4-7 and patients with a variety of endocrine conditions.4,8 It

is associated with the use of several medications, most notably

vitamin A derivatives and tetracycline antibiotics.9,10 Headache is

the most consistent symptom experienced by patients, though

back and shoulder discomfort can be reported too. Papilledema

progressing to variable degrees of transient or permanent visual

loss is a familiar but not necessarily a sine qua non manifestation.

Idiopathic intracranial hypertension in children can present with

features less commonly seen in adults, most particularly signs of

intracranial mass effect, including cranial nerve deficits, most no-

tably in cranial nerve VI.11 The prolonged debilitation and suffer-

ing associated with this condition can be substantial. Symptoms

may overlap those seen in migraine, and misdiagnosis creates de-

lays that may have substantial comorbidities. The most concern-

ing complication of untreated or treatment-resistant IIH is visual

loss, which can progress rapidly and become irreversible once the

patient becomes symptomatic. Therefore, it is important to rec-

ognize and diagnose this condition clinically and on imaging

studies as early as possible.

Several brain MR imaging findings have been associated with

the diagnosis of idiopathic intracranial hypertension. These in-
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clude an appearance of an empty sella (�50% vacancy of the sella

with a concave upper surface of the pituitary gland), optic nerve

sheath dilation, vascular distension and protrusion of the optic

papillae with advanced papilledema, “slit ventricles,” and a bright

spot at the optic nerve head on diffusion-weighted imaging. How-

ever, published sensitivity and prevalence of these findings are

inconsistent, ranging between 6% and 66%.12 When a gadolini-

um-bolused MRV sequence is available, bilateral transverse sinus

(TS) stenosis of �50% degree is seen in 93% of patients with IIH,

suggesting that this is the most sensitive imaging characteristic of

this condition.13,14 However, unless the specific diagnosis of IIH

has been canvassed in advance and the imaging sequences have

been protocoled accordingly, in most instances, the reading neu-

roradiologist will not have an MRV sequence available to assist in

making this diagnosis. Therefore, it is very likely that in a substan-

tial proportion of cases of IIH, only a conventional set of MR

images will be obtained and the diagnosis is likely to be missed.

The purpose of this study was to attempt to define the sensi-

tivity with which neuroradiologists might be capable of perceiving

signs of TS stenosis on non-MRV imaging, specifically by focusing

on the coronal postgadolinium T1-weighted images. In the au-

thors’ experience, TS stenosis was identifiable on coronal T1 with

gadolinium contrast imaging in a high proportion of patients with

IIH, and we conjectured that it might be possible to improve one’s

sensitivity to this disease state by emphasizing the utility of this

sequence, even when an MRV examination has not been

performed.

MATERIALS AND METHODS
Subjects
We conducted a retrospective study with institutional review

board approval of images acquired during a 5-year period (2010 –

2015) in 63 adult and teenage patients in whom the diagnosis of

IIH was established according to the Modified Dandy Criteria.

Patients were identified by searching key words in the elec-

tronic medical records. Only patients who had available images

from both a gadolinium-bolused MRV examination and a

pre-/postgadolinium MR imaging examination during the pe-

riod of review were included. Patients who had already under-

gone a therapeutic shunting procedure, such as a ventriculo-

peritoneal shunt or lumbar-peritoneal shunt were excluded

from the study. Ongoing or already initiated medical therapy

did not preclude inclusion in the study. Electronic medical records

were reviewed for clinical parameters such as symptom profile, age,

weight, body mass index, opening pressure at lumbar puncture, vi-

sual symptoms, and duration of symptoms.

A control group of 96 patients without IIH was identified from

a consecutive list of MR imaging/MRV studies performed during

the same period (Table 1). Inclusion criteria were adult age be-

tween 18 and 60 years and availability of gadolinium-bolused

MRV images and pre-/postgadolinium MR images from the same

period. Patients with obvious intracranial pathology, such as

intracranial masses, hydrocephalus, venous thrombosis, or

postsurgical/traumatic derangement of the dural sinuses, and

so forth, were excluded. Control patients carried a variety of

diagnoses centered on migraine, migraine variants, or head-

ache not otherwise specified.

MR Imaging and MRV Review
MR and MRV images were reviewed independently of one an-

other. Each case was reviewed independently by 2 neuroradiolo-

gists. A randomized list of subjects in each instance was provided

to each neuroradiologist in an approximately 50:50 mix of IIH

and control cases.

In their review of the MR images, the reviewing neuroradiolo-

gists were asked to score each case in a categoric “yes/no” manner

for the presence or absence of conventional signs of idiopathic

intracranial hypertension. They were also asked to evaluate the

coronal T1 postgadolinium images of the TS and decide “yes/no”

for whether they perceived a segment of �50% stenosis on either

side or both sides (Fig 1). Criteria for the diagnosis of TS stenosis

included signs of collapse of the sinus on itself, particularly in

comparison with more posterior images on the same sequence;

signs of herniation of the contour of the brain into the expected

location of the sinus (“internal cephalocele”); or clear absence of a

definable sinus on �1 section.

Review of the MRV sequences was conducted in a similarly

blinded, randomized manner. Neuroradiologists were asked to

categorically decide whether TS stenosis of �50% was present

on 1 or both sides. Second, a score for the point of maximal

narrowing for each TS was recorded by using a 0 – 4 quartile

scale (Fig 2).13

Finally, the raw data images from each MRV examination in

60 patients with IIH and the first 40 controls were reviewed for

direct measurement of the dimensions of the TS with electronic

calipers on the PACS screen. Orthogonal measurements were ob-

tained of the TS, and the cross-sectional area was calculated on the

assumption of a roughly triangular configuration of the sinus as

(width � height) / 2. The cross-sectional area of each sinus was

calculated in 2 locations. A proximal measurement was per-

formed approximately 1.5 cm lateral to the torcular when the TS

was seen to have assumed a steady horizontal course. A distal

measurement was obtained at the point of maximal stenosis. In

the absence of a definable stenosis or narrowing, TS measure-

ments were obtained distally at the apex of the upward curve of

the TS proximal to the sigmoid sinus.

The interpretation of the MRV examination, reviewed inde-

pendent of the coronal postgadolinium sequence, was compared

with the original clinical interpretation in the electronic records if

it was available. Approximately 40% of the MR imaging/MRV

examinations in this study were conducted at a 3T magnetic field

strength, and the remainder at 1.5T. Postgadolinium comparison

T1-weighted imaging was performed by using our routine clinical

protocols and consisted of T1-based volumetric acquisitions,

Table 1: Clinical characteristics of patients with idiopathic
intracranial hypertension and controls

IIH
(n = 63)

Controls
(n = 96)

P
Value

Age (mean) (yr) 31.6 � 10.6 35.5 � 9.8
Female/male 58:5 72:24
BMI 36.5 � 8.2 27.5 � 6.4 �.0001
Duration of symptoms

(mean) (yr)
4.9 � 6.8

CSF opening pressure
(mm H2O) (mean)

356.9 � 89

Note:—BMI indicates body mass index.
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such as sampling perfection with application-optimized contrasts

by using different flip angle evolution (SPACE sequence; Siemens,

Erlangen, Germany) or CUBE (GE Healthcare, Milwaukee,

Wisconsin), fast spin-echo, and conventional spin-echo tech-

niques without and with fat saturation. A few examinations

performed at other institutions and included in this study were

obtained by using spoiled gradient-recalled or MPRAGE tech-

niques, which are characterized by robust intrasinus signal

due to rephasing phenomena. These constituted �10% of the

studies.

Data Analysis
Data were stored by using Excel spreadsheets (Microsoft, Red-

mond, Washington) and were analyzed by using JMP Pro 11.2 for

Mac (SAS Institute, Cary, North Carolina). The Student t test was

used for comparing the incidence of MR imaging and MRV

findings between groups. Ordinate and categoric variables

were correlated with continuous variables by using nonpara-

metric statistical procedures, including Wilcoxon/Kruskal-

Wallis rank sums, the Pearson correlation coefficient, and the

Spearman �.

RESULTS
Subjects
Patients with IIH and control subjects were similar in overall pro-

file (Table 1). Patients with IIH had a slightly greater preponder-

ance of women and a higher body mass index than control

subjects.

MR Imaging Interpretation
Bilateral TS stenosis was discerned in 83% of patients with IIH

with the coronal postgadolinium T1-weighted images and in 7%

of controls (P � .0001) (Table 2). The nature of the TS stenosis

was often a collapse or flattening of the expected contours of the

dural sinus. However, 50% of subjects demonstrated a uni- or

bilateral pattern of effective herniation of temporo-occipital tis-

sue into the expected location of the sinus, with the margins being

presumably constrained by the bony edges of the dural sinus

along the inner calvaria. This appearance is referred to as “an

internal cephalocele” by the authors. Unilateral TS stenosis or

hypoplasia was perceived in an additional 9% of controls. Other

MR imaging signs of IIH were seen with less sensitivity. Signs of an

“empty sella” were discerned in 53% of patients with IIH and 5%

FIG 1. A–C, Transverse sinus stenosis on coronal T1 postgadolinium MR imaging. A and B, Images from a 43-year-old female patient with
idiopathic intracranial hypertension. CSF opening pressure was 380 mm H2O. Postgadolinium coronal 3D fast-spoiled gradient recalled images,
section thickness � 2.4 mm, demonstrate stenosis of the transverse sinuses bilaterally (arrows). The expected � configuration is distorted and
collapsed bilaterally (A). This is more easily appreciated on images from within the same study by comparing with the images of the same sinuses
more posteriorly (B). C and D, Images from a 36-year-old female patient with IIH. CSF opening pressure was 370 mm H2O. Postgadolinium
T1-weighted image (C) with coronal reformatting from a 3D acquisition, with a section thickness � 2 mm, TR � 650 ms, TE � 12 ms; and oblique
projectional image from a gadolinium-bolused MRV sequence, with TR � 3.83 ms and TE � 1.39 ms. Stenoses of the transverse sinuses are
evident on both images (arrows). E and F, Coronal T1-weighted image from a 32-year-old female patient with IIH. CSF opening pressure was 304
mm H2O. Virtually complete collapse of the transverse sinuses can be discerned bilaterally (arrows). A sagittal raw data image (F) from the
gadolinium-bolused MRV, section thickness � 0.66 mm, suggests an appearance of herniation of the temporo-occipital tissues into the
transverse sinus space. G, By contrast, an image from a control patient, a 49-year-old woman with multiple medical problems but no specific
explanation for her symptoms of headache. A coronal postgadolinium T1-weighted image, section thickness � 4 mm, shows the expected �
configuration (arrows) of the preserved transverse sinuses bilaterally.
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of controls. Optic nerve sheath distension (�6 mm in transverse

dimensions) was seen in 63% of patients with IIH and 4% of

controls. Papilledema and DWI changes were less frequent

(Table 2).

MRV Interpretation
Bilateral TS stenosis of �50% was perceived categorically in 94%

of patients with IIH compared with 3% of controls (P � .0001).

When we compared the quartile scores of the configuration of the

TS bilaterally (left � right score; maximum, 8), patients with IIH

scored almost exclusively �5 and were thus discernible from con-

trols, who almost all scored �5 (P � .0001) (Fig 3).

MRV Cross-Sectional Area Measurements
Calculation of the narrowed distal segment of the TS in patients

with IIH showed a substantial reduction compared with controls

measured in the same location (Table 3). The left and right distal

transverse sinus showed an 88% and 86% reduction in mean

cross-sectional area, respectively, in patients with IIH compared

with controls. The summation of the left and right total outflow

cross-sectional area was similarly affected. A lesser degree of sinus

narrowing was detectable on statistical analysis more posteriorly

FIG 2. Schema for scoring transverse sinus patency based on Farb
et al (2003).13 Transverse sinuses were rated by using the MRV, MIP,
and raw data images on a 5-point scale bilaterally between 0 (absent)
and 4 (full expected contour of a normally sized transverse sinus). The
scoring system does not discern etiologies of the narrowing, merely
the degree of patency/stenosis on each side. A maximum possible
score of 8 would, therefore, indicate full patency on each side. R
indicates right; L, left.

Table 2: Results—MRI findings, interpreted independently of
MRV findings

Retrospective Study Interpretation
IIH

(n = 63)
Controls
(n = 96)

Empty sella 34 (53%) 5 (5%)
Dilated optic nerve sheath of �6 mm 40 (63%) 4 (4%)
DWI bright spot at fundus 6 (9%) 1 (1%)
Papilledema 20 (34%) 4 (4%)
Bilateral TS stenosis on coronal T2

post gadolinium
53 (83%) 7 (7%)

Internal cephalocele into the transverse
sinus

32 (50%) 0

FIG 3. Patency scores on MRV interpretation. A summation of left
and right patency scores, maximal normal � 8, was performed on the
blinded readings of the MRV images independent of clinical data or
the MR imaging appearance. The scatter of scores shows a clear dis-
cernment between patients with IIH and controls. Almost all controls
scored �5, while patients with IIH almost all scored �5.
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in the sinuses, particularly on the right side. However, the proxi-

mal effect was less evident visually in individual cases.

Correlation and Multivariate Analysis
Analysis of the correlation among the MR imaging observations,

the MRV interpretation, and the direct measurement of the TS

dimensions showed strong consistency, indicating that the re-

viewers’ perceptions of MR imaging findings of TS stenosis were

valid. Correlation with the Spearman � between the MR imaging

interpretation of categoric TS patency/stenosis on the one hand

and the MRV grading scale on the other showed a highly signifi-

cant correspondence for all subjects (P � .0001). Despite some

statistical groups being small in the subanalysis (eg, few patients

with IIH had normal-appearing sinuses), this statistical robust-

ness held up in the analysis by diagnostic group (controls, P �

.002; IIH group, P � .028).

Similarly, the validity of the reviewers’ interpretation of the

coronal MR images was upheld by the correlation between the

MR imaging diagnosis of TS stenosis and the direct measurement

of the cross-sectional area of the TS (Spearman � � 	.7504, P �

.0001).

Comparison with Original Clinical Reports
Many of the subjects with IIH in this group were imaged with a

variety of MR imaging and MRV studies during the time course of

this retrospective review, including studies from outside institu-

tions. Approximately 33% of subjects with IIH had at least 1 ear-

lier MRV interpretation, which the reviewers in this study would

have retrospectively revised. Findings of TS narrowing or stenosis

documented in this study were previously ascribed on �1 occa-

sion in 33% of this patient group to “hypoplasia,” “arachnoid

granulations,” or “anatomic variability in the absence of other

signs of idiopathic intracranial hypertension.”

DISCUSSION
Idiopathic intracranial hypertension is a poorly understood

condition, the hallmark of which is elevation of CSF opening pres-

sure without an identifiable intracranial mass or ventriculo-

megaly.1,15-17 It shares many similarities with a condition of visual

impairment and intracranial pressure observed in astronauts after

prolonged exposure to conditions of microgravity.18-20 It may

also share common pathophysiologic pathways with acute moun-

tain sickness, a condition in which recent MR imaging studies

have focused on alterations of arterial inflow, cerebral white mat-

ter diffusivity, and venous outflow restriction.21 Explanations for

the mechanisms underlying IIH have focused on overproduction

of CSF; impaired resorption of CSF22; dysautoregulation of cere-

bral blood flow23; dysregulation of fluid homeostasis, among oth-

ers, in turn mediated by underlying endocrinopathies; fluid and

electrolyte shifts with subtle white matter edema24; dysregulation

of aquaporin 1 and aquaporin 4 receptors16,25,26; or proinflam-

matory states27,28 due to mitochondrial dysregulation or circulat-

ing signaling leptins.29-32

A preponderance of evidence suggests a high incidence of IIH

in women of childbearing age with an elevated body mass index,

supporting hypotheses that metabolic or hormonal factors may

play a strong role.2,3 However, evidence supporting a single etio-

logic sequence of pathophysiology has not been consistent. Some

volumetric studies have suggested alterations of CSF volume or

brain volume as the explanation for elevated acranial pres-

sure.33-35 Studies of cerebral perfusion by using xenon-enhanced

CT, MR perfusion, and SPECT have not identified a consistent

pattern of hyperperfusion or hypoperfusion.36,37 Since the obser-

vation that stenoses of the transverse sinuses are seen in 94% of

patients with IIH,13,14,38 speculation has been raised that venous

outflow obstruction could play a role in the genesis of IIH,39 but

reversibility of this finding with effective medical therapy and

reduction of intracranial pressure suggests that venous occlusive

findings are secondary to the elevated intracranial pressure and

not vice versa.40-42

Secondary effects of chronically elevated acranial pressure

from any cause include optic nerve sheath distension, papill-

edema, flattening of the posterior globe, and flattening and de-

pression of the diaphragma sellae. These secondary effects deter-

mine the structural alterations that may be detectable on imaging

studies in patients with IIH on which neuroradiologists rely to make

this diagnosis. Long-established MR imaging signs of IIH include

optic nerve sheath distension,12,43,44 empty sella appearance,44,45 en-

hancement of the vessels at the optic papilla,12,43,44,46-48 meningocele

formation,49 or restriction of diffusion at the optic nerve head.50

However, the sensitivity of these MR imaging signs in patients with

IIH varies widely between studies, with reported rates of between 6%

and 72%.51 MR imaging studies in pediatric patients in whom

anesthesia helps to eliminate eye motion show greater sensitivity

to ocular findings of IIH, with optic nerve sheath distension seen

in 88% of pediatric patients in 1 study.52 Generally, sensitivity

rates in adult studies tend to be substantially lower with greater

published emphasis on the specificity of these findings. The issue

of specificity of the finding of TS stenosis is not addressed in this

article due to the selective nature of the control population,

mostly presenting with nonspecific headache conditions. The

utility of the MR imaging/MRV signs we describe in patients with

IIH lies in their sensitivity in allowing the neuroradiologist to alert

the treating clinician to what may have been previously an over-

looked or unsuspected diagnosis.

More useful may be the effect of sustained intracranial hyper-

tension on the transverse dural sinuses. Farb et al13 reported that

stenosis of the transverse sinuses on gadolinium-bolused MR

venography is detectable in 94% of patients with IIH, making this

Table 3: Results—MRV cross-sectional area measurements on transverse sinuses
Left TS Proximal

(Mean) (mm2)
Left TS
Distal

Right TS
Proximal

Right TS
Distal

Left + Right
Proximal

Left + Right
Distal

Controls 24.7 � 14.1 23.9 � 10.7 37.5 � 15.9 29.9 � 11.4 62.2 � 19.3 53.8 � 15.4
IIH 19.2 � 13.3 2.9 � 2.1 28.4 � 14.2 4.1 � 4.1 47.5 � 2.4 7.1 � 4.8
P value (1-way ANOVA) NS .0001 .0003 .0001 .0001 .0001

Note:—NS indicates not significant.
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a more sensitive diagnostic indicator in adults than previously

established MR imaging signs. However, in most instances when a

patient with IIH is imaged, an MRV sequence will not be included

with the study unless the diagnosis of IIH is strongly suspected in

advance and a specific request for an MRV has been submitted.

Therefore, it seems reasonable to conclude that without an MRV

sequence being available in most instances, neuroradiologic sen-

sitivity to the diagnosis of IIH will be limited. Furthermore, even

when an MRV sequence has been obtained, the nature of trans-

verse sinus narrowing in some patients may seem nonspecific

when consideration is given to entities such as anatomic asymme-

try, indentations in the contrast column due to arachnoid granu-

lations, or sequelae of previous episodes of dural sinus thrombo-

sis. In this retrospective study, potentially helpful findings in 33%

of the MRV sequences in patients with IIH were downplayed or

dismissed in �1 of the original clinical radiology reports. It might

be conjectured that the significance of observations of transverse

sinus narrowing was downplayed by the original interpreting ra-

diologist because of the absence of other more “established” signs

of idiopathic intracranial hypertension, but our study was not

constructed to examine this particular question. We surmise that

the diagnosis of IIH on neuroradiologic interpretation may be

thus stymied on 2 levels: First, when an MRV sequence is not

available, the neuroradiologist is at a disadvantage in not having

the most consistent anatomic correlate of IIH demonstrated to

best advantage (ie, MRV signs of TS stenosis). Second, when an

MRV is available, findings of TS stenosis may be confused with

perceptions of anatomic variability and asymmetry and so

forth.

We acknowledge that our study is limited in several respects,

including its retrospective nature. Our IIH group was carefully

screened and diagnosed by using the Modified Dandy Criteria

and, as such, represents one of the largest cohorts in this field of

publication. However, our control group was of a more heteroge-

neous composition, mostly diagnosed with migraine or migraine-

variant headache. As we retrospectively reviewed the clinical

notes, it appeared conceivable that this control group may even

contain a number of patients with undiagnosed idiopathic intra-

cranial hypertension. Although this is partially conjectural on our

part, it could form an explanation for why a small number (3%) of

the controls demonstrated bilateral TS stenosis. Moreover, the

observation in this study that a small number of controls demon-

strated unilateral or bilateral TS stenosis is consistent with previ-

ous authors’ experiences. The control group described by Farb et

al13 demonstrated a 6.7% rate of bilateral TS narrowing, while

Ayanzen et al53 found that 31% of patients with normal MR im-

aging findings showed substantial flow gaps in the TS on MRV.

Similar rates of TS interruptions were reported by Bono et al54 in

a population of patients with normal CSF pressures who pre-

sented with a variety of headache and psychiatric diagnoses. The

MRV and MR imaging techniques used in our study also varied

and evolved during the 5 years of retrospective review, with im-

ages with a variety of section thicknesses (2–5 mm), T1-based

techniques, and 1.5 and 3T scanners. However, we believe that

these methodologic shortcomings do not detract substantively

from our observations pertaining to the core IIH cohort.

CONCLUSIONS
Our retrospective study is consistent with previous imaging stud-

ies of idiopathic intracranial hypertension and demonstrates that

TS stenosis/collapse is the most consistent anatomic finding in a

group of patients with this condition. Our findings of a 93% in-

cidence of TS stenosis on MRV in this group of patients replicates

those of previous studies.13,14,38 More useful, however, is that we

have demonstrated that more careful scrutiny of the appearance

of the transverse sinuses on coronal T1 postgadolinium imaging

can help neuroradiologists almost completely compensate for the

handicap of not having an MRV sequence on hand in this patient

group. Additionally, our study suggests that neuroradiologists

may need to be more critical in the degree of latitude they exercise

in the interpretation of TS narrowing as anatomic variability. The

absence of alternative MR imaging signs of IIH in TS narrowing

should not deter the neuroradiologist from giving strong consid-

eration to this diagnosis in the appropriate clinical setting.
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ORIGINAL RESEARCH
ADULT BRAIN

Effects of MRI Protocol Parameters, Preload Injection Dose,
Fractionation Strategies, and Leakage Correction Algorithms

on the Fidelity of Dynamic-Susceptibility Contrast MRI
Estimates of Relative Cerebral Blood Volume in Gliomas

X K. Leu, X J.L. Boxerman, and X B.M. Ellingson

ABSTRACT

BACKGROUND AND PURPOSE: DSC perfusion MR imaging assumes that the contrast agent remains intravascular; thus, disruptions in the
blood-brain barrier common in brain tumors can lead to errors in the estimation of relative CBV. Acquisition strategies, including the choice
of flip angle, TE, TR, and preload dose and incubation time, along with post hoc leakage-correction algorithms, have been proposed as
means for combating these leakage effects. In the current study, we used DSC-MR imaging simulations to examine the influence of these
various acquisition parameters and leakage-correction strategies on the faithful estimation of CBV.

MATERIALS AND METHODS: DSC-MR imaging simulations were performed in 250 tumors with perfusion characteristics randomly
generated from the distributions of real tumor population data, and comparison of leakage-corrected CBV was performed with a theoretic
curve with no permeability. Optimal strategies were determined by protocol with the lowest mean error.

RESULTS: The following acquisition strategies (flip angle/TE/TR and contrast dose allocation for preload and bolus) produced high CBV
fidelity, as measured by the percentage difference from a hypothetic tumor with no leakage: 1) 35°/35 ms/1.5 seconds with no preload and
full dose for DSC-MR imaging, 2) 35°/25 ms/1.5 seconds with 1⁄4 dose preload and 3⁄4 dose bolus, 3) 60°/35 ms/2.0 seconds with 1⁄2 dose
preload and 1⁄2 dose bolus, and 4) 60°/35 ms/1.0 second with 1 dose preload and 1 dose bolus.

CONCLUSIONS: Results suggest that a variety of strategies can yield similarly high fidelity in CBV estimation, namely those that balance
T1- and T2*-relaxation effects due to contrast agent extravasation.

ABBREVIATIONS: AIF �arterial input function; Bidir � bidirectional leakage correction algorithm; CNR � contrast-to-noise ratio; EES � extravascular extracellular
space; Ktrans � efflux rate of contrast agent from the vasculature; rCBV � relative CBV; Unidir � unidirectional leakage correction algorithm

DSC-MR imaging is a PWI technique based on the indicator-

dilution theory,1 which uses the first pass of a paramagnetic

contrast agent to estimate cerebrovascular parameters, including

relative CBV (rCBV) and CBF.2,3 A primary clinical application

for rCBV includes the evaluation of brain tumor vascularity and

angiogenesis; however, neovascularity within neoplasms tends

to have elevated vascular permeability, resulting in contrast

agent leakage into the extravascular extracellular space (EES)

and violation of assumptions made by the indicator-dilution

theory. These “leakage effects,” which can be either T1-

weighted, which would cause underestimation of the rCBV, or

T2*-weighted, which would cause overestimation of the rCBV,

greatly depend on the acquisition strategy and protocol used

for DSC-MR imaging signal acquisition.4 To address these

problems, strategies have been proposed for reducing the in-

fluence of contrast agent leakage, many focusing on T1-

weighted artifact reduction, including use of low flip angles,5

dual-echo acquisitions,6-8 preload administration,9 and/or

postprocessing leakage-correction algorithms.10-13

Previous studies have used a combination of these strategies to

reduce extravasation-induced error of CBV estimates; however,
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these approaches have primarily been evaluated empirically. The

goal of this study was to systematically evaluate, with simulation,

the effects of various leakage-correction strategies on the fidelity

of CBV estimation using simulated DSC-MR imaging data de-

rived from the convolution theory14 and recent developments by

Quarles et al.15 We hypothesized that this approach could provide

insight into the interaction of pulse sequence parameters, preload

dosing, and leakage-correction algorithms that are not readily de-

termined experimentally.

MATERIALS AND METHODS
Simulation Procedure
The following common DSC-MR imaging protocol variables

were evaluated by using simulations: pulse sequence parameters,

including flip angle, TE, and TR; preload dose and incubation

time; truncation of the DSC-MR imaging dataset after first pass to

limit postbolus leakage contamination; and postprocessing leak-

age-correction algorithms. Simulated DSC-MR imaging signal

curves for brain tumors were generated via the following: 1) se-

lection of pulse sequence parameters; 2) construction of the

DSC-MR imaging relaxivity–time-series without leakage for

“ground truth rCBV”; 3) construction of the leakage-affected in-

travascular and EES contrast agent concentration–time-series

based on tumor characteristics; and 4) estimation of CBV by using

no leakage correction, unidirectional leakage correction (Unidir)

as described by Boxerman et al,10 or bidirectional leakage correc-

tion (Bidir) accounting for bidirectional contrast agent flux be-

tween the vasculature and EES.11,13

Simulated DSC-MR Imaging Relaxation Rate–Time Curve
The simulated DSC-MR imaging relaxation rate–time curve is

derived from the gradient-echo signal equation, which has signal

contributions from both T1 and T2. When the MR imaging signal

intensities, which have arbitrary units, are converted to (�R*
2(t),

in units of 1/s, these contributions are modeled for a single-shot

gradient-echo EPI acquisition as the following15:

1) �R*2�t� � r*2,PvPCp�t� � r*2,EvECE�t� � KPvPvE�CP � CE�

�
1

TE
� � ln

1 � E1 � e�TR � r1 � CT�t�

1 � E1

� ln
1 � cos� � E1 � e�TR � r1 � CT�t�

1 � cos� � E1
�

where � is the flip angle; E1 � e�TR/T10; subscripts E, I,

and P represent the extravascular, intracellular, and plasma

compartments, respectively; v represents the volume fraction;

K represents “calibration susceptibility factors”; C represents

contrast agent concentration; and r1 and r*
2 are the T1

and T2 gadolinium relaxivities, respectively. The first term,

r*
2,PCp�t� represents the T2* contribution of the plasma con-

centration of contrast agent; the second term, r*
2,ECE�t� repre-

sents the extravascular extracellular contrast agent contribu-

tion to T2*; KPVPVE�CP � CE�, represents the T2*-weighted

contribution owing to the difference in the concentration of

contrast agent between the vasculature and the EES; and

�
1

TE
� �ln

1 � E1 � e � TR � r1 � CT�t�

1 � E1

� ln
1 � cos� � E1 � e � TR � r1 � CT�t�

1 � cos� � E1
� re-

presents the T1 contribution of contrast agent in both the plasma

and EES.

Pulse Sequence Parameters
We tested all combinations of the following DSC-MR imaging

parameters: flip angle � 35°, 60°, and 90°; TE � 15, 25, 35, 45, and

55 ms; TR � 1.0, 1.5, and 2.0 seconds; fractional preload � bolus

dosage � 1⁄4 � 3⁄4 (6 mmol/L total, single dose), 1⁄2 � 1⁄2 (6 mmol/L

total, single dose), and 1 � 1 (12 mmol/L total, double dose),

in which a different value of peak arterial input function (AIF)

concentration would simply scale all relaxivity–time curves

proportionally.

Construction of Blood Plasma and EES Concentration
A generic AIF, which models the input of contrast agent into the

tissue vasculature, was generated by using the following �-variate-

like approximation:

2) C��t� � A�t/tp
2�e�t/tp � B��e�t/tp�,

where A � 200 mmol/L s, B � 1.75 mmol/L, and tp � 2 seconds

(from Simpson et al16) and the peak concentration was 6.0

mmol/L for the full dose and scaled appropriately for the preload

dosages and postpreload bolus injections. For preload simula-

tions, the composite AIF was constructed as the superposition of

the preload injection AIF and the bolus AIF was delayed by the

specified incubation time.

The blood plasma contrast agent concentration was computed

by convolving the AIF with an exponential residue function,

where the residue function describes the tracer retention; the con-

volution is used to describe the AIF as a series of narrow, instan-

taneous boluses of contrast agent; and the CBF factor accounts for

the proportionality of the concentration in the vasculature to the

delivered blood14:

FIG 1. Effect of the flip angle on recovery of CBV (TE � 35 ms/TR �
1.0 second). A, Percentage error (with 95% CI) of the estimated CBV
for different flip angles and leakage-correction strategies, without
the use of preload, compared with ground truth CBV. B, Percentage
error (with 95% CI) of the estimated CBV for different flip angles and
leakage-correction strategies, with use of 1⁄4 dose preload, compared
with ground truth CBV.
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3) Cp�t� �
�

kH
� CBF � �

0

t

C��	� � e�
t � 	

MTT d	,

where � is the density of brain tissue (1.04 g/mL), and kH is the

hematocrit difference between capillaries and large vessels

(0.73).17

The EES contrast agent concentration was computed by using

a 2-compartment pharmacokinetic model as follows:

4) CE�t� � Ktrans � �
0

t

C��	� � e�� Ktrans

ve
� � �t � 	� d	,

where Ktrans describes the efflux rate of contrast agent from the

vasculature, often equated with permeability, and Ktrans/
e de-

scribes the rate of contrast agent influx back into the vasculature.

The relaxivity-time curves were obtained from Equation 1. For

each relaxivity–time curve, the baseline signal was calculated as

the median of the first 30 seconds of the signal.

Tissue, Contrast Agent, and Noise Characteristics
Specific tumor characteristics were estimated on the basis of pre-

vious data from Schmiedeskamp et al,17 including CBV � 5 mL/

100 g, CBF � 60 mL/100 g/min, and

T*
20 � 0.05 seconds. The blood volume

fraction, vp, was set equal to �/kH �

CBV. Relaxivity values for gadobutrol

(Gadavist; Bayer Schering Pharma, Ber-

lin, Germany) were assumed to be r1 �

3.6 mmol/L�1s�1 18, r2,P* � 87 mmol/

L�1s�1,19 and r*
2,E � 30 mmol/L�1s�1.7

Monte Carlo simulations were per-

formed by using the following values:

Ktrans � 0.214 � 0.04 minute�1

(range � 0.114 � 0.318), ve � 0.722 �

0.17 (range � 0.259 � 0.985), T10 �

1.59 � 0.40 seconds (range � 0.84 �

2.87), r*
2,P � 87.0 � 17.4 mmol/�1s�1

(range � 42.4 � 132), and r*
2,E � 30 � 6

mmol/L�1s�1 (range � 14.4 � 45.5). 
e

was limited to a maximum of 1, and T10

was limited to a minimum of white mat-

ter (832 ms).20

Ktrans and 
e were chosen by using

the average values and SDs from Zhang

et al.21 T10 was estimated from variable

flip angle mapping from 25 glioblas-

tomas (5 precontrast T1 flip angle maps

were acquired for each patient [2°, 5°,

10°, 15°, 30°]) and fitted by using a Lev-

enberg-Marquardt nonlinear approach

to the gradient-echo signal equation.

The variances for r*
2,P and r*

2,E are, to the

best of our knowledge, not well-defined

in the literature and were chosen to be

20% to approximately match the SDs of

the other parameters. Kp, the suscepti-

bility calibration factor, was chosen to

generate a 40% peak signal drop in gray

matter, for which CBF � 60 mL/100 g/min and CBV � 4 mL/100

g were chosen.22 The whole-brain average was selected as the av-

erage of 1000 white matter voxels (including noise), with CBF �

25 mL/100 g/min and CBV � 2 mL/100 g.

Contrast-to-noise ratio (CNR) was first measured in a sam-

ple of 25 human glioblastomas (flip angle � 35°, TE � 32 ms,

and TR � 1.8 seconds), which had a CNR of 40.5. To model

noise added by the TE and TR used, we scaled the CNR

by C � sin��� � e � TE/T*
2�1 � e�TR/T1�	 sin�35
� � e � 0.032/

T*
2�1 � e�1.8/T1�, where the numerator incorporates the dose

(C) of the new protocol and TE, TR, the flip angle, and the

denominator scales the CNR according to the parameters used

in acquiring the human data.

The CNR, which is defined with the following equation, was

used to calculate SD23,24:

5) CNR �
�R*2,max

�
,

where �R*
2,max is the maximum value of �R*

2 and � is the SD of

the Gaussian noise added to each time point. Gaussian noise was

added with mean of zero and a SD of �.

FIG 2. Effect of TE and TR on CBV accuracy with flip angle � 60°. A, Percentage error in CBV
estimation for different TEs by using TR � 1.0 second without preload. B, Percentage error in CBV
estimation for different TEs by using TR � 1.0 second with 1⁄4 dose preload. C, Percentage error
in CBV estimation for different TRs with a 60° flip angle and TE � 35 ms with no preload. D,
Percentage error in CBV estimation for different TRs with a 60° flip angle and TE � 35 ms with a
1⁄4 dose preload.
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Leakage Correction Algorithms
Uncorrected CBV was computed by integrating �R*

2(t), while

leakage-corrected CBV was obtained by using either Unidir10 or

Bidir11,13 leakage-correction algorithms. The “ground truth”

(�R*
2(t)gt) estimate of CBV was calculated under conditions of no

noise with Ktrans � 0. The percentage error from ground truth was

calculated for uncorrected and leakage-corrected CBV estimates

with added noise.

Effects of Preload Incubation Time and Truncation of the
DSC Time-Series
To estimate the effects of preload incubation time, we compared

estimates of CBV with delays of 5–10 minutes between preload

and bolus injection. To estimate the effects of truncating �R*
2(t)

on CBV estimates, we compared CBV estimates by using the first

30, 60, 90, or 120 seconds of the postbaseline �R*
2(t) as well as the

entire 150-second data.

Monte Carlo Simulations to Estimate CBV Confidence
Intervals
For each set of pulse sequence parameters, Gaussian noise was

added to each time point with normal distribution (zero mean,

SD equal to the maximum signal scaled by the CNR), and tumor

characteristics were generated according to the normal distribu-

tions described previously. A Monte Carlo simulation was con-

ducted by using 250 randomly chosen tumors, with random

noise, for each set of pulse sequence parameters. Percentage error

was calculated by using the computed CBV and the ground truth

CBV. The 95% confidence intervals of percentage error were sub-

sequently generated for the uncorrected CBV, and each of the

leakage-correction algorithms and are shown in each of the fig-

ures. For Figs 1–3, 1 particular protocol (flip angle � 60°, TE � 35

ms, TR � 1.0 s, 1⁄4 preload dose � 3⁄4 DSC-MR imaging, waiting

time � 5 minutes) was chosen as the template based on American

Society of Functional Neuroradiology recommendations,25

with variations to only 1 of the parameters shown for each

subfigure. For Fig 4, all combinations of flip angle, TR, TE, and

preload dosage were evaluated. For all figures, integration of

the relaxivity–time curve was performed from the injection

time point to the end (2.5 minutes), unless otherwise noted.

RESULTS
Without preload, there is reduced T1-weighting and increased

T2*-weighting with smaller flip angles as manifested by higher

�R*
2(t), best seen in the “tail” (On-line Fig 1A). Preload adminis-

tration increases T2*-weighting of the signal (On-line Fig 1B). In

this case, without preload, the 35° relaxivity–time curve is closest

to ground truth (�R*
2(t)gt), while the 60° and 35° curves are

equally close to the truth curve after preload (1⁄4 dose � 3⁄4 dose

DSC-MR imaging). On the basis of the formula used for CNR,

the 35° flip angle also yielded the most noise, as exemplified in the

preload DSC-MR imaging curve. For both nonpreload and pre-

load administration, Unidir-corrected �R*
2(t) varied more from

�R*
2(t)gt across all tested flip angles compared with Bidir-cor-

rected �R*
2(t), particularly right after the first pass of the bolus

(On-line Fig 1C–F). Figure 1A, -B illustrates the percentage errors

for uncorrected, Unidir, and Bidir CBV estimates, compared with

�R*
2(t)gt, for different flip angles. With this particular combina-

tion of TR/TE/preload dosage, the 35° flip angle had the lowest

error. Furthermore, error after both Unidir and Bidir leakage cor-

rections tracked with error in the uncorrected CBV (ie, the lower

error in uncorrected CBV corresponded with lower error after

leakage correction). For all tested flip angles, uncorrected CBV

FIG 3. Effects of preload dosage, incubation time, and truncation of
corrected �R*2(t) on CBV fidelity. A, Percentage errors in CBV for each
preload dosage with 95% CI. The best performance was obtained with
1-dose preload and 1-dose DSC-MR imaging bolus when using TE � 35
ms, TR � 1.0 second, and flip angle � 60°. Note the increased T2*-
weighting from a full-dose preload decreases the CBV error when
using these acquisition parameters. B, Effects of preload incubation
time on CBV estimation when using preload. C, Effects of truncation
of the �R*2(t) curves and leakage-correction strategies on CBV estima-
tion when using a 1-dose preload followed by a 1-dose DSC bolus
injection.
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estimates had the highest error, followed by the Unidir and then

the Bidir estimates.
Results indicate longer TEs increase the T2*-weighting of

�R*
2(t) (On-line Fig 2A, -B; flip angle � 60°, TR � 1.0 second).

Without preload (Fig 2A), TE � 55 ms yielded the most accurate

�R*
2(t) for all 3 correction strategies by using all leakage-correc-

tion strategies. With 1⁄4 dose preload (Fig 2B), TE � 45–55 ms had

smaller error than without preload, though the 55 ms performed

slightly better. Post hoc leakage-correction error tracked with un-

corrected error in these examples. Results also suggest an in-

creased T2*-weighting (or decreased T1-weighting) with longer

TRs (On-line Fig 2C, -D). Independent of preload, TR � 1.5 sec-

onds yielded �R*
2(t) with less error compared with �R*

2(t)gt for a

60° flip (Fig 2C, -D) for the chosen flip angle, TE, and preload

dosage. In general, CBV error with the 3 methods was linearly

correlated.
Preload primarily increases T2*-weighting and reduces T1-

weighting in �R*
2(t) (On-line Fig 3A; flip angle � 60°, TE � 35 ms,

TR � 1.5 seconds). For these parameters, 1 preload � 1 bolus

dosing yielded higher �R*
2(t) fidelity compared with ground truth

�R*
2(t) than the 1⁄4 � 3⁄4 and 1⁄2 � 1⁄2 dosing schemes (Fig 3A). Even

though the 1⁄2 � 1⁄2 and 1 � 1 dosing schemes had approximately

the same uncorrected CBV percentage error, the post hoc leakage-

correction algorithms benefited from the higher CNR that the full

DSC-MR imaging dose provides. Results also suggest that preload

does not act by decreasing the concentration-dependent rate of

contrast agent efflux, but rather by decreasing baseline tissue T1

before bolus injection, as well as increasing T2*-weighting, as ev-

idenced by identical wash-in rates and concentration-dependent

reductions in baseline T1 (On-line Fig 3B, -C).

With incubation times of 5–10 minutes, the change in CBV

error is virtually similar, with a slight, gradual decrease in error

from 5 to 10 minutes (Fig 3B). Next, be-
cause CBV is computed from the inte-
gration of �R*

2(t), 1 strategy for mitigat-
ing leakage effects is truncating �R*

2(t)
after the first pass. As expected, the less
data used for computing CBV, the lower
is the percentage error for uncorrected
CBV. For Unidir CBV, mean percentage
error is lowest when 30 seconds is used
and gradually increases with time. For
Bidir CBV, percentage error was ap-
proximately the same for all cutoff times
(Fig 3C).

The protocol with the lowest overall
mean percentage error used a 60° flip
angle, TE/TR � 35/1000 ms with 1 dose
preload, by using the bidirectional cor-
rection; however, there were multiple
protocols whose 95% CIs overlapped
(On-line Table), suggesting there are
several strategies that could be used to
get similar CBV estimates. In general,
the best performing strategies (dark red
areas in Fig 4 and On-line Fig 4) were
those that balanced both T1- and T2*-

weighting secondary to contrast agent

extravasation, with a mean uncorrected CBV error of �70% for

all the “optimal” strategies with 1 total dose of contrast and �80%

for those with 2 total doses of contrast agent, as opposed to a much

larger error for other protocols. Preload did not necessarily de-

press percentage error, as evidenced by the 35° flip angle, in which

higher preload dosages could “overshoot” the “ground truth.”

The acquisition strategies with the lowest mean error in this sim-

ulation (flip angle/TE/TR) for each preload dosing were the fol-

lowing: 1) with no preload and full dose for DSC-MR imaging:

35°/35 ms/1.5 seconds; 2) with 1⁄4 dose preload and 3⁄4 dose bolus:

35°/25 ms/1.5 seconds; 3) with 1⁄2 dose preload and 1⁄2 dose bolus:

60°/35 ms/2.0 seconds; and 4) with 1-dose preload and 1-dose

bolus: 60°/35 ms/1.0 second. The 90° flip angle only appeared as

an optimal strategy with 1-dose preload and 1-dose bolus.

DISCUSSION
The purpose of this study was to evaluate the influence of various

DSC-MR imaging acquisition strategies and post hoc leakage-

correction algorithms on the fidelity of the estimation. In general,

the performance of both leakage-correction algorithms improves

as the leakage-contaminated �R*
2(t) curve more closely approxi-

mates �R*
2(t)gt. Furthermore, a much more “homogeneous” per-

formance is seen for the double dose because many more proto-

cols were “optimal” with the double dose. This finding would

seem to imply that this scheme is less sensitive to the physiologic

variations that would impact the estimates of �R*
2(t).

As has been established previously, increased T2*-weighted

leakage results from a lower flip angle, longer TR, longer TE, and

higher preload dosage.15,26 Given that the errors before and after

leakage correction are generally correlated, the optimal strategies

minimize errors in uncorrected rCBV, which can be accom-

FIG 4. Heat map diagrams depicting the percentage error in the CBV estimation for combina-
tions of acquisition protocols with Bidir. Each quadrant within each subfigure represents a differ-
ent preload dose. Each subfigure represents a different flip angle: 90° (A), 60° (B), and 35° (C).
Optimal strategies balance T1-weighted and T2*-weighted effects from contrast agent extrava-
sation via a combination of TE, TR, and preload. Red boxes indicate acquisition protocols with
minimum error, while blue boxes indicate protocols with poor CBV fidelity (high error compared
with ground truth).
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plished by balancing T1- and T2*-weighted leakage effects. There-

fore, the optimal protocols balance these 2 opposing effects so that

the DSC-MR imaging curves do not deviate too much from the

ground truth. For example, a TR of 1.0 second, which is relatively

T1-weighted, can be offset with a full dose of preload, which is

quite T2*-weighted. Some of the optimal protocols, on the other

hand, take a middle-of-the-road approach (ie, 60° flip angle or

TE � 35 ms) so that none of the parameters cause the DSC-MR

imaging curves to be overly affected by T1-weighted or T2*-

weighted leakage effects.

Our results also suggest that the mechanism by which preload

increases CBV fidelity is by increasing T2*-weighting and decreas-

ing T1-weighting of the �R*
2(t) curves rather than by decreasing

the flux of contrast agent diffusion into the EES. While preload

and postprocessing leakage-correction algorithms have been

shown to work synergistically in many cases, including interme-

diate-to-high flip angle acquisitions,9 it is also possible for preload

to overcompensate and worsen the deviation of the leakage-con-

taminated �R*
2(t) curve compared with the ground truth; Hu et

al27 drew the same conclusion. Furthermore, sufficient preload

correction was found between 6 and 10 minutes, which agrees

with the findings of Hu et al27 and Kassner et al.28

The bidirectional leakage correction accounts for backward

flux of contrast agent and was shown to reduce CBV error com-

pared with the unidirectional leakage correction in all 180 acqui-

sition scenarios tested. Both leakage-correction algorithms work

by first performing a least-squares fit of the model-generated cor-

rected �R*
2(t) curve plus the leakage term, and then subtracting

the original �R*
2(t) curve by the calculated leakage term. Thus, if

the computed leakage term does not include back flux of contrast

agent, it can cause the corrected �R*
2(t) curve to adopt a shape

noticeably different from Cp (Equation 3), thereby overestimat-

ing and underestimating the ground truth curve immediately fol-

lowing the first pass of the bolus. Thus, CBV estimates obtained by

using the unidirectional algorithm have approximately twice the

error compared with estimates obtained by using the bidirec-

tional leakage-correction algorithm.

The study has several notable limitations. First, we did not

account for errors arising from either variations in MTT (includ-

ing bolus dispersion) or bolus delay, both of which would serve to

increase the percentage error for the leakage-correction algo-

rithms presented in the study due to MTT sensitivity. Therefore,

the percentage errors are meant to be relative, with many of the

optimal protocols providing a balance between T1 and T2* leak-

age effects over the population of tumors. Another limitation is

the lack of more sophisticated integration of all of the effects of

microvascular and microcellular morphologies on DSC-MR im-

aging data, including, but not limited to, the arbitrary geometry of

the underlying vessels.29,30 Furthermore, the noise modeled does

not take into account potential sources, such as coil quality, sec-

tion thickness, and the use of a global AIF. Much of the population

data used for these tumors were acquired in small cohorts, and a

study in a larger population would be required for more accurate

modeling of the tumor population characteristics, particularly r*
2.

Finally, the results in the simulation warrant validation in real

patients. Testing every combination of MR imaging protocol is

infeasible in real patients. Furthermore, it is currently impossible

to ascertain the ground truth rCBV; however, these results could

be validated in real brain tumors by using an extension of the

Paulson and Schmainda4 methodology, in which the top per-

forming protocols are tested against each other for variability be-

tween scans.

CONCLUSIONS
The current study demonstrates that the choice of image acquisi-

tion and preload dosing and/or fractionation has tremendous im-

pact on the fidelity of CBV estimation. Results suggest that a va-

riety of acquisition strategies can be used to obtain similar

accuracy of CBV estimation, while the bidirectional leakage-cor-

rection algorithm aids in minimizing errors in CBV estimation

under all scenarios. To compute the most accurate CBV, one

should focus on standardizing a DSC-MR imaging acquisition

strategy that minimizes errors in the underlying leakage-contam-

inated �R*
2(t) curve by balancing T1 and T2* contamination ef-

fects over the tumor population, which will, in turn, reduce the

residual errors in CBV estimation following leakage correction.
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ORIGINAL RESEARCH
ADULT BRAIN

Diagnostic Accuracy of T1-Weighted Dynamic
Contrast-Enhanced–MRI and DWI-ADC for Differentiation of

Glioblastoma and Primary CNS Lymphoma
X X. Lin, X M. Lee, X O. Buck, X K.M. Woo, X Z. Zhang, X V. Hatzoglou, X A. Omuro, X J. Arevalo-Perez, X A.A. Thomas, X J. Huse,

X K. Peck, X A.I. Holodny, and X R.J. Young

ABSTRACT

BACKGROUND AND PURPOSE: Glioblastoma and primary CNS lymphoma dictate different neurosurgical strategies; it is critical to
distinguish them preoperatively. However, current imaging modalities do not effectively differentiate them. We aimed to examine the use
of DWI and T1-weighted dynamic contrast-enhanced–MR imaging as potential discriminative tools.

MATERIALS AND METHODS: We retrospectively reviewed 18 patients with primary CNS lymphoma and 36 matched patients with
glioblastoma with pretreatment DWI and dynamic contrast-enhanced–MR imaging. VOIs were drawn around the tumor on contrast-
enhanced T1WI and FLAIR images; these images were transferred onto coregistered ADC maps to obtain the ADC and onto dynamic
contrast-enhanced perfusion maps to obtain the plasma volume and permeability transfer constant. Histogram analysis was performed to
determine the mean and relative ADCmean and relative 90th percentile values for plasma volume and the permeability transfer constant.
Nonparametric tests were used to assess differences, and receiver operating characteristic analysis was performed for optimal threshold
calculations.

RESULTS: The enhancing component of primary CNS lymphoma was found to have significantly lower ADCmean (1.1 � 10�3 versus 1.4 �

10�3; P � .001) and relative ADCmean (1.5 versus 1.9; P � .001) and relative 90th percentile values for plasma volume (3.7 versus 5.0; P � .05)
than the enhancing component of glioblastoma, but not significantly different relative 90th percentile values for the permeability transfer
constant (5.4 versus 4.4; P � .83). The nonenhancing portions of glioblastoma and primary CNS lymphoma did not differ in these
parameters. On the basis of receiver operating characteristic analysis, mean ADC provided the best threshold (area under the curve � 0.83)
to distinguish primary CNS lymphoma from glioblastoma, which was not improved with normalized ADC or the addition of perfusion
parameters.

CONCLUSIONS: ADC was superior to dynamic contrast-enhanced–MR imaging perfusion, alone or in combination, in differentiating
primary CNS lymphoma from glioblastoma.

ABBREVIATIONS: AUC � area under the curve; DCE � dynamic contrast-enhanced; -5%tile � 5th percentile; GBM � glioblastoma; Ktrans � permeability transfer
constant; MGMT � O(6)-methylguanin-DNA-methyltransferase; -90%tile � 90th percentile; PCNSL � primary CNS lymphoma; r- � relative or normalized; Ve �
extravascular extracellular volume; Vp � blood plasma volume

The standard of care for glioblastoma (GBM) dictates maxi-

mum safe resection.1 In contrast, efforts at resection in pri-

mary CNS lymphoma (PCNSL) are discouraged due to lack of

survival benefits and an increase in postoperative deficits.2,3

Given the distinct prognostic implications and the differing sur-

gical planning and treatment options for PCNSL and GBM, their

preoperative differentiation is important in patients presenting

with an enhancing brain tumor. MR imaging features of PCNSL

and GBM are highly variable and overlapping,4,5 rendering the

differentiation difficult when based solely on conventional MR

imaging.

Several studies have suggested the usefulness of diffusion-

weighted imaging– derived ADC maps in differentiating PCNSL
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from GBM.6,7 Due to its higher cellularity compared with GBM,

PCNSL has been shown to exhibit lower ADC values.6,7 The use of

dynamic MR imaging perfusion techniques has also been of grow-

ing interest. In pathologic studies, PCNSL and GBM exhibited

varying degrees of increased vascular permeability and perfu-

sion.8,9 T2*-weighted DSC studies have suggested the discrimina-

tive value of cerebral blood volume; however, the results have

been inconsistent.10-12 More recent studies have suggested the

effectiveness of T1-weighted dynamic contrast-enhanced (DCE)

perfusion in differentiating PCNSL from GBM.13,14 DCE-MR im-

aging measures fractional blood plasma volume per unit volume

of tissue (Vp) and time-dependent leakage (permeability transfer

constant [Ktrans]), which reflect tissue perfusion and leakiness,

respectively.15,16 Compared with DSC, DCE perfusion has the

advantages of higher spatial resolution, better quantification of

microvascular leakiness and perfusion, and increased resistance

to susceptibility artifacts.16,17

In this study, we aimed to examine the use of DCE-MR

imaging and DWI-ADC as potential discriminative tools and

to define cutoff (threshold) values for DWI-ADC and DCE

perfusion parameters that would be sensitive and specific for

PCNSL. We hypothesized that PCNSL would have greater dif-

fusion restriction, while GBM would have greater leakiness

and perfusion.

MATERIALS AND METHODS
Patient Selection
This study is an institutional review board–approved retrospec-

tive single-institution study performed under a waiver of in-

formed consent. All Health Insurance Portability and Account-

ability Act regulations were followed. We queried institutional

and departmental data bases for all patients with histologically

confirmed newly diagnosed PCNSL between January 2011 and

December 2014 who had pretreated DWI- and DCE-MR imaging

scans available for analysis. As part of our hospital routine prac-

tice, all histology was verified by 1 of 2 neuropathologists, both of

whom had �8 years of experience in neuropathology. We ex-

cluded patients under the following conditions: 1) systemic lym-

phoma, 2) nonparenchymal PCNSL, 3) having undergone che-

motherapy before PCNSL diagnosis, and 4) a known history of

testing positive for human immunodeficiency virus. A GBM

cohort, matched for age and sex, was selected from an institu-

tional data base of newly diagnosed patients with GBM who

had histologic confirmation and preoperative DWI and

DCE-MR imaging.

Patient charts were reviewed for demographic characteristics,

functional status at initial tumor diagnosis, and clinical outcome

data. For patients with PCNSL, we collected serum lactate dehy-

drogenase results obtained within 1 month of tumor diagnosis;

for patients with GBM, we collected the available tumor molecu-

lar profile, including O(6)-methylguanin-DNA-methyltransferase

(MGMT) methylation, isocitrate dehydrogenase (IDH) mutation,

and epidermal growth factor receptor (EGFR) mutation status.

MR Imaging
MR imaging sequences were acquired with a 1.5 or 3T MR imag-

ing scanner (Signa Excite, HDx, and Discovery 750; GE Health-

care, Milwaukee, Wisconsin) and a standard 8-channel head coil.

Gadopentetate dimeglumine (Magnevist; Bayer HealthCare

Pharmaceuticals, Wayne, New Jersey) was injected via a venous

catheter (18 –21 ga) at doses based on patient body weight (0.2

mL/kg body weight; maximum, 20 mL) at 2–3 mL/s. DWI was

acquired in the transverse plane by using a spin-echo, echo-planar

imaging sequence with the following parameters: TR/TE � 8000/

104.2 ms; diffusion gradient encoding in 3 orthogonal directions;

b�1000 s/mm2; FOV � 240 mm; matrix size � 128 � 128 pixels;

section thickness � 5 mm; section gap � 1 mm; and number of

average � 2. ADC values were calculated with the following pa-

rameters: ADC � [ln(S / S0)] / b, where S is the signal intensity of

the ROI obtained through 3 orthogonally oriented DWIs or dif-

fusion trace images, S0 is the signal intensity of the ROI acquired

through reference T2-weighted images, and b is the gradient b

factor with a value of 1000 s/mm2. ADC maps were calculated on

a pixel-by-pixel basis.

DCE-MR imaging of the brain was acquired after DWI scans

as part of a standard clinical protocol with an axial 3D T1WI

echo-spoiled gradient echo sequence (TR � 4 –5 ms; TE � 1–2

ms; section thickness � 5 mm; flip angle � 25°; FOV � 24 cm;

matrix � 256 � 128; temporal resolution � 5– 6 seconds; number

of sections � 10 –15; and total time � 3.3– 4 minutes). Ten phases

were acquired preinjection followed by a 30-phase dynamic

injection imaging and a 40-mL saline flush. Matching contrast-

enhanced T1-weighted (TR/TE � 600/8 ms; thickness � 5

mm) images were also obtained, along with standard sequences

including T2-weighted images, FLAIR images, and susceptibil-

ity-weighted images. T1 mapping provides a method to calcu-

late the T1 value of each voxel during the noncontrast phase

and has been shown not to significantly alter DCE quantifica-

tion.18,19 Hence, we do not perform T1 mapping for DCE cor-

rection at our institution, and it was not available for image

processing in this study.

Image Postprocessing and Analysis
ADC maps, DCE-MR imaging perfusion raw data, contrast-en-

hanced T1WI, and FLAIR images were transferred to an off-line

workstation.

Postprocessing
DCE-MR imaging perfusion data were processed with FDA-ap-

proved commercial software (nordicICE; NordicNeuroLab, Ber-

gen, Norway). The signal-to-noise ratio and arterial input func-

tion were optimized individually for each patient. For the arterial

input function, an appropriate artery was semiautomatically se-

lected to characterize the input function curve and concentration-

time curve.20 The linear assumption between change in signal

intensity and gadolinium concentration was made to convert the

signal intensity curve to a concentration-time curve. Curves

showing an optimal relationship between arterial input function

and the concentration-time curve were selected. We used the per-

fusion analysis method based on the 2-compartment pharmaco-

kinetic model proposed by Tofts et al20 to calculate pharmacoki-

netic parameters, including Vp and Ktrans and to display the

results as parametric maps.
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Image Analysis
Two experienced operators (1 radiology fellow with 3 years and 1

medical student with 1 year of experience) manually outlined a

VOI around the enhancing lesion on contrast-enhanced T1WI

and the peritumoral nonenhancing lesion on FLAIR images; the 2

operated independently. The VOI was constructed by summing

ROIs drawn around the lesion on all axial sections by the 2 oper-

ators, and the final VOI was approved by a board-certified neu-

roradiologist with 10 years of experience in MR imaging and func-

tional imaging. VOIs were transferred to the ADC, Vp, and Ktrans

parametric maps, and the corresponding measurements were re-

corded for the all enhancing and nonen-

hancing lesions. Minimum values of

zero pixels were removed. To reduce

variability related to scanner heteroge-

neity, contrast, and patient physiology

(eg, cardiac output), we normalized all

parameters to normal brain by placing

ROIs (standardized area of 40 – 60 mm2)

in the normal-appearing white matter of

the contralateral hemisphere at the

midlevel of the tumor.21-23 The ROI was

placed on the contrast-enhanced T1-

weighted images and then transferred to

the VP and Ktrans maps and adjusted, if

necessary, to avoid potential outlier ar-

eas that may harbor subtle microvascu-

lar leakage. The ADC, Vp, and Ktrans

measurements were binned, and histogram analysis was per-

formed to determine the mean and 90th percentile normalized

values for Vp (rVpmean; rVp90%tile) and Ktrans, and the mean and

fifth percentile normalized values for ADC (rADCmean,

rADC5%tile). The 90th percentile for Vp and Ktrans characterizes

the portion of the tumor with the highest perfusion, while the fifth

percentile for ADC determines the portion of the tumor with the

greatest degree of restricted diffusion. To facilitate comparisons

with prior studies, we also recorded absolute (non-normalized)

ADCmean and ADC5%tile values.

Statistical Analysis
Wilcoxon rank sum tests were conducted to assess differences

between GBM and PCNSL groups for normalized ADC, Ktrans,

and Vp parameters. Measurements from enhancing and nonen-

hancing lesions were analyzed separately. The significance of P

values was adjusted by using the false discovery rate approach.

Receiver operating characteristic analysis was performed for the

parameters with statistically significant differences, and the area

under the curve (AUC) was computed.24 Optimal thresholds

were estimated with consideration for sensitivity and specificity.

Overall survival was estimated by using the Kaplan-Meier

method, starting from the date of tumor diagnosis until death.

Patients who did not die during the study period were censored at

the date of last available follow-up. Statistical analysis was per-

formed by using R statistical and computing software (http://

www.r-project.org/), including the “ROCR” and “survival” pack-

ages. We retrospectively reviewed all patients with pretreated

primary CNS lymphoma who underwent evaluation with

DCE-MR imaging at our center and selected a GBM cohort

matched for age and sex; hence, a sample size calculation was not

performed for this study.

RESULTS
Patient Population
We identified 18 patients with PCNSL (11 men; mean age, 68.7

years) and 36 matched patients with GBM (22 men; mean age,

68.6 years) who met all the inclusion criteria. The patient-selec-

tion process and clinical data are summarized in On-line Fig 1 and

Table 1, respectively.

FIG 1. Area under the curve for apparent diffusion coefficient and
blood plasma volume. Area under the curve for ADCmean, rADCmean,
and rVp90%tile demonstrating the highest AUC value for ADCmean.
There are no statistically significantly differences among the 3 AUCs.

Table 1: Patient clinical data
Characteristics GBM PCNSL

No. of patients 36 18
Sex 22 men, 14 women 11 men, 7 women
Mean age (range) at diagnosis (yr) 68.6 (46–88) 68.7 (47–84)
Tumor type Glioblastoma multiforme Diffuse large B-cell lymphoma
Median KPS (range) 90 (60–100) 70 (50–90)
LDH (U/L) (median) (range) 203 (117–334)
MGMT (No.) Methylated (10)

Unmethylated (19)
Not available (7)

IDH (No.) Mutated (1)
Wild-type (30)
Not available (5)

EGFR amplification/mutation (No.) Positive (22)
Negative (8)
Not available (6)

Note:—KPS indicates Karnofsky performance status; LDH, lactate dehydrogenase.

Table 2: Imaging results
Imaging Parameter

at Enhancing
Tumor (median)

PCNSL
(n = 12)

GBM
(n = 24)

P
Value AUC

ADCmean (mm2/s) 1.1 � 10�3 1.4 � 10�3 �.001 0.826
rADCmean 1.5 1.9 �.001 0.773
rADC5%tile 1.1 1.1 .99 –
rVp90%tile 3.7 5.0 .006 0.728
rKtrans

90%tile 5.4 4.4 .83 –
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In the PCNSL and GBM cohorts, the median Karnofsky

performance status at tumor diagnosis was 70 and 90, respec-

tively. At last follow-up, all except 1 (94.4%) patient with

PCNSL were alive, with a median follow-up of 22.1 months.

One patient died 21.3 months after diagnosis, and the 12-

month overall survival in the PCNSL cohort was 100%. The

12-month overall survival in the GBM cohort was 48.5% (95%

CI, 29.6%– 64.9%).

In the PCNSL cohort, the mean serum lactate dehydrogenase

was 203.1 U/L (range, 117.0 –334.0 U/L). Among GBM samples

with available MGMT methylation (n � 29), IDH mutation

(n � 31), and EGFR mutation (n � 30) status, 10 (34.5%) were

MGMT methylated, 1 (3.2%) was IDH mutated, and 22 (73.3%)

were EGFR mutant.

Imaging Findings
The imaging results are summarized in Table 2 and Fig 1, and

representative PCNSL and GBM cases are shown in Figs 2 and 3.

ADC
For the enhancing lesions, the median

rADCmean was lower for PCNSL than

for GBM (PCNSL versus GBM, 1.5

versus 1.9; P � .001). On the basis of

receiver operating characteristic anal-

ysis, a rADCmean threshold of �1.7 in-

dicated PCNSL with a specificity of

78% and sensitivity of 75%. For the

nonenhancing lesions, the rADCmean

was not significantly different (P �

.21). When tested without normaliza-

tion to a ratio, the median ADCmean of

the enhancing lesions was also lower in

PCNSL than in GBM (1.1 � 10�3

mm2/s versus 1.4 � 10�3 mm2/s; P �

.001); an ADCmean threshold of

�1.3 � 10�3 mm2/s indicated PCNSL

with a specificity of 89% and sensitiv-

ity of 69%. There was no significant

difference in the AUCs for ADCmean

and rADCmean (P � .88).

DCE-MR Imaging
For the enhancing lesions, the median

rVp90%tile was lower for PCNSL than for

GBM (3.7 versus 5.0; P � .006), while

the median Ktrans
90%tile was not signifi-

cantly different (P � .83) between the

two. For the nonenhancing lesions, nei-

ther rVp90%tile nor the rKtrans
90%tile was

significantly different (P � .16). If one

optimized specificity and sensitivity, a

rVp90%tile threshold of �4.6 indicated

PCNSL with a specificity of 72% and

sensitivity of 58%. The AUC for

rVp90%tile was not significantly different

from that for ADCmean (P � .87) or

rADCmean (P � .66).

Combining ADC and DCE-MR Imaging
If one combined ADCmean and rVp90%tile at the enhancing lesion,

a binary threshold of ADCmean � 1.3 � 10�3 mm2/s and

rVp90%tile � 4.6 predicted PCNSL with a specificity of 61% and a

sensitivity of 83%. Conversely, a binary threshold of ADCmean �

1.3 � 10�3 mm2/s and rVp90%tile � 4.6 predicted GBM with a

specificity of 94% and sensitivity of 47%.

DISCUSSION
We retrospectively examined the use of ADC and DCE in differ-

entiating pretreated PCNSL from GBM. We found that ADCmean,

rADCmean, and rVp90%tile, but not rKtrans in the enhancing re-

gions, distinguished PCNSL and GBM (Table 2). An ADCmean

threshold of 1.3 � 10�3 mm2/s discriminated PCNSL and GBM

with the best specificity and sensitivity; a binary threshold that

combined ADCmean and rVp90%tile values was helpful for predict-

ing GBM but less so for PCNSL.

FIG 2. Glioblastoma. Axial FLAIR (A), contrast-enhanced T1-weighted (B), diffusion-weighted (C), ADC
(D), permeability transfer constant (E), and plasma volume (F) images reveal a heterogeneously enhanc-
ing tumor in the right frontal lobe with peripheral diffusion restriction (low on ADC, D), increased
leakiness (E), and increased perfusion (F). These findings suggest areas of cellular tumor with marked
neovascularity and areas of necrosis. Micrographs (G and H) show high glial neoplasm with necrosis (G,
arrows), microvascular proliferations (H, arrows), and mitotic activity (H, arrowhead), consistent with
a diagnosis of glioblastoma. Magnification �20 (G) and �40 (H).
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Our study findings are consistent with previous studies

demonstrating significantly lower ADC in PCNSL than in

GBM.6,7,25,26 In a subset of these studies, DWI results were corre-

lated with histologic information and showed a clear inverse re-

lationship between ADC and tumor cellularity,6,7,26 suggesting

that untreated PCNSL has higher tumor density than untreated

GBM. In contrast to these studies, we also studied relative nor-

malized ADC values but did not find any improved discriminative

performance with rADCmean over absolute ADCmean. We there-

fore advocate the use of ADCmean, which is a simpler and more

direct measurement than rADCmean, to distinguish PCNSL and

GBM.

Our study also examined the use of the DCE-MR imaging

technique and showed that rVp was able to distinguish PCNSL

from GBM. Vp was not part of the original Tofts model and was

introduced later in the modified Tofts model to account for in-

travascular tracer.15 In gliomas, Vp has been shown to differenti-

ate tumor grade.27 However, Vp has not be shown to be useful in

differentiating PCNSL from GBM.14

Our study, to the best of our knowledge,

is the first to demonstrate the discrimi-

nating value of rVp90%tile; this positive

finding may be related to our choice of

a normalized parameter to reduce in-

terscanner, interrater, and interpa-

tient variability.

Ktrans is the other commonly mea-

sured DCE-MR imaging parameter. It

measures the degree of increase in T1

due to contrast accumulation in tissue

and can be affected by multiple factors

such as blood flow and capillary wall

surface area. In general, it is used to rep-

resent leakiness due to capillary perme-

ability and blood-brain barrier disrup-

tion.16 A study by Kickingereder et al13

showed that PCNSL had significantly

higher Ktrans than GBM and further cor-

related these radiologic findings with

histologic demonstration of destroyed

vessel architecture in the 11 PCNSLs and

intact vascular integrity in the 60 GBMs.

With CT perfusion imaging, Ktrans was

also shown to be significantly higher in

PCNSL than in GBM in one study28 but

not in a subsequent study29; this latter

negative study was attributed to the use

of the Patlak model, which fails to ac-

count for backflow of contrast agent

from the extravascular extracellular

space to the blood plasma, compromis-

ing Ktrans measurement. Our study also

showed a trend for higher Ktrans in

PCNSL than in GBM, but the difference

was not statistically significant.

Our results indicated that rVp is not

superior to ADC for identifying PCNSL,

and a combined model including rVp90%tile and ADCmean is not

superior to either technique alone. Perfusion MR imaging has

been suggested as a valuable part of the imaging strategy for the

differential diagnosis of undiagnosed brain masses.30,31 In addi-

tion, perfusion MR imaging has demonstrated additional value in

gliomas with correlations to glioma grade, EGFR gene amplifica-

tion and vIII status, MGMT methylation status, time-to-progres-

sion, and overall survival.21,32-37 Therefore, while not superior for

differential diagnosis purposes, DCE-MR imaging may be helpful

to support the presumptive diagnosis of PCNSL when marked

hyperperfusion is absent, and it can be considered to provide im-

portant prognostic data about tumor vascularity and leakiness

independent of data about tumor cellularity.

Unlike previous studies that examined imaging parameters

solely at contrast-enhancing regions, we evaluated imaging pa-

rameters at both enhancing and nonenhancing regions but failed

to show any added discriminative value. This outcome suggests

FIG 3. Primary CNS lymphoma. Axial FLAIR (A), contrast-enhanced T1-weighted (B), diffusion-
weighted (C), ADC (D), permeability transfer constant (E), and plasma volume (F) images show an
enhancing tumor in the right frontal lobe with diffusion restriction (D), increased leakiness (high
on Ktrans, E), and only slightly increased perfusion (slightly high on Vp, F). These findings indicate
cellular tumor without marked neovascularity, typical for primary CNS lymphoma. Micrographs
(G and H) show high-grade lymphoid proliferation with obvious mitotic activity in the cytology
preparation (H, arrowheads). Magnification �40 (G and H).
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that increases in tumor cellularity, microvascular permeability,

and vascular proliferation are less marked in nonenhancing areas

of different brain tumors compared with contrast-enhancing re-

gions. Although nonenhancing regions in glioblastomas are

known to include a combination of tumor and peritumoral

edema,38 quantification of tumor-related imaging characteristics

is dependent on the relative abundance of tumor cells and may be

diluted by the amount of edema.26

Our study has several potential limitations. First, we did not

examine all DCE-MR imaging parameters, including extravascu-

lar extracellular volume (Ve), which was shown in 1 study to

differentiate PCNSL from other brain tumors.14 This study by

Abe et al14 used a DCE-MR imaging sequence with a shorter-

than-standard acquisition time, however, which potentially over-

estimates Ktrans and underestimates Vp and Ve,39 thereby limiting

the generalizability of the results. In addition, the physiologic

meaning of Ve remains elusive, with conflicting studies demon-

strating its correlation with tumor cellularity.7,26,40 The use of Ve

is further refuted by an earlier study that failed to show a signifi-

cant difference in Ve between PCNSL and GBM.13 We did not

evaluate Ve in our study and, instead, chose ADC as a more reli-

able and widely applied marker of tumor cellularity.7,26 Second,

we did not evaluate the performance of other conventional MR

imaging parameters such as the presence of necrosis and rim en-

hancement. Previous studies have shown that PCNSL has variable

degrees of T1 and T2 intensities, extent of necrosis, and pattern of

contrast enhancement—suggesting that these features are unreli-

able in distinguishing lymphoma from other CNS lesions.41,42

Consequently, in 1 prior study, the use of rim enhancement and

central necrosis resulted in misclassification of 3 (17.6%) of 17

PCNSLs and malignant gliomas.30 Given the statistical limitations

of our relatively small sample size of patients with PCNSL who

underwent DCE-MR imaging, we chose to focus our study on

examining ADC, rather than all the other conventional MR im-

aging parameters. Our small sample size also limited our ability to

use cross-validation to assess the operating characteristics and

validate the sensitivities and specificities of the cutoff values de-

termined in our study. Third, we did not account for the presence

of microbleed, which may confound ADC and DCE-MR imaging

results. However, the additional step of eliminating microbleed by

using an additional SWI sequence may pose impractical con-

straints and limit the applicability of our study. Fourth, due to the

lack of the routine use of MR spectroscopy in this retrospective

study, we were unable to evaluate the utility of MR spectroscopy,

which has been shown to distinguish PCNSL from GBM in 1

study with a specificity exceeding 90%.43 The added value of MR

spectroscopy in discriminating the diagnoses should be incorpo-

rated in future prospective studies. Fifth, the manual drawing and

transfer of VOIs to parametric maps could have introduced vari-

ability. We sought to reduce the variability by having all VOIs

drawn by operators who had at least 1 year of experience and

reviewed by an experienced board-certified neuroradiologist and

by exploiting the histogram function to interrogate only the most

abnormal parts of the tumor.

CONCLUSIONS
Pretreatment differentiation of PCNSL and GBM is challenging.

Our study suggests that DCE-MR imaging is helpful in identifying

PCNSL, though rVp did not outperform ADC and a combined

model did not outperform either metric alone. Further prospec-

tive studies are needed to confirm these findings.

ACKNOWLEDGMENTS
We thank Ms Joanne Chin for her editorial work in the prepara-

tion of this manuscript.

Disclosures: Robert J. Young—UNRELATED: Consultancy: Agios Glioma Advisory
Board, Comments: honorarium; Grants/Grants Pending: Dana Foundation.* *Money
paid to the institution.

REFERENCES
1. Marko NF, Weil RJ, Schroeder JL, et al. Extent of resection of glio-

blastoma revisited: personalized survival modeling facilitates more
accurate survival prediction and supports a maximum-safe-resec-
tion approach to surgery. J Clin Oncol 2014;32:774 – 82 CrossRef
Medline

2. Bataille B, Delwail V, Menet E, et al. Primary intracerebral malig-
nant lymphoma: report of 248 cases. J Neurosurg 2000;92:261– 66
CrossRef Medline

3. DeAngelis LM, Yahalom J, Heinemann MH, et al. Primary CNS
lymphoma: combined treatment with chemotherapy and radio-
therapy. Neurology 1990;40:80 – 86 CrossRef Medline

4. Koeller KK, Smirniotopoulos JG, Jones RV. Primary central nervous
system lymphoma: radiologic-pathologic correlation. Radiograph-
ics 1997;17:1497–526 CrossRef Medline

5. Rees JH, Smirniotopoulos JG, Jones RV, et al. Glioblastoma
multiforme: radiologic-pathologic correlation. Radiographics 1996;
16:1413–38; quiz 62– 63 Medline

6. Doskaliyev A, Yamasaki F, Ohtaki M, et al. Lymphomas and
glioblastomas: differences in the apparent diffusion coefficient
evaluated with high b-value diffusion-weighted magnetic reso-
nance imaging at 3T. Eur J Radiol 2012;81:339 – 44 CrossRef Medline

7. Guo AC, Cummings TJ, Dash RC, et al. Lymphomas and high-grade
astrocytomas: comparison of water diffusibility and histologic
characteristics. Radiology 2002;224:177– 83 CrossRef Medline

8. Molnár PP, O’Neill BP, Scheithauer BW, et al. The blood-brain bar-
rier in primary CNS lymphomas: ultrastructural evidence of endo-
thelial cell death. Neuro Oncol 1999;1:89 –100 CrossRef Medline

9. Jain RK, di Tomaso E, Duda DG, et al. Angiogenesis in brain tu-
mours. Nat Rev Neurosci 2007;8:610 –22 CrossRef Medline

10. Xing Z, You RX, Li J, et al. Differentiation of primary central ner-
vous system lymphomas from high-grade gliomas by rCBV and
percentage of signal intensity recovery derived from dynamic sus-
ceptibility-weighted contrast-enhanced perfusion MR imaging.
Clin Neuroradiol 2014;24:329 –36 CrossRef Medline

11. Toh CH, Wei KC, Chang CN, et al. Differentiation of primary cen-
tral nervous system lymphomas and glioblastomas: comparisons of
diagnostic performance of dynamic susceptibility contrast-en-
hanced perfusion MR imaging without and with contrast-leakage
correction. AJNR Am J Neuroradiol 2013;34:1145– 49 CrossRef
Medline

12. Kickingereder P, Wiestler B, Sahm F, et al. Primary central nervous
system lymphoma and atypical glioblastoma: multiparametric dif-
ferentiation by using diffusion-, perfusion-, and susceptibility-
weighted MR imaging. Radiology 2014;272:843–50 CrossRef Medline

13. Kickingereder P, Sahm F, Wiestler B, et al. Evaluation of microvas-
cular permeability with dynamic contrast-enhanced MRI for the
differentiation of primary CNS lymphoma and glioblastoma: ra-
diologic-pathologic correlation. AJNR Am J Neuroradiol 2014;35:
1503– 08 CrossRef Medline

14. Abe T, Mizobuchi Y, Nakajima K, et al. Diagnosis of brain tumors

490 Lin Mar 2017 www.ajnr.org

http://dx.doi.org/10.1200/JCO.2013.51.8886
http://www.ncbi.nlm.nih.gov/pubmed/24516010
http://dx.doi.org/10.3171/jns.2000.92.2.0261
http://www.ncbi.nlm.nih.gov/pubmed/10659013
http://dx.doi.org/10.1212/WNL.40.1.80
http://www.ncbi.nlm.nih.gov/pubmed/2296388
http://dx.doi.org/10.1148/radiographics.17.6.9397461
http://www.ncbi.nlm.nih.gov/pubmed/9397461
http://www.ncbi.nlm.nih.gov/pubmed/8946545
http://dx.doi.org/10.1016/j.ejrad.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21129872
http://dx.doi.org/10.1148/radiol.2241010637
http://www.ncbi.nlm.nih.gov/pubmed/12091680
http://dx.doi.org/10.1093/neuonc/1.2.89
http://www.ncbi.nlm.nih.gov/pubmed/11550310
http://dx.doi.org/10.1038/nrn2175
http://www.ncbi.nlm.nih.gov/pubmed/17643088
http://dx.doi.org/10.1007/s00062-013-0255-5
http://www.ncbi.nlm.nih.gov/pubmed/23994941
http://dx.doi.org/10.3174/ajnr.A3383
http://www.ncbi.nlm.nih.gov/pubmed/23348763
http://dx.doi.org/10.1148/radiol.14132740
http://www.ncbi.nlm.nih.gov/pubmed/24814181
http://dx.doi.org/10.3174/ajnr.A3915
http://www.ncbi.nlm.nih.gov/pubmed/24722313


using dynamic contrast-enhanced perfusion imaging with a short
acquisition time. Springerplus 2015;4:88 CrossRef Medline

15. Bergamino M, Bonzano L, Levrero F, et al. A review of technical
aspects of T1-weighted dynamic contrast-enhanced magnetic reso-
nance imaging (DCE-MRI) in human brain tumors. Phys Med 2014;
30:635– 43 CrossRef Medline

16. Cha S. Update on brain tumor imaging: from anatomy to physiol-
ogy. AJNR Am J Neuroradiol 2006;27:475– 87 Medline

17. Essig M, Shiroishi MS, Nguyen TB, et al. Perfusion MRI: the five
most frequently asked technical questions. AJR Am J Roentgenol
2013;200:24 –34 CrossRef Medline

18. Haacke EM, Filleti CL, Gattu R, et al. New algorithm for quantifying
vascular changes in dynamic contrast-enhanced MRI independent
of absolute T1 values. Magn Reson Med 2007;58:463–72 CrossRef
Medline

19. Jung SC, Yeom JA, Kim JH, et al. Glioma: application of histogram
analysis of pharmacokinetic parameters from T1-weighted dy-
namic contrast-enhanced MR imaging to tumor grading. AJNR
Am J Neuroradiol 2014;35:1103–10 CrossRef Medline

20. Tofts PS, Brix G, Buckley DL, et al. Estimating kinetic parameters
from dynamic contrast-enhanced T(1)-weighted MRI of a diffus-
able tracer: standardized quantities and symbols. J Magn Reson Im-
aging 1999;10:223–32 Medline

21. Arevalo-Perez J, Thomas AA, Kaley T, et al. T1-weighted dynamic
contrast-enhanced MRI as a noninvasive biomarker of epidermal
growth factor receptor vIII status. AJNR Am J Neuroradiol 2015;36:
2256 – 61 CrossRef Medline

22. Thomas AA, Arevalo-Perez J, Kaley T, et al. Dynamic contrast en-
hanced T1 MRI perfusion differentiates pseudoprogression from
recurrent glioblastoma. J Neurooncol 2015;125:183–90 CrossRef
Medline

23. Zhang M, Gulotta B, Thomas A, et al. Large-volume low apparent
diffusion coefficient lesions predict poor survival in bevaci-
zumab-treated glioblastoma patients. Neuro Oncol 2016;18:
735– 43 CrossRef Medline

24. DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the ar-
eas under two or more correlated receiver operating character-
istic curves: a nonparametric approach. Biometrics 1988;44:
837– 45 CrossRef Medline

25. Yamashita K, Yoshiura T, Hiwatashi A, et al. Differentiating primary
CNS lymphoma from glioblastoma multiforme: assessment using
arterial spin labeling, diffusion-weighted imaging, and 18F-fluoro-
deoxyglucose positron emission tomography. Neuroradiology 2013;
55:135– 43 CrossRef Medline

26. Kono K, Inoue Y, Nakayama K, et al. The role of diffusion-weighted
imaging in patients with brain tumors. AJNR Am J Neuroradiol
2001;22:1081– 88 Medline
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ORIGINAL RESEARCH
ADULT BRAIN

MR Fingerprinting of Adult Brain Tumors: Initial Experience
X C. Badve, X A. Yu, X S. Dastmalchian, X M. Rogers, X D. Ma, X Y. Jiang, X S. Margevicius, X S. Pahwa, X Z. Lu, X M. Schluchter,

X J. Sunshine, X M. Griswold, X A. Sloan, and X V. Gulani

ABSTRACT

BACKGROUND AND PURPOSE: MR fingerprinting allows rapid simultaneous quantification of T1 and T2 relaxation times. This study
assessed the utility of MR fingerprinting in differentiating common types of adult intra-axial brain tumors.

MATERIALS AND METHODS: MR fingerprinting acquisition was performed in 31 patients with untreated intra-axial brain tumors: 17
glioblastomas, 6 World Health Organization grade II lower grade gliomas, and 8 metastases. T1, T2 of the solid tumor, immediate peritu-
moral white matter, and contralateral white matter were summarized within each ROI. Statistical comparisons on mean, SD, skewness, and
kurtosis were performed by using the univariate Wilcoxon rank sum test across various tumor types. Bonferroni correction was used to
correct for multiple-comparison testing. Multivariable logistic regression analysis was performed for discrimination between glioblas-
tomas and metastases, and area under the receiver operator curve was calculated.

RESULTS: Mean T2 values could differentiate solid tumor regions of lower grade gliomas from metastases (mean, 172 � 53 ms, and 105 �

27 ms, respectively; P � .004, significant after Bonferroni correction). The mean T1 of peritumoral white matter surrounding lower grade
gliomas differed from peritumoral white matter around glioblastomas (mean, 1066 � 218 ms, and 1578 � 331 ms, respectively; P � .004,
significant after Bonferroni correction). Logistic regression analysis revealed that the mean T2 of solid tumor offered the best separation
between glioblastomas and metastases with an area under the curve of 0.86 (95% CI, 0.69 –1.00; P � .0001).

CONCLUSIONS: MR fingerprinting allows rapid simultaneous T1 and T2 measurement in brain tumors and surrounding tissues. MR
fingerprinting– based relaxometry can identify quantitative differences between solid tumor regions of lower grade gliomas and metas-
tases and between peritumoral regions of glioblastomas and lower grade gliomas.

ABBREVIATIONS: CW � contralateral white matter; GBM � glioblastoma multiforme; IDH1 � isocitrate dehydrogenase 1; LGG � lower grade glioma; MET �
metastasis; MRF � MR fingerprinting; PW � peritumoral white matter; ST � solid tumor

Glioblastoma multiforme is the most common malignant pri-

mary brain tumor with an age-adjusted incidence rate of

3.19/100,000.1,2 Brain metastases account for 48%–51% of all

intracranial neoplasms, with an annual incidence of 8.3–

14.3/100,000.2,3 Early differentiation between primary and meta-

static malignant brain tumors ensures selection of appropriate

diagnostic and management options and also provides accurate

prognostic information early in the course of management.3,4 The

ability to differentiate primarily vasogenic edema (as seen around

metastatic lesions) and edema with neoplastic cellular infiltration

(as seen around glioblastomas) can allow accurate delineation of

the tumor margin and aid therapeutic planning and has the po-

tential to positively affect patient outcome.5 More fundamentally,
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it is necessary to understand the differences among biologic char-

acteristics of various tumor types to better comprehend complex

aggressive tumor behavior and lack of response to treatment, par-

ticularly in the case of glioblastomas.6 Advanced MR imaging

studies such as perfusion imaging, diffusion tensor imaging, and

MR spectroscopy have demonstrated some utility in discriminat-

ing brain metastases from glioblastomas and identifying areas of

peritumoral infiltration.7-14 However, there remains a need for a

simple, rapid, quantitative, and noninvasive method to probe tis-

sue characteristics in patients with brain tumors by exploiting

subtle changes in the microenvironment that may not be appre-

ciated by the human eye on standard qualitative clinical images.

MR fingerprinting (MRF) is a recently introduced MR imag-

ing technique in which pseudorandomized acquisition parame-

ters are used to simultaneously quantify multiple tissue proper-

ties, including T1 and T2 relaxation times.15 The sequence design

results in a signal evolution in each voxel, which depends on the

T1 and T2 of tissue in that voxel. On the basis of Bloch equations,

a dictionary of all possible signal evolutions is simulated with

acquisition parameters from the used sequence and all possible T1

and T2 combinations. Selecting the dictionary entry that is best

correlated with the voxel signal time course identifies the best

dictionary match for each voxel. The T1 and T2 times used to

construct the dictionary entry are identified as the relaxation time

measurements for that voxel.15-17

In this study, we evaluated the ability of MR fingerprinting–

derived T1 and T2 relaxometry to differentiate the 3 common

types of intra-axial brain tumors (glioblastomas, lower grade glio-

mas, and metastases). Using these parameters, we also explored

the T1 and T2 properties of peritumoral white matter in various

tumor types.

MATERIALS AND METHODS
This Health Insurance Portability and Accountability Act– com-

pliant study was approved by the institutional review board and

was performed at University Hospitals Cleveland medical center

as a part of larger prospective protocol evaluating preliminary

applications of MRF. Informed written consent was obtained

from all participants. The inclusion criterion was the presence of

an untreated intra-axial neoplasm. Exclusion criteria were all con-

traindications for MR imaging.

Subjects
Thirty-one patients with newly diagnosed brain tumors were

included. Seventeen patients with glioblastoma multiforme

(GBMs), 8 with metastases (METs), and 6 with WHO grade II

glial neoplasms (lower grade gliomas [LGGs]) were included in

this study. The LGG group included 5 oligodendrogliomas and 1

oligoastrocytoma. One of the patients with brain metastasis pre-

sented with an unknown primary malignancy and was later diag-

nosed with adenocarcinoma of the esophagus. The primary ma-

lignancies in other patients with brain metastases included

adenocarcinoma of the lung, breast, colon, and esophagus and 1

case of melanoma. The metastatic melanoma lesion included in

this study did not show hyperintense signal on precontrast T1-

weighted images. One of the patients with GBM had undergone a

stereotactic biopsy sampling from a portion of the tumor at an

outside institution before MR fingerprinting; the biopsy tract was

well-defined and was avoided during the ROI analysis. There was

no other history of brain surgery, radiation, or significant cerebral

trauma in any of the participants. In patients with metastases, 5

had not received any systemic therapy; 2 had completed systemic

chemotherapy 2 and 5 months, respectively, before the appear-

ance of brain metastasis; and 1 patient with breast cancer devel-

oped a brain metastasis while on systemic chemotherapy for the

primary malignancy. The final histopathologic diagnosis was

available in all patients (13 total resections, 16 partial resections,

and 2 biopsies). Patient demographics, including age and sex,

were noted; note was also made if patients had been treated with

steroids at the time of MRF imaging. For all gliomas, isocitrate

dehydrogenase 1 (IDH1) status was assessed by using a monoclo-

nal antibody to IDH1 R132.

MR Imaging and Processing
All patients were scanned at 3T (Verio and Magnetom Skyra; Sie-

mens, Erlangen, Germany) by using a 20-channel head coil. MRF

acquisitions were incorporated in a clinical MR imaging brain

study and were acquired before gadolinium-based contrast agent

administration in all subjects. The MRF acquisition was planned

on whole-brain clinical standard FLAIR images and, depending

on the tumor size, 3–5 MRF sections were acquired through each

lesion. The MRF acquisition consisted of a True FISP sequence

with parameters as follows; FOV, 300 � 300 mm2; matrix, 256 �

256; section thickness, 5 mm; flip angle variable, 0°– 60°; TR vari-

able, 8.7–11.6 ms; sinc radiofrequency pulse with a duration of

800 �s; and a time-bandwidth product of 2. For every section,

3000 time points were acquired with a total acquisition time of

30.8 seconds.15

A dictionary of signal evolutions that could arise from the

pulse sequence by using all possible combinations of T1, T2, and

off-resonance frequency was generated with a total of 287,709

signal time courses. The ranges of T1 and T2 were chosen on the

basis of potentially encountered ranges of these properties, with

T1 values between 100 and 3000 ms and T2 values between 10 and

500 ms. The total simulation time was 5.3 minutes. The vector dot

product between the measured signal and each dictionary entry

was calculated, and the entry yielding the highest dot product was

selected as the closest match to the acquired signal.15 The final

output consisted of T1, T2, proton-density, and off-resonance

maps for each section, of which only T1 and T2 maps were used

for quantitative analysis.

ROI Analysis
A fellowship-trained neuroradiologist (reader 1) who was blinded

to the final pathology analyzed the quantitative T1 and T2 maps as

follows: Of 31 patients scanned, all GBMs and METs demon-

strated enhancement on postgadolinium T1-weighted images, 2

of 6 LGGs were completely nonenhancing, and the remaining 4

LGG lesions showed patchy minimal enhancement. ROIs were

drawn in 3 specific areas for each tumor with axial FLAIR and

postcontrast T1-weighted images for reference. The solid tumor

(ST) region was defined as the enhancing region in tumors with

postcontrast enhancement or an expansile FLAIR hyperintensity

region in nonenhancing/minimally enhancing tumors. The peri-
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tumoral white matter (PW) region was defined as white matter

within 1 cm of the enhancing or expansile FLAIR hyperintense

tumor margin. One patient with GBM was excluded from the

solid tumor analysis because the entire tumor was necrotic with a

thin enhancing rim and had no solid-appearing component. In a

cerebellar metastatic lesion, the solid tumor measurements were

excluded because the entire tumor had hemorrhagic products

within. The peritumoral region measurements for these 2 patients

were included in the analysis.

The largest possible ROIs were drawn in ST and PW regions

that met the previously outlined criteria, while excluding areas of

hemorrhage, calcification, or necrosis in these regions. ROIs

drawn in PW were restricted to white matter regions while avoid-

ing inclusion of gray matter structures. Finally, contralateral

white matter (CW) regions were defined as normal-appearing

white matter in the contralateral hemisphere, excluding nonspe-

cific white matter signal abnormalities in older patients. If nor-

mal-appearing white matter was not available in the same lobe in

the contralateral hemisphere, the ROI was placed in another con-

tralateral lobe. The size of the ROI depended on the lesion size and

homogeneity and ranged from 0.32 to 12 cm2 (median, 1.7 cm2)

for ST, from 0.25 to 2.5 cm2 (median, 0.96 cm2) for PW, and from

0.16 to 2.0 cm2 (median, 1.0 cm2) for CW. Areas with imaging

artifacts (in 1 patient) and prior biopsy tracts (in 1 patient) were

avoided. Utmost care was taken to follow the region criteria and

avoid partial volume averaging with different tissue types in the

vicinity. The output of this analysis consisted of distributional

summary parameters for each ROI based on T1 and T2 relaxation

times of each voxel within the ROI. ROI output from reader 1

was exclusively used for all statistical analysis. All data process-

ing and analysis were performed in Matlab (MathWorks,

Natick, Massachusetts).

Interobserver Concordance
A second reader (a board-certified radiologist, also blinded to the

final pathology) delineated ROIs in ST and PW regions of all

tumors. The measurements from reader 2 were used only for as-

sessment of interobserver concordance. The ROIs of readers 1 and

2 were compared by means of the Pearson correlation coefficient

and intraclass correlation coefficient.

Statistical Analysis
For tumor analysis, distributional parameters were calculated as

an output of ROI analysis, including mean, median, mode, SD,

skewness, kurtosis, and 10th, 25th, 75th, and 90th percentile val-

ues. While the mean, median, and mode are measures of central

tendency, the SD measures variability, skewness measures lack of

symmetry in the distribution of T1 or T2 across voxels, and the

kurtosis measures whether the distribution is heavy-tailed or

light-tailed relative to the normal distribution. Pearson correla-

tion coefficients among the mean, median, mode, and 10th, 25th,

75th, and 90th percentiles by type of tissue (ST, PW, or CW) were

above 0.90 with many �0.95, indicating that examination of

multiple measures from this group would likely be redundant and

1 representative measure could be used instead (see the On-line

Appendix and On-line Tables 1– 6 for correlation analysis). The

mean was selected from all the highly correlated parameters be-

cause it is conventionally the most commonly used measure of

central tendency. On the other hand, the SD, skewness, and kur-

tosis were not highly intercorrelated with each other or with the

central tendency and percentile measures. Thus, the mean, along

with SD, skewness, and kurtosis, were selected for further analy-

ses. These parameters (mean, SD, skewness, and kurtosis) were

examined to compare ST and PW regions from each tumor group

with the CW. The Wilcoxon signed rank test was used for this

analysis. Wilcoxon rank sum tests were used to compare mean,

SD, skewness, and kurtosis of ST and PW regions across the 3

tumor types. All results were corrected for multiple-comparison

testing by using the Bonferroni correction method, and results

significant both with and without multiple-testing correction are

reported. With the Bonferroni correction, statistical significance

was reached if the P value was �0.05/k, where k � number of

tests. When comparing tumor types, we set k to 12 (3 pair-wise

comparisons � 4 parameters), and when comparing tumors ver-

sus CW, k was set to 8 (2 ROIs � 4 parameters), resulting in

thresholds for statistical significance of P � .0042 and .0063, re-

spectively. Multiple logistic regression analysis with a forward

stepwise selection model was used to examine which parameters

were the best predictors for distinguishing GBMs and METs. At a

given step, the most significant predictor with P � .05 was en-

tered. The area under the receiver operating characteristic curve

was calculated by using the predicted probability from this model

as a classifier. All statistical analyses were performed by using SAS

9.4 software (SAS Institute, Cary, North Carolina).

RESULTS
Table 1 summarizes patient demographics for the 3 tumor

groups. Patients with lower grade gliomas were younger com-

pared with patients with GBMs and metastases, as expected.

Among the 3 tumor groups, there were no differences in the pro-

portion of patients on steroids. There were no differences in T1

and T2 values between patients with and without steroid treat-

ment when compared by tumor type. There were no differences in

CW measurements for the 3 groups to suggest significant age

effects on normal brain parenchyma (data not shown). All GBMs

were negative for IDH1, whereas 4 of 6 LGGs were positive for

IDH1. Figure 1 is an example of MRF-derived T1 and T2 maps

and ROI delineation in 1 of the study participants with an enhanc-

ing brain tumor. Another example of ROI delineation in a non-

enhancing brain tumor is provided in the On-line Figure.

The means and SDs of the mean, SD, skewness, and kurtosis

parameters for T1 and T2 for solid/enhancing regions of different

tumor types are outlined in Table 2. For all tumor types com-

bined, the mean and SD based on T1 and T2 of solid tumor re-

gions were significantly different from contralateral white matter,

even after adjusting for multiple comparison testing (Table 2).

The mean and SD of the PW region of GBMs were significantly

different when compared with the CW with P � .0001. The com-

parison of the mean of the PW region of METs and CW yielded a

P � .0078; this was not significant after multiple-comparison cor-

rection. There were no differences between the mean and SD of

the PW of LGGs compared with CW. Figure 2 is a scatterplot of

mean T1 versus T2 of ST and PW regions of all tumor types with

contralateral white matter measurements.
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Wilcoxon rank sum test analysis of ST and PW regions of

GBMs versus METs showed differences between multiple histo-

gram parameters for T1 and T2 only before Bonferroni correction

(Table 2). Analysis of ST regions of GBMs versus LGGs showed no

significant difference in nearly all T1 and T2 parameters (except

T2 skewness). There were, however, several differences between

Table 1: Patient demographics
GBM (n = 17) LGG (n = 6) Metastasis (n = 8) P Value

Age, yr (mean) (range) 61.4 � 9.2 (45–76) 46.5 � 12.1 (38–67) 63.5 � 8.6 (48–76) .03a

Sex (No.)
Female 8 (47.1%) 2 (33.3%) 5 (62.5%) .57b

Male 9 (52.9%) 4 (66.7%) 3 (37.5%)
Steroids (No.)c

Yes 5 (29.4%) 1 (16.7%) 3 (37.5%) .77b

No 12 (70.6%) 5 (83.3%) 5 (62.5%)
IDH1 (No.)

Positive 0 (0.0%) 4 (66.7%) NA .003d

Negative 11 (100.0%) 1 (16.7%)e NA

Note:—NA indicates not applicable.
a P value from the Kruskal-Wallis test. Results of the Wilcoxon rank sum tests showed that the LGG group differed in age from the GBM and metastasis groups (P � .014 and .023,
respectively) and that the GBM and metastasis groups did not differ in age (P � .68).
b P value from an exact version of the Pearson �2 test comparing proportions in the 3 groups.
c Wilcoxon rank sum test revealed no differences in T1 and T2 values when patients with the presence and absence of steroid treatment were compared by tumor type.
d P value from the Fisher exact test comparing GBM and LGG groups.
e IDH1 status of 1 patient with LGG was unknown.

FIG 1. A study patient, a 45-year-old man presenting with severe headaches and altered sensorium with glioblastoma. A and B, FLAIR and
contrast-enhanced T1-weighted images from the clinical scan, which demonstrate a left periatrial enhancing lesion with peritumoral FLAIR
hyperintensity. C, Postcontrast T1-weighted image with ROI overlay. The central gray ROI shows a solid enhancing tumor region, the white ROI
shows a peritumoral white matter region, and the blank ROI in the contralateral hemisphere denotes the contralateral white matter measure-
ment. D and E, MRF-derived quantitative T1 and T2 maps.
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GBMs and LGGs when T1 and T2 parameters of peritumoral

white matter were compared, with differences in mean T1 re-

maining significant even after Bonferroni correction. Lastly, sev-

eral ST and PW region parameters were significantly different

between LGGs and METs, with differences in the mean T2 of ST

remaining significant even after Bonferroni correction.

On the basis of a stepwise selection model for multiple lo-

gistic regressions to differentiate between GBMs and METs,

the best differentiation was obtained by using the single-pre-

dictor mean T2 relaxometry of the ST region. With this param-

eter, the area under the ROC curve was 0.86 (95% CI. 0.69 –

1.00) with a P value � .0001. When added individually to the

model with a mean T2 from the ST region, none of the other

parameters significantly improved the ability of the model to

discriminate GBMs and METs.

Interobserver Concordance
The Pearson correlation coefficients for T1 and T2 of the ST re-

gion were 0.90 and 0.83, respectively, and the Pearson correlation

coefficients for T1 and T2 of the PW region were 0.88 and 0.91,

respectively. According to the guidelines for clinical significance,

intraclass correlation coefficients for all measures (ST T1, ST T2,

PW T1, and PW T2) were excellent (intraclass correlation coeffi-

cients � 0.90, 0.83, 0.88, and 0.89, respectively).18

Table 2: Mean � standard deviation of mean, SD, skewness, and kurtosis of T1 and T2 from various tumor regions and contralateral
white matter in 3 tumor types with results from the Wilcoxon rank sum testa and the Wilcoxon signed rank testb

ROI Parameter

Tissue Typea
All Tissue Types

Combined (n = 31)bGBM (n = 17)c Metastasis (n = 8)c LGG (n = 6)
ST Mean 1639 � 247 (v MET P � .05) 1324 � 273 (v LGG P � .05) 1600 � 197 1558 � 271 (v CW P � .0063)d

T1 SD 133 � 50 116 � 63 120 � 26 126 � 49 (v CW P � .0063)d

Skewness 0.01 � 0.66 0.38 � 0.56 0.16 � 0.52 0.12 � 0.61
Kurtosis 3.06 � 0.96 3.23 � 0.58 3.26 � 1.11 3.14 � 0.90

ST Mean 138 � 22 (v MET P � .05) 105 � 27 (v LGG P � .0042)d 172 � 53 137 � 37 (v CW P � .0063)d

T2 SD 21 � 9 17 � 9 22 � 12 20 � 9 (v CW P � .0063)d

Skewness 0.77 � 1.43 (v LGG P � .05) 0.67 � 0.97 �0.28 � 0.68 0.54 � 1.25
Kurtosis 6.38 � 8.61 5.49 � 6.54 2.88 � 0.61 5.47 � 7.19

PW Mean 1578 � 331 (v LGG P � .0042)d 1382 � 188 (v LGG P � .05) 1066 � 218 1429 � 338 (v CW P � .0063)d

T1 SD 124 � 59 (v LGG, MET P � .05) 75 � 27 73 � 15 101 � 52 (v CW P � .0063)d

Skewness �0.06 � 0.44 (v LGG P � .05) �0.10 � 0.39 (v LGG P � .05) 0.54 � 0.56 0.04 � 0.50
Kurtosis 2.73 � 0.81 2.84 � 0.53 3.12 � 0.97 2.83 � 0.77 (v CW P � .05)

PW Mean 140 � 27 (v LGG P � .05) 119 � 27 (v LGG P � .05) 102 � 43 127 � 33 (v CW P � .0063)
T2 SD 17 � 7 (v LGG, MET P � .05) 12 � 7 10 � 3 14 � 7 (v CW P � .0063)

Skewness 0.39 � 1.51 (v LGG P � .05) 0.39 � 0.85 (v LGG P � .05) 0.71 � 0.53 0.45 � 1.20
Kurtosis 5.68 � 11.82 4.99 � 2.84 3.45 � 1.40 5.07 � 8.80

CW Mean 927 � 133 911 � 39 873 � 61 912 � 104
T1 SD 40 � 11 44 � 12 36 � 10 40 � 11

Skewness 0.27 � 0.51 0.45 � 0.55 0.13 � 0.69 0.29 � 0.55
Kurtosis 3.22 � 1.13 3.09 � 0.57 3.54 � 1.32 3.25 � 1.04

CW Mean 69 � 9 72 � 6 72 � 17 70 � 11
T2 SD 5 � 2 5 � 1 6 � 3 5 � 2

Skewness 0.20 � 1.60 0.27 � 0.95 0.58 � 0.95 0.31 � 1.33
Kurtosis 4.85 � 7.07 3.96 � 2.07 3.82 � 1.73 4.41 � 5.32

Note:—v indicates versus (when compared to).
a When comparing tumor types by rank sum tests, P values � .0042 (0.05/12) were statistically significant after Bonferroni correction. P values labeled as P � .05 have unadjusted
P values � .05 but are not statistically significant after Bonferroni correction.
b When comparing tumor tissue vs CW by signed rank tests, P values � .0063 (0.05/8) were statistically significant after Bonferroni correction.
c For solid tumor analysis for GBMs (n � 16) and for METs (n � 7) (see “ROI Analysis” in “Materials and Methods” for further details).
d P value statistically significant after Bonferroni correction.

FIG 2. Scatterplot of T1-versus-T2 measurements in all tumor types for the solid tumor region (A) and the peritumoral white matter region (B).
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DISCUSSION
This study describes the application of MRF in quantifying tissue

relaxation times in primary glial and metastatic brain tumors.

MRF can identify quantifiable relaxometry differences between

solid tumor regions of lower grade gliomas and metastatic brain

lesions. MRF relaxometry also identifies significant differences in

the peritumoral region of GBMs compared with LGGs.

A variety of advanced imaging techniques, including perfusion

imaging, DTI, MR spectroscopy, and molecular imaging such as

positron emission tomography, have been used for advanced

brain tumor evaluation during the past decade with mixed suc-

cess.7-14 In particular, perfusion imaging has been shown to have

utility in differentiating metastases from GBMs and in differenti-

ating various glioma grades.8,11 DTI has shown promising results

for tumor margin delineation and identification of tumor infil-

tration.12,14 PET imaging with FDG has been modestly successful

in differentiating glioma grades but remains limited in utility be-

cause of a lack of specificity and significant background up-

take.19,20 Molecular imaging with newer PET agents holds signif-

icant promise; however, it needs further evaluation with larger

scale studies.20-22 Despite all these advances, no single neuroim-

aging technique has emerged that can be easily, reliably, and con-

sistently used in a day-to-day setting to differentiate intra-axial

brain tumors on the basis of both their origin and histopathologic

grading. The problem of tissue discrimination is even more chal-

lenging in a posttherapy setting in which there is the possibility of

pesudoprogression, pseudoresponse, and development of radiation

necrosis.23,24 Although a combination of these sophisticated neuro-

imaging techniques along with conventional MR imaging can im-

prove different aspects of brain tumor diagnostics, they involve sig-

nificant financial and time limitations and technical challenges.23-25

MRF is a new technique that provides multiparametric quan-

titative information in an ultrafast single acquisition, which can

be easily performed in the framework of a present day clinical

setup.15-17 Recent studies have looked into improving on the

MRF acquisition parameters to make them more robust, improv-

ing the reconstruction algorithms, and acquiring newer quantita-

tive parameters from this technique.26-28 Given its multiparamet-

ric capabilities and repeatability, this technique has the capability

of becoming a useful MR imaging biomarker.29,30 Although the

clinical applications and utility of this technique have not been

assessed so far, the in vivo quantitation data in healthy volunteers

and patients are emerging.31-33

Differentiation between GBM and solitary metastasis by using

conventional imaging can be challenging due to several overlap-

ping imaging characteristics, and surgical sampling is frequently

necessary for the final diagnosis. While the history of previous

malignancy and the multiplicity of lesions is usually a reliable

indicator of brain metastases, recent studies suggest that about

14% of all patients with brain metastases have an unknown pri-

mary malignancy and up to 46% of patients present with a single

brain metastasis.2,3 Conversely, by using modern MR imaging

techniques, nearly 35% of patients with newly diagnosed GBM

have multiple enhancing lesions, significantly higher than previ-

ous estimates, which ranged from 0.5% to 20%.34 Early differen-

tiation of primary and metastatic malignant brain tumors is es-

sential for prompt, appropriate, and cost-efficient diagnosis and

treatment; coordination of multidisciplinary care; and assessment

for clinical trials.3,4 Our results demonstrate that MRF-derived

relaxometry may be useful in differentiating solid tumor regions

of lower grade gliomas and metastases.

While the differences between solid tumor regions of GBMs

and metastases neared significance, there were no significant dif-

ferences between ST regions of LGGs and GBMs. T1 and T2 values

of tissue depend on local cellularity, water content, structural or-

ganization, and the presence and concentration of lipids, pro-

teins, macromolecules, and paramagnetic substances.35 The re-

laxometry differences between ST regions of LGGs and METs

probably reflect differences based on the distinct tissue of origin in

the 2 groups and a higher concentration of certain lipids and

macromolecules in glial lesions.9,36 Lack of demonstrable T1 and

T2 differences between solid tumor regions of LGGs and GBMs

also suggests that these values are probably driven by the type of

cellularity and tissue of origin; and given the common glial origin,

it may be difficult to differentiate different grades of gliomas. The

role of lineage cannot be assessed in this study given the lack of

subjects with pure astrocytoma pathology of a single grade. The

subtle differences in skewness of T2 between GBMs and LGGs

could potentially be a reflection of higher cellular density, anapla-

sia, or microvascular proliferation in GBMs compared with

LGGs.37-39 Although the observed differences in T1 and T2 relax-

ation times of different tumor types are not entirely unexpected

on the basis of our knowledge of qualitative images, being able to

evaluate these differences quantitatively may be of potential ben-

efit not only in the diagnosis and grading of brain tumors but also

for other purposes such as treatment planning, monitoring ther-

apy, and recurrence assessment.

Several pathologic and imaging studies have shown that the

peritumoral white matter of glial tumors and METs differs in

cellular and molecular content.35-39 Metastatic lesions have little

evidence of histologic invasion and are primarily surrounded by

vasogenic edema beyond the contrast-enhancing margins. Con-

versely, the FLAIR signal abnormality beyond the enhancing mar-

gins in gliomas, particularly GBMs, contains infiltrative cells

mixed with vasogenic edema.13,40-44 The presence of neoplastic

cells has also been identified in peritumoral regions as far as 2.5

cm from the enhancing tumor margin in white matter regions

without any corresponding signal abnormality on T2-weighted

images.14,40 Thus, CT and conventional MR imaging are not help-

ful in establishing tumor margins in gliomas in general and GBMs

in particular. In our study, the ROIs in the peritumoral white

matter were drawn to encompass white matter located within 1

cm of the enhancing margin/expansile FLAIR margin of the tu-

mor. With this method, differentiation between ST and PW re-

gions of FLAIR hyperintense tumors is particularly challenging.

The T1 difference between the PW of GBMs and LGGs could

potentially be influenced by the ROI technique used in this study.

Further work with a larger sample size and perhaps an automated

ROI delineation technique will be useful to verify whether dis-

crepant tissue characteristics can indeed be reflected in measur-

able T1 differences. Analysis of PW in our study also reveals some

additional subtle trends alluding to the heterogeneity of PW in

GBM compared with METs and LGGs, with nonsignificant dif-

ferences in SD and skewness. Carefully designed larger sample size
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prospective studies with 3D volumetric MRF acquisition and tar-

geted histologic correlation are necessary to identify quantifiable

differences in PW of various tumor types and to better understand

the exact histopathologic correlates of these findings.

Several studies have used MR relaxometry for brain tumor

diagnosis in the past with mixed success.45-51 Recently, there has

been renewed interest in evaluating the role of relaxometry in the

assessment of nonenhancing tumor burden and response to anti-

angiogenic drug therapy.52-55 Although most of these recent stud-

ies focus on the role of T2 relaxometry, a recent study has dem-

onstrated that T1 mapping may play a significant role in earlier

detection of recurrent tumor in patients on antiangiogenic ther-

apy. MRF differs from the methodology used in these studies in a

few respects. MRF is a rapid imaging technique that allows simul-

taneous T1 and T2 measurements from a single acquisition in

�30 seconds. The initial phantom studies have demonstrated bet-

ter accuracy and efficiency compared with standard T1 and T2

measurement techniques.7 A recent article demonstrated the in

vivo sensitivity of MRF in identifying aging-related changes in

asymptomatic volunteers.32 The newer FISP-based sequence is

less susceptible to field inhomogeneities compared with the True

FISP– based acquisition used in this study and could serve as a

robust quantitation tool for future studies.16,17 Development of a

rapid 3D MRF technique has opened avenues for whole-brain

coverage with near-isotropic spatial resolution with the potential

for applications in tumor imaging and beyond.56

There are some limitations to this proof-of-concept study,

including the small sample size, heterogeneity of the study popu-

lation and tumor type, and lack of correlation of the imaging

findings with genomic and molecular markers. The authors ac-

knowledge that given the small sample size, even a few outliers

could influence the study outcome significantly; therefore, it is

difficult to draw any definite conclusions from these results. Fur-

ther validation with an appropriately powered larger sample study

and perhaps with automated tumor-segmentation technique with

whole-brain volumetric data will ensure that the results are gen-

eralizable and robust. A well-designed prospective study with ad-

equate power will allow the examination of multivariable models

to distinguish tissues of origin on the basis of MRF distributional

parameters. The role of MRF in differentiating the various poten-

tial tissues of origin in brain metastases also warrants further explo-

ration. If additional studies validate and improve on our results, MRF

may have a role in the imaging evaluation of brain tumors.

CONCLUSIONS
This study demonstrates the application of MR fingerprinting in

the quantitative evaluation of glioblastomas, metastases, and

lower grade gliomas, in which MRF-based relaxometry can iden-

tify quantitative differences between solid tumor regions of lower

grade gliomas and metastases and between peritumoral regions of

glioblastomas and lower grade gliomas. MRF offers the capability

of rapidly generating quantitative relaxometry maps of brain tu-

mors in a clinical setting. The utility of this technique needs to be

further explored in larger sample studies.
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ORIGINAL RESEARCH
ADULT BRAIN

Lower Magnetization Transfer Ratio in the Forceps Minor Is
Associated with Poorer Gait Velocity in Older Adults

X S. Seiler, X L. Pirpamer, X B. Gesierich, X E. Hofer, X M. Duering, X D. Pinter, X E. Jouvent, X F. Fazekas, X J.-F. Mangin,
X H. Chabriat, X S. Ropele, and X R. Schmidt

ABSTRACT

BACKGROUND AND PURPOSE: Gait disturbances in the elderly are disabling and a major public health issue but are poorly understood.
In this multimodal MR imaging study, we used 2 voxel-based analysis methods to assess the voxelwise relationship of magnetization
transfer ratio and white matter hyperintensity location with gait velocity in older adults.

MATERIALS AND METHODS: We assessed 230 community-dwelling participants of the Austrian Stroke Prevention Family Study. Every
participant underwent 3T MR imaging, including magnetization transfer imaging. Voxel-based magnetization transfer ratio–symptom
mapping correlated the white matter magnetization transfer ratio of each voxel with gait velocity. To assess a possible relationship
between white matter hyperintensity location and gait velocity, we applied voxel-based lesion-symptom mapping.

RESULTS: We found a significant association between the magnetization transfer ratio within the forceps minor and gait velocity (� �

0.134; 95% CI, 0.011– 0.258; P � .033), independent of demographics, general physical performance, vascular risk factors, and brain volume.
White matter hyperintensities did not significantly change this association.

CONCLUSIONS: Our study provides new evidence for the importance of magnetization transfer ratio changes in gait disturbances at an
older age, particularly in the forceps minor. The histopathologic basis of these findings is yet to be determined.

ABBREVIATIONS: MNI � Montreal Neurological Institute; MTI � magnetization transfer imaging; MTR � magnetization transfer ratio; SPPB � Short Physical
Performance Battery; VLSM � voxel-based lesion symptom mapping; VMTRSM � voxel-based MTR symptom mapping; WMH � white matter hyperintensity

Gait abnormalities in older adults are common.1,2 They are

associated with falls3,4 and represent a serious public health

issue.1,5 A complex brain network manages supraspinal gait con-

trol.6 White matter hyperintensities (WMHs) are common and

not necessarily related to clinical symptoms. However on a group

level, widespread WMHs have been associated with gait dysfunc-

tion, probably as the consequence of disruption of the supraspinal

gait network,7-9 and were related to gait performance in several

studies,10-13 but results are conflicting.9,14,15 One explanation for

conflicting results might be that as reported for cognitive de-

cline,16-18 widespread, invisible, and highly variable microstruc-

tural changes in normal-appearing white matter also contribute

to gait abnormalities in addition to visible lesions. This hypothesis

is supported by 2 DTI studies that reported the higher mean dif-

fusivity and lower fractional anisotropy in the genu of the corpus

callosum to be correlated with poorer gait performance indepen-

dent of visible WMHs.14,19

Complementary information on microstructural brain tissue

alterations may come from magnetization transfer imaging

(MTI). Other than DTI, which offers information on brain tissue

organization,20 MTI offers information on tissue composition.21

Magnetization transfer ratio (MTR) is one of the few MR imaging

measures that have been validated postmortem to represent a di-

rect marker of myelin content.22

The only study on MTR and gait found that lower MTR was

associated with poorer gait performance, independent of

WMHs.23
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In this large multimodal MR imaging study, we used voxel-

based MTR symptom mapping (VMTRSM) and voxel-based le-

sion symptom mapping (VLSM) to identify those brain areas in

which MTR or WMH-related tissue alterations relate to gait ve-

locity. We hypothesized that alterations, if any, would mainly be

located within the frontal white matter because intact fontal sub-

cortical pathways have been reported to be crucial for mainte-

nance of gait performance at a higher level.6,24

MATERIALS AND METHODS
Study Subjects
The study sample is drawn from the Austrian Stroke Prevention

Family Study, a prospective single-center community-based

study designed to assess the cerebral effects of vascular risk factors

in the healthy elderly population of the City of Graz, Austria. The

Austrian Stroke Prevention Family Study represents an extension

of the Austrian Stroke Prevention Study, which was established in

1991.25 Between 2006 and 2013, study participants of the Austrian

Stroke Prevention Study and their first-degree relatives were in-

vited to enter the Austrian Stroke Prevention Family Study. Indi-

viduals were excluded from the study if they had a history of

neuropsychiatric disease, including previous cerebrovascular at-

tacks and dementia, or abnormal neurologic examination find-

ings, determined on the basis of a structured clinical interview and

a physical and neurologic examination performed by a board-

certified neurologist. None of the study participants had a history

or MR imaging findings suggestive of normal pressure hydro-

cephalus. There were also no subjects with a history or signs of

heart failure in the study. None of the study participants had un-

corrected visual impairment. A total of 381 individuals from 169

families were included in the study. The number of members per

family ranged from 2 to 6. All individuals underwent MR imaging,

except for 26 who had contraindications. Thus, MTI scans were

available in 355 subjects. The participants’ ages ranged from 35 to

82 years. We focused on age-related decline in gait velocity and

thus included all 230 subjects 60 years of age and older in the

current analysis.

The ethics committee of the Medical University of Graz, Aus-

tria, approved the study protocol, and written informed consent

was obtained from all subjects.

Measurement of Gait Velocity
Study participants were asked to walk a total distance of 8 meters

with 3 turns at their usual, self-selected pace on level ground.

None of the study participants needed walking aids. Time was

measured with a stopwatch. The faster of the 2 trials was used for

the subsequent analyses. We chose gait velocity because it can be

measured quickly and in a clinical setting without instrumental

efforts. It has been shown to be a good measure of mobility in

elderly individuals.15

Measurement of Cognition and General Physical
Performance
Scores of memory and executive function were assessed as de-

scribed previously.26

General physical performance was assessed by using the Short

Physical Performance Battery (SPPB).27

Vascular Risk Factors
Assessment of vascular risk factors included arterial hyperten-

sion, diabetes mellitus, hypercholesterolemia, hypertriglyceri-

demia, hyperuricemia, cardiac disease, peripheral vascular disease,

and venous thrombotic disease and was determined on the basis

of history and measurements at the examination as previously

described.26

MR Imaging
MR imaging was performed on a 3T whole-body scanner

(Magnetom TrioTim; Siemens, Erlangen, Germany) and in-

cluded conventional imaging and MTI. The MTI sequence was

based on a spoiled 3D gradient-echo sequence (TR � 40 ms,

TE � 7.38 ms, flip angle � 15°, number of sections � 40,

section thickness � 3 mm, in-plane resolution � 0.86 � 0.86

mm) performed with and without a Gaussian-shaped magnetiza-

tion transfer saturation pulse.

The conventional protocol included an axial FLAIR sequence

(TR � 1000 ms, TE � 69 ms, TI � 2500 ms, number of sections �

40, section thickness � 3 mm, no intersection-gap, in-plane res-

olution � 0.86 � 0.86 mm2) and a high-resolution T1-weighted

3D sequence with magnetization preparation and whole-brain

coverage (TR � 1900 ms, TE � 2.19 ms, TI � 900 ms, flip angle �

9°, isotropic resolution � 1 mm).

For assessment of microbleeds, a T2* sequence was used

(TR � 35 ms, TE � 14.7 ms, flip angle � 15°, number of sec-

tions � 64, section thickness � 2 mm, no intersection-gap, in-

plane resolution � 0.90 � 0.90 mm2).

Visual MR Imaging Rating
White matter hyperintensities and silent nonlacunar and lacunar

infarcts were recorded on FLAIR images as previously de-

scribed.26 Microbleeds were recorded on T2*-weighted images

following the definition of Greenberg et al.28

Generation of WMH and MTR Maps
WMH maps were generated by using a custom-written Interac-

tive Data Language program (DispImage; Exelis Visual Informa-

tion Solutions, Boulder, Colorado) as described previously.29

Two highly experienced raters segmented WMHs on FLAIR im-

ages by combined region-growing and local thresholding follow-

ing manual selection.29 The total lesion volume in cubic millime-

ters was calculated by multiplying the lesion area by the section

thickness. WMH volumes in white matter tracts were calculated

by overlaying the probabilistic white matter tract atlas (25% prob-

ability), provided within the Oxford Centre for fMRI of the Brain

Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl),30 on the

normalized WMH maps.

MTR maps were calculated according to the formula MTR �

(M0 � MSS)/M0, where M0 represents the signal intensity of a

voxel without any radiofrequency saturation and MSS is the signal

intensity of the same voxel obtained with the radiofrequency sat-

uration pulse.21

For the subsequent steps, tools from FSL31 were used.

Because we found that MTR provides good contrast in per-

forming tissue segmentation, gray matter, white matter, and CSF

partial volume maps were derived from the MTR-weighted scans
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by using FSL FAST (FMRIB Automated Segmentation Tool;

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FAST).32

The T1, FLAIR, and MTR-weighted scans were brain-

extracted by using the FSL Brain Extraction Tool (http://fsl.fmrib.

ox.ac.uk/fsl/fslwiki/BET).33

The resulting skull-stripped T1-weighted images were nonlin-

early registered to the Montreal Neurological Institute-152 stan-

dard space template (MNI 152) by using FSL FNIRT (FMRIB

Nonlinear Image Registration Tool; http://fsl.fmrib.ox.ac.uk/fsl/

fslwiki/FNIRT).31

Then, the brain-extracted FLAIR and MTR scans were linearly

registered to the corresponding brain-extracted T1-weighted

images by using FLIRT (FMRIB Linear Image Registration

Tool; http://www.fmrib.ox.ac.uk/).34

We used the transformation matrices from these steps to warp

FLAIR and white matter MTR maps to the MNI-152 standard

space template. WMH maps were transformed to the MNI-152

standard space template in the same way.

The resulting white matter MTR maps in standard space were

eroded by 1 voxel to reduce partial volume effects resulting from

“edge” voxels. To produce more normally distributed data, reduce

noise, and account for the intersubject and registration variability,35

we smoothed the MTR maps with a 4-mm Gaussian kernel.

A mean white matter MTR mask was created and thresholded

to exclude MTR values below 20%.17 We chose this threshold to

exclude voxels from CSF and to further reduce the spurious effects

of partial volume effects caused by the white matter– gray matter

transition zone.

Anatomic structures containing clusters of voxels in which

MTR related significantly to gait velocity were localized by over-

laying the probabilistic white matter tract atlas (25% probability),

provided within FSL,30 on the normalized white matter MTR

maps. As in voxelwise analysis, we eroded the segmentations of

these tracts by 1 voxel to reduce CSF artifacts at “edge” zones. The

resulting “core” white matter mean MTR was used in subsequent

analyses.

Statistical Analysis

General Statistical Analysis. Assumptions of normal distribution

were tested with the Kolmogorov-Smirnov test. Normally distrib-

uted variables are reported as mean � SD, and non-normally

distributed variables, as median and interquartile range. WMH

volume had a skewed distribution containing zero values; there-

fore, the value 2 was added to the volumes before natural log-

transformation. To relate demographic, clinical, and imaging

characteristics of the study participants to gait velocity, we cate-

gorized subjects into quartiles according to gait velocity distribu-

tion. One-way analysis of variance, with quartiles of walking

speed as fixed factors and demographic, clinical, and imaging

characteristics as outcome variables, and �2 tests were performed

to test significant associations with normally and non-normally

distributed variables, respectively. Variables significantly (P �

.05) associated with gait speed in these analyses were entered as

covariates in the VMTRSM and ROI analyses described in the

subsequent paragraphs. Correlations between MTR and gait ve-

locity were calculated by using the Pearson correlation coefficient.

Linear multiple regression analysis tested an independent rela-

tionship between MTR and gait velocity. To test a possible dose-

effect relationship, we used analysis of covariance with MTR

quartiles as fixed factors and walking speed as the dependent vari-

able. Age, sex, height, brain volume, general physical performance,

presence of vascular risk factors, and MR imaging findings signifi-

cantly associated with walking speed in the univariate analysis were

entered as covariates in the regression analysis and the ANCOVA.

To assess mediating effects of executive function scores on the

relationship between MTR and gait velocity, we used boot-

strapped models as described by Preacher and Hayes.36

Voxel-Based MTR Symptom Mapping. To find associations be-

tween MTR values within a voxel and gait velocity, we used the

permutation-based statistical interference tool for nonparametric

testing (FSL Randomize tool; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

Randomise/UserGuide).31 Five thousand permutations were per-

formed to build the null distribution, and significant associations

were determined by selecting the threshold-free cluster-enhance-

ment option. To correct for multiple comparisons, a family-wise

error–adjusted P value � .05 was considered statistically signifi-

cant because voxel-based analyses test thousands of voxels sepa-

rately. If we controlled the family-wise error, the chance of �1

false-positive across all voxels was lower than 5%. Age, sex, height,

brain volume, general physical performance, and variables that

were univariatey associated with walking speed were entered as

covariates.

ROI Analysis. To identify white matter tracts in which mean

MTR correlates with gait velocity, we overlaid the probabilistic

white matter tract atlas30 provided within FSL on significant vox-

els from the VMTRSM analysis.

The mean MTR within identified tracts was calculated in stan-

dard space by using FSLMATHS (http://fsl.fmrib.ox.ac.uk/fsl/

fslwiki/Fslutils). We eroded identified tracts by 1 voxel to reduce

possible CSF contamination and partial volume effects from

“edge” voxels. The mean MTR in the resulting “skeletonized”

tracts was used in the subsequent linear multiple regression

analysis.

A possible dose-effect relation of MTR within identified tracts

and gait velocity was investigated by means of analysis of covariance

with MTR in quartiles.

Age, sex, height, general physical performance, brain volume,

and variables univariate-associated with walking speed were en-

tered as covariates in the linear multiple regression analysis and

the analysis of covariance. A P value � .05 was considered statis-

tically significant.

Voxel-Based Lesion Symptom Mapping. Nonparametric map-

ping was used to relate WMH location to gait velocity.37 One

thousand permutations were performed to build the null distri-

bution, and the Brunner-Munzel test was applied for statistical

significance.38 Briefly, permutation testing is a procedure that

compares a test statistic to a null distribution derived from the

dataset of interest itself. Permuting how the dependent and inde-

pendent variables are paired typically derives the permutation

null distribution. When the null hypothesis is true (no effect), the

observed pairings should be no more likely to generate an extreme

test statistic than any other.39 Voxels affected in �7 subjects were

not considered for analysis. Correction for multiple testing was
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achieved by permutation-generated family-wise error thresholds.

Age, sex, height, and brain volume were entered as covariates. To

identify the localization of significant voxels within major white

matter tracts, we used the probabilistic white matter tract atlas30

provided within FSL.

RESULTS
Characteristics of the Study Population
Demographic, clinical, and imaging characteristics of the study

participants are summarized in the On-line Table. Individuals

who walked slower were significantly older and shorter, their gen-

eral physical performance was worse, and they more often had

diabetes compared with their faster

counterparts. Slower participants per-

formed worse on executive function

tasks and had more microbleeds on

brain imaging. WMHs and cardiac dis-

ease did not relate to gait velocity.

Imaging Data
In the voxel-based MTR symptom-

mapping analysis, we found significant

clusters of MTR voxels that were posi-

tively correlated with gait velocity bilat-

erally within the frontal white matter

(Fig 1A). The association remained sig-

nificant after correction for multiple

comparisons and adjustment for age,

sex, height, brain volume, general phys-

ical performance, microbleeds, diabetes,

and hyperuricemia. To examine the spa-

tial relationship between these clusters

and major white matter tracts, we pro-

jected significant clusters from the

VMTRSM analysis on the probabilistic

white matter tract atlas in MNI space. As

shown in Fig 1B, there was substantial

overlap with the forceps minor.

Given the prominent association of

MTR voxels and walking speed within

the forceps minor, we assessed the mean

MTR of the forceps minor in standard

space and used a linear regression

model, adjusted for age, sex, height,

brain volume, general physical perfor-

mance, microbleeds, diabetes, and hy-

peruricemia to determine the associa-

tion between forceps minor MTR and

gait velocity. Higher mean MTR within
the forceps minor was positively related
to gait velocity (� � 0.134; 95% CI,
0.011– 0.258; P � .033) (Fig 2). This as-
sociation remained virtually unchanged
when global WMH volume or WMH
volume within the forceps minor was
added to the analysis (� � 0.162; 95%
CI, 0.024 – 0.307; P � .029; and � �

0.136; 95% CI, 0.013– 0.261; P � .030,

respectively). Because the correlation between MTR and walk-

ing speed seemed to be dependent on a few outliers who walked

quite fast, we repeated the regression analysis and excluded

participants with walking speeds �1.5 SDs from the popula-

tion mean. This step did not substantially alter the direction or

strength of the association (� � 0.117; 95% CI, �0.012– 0.248;

P � .076).

We examined executive function as a confounder because it

related significantly to gait velocity in the univariate analysis. Indeed,

executive function attenuated the effect of forceps minor MTR on

gait speed, and there remained only a nonsignificant trend (� �

FIG 1. Result of voxel-based MTR symptom-mapping analysis. A, Yellow/orange represents MTR
voxels positively related to gait velocity. The statistical map is superimposed on the MNI-152
standard space template and is family-wise error– corrected for multiple comparisons (P � .05).
The result is independent of age, sex, height, the presence of microbleeds, SPPB total score,
diabetes, hyperuricemia, and brain volume. B, The statistical map shown in A (MTR voxels posi-
tively related to gait velocity) is now superimposed on the Johns Hopkins University DTI-based
white matter tract atlas. Shades of green indicate different white matter tracts, as defined by the
atlas. Most of the MTR voxels positively related to gait velocity (yellow/orange) are located
within the forceps minor (light green frontal tract, indicated by black arrows).

FIG 2. Correlation (r � 0.20; 95% CI, 0.08 – 0.32; P � .002) between walking speed (x-axis, meters/
second) and MTR within the forceps minor (y-axis, percentage). r indicates the Pearson correla-
tion coefficient.
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0.123; 95% CI, �0.002–0.243; P � .054). A Preacher and Hayes36

bootstrap method showed that executive dysfunction had no signif-

icant mediation effect on the association between MTR and gait ve-

locity (indirect effect, 0.016; bootstrapped standard error, 0.013;

bootstrapped 95% CI, �0.0047–0.0460).

Figure 3 illustrates the associations between quartiles of mean

MTR distribution in the forceps minor and gait velocity. Analysis

of covariance, which we corrected for age, sex, height, brain vol-

ume, general physical performance, microbleeds, diabetes, and

hyperuricemia, showed an independent linear dose-effect rela-

tionship between forceps minor-MTR quartiles and gait velocity

(P for linear trend � .031).

VLSM identified no voxel clusters in which WMHs related

significantly to slower gait speed.

DISCUSSION
In this study of older adults free of stroke, dementia, and other

neurologic diseases, we used 2 observer-independent methods to

identify micro- and macrostructural determinants of gait veloc-

ity. We found a dose-dependent association between MTR values

in the forceps minor and gait velocity, independent of age, sex,

height, general physical performance, diabetes, hyperuricemia,

brain volume, microbleeds, and WMH volume. Lower MTR, sus-

pected of representing decreased myelin content,17,22 related to

slower gait velocity. VLSM showed no voxel clusters in which

WMHs were significantly related to a slower gait velocity. Differ-

ent results of MTR and WMH analysis in the current study are not

surprising in light of the work of Wong et al,40 who reported no

significant relationship among MTR, WMH, and cerebrovascular

risk factors, suggesting an independent pathophysiology for each

measure.

Our results are in line with MTR and DTI findings in normal

aging and in patients with cerebral small-vessel disease.14,19,24 The

only MTR study in healthy, older adults

described a relationship between whole-

brain MTR and gait velocity.23 The au-

thors of this investigation quantified

MTR changes globally by using histo-

gram-based metrics. This is a very ro-

bust approach, but it fails to provide in-

formation on the location of MTR

changes that relate to gait. Our voxelwise

approach overcomes this limitation and

thus extended previous results by iden-

tifying MTR alterations within the for-

ceps minor as important determinants

of walking speed. de Laat et al24 studied

429 individuals 50 – 85 years of age with

cerebral small-vessel disease. These au-

thors found loss of white matter integ-

rity in the corpus callosum, particularly

the genu where the forceps minor

crosses. Similar results were reported

by Della Nave et al14 and Bhadelia et

al,19 who also showed that participants

with abnormal gait had lower frac-

tional anisotropy in the genu of the

corpus callosum. Even though DTI probes brain tissue organi-

zation rather than brain tissue composition like MTI, previous

DTI results largely resemble our MTR findings.20,21 Micro-

structural brain tissue changes in the forceps minor were con-

sistently linked with gait disturbances both in normal aging

and in patients with cerebral small-vessel disease.14,19

The forceps minor is a large fiber bundle that connects the

bilateral prefrontal cortices of the hemispheres,8,41 which play an

important role in motor control, especially in older adults.42 In-

tact interhemispheric connections may be important for main-

taining motor control at a high level.43 We observed no significant

relationship between WMHs or lacunes and gait performance in

our community-dwelling sample. Conversely, individuals with a

higher number of microbleeds had slower gait velocity. This is

partly in line with 1 recent study that reported an association

between microbleeds, but not WMHs and gait velocity, in com-

munity-dwelling adults.44 Microbleeds occur in the wake of cere-

bral small-vessel disease, and their presence relates to microstruc-

tural brain tissue changes.45 However, neither the inclusion of

WMHs nor of lacunes or microbleeds in the regression analysis

changed the association between MTR of the forceps minor and

gait velocity significantly.

The 2 previous DTI studies14,19 also found that DTI measures

in the genu of the corpus callosum remained significantly associ-

ated with poorer gait performance after adding WMH volume to

the analysis. Considering that more widespread WMHs seen in

elderly individuals are a marker of coexisting cerebral small-vessel

disease, previous results and the results of the current study indi-

cate that factors other than cerebral small-vessel disease may also

play an important role in the development of gait disturbances

during aging. Postmortem studies that correlate MTR and DTI

measures with brain tissue alterations are thus likely to im-

FIG 3. Analysis of covariance results. The mean MTR (percentage) of the forceps minor was
divided into quartiles (x-axis). The first quartile was the lowest. Ranges of the MTR quartiles are as
follows: quartile 1, 24.18 –26.79; quartile 2, 26.80 –27.43; quartile 3, 27.44 –28.08; quartile 4, 28.09 –
30.00. Values on the y-axis represent the estimated mean walking speed in meters/second of
subjects within each quartile, adjusted for age, sex, height, SPPB total score, the presence of
microbleeds, diabetes, hyperuricemia, and brain volume. Increasing MTR values within the forceps
minor are related to higher gait velocity in a dose-dependent manner (P for linear trend � .031).

504 Seiler Mar 2017 www.ajnr.org



prove our pathophysiologic understanding of age-related gait

abnormalities.

The current study has several strengths. It is the largest

cohort study on gait performance using voxel-based MTR

mapping to date. The study is community-based, with pro-

spectively planned radiologic and clinical protocols. With

MTI, images with a much higher spatial resolution and signal-

to-noise ratio can be produced than is possible with DTI acqui-

sitions. There are also no echo-planar imaging–induced artifacts.

The high scan resolution allowed accurate registration of scans

and segmentation of tissue types and WMHs. A thorough post-

processing procedure and rigorous quality control of segmen-

tations reduced the effects of coregistration errors and CSF

contamination to a minimum.

There are also limitations. The study has a cross-sectional de-

sign. Other potential underlying mechanisms for our findings,

beyond a direct causal relationship between microstructural dam-

age and disturbances in gait velocity, are possible. Among them

are peripheral neuromuscular disease, the presence of hip and

joint disease, or visual disturbances or cognitive dysfunction. We

had expected peripheral neuromuscular disease and hip and joint

diseases to be reflected in the SPPB total score, which was consid-

ered a confounder in our regression model. Inclusion of the SPPB

total score did not significantly alter our results, arguing against a

large effect of general physical performance on the relationship

between forceps minor MTR and gait velocity.

When we added executive function scores to the regression

analysis, the relationship between MTR of the forceps minor and

walking speed was attenuated. There remained only a nonsignif-

icant trend. In contrast to authors in previous studies who re-

ported executive functions exerting mediating effects on the rela-

tionship between structural brain changes and gait,46,47 we were

unable to confirm that executive function is a mediator in the asso-

ciation between forceps minor MTR and gait speed in the current

investigation. It is likely that the effect of MTR on gait became non-

significant when the executive function score was introduced simply

because a trivial amount of variance was explained in addition to the

model without inclusion of results of executive function testing. Par-

ticipants were directed to walk at their “usual pace,” allowing them to

make a personal choice between a range of gait speeds. This could

have biased our results. However, usual gait speed correlated well

with the SPPB score in our study and was shown to relate significantly

to disability in previous work.27 Previous data even suggest that usual

gait speed alone is nearly as good a predictor of disability outcome as

extensive physical testing.27

The lack of an association between heart disease and walking

speed might have been caused by the rather short walking distance

(8 m) and the possibility of walking at a normal pace in our study.

It was described previously that the presence of heart disease

rather affects long-distance walking tests.48 We realize that we

tested the association between voxel values and walking speed in a

far larger number of voxels in MTR analysis that compose the

whole white matter than in the lesion-based analysis. Conse-

quently, the risk of finding associations due to chance alone is

probably higher in the MTR analyses, and by contrast, the risk of

missing associations that actually exist is probably higher in the

lesion-based analysis. In this study, besides family-wise error con-

trol, the symmetry of our findings in both hemispheres is a strong

argument against findings due to chance alone.

The variance of the VMTRSM analyses was substantial. The

reason for this large variability of results, which hampers the util-

ity of findings, is unclear. It remains to be seen whether other

methods of image analysis such as Tract-Based Spatial Statistics

(TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS)49 might resolve

this problem.

Some subjects originated from the same families. This might lead

to correlated errors in the statistical models. FSL includes no regular

option to correct voxelwise analyses for family structure. Including,

for instance, random effects would be very difficult to interpret. How-

ever, we consider this a minor issue here, given the small number of

subjects per family.

Our voxelwise approach is neither useful nor intended to diag-

nose a single subject. However, our results broaden the pathophysi-

ologic understanding of MTR and gait disturbances in aging. Future

longitudinal studies might use high-resolution, 3D MTR scans to

tailor reliable predictors for gait disturbances in older age.

CONCLUSIONS
Our study provides new evidence for the importance of MTR

changes in gait disturbances at an older age, particularly in the forceps

minor. Identification of the causes and the histopathologic origin of

these MR imaging–detected tissue alterations is important because

therapeutic measures may be derived.
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ORIGINAL RESEARCH
ADULT BRAIN

Evaluation of Encephaloduroarteriosynangiosis Efficacy Using
Probabilistic Independent Component Analysis Applied to

Dynamic Susceptibility Contrast Perfusion MRI
X A.N. Laiwalla, X F. Kurth, X K. Leu, X R. Liou, X J. Pamplona, X Y.C. Ooi, X N. Salamon, X B.M. Ellingson, and X N.R. Gonzalez

ABSTRACT

BACKGROUND AND PURPOSE: Indirect cerebral revascularization has been successfully used for treatment in Moyamoya disease and
symptomatic intracranial atherosclerosis. While angiographic neovascularization has been demonstrated after surgery, measurements of
local tissue perfusion are scarce and may not reflect the reported successful clinical outcomes. We investigated probabilistic independent
component analysis and conventional perfusion parameters from DSC-MR imaging to measure postsurgical changes in tissue perfusion.

MATERIALS AND METHODS: In this prospective study, 13 patients underwent unilateral indirect cerebral revascularization and DSC-MR
imaging before and after surgery. Conventional perfusion parameters (relative cerebral blood volume, relative cerebral blood flow, and
TTP) and probabilistic independent components that reflect the relative contributions of DSC signals consistent with arterial, capillary, and
venous hemodynamics were calculated and examined for significant changes after surgery. Results were compared with postsurgical DSA
studies to determine whether changes in tissue perfusion were due to postsurgical neovascularization.

RESULTS: Before surgery, tissue within the affected hemisphere demonstrated a high probability for hemodynamics consistent with venous
flow and a low probability for hemodynamics consistent with arterial flow, whereas the contralateral control hemisphere demonstrated the
reverse. Consistent with symptomatic improvement, the probability for venous hemodynamics within the affected hemisphere decreased with
time after surgery (P � .002). No other perfusion parameters demonstrated this association. Postsurgical DSA revealed an association between an
increased preoperative venous probability in the symptomatic hemisphere and neovascularization after surgery.

CONCLUSIONS: Probabilistic independent component analysis yielded sensitive measurements of changes in local tissue perfusion that
may be associated with newly formed vasculature after indirect cerebral revascularization surgery.

ABBREVIATIONS: EDAS � encephaloduroarteriosynangiosis; ICA � independent component analysis; ICAS � intracranial atherosclerosis; MMD � Moyamoya
disease; rCBF � relative cerebral blood flow; rCBV � relative cerebral blood volume

Encephaloduroarteriosynangiosis (EDAS) is a form of indirect

cerebral revascularization, which has been successfully used as

a treatment in Moyamoya disease (MMD) and symptomatic in-

tracranial atherosclerosis (ICAS) in adults.1-8 In principle, ex-

tracranial arterial branches are surgically redirected below the

dura mater and apposed to hypoperfused brain tissue. This pro-

cedure results in the sprouting of new vessels that gradually form

new anastomoses with the intracranial circulation, improving

perfusion and reducing the risk of stroke.7 In a recently published

report on treatment outcomes with EDAS, the rate of stroke was

2.4% (5.6% in patients with ICAS, 0% in patients with MMD)

within 2 years after the operation.9 These rates are lower than the

previously observed rates for medical treatment (15%) or angio-

plasty and stent placement (21%) in the SAMMPRIS (Stenting vs.

Aggressive Medical Management for Preventing Recurrent Stroke

in Intracranial Stenosis) trial.10,11

Multiple imaging modalities have been used to assess the ex-

tent of indirect revascularization in patients with MMD and

ICAS. Conventional angiography, CTA, and MRA have demon-

strated neovascularization within the EDAS operative territory

through transdural and transpial collateral vessels.12,13 Increased

donor superficial temporal artery and middle meningeal artery

vessel sizes and a decrease in preoperative native collaterals fol-
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lowing EDAS have also been reported.5,12,14,15 Beyond anatomic

changes, investigating tissue perfusion is necessary because alter-

ations in tissue perfusion are dynamic processes that may not

correlate directly with structural changes.16,17 In MMD, xenon-

enhanced CT scanning, SPECT, blood oxygen level– dependent

cerebrovascular-reactivity MR imaging, and PET studies have

shown improved cerebrovascular reactivity in territories of the

intervened hemisphere.12,18,19 In addition, CT perfusion and

DSC-MR imaging studies found improved postoperative cerebral

hemodynamics through TTP, relative cerebral blood flow (rCBF),

and relative cerebral blood volume (rCBV) measures.16,20 Yet, the

association between local tissue perfusion following EDAS with

structural changes and clinical outcomes is still unclear.

Probabilistic independent component analysis (ICA) of

DSC-MR imaging allows improved differentiation of physiologic

and pathophysiologic cerebral hemodynamics through the ex-

traction of spatiotemporal blood supply patterns.21 It is a data-

driven, multivariate approach that has been applied to functional

MR imaging, electroencephalographic recordings, and, recently,

DSC-MR imaging data in glioblastoma, in which it demonstrated

the ability to discern tumor from normal vasculature and charac-

terize tumor perfusion patterns.22-27 The objective of this study

was to apply ICA to DSC-MR imaging data to evaluate hemody-

namic changes after EDAS, to assess whether this method can

detect changes consistent with structural imaging measures, and

to compare the results with classic perfusion measures—that is,

by quantitatively separating the DSC-MR imaging time-series

data in each image voxel into independent temporal patterns con-

sistent with arterial, capillary, and venous hemodynamics, we hy-

pothesized that probabilistic ICA would detect subtle changes in

vascularity that may not be captured by classic perfusion mea-

sures. We further hypothesized that brain regions in adults with

symptomatic ICAS or MMD would contain tissue with a high

venous probability, suggesting hemodynamics consistent with

delayed venous flow. Additionally, we posited that a favorable

increase in tissue perfusion within the surgical hemisphere after

EDAS would reduce this venous probability and that this reduc-

tion would be associated with neovascu-

larization as measured with postoperative

digital subtraction angiography.

MATERIALS AND METHODS
Study Design
We performed a prospective study of

adult patients (23–75 years of age) with

TIA or nonsevere stroke attributed to

70%–99% intracranial stenosis of a major

intracranial artery and confirmed by con-

ventional angiography. All patients pre-

sented with persistent strokes or TIAs de-

spite optimal medical management, as

established in the SAMMPRIS trial.10 Pa-

tients with ICAS or MMD were included

in this study, with the former enrolled in

the ongoing EDAS Surgical Indirect Re-
vascularization for Symptomatic Intra-

cranial Arterial Stenosis (ERSIAS) trial

(clinicaltrials.gov No. NCT01819597). Pa-

tients with MMD received the same imaging and therapy as those

with ICAS through the ERSIAS protocol. All participants provided

informed consent before taking part, and the study was conducted

with institutional review board approval (No. 12-000439; University of

California, Los Angeles).

Study Participants
Thirteen patients (female/male ratio: 11:2; mean age, 54.77 � 15.66

years) who underwent unilateral EDAS surgery and DSC-MR imag-

ing from 2013 to 2014 were included (see Table 1 for an overview of

all enrolled patients). Eight of the patients were diagnosed with ICAS,

and 5, with MMD. Of the 13 patients, 8 had DSC-MR imaging data at

multiple time points, including 1 pre- and up to 4 postoperatively (ie,

at approximately 3, 6, 9, and 12 months after the operation). The

exact timing of the imaging studies was recorded in days after the

operation, yielding negative numbers for preoperative scans (Table

1). For 12 of the 13 patients, postoperative DSA studies were per-

formed to document the extent of newly formed vessels from the

donor artery. These studies were used to compare potential perfusion

changes with the actual observed sprouting of new vessels. One pa-

tient (patient 11) died of a myocardial infarction before these post-

operative studies were performed.

Preoperative Evaluation
All patients underwent preoperative imaging that included DSA

and/or MR imaging. DSA of all patients revealed severe stenosis in

the intracranial cerebral vasculature that corresponded to their

clinical symptoms. EDAS was considered for treatment on the

basis of clinical need, including ischemic symptoms within 30

days and evidence of hypoperfusion and poor collateral flow

(American Society of Interventional and Therapeutic Neuroradi-

ology/Society of Interventional Radiology grades 0 –2).

Surgical Technique
The EDAS surgical technique has been previously described.5,7 In

brief, the superficial temporal artery is identified and dissected with

its surrounding galeal cuff. A craniotomy is performed, and the dura

Table 1: Study participants—characteristics, history of TIA, and stroke and imaging data at
the time of the first and last scan relative to the operation and the number of
observations

ID
Age
(yr) Sex Diagnosis

Events Pre- and
Postoperation Imaging Data

Pre- Post-
Time Range

(days)
Time

Points
1 55 F ICAS TIA �19–373 5
2 65 F ICAS Stroke TIA �14–364 4
3 75 F ICAS Stroke 107–365 4
4 66 F ICAS TIA � Stroke 99–372 4
5 63 M ICAS Stroke �14–370 4
6 55 F MMD Stroke �71–172 3
7 23 F MMD Stroke �4–94 2
8 67 M ICAS TIA �7–190 2
9 56 F MMD TIA �7–135 2
10 47 F ICAS Stroke �3–186 3
11 70 F ICAS TIA � Stroke �15 1
12 35 F MMD TIA � Stroke 116 1
13 35 F MMD TIA 437 1

Note:—ID indicates identification.
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is opened in cruciate fashion, preserving the middle meningeal artery

branches. The dural layers are separated, the inner avascular layer is

removed, and the arachnoid is widely opened with microdissection

under the surgical microscope. The superficial temporal artery is

subsequently sutured to the edges. The burr-holes and inner table of

the bone flap are trimmed to prevent kinking and compression of the

superficial temporal artery on its replacement. Patients remain in

intensive medical management during and after the operation with

antiplatelets, high-dose statins, and strict control of blood pressure

and glycemia.

MR Images
All MR imaging data were collected on a 1.5T (Avanto; Sie-

mens, Erlangen, Germany) or 3T MR imaging system (Trio,

Prisma, or Skyra; Siemens). Each patient underwent follow-up

studies on the same MR imaging scanner that was used for their

original preoperative baseline scan. Standard anatomic MR

imaging sequences included a sagittal T1-weighted image,

along with axial T2-weighted and FLAIR images. A 10- to

20-mL (0.1 mmol/kg body weight) dose of gadobenate dime-

glumine contrast agent was administered during DSC-MR im-

aging (gradient-echo EPI: TE/TR � 23/1210 ms [1.5T], TE/

TR � 32/1840 ms [3T], 35° flip angle, 120 time points, bolus

injection after 20 –25 baseline images, 16 –20 sections, 5-mm

section thickness with no intersection gap, 128 � 128 matrix

size, 24-cm FOV). rCBV, rCBF, and TTP were computed via

the commercially available postprocessing software (IB Neuro,

Version 2.0; Imaging Biometrics, Elm Grove, Wisconsin). Sag-

ittal and axial postcontrast T1-weighted images were obtained

following DSC perfusion images.

Probabilistic Independent Component Analysis
Technical and mathematic details regarding the probabilistic

ICA algorithm are described in Beckmann and Smith.28 In the

current study, we implemented the probabilistic ICA algo-

rithm by using the MELODIC program from the FMRIB

Software Library (FSL; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

MELODIC). Briefly, probabilistic ICA was applied to the raw

DSC-MR imaging data throughout the entire brain to identify

3 statistically independent temporal components plus noise.22

These 3 independent components were then manually identi-

fied as “arterial,” “venous,” and “capillary” components based

on their temporal hemodynamic profiles, in which the arterial

component had the shortest TTP, the venous component had

the longest TTP, and the capillary component had the smallest

signal amplitude and an intermediate TTP. For verification of this

empiric categorization, the components were checked via their re-

spective spatial patterns to ensure that the arterial component cov-

ered the circle of Willis and the venous component contained the

choroidal plexus. Next, the posterior probability of the DSC time

signal for each independent component compared with noise was

calculated for each image voxel. This calculation resulted in 3 unique

brain maps reflecting the relative probability of a voxel having a DSC

time-series consistent with arterial, venous, or capillary hemody-

namic profiles. These resulting probability maps were then used for

subsequent analyses.

Image Registration
All conventional and perfusion images for each subject were reg-

istered to the axial, postcontrast T1-weighted images at the first

postoperative time point by using a 12-df affine transformation

with a mutual information cost function (in FSL). If required, 9-df

manual alignment was subsequently performed (tkregister2,

FreeSurfer; surfer.nmr.mgh.harvard.edu). Three investigators

(A.N.L., B.M.E., K.L.) verified adequate alignment of the images

by consensus.

ROIs
ROIs were manually drawn on baseline postcontrast T1-weighted

images around the surgical graft site and on a mirrored region

within the contralateral hemisphere. Because all images were

aligned between baseline and postsurgical follow-up, a single set

of ROIs was used for comparison. The mean values of all 6 mea-

sures (arterial probability, capillary probability, venous probabil-

ity, rCBV, rCBF, and TTP) within these 2 ROIs (surgical and

contralateral) were calculated for each patient and evaluation

time point.

Statistical Analysis
The calculated ROI-wise values (probabilities for arterial, capil-

lary, and venous components, as well as rCBV, rCBF, and TTP)

were used as the dependent measures in a statistical model. The

association between time after the operation (independent vari-

able) and the imaging measures of interest (dependent variable)

was calculated by using a general linear model and permutation

testing. This approach allowed accounting for interindividual dif-

ferences among the participants by including “subject” as a factor

of no interest and assessing interactions between surgical and

control hemispheres by modeling appropriate interactions. Cor-

relation coefficients were calculated from the t values on the basis

of the effective dfs. Because none of the measures of interest can be

assumed to be normally distributed in this small sample, signifi-

cance was established by using a Monte Carlo simulation with

10,000 permutations.29 Specifically, the null hypothesis was that

there is no association between the time after the operation and

the measures of interest (dependent variables), so all observed

differences were explained by interindividual variability and

noise. This entails that no systematic changes occur in either mea-

surement with time, which means that under the null hypothesis

it is inconsequential at which time relative to surgery the measure

was taken. While we controlled for interindividual differences, the

time after the operation can thus be interchanged at random,

without yielding a less significant correlation or interaction under

the null hypothesis. The null hypothesis can be rejected at P � .05,

however, if random permutations of the time after the operation

yield less significant results in at least 95% of all cases. With 6

different measures of interest, we controlled the type I error by

applying a Bonferroni correction for multiple comparisons (ie,

significance was determined at P � .0083). Seeing that previous

analyses focused on MMD, and not ICAS, and that the underlying

disease may be a modifying factor for the results, we repeated the

statistical analysis for each disease group as a post hoc analysis and

additionally calculated the interaction between disease group and
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postsurgical changes. The analysis was performed in Matlab (Ver-

sion 7.12; MathWorks, Natick, Massachusetts).

In addition, standard plots of the probability of arterial, ve-

nous, and capillary components within the prescribed ROIs with

time in the complete sample and descriptive statistics were gener-

ated for demographic and clinical assessments to characterize the

study population. Additional plots were created for rCBF, rCBV,

and TTP. For comparison with the individual DSA studies, plots

of the changes within the arterial and venous component with

time for each individual patient were created. These analyses were

conducted by using JMP (Version 11; SAS Institute, Cary, North

Carolina).

Clinical Analysis
Patient data were reviewed up to 24 months following EDAS sur-

gery to evaluate TIA, stroke, and death.

Role of the Funding Source
None of the funding sources had any role in the collection or

interpretation of data or any influence on the writing or decision

to submit the manuscript.

RESULTS
Probabilistic ICA of the asymptomatic control hemisphere re-

vealed a lower probability of belonging to the venous component

than to the arterial component at baseline (mean probability: ar-

terial, 0.40 � 0.08, versus venous, 0.16 � 0.07). In the preopera-

tive symptomatic hemisphere, the probabilities of arterial and ve-

nous components were inverted (mean probability: venous,

0.46 � 0.19, versus arterial, 0.23 � 0.09). This inversion is de-

picted in the preoperative probabilistic map of arterial and venous

components shown in Fig 1 for a representative patient. Visually,

the maps showed striking asymmetry between the right and left

frontal cortices, with a higher venous probability in the left fron-

toparietal cortex (symptomatic site) compared with contralateral

tissue. Images for several axial sections of this patient are shown in

On-line Fig 1.

With time, baseline values of venous and arterial probabilities

were maintained in the asymptomatic control side (Fig 2). There

was no significant correlation between the time after the opera-

tion and the venous probability of this asymptomatic hemisphere.

After the operation, however, the high venous probabilities of the

operative side (preoperative mean probability, 0.46 � 0.19, versus

FIG 1. Probabilistic independent component analysis of presurgical DSC-MR imaging of a patient undergoing EDAS. Probability maps of arterial
(left) and venous (right) components are shown on an axial section. The respective time courses show a delayed response in the venous
component. The color bar indicates local probability. Note the high probability for the venous component in the left hemispheric cortex, which
is the symptomatic side.
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12-month probability, 0.23 � 0.09) decreased with time, while

the arterial probabilities remained largely unchanged. This out-

come was also reflected in a significant negative correlation be-

tween the time after the operation and the venous probability of

this symptomatic hemisphere (P � .002). The association be-

tween venous probability and the time after the operation was

significantly stronger on the surgical side compared with the con-

trol side (P � .001), in which no significant correlation between

any perfusion measure and time after the operation was detected.

After approximately 9 months, probabilities of the individual

components of the surgical side appeared inverted to reflect pat-

terns similar to those of the nonsurgical side. No other interac-

tions between hemispheres (control versus surgical) or correla-

tions with time after the operation survived the correction for

multiple comparisons for any other perfusion measurement. Ta-

ble 2 provides a detailed overview of P values and correlation

coefficients. Although no significant findings were observed for

the classic measures, rCBV, rCBF, and TTP, the respective plots

can be found in On-line Fig 2 for completeness.

Post hoc analyses for each etiology group revealed a significant

negative correlation between the venous probability and time af-

ter the operation of the surgical hemisphere in patients with ICAS

(P � .004); this correlation was not significant for patients with

MMD, likely due to the small sample size. An interaction between

subgroup and time after the operation did

not yield any significant results, thus not

supporting a difference between ICAS

and MMD. Notably, the study was not de-

signed to separately evaluate each etiology

group; however, the striking magnitude

of the effect of the operation in the ICAS

group reached statistical significance in

this post hoc analysis. No other perfusion

measure showed significant changes after

the operation in that subgroup analysis.

Exploration of individual arterial and

venous components in the surgical hemi-

spheres of each patient did not demon-

strate the pattern of increased venous

probability across all patients. Of all 13

patients, 3 did not show an increased ve-

nous probability preoperatively. Fig 3 de-

picts examples from 1 patient with and 1

patient without increased venous proba-

bility. A direct comparison with postoperative DSA studies re-

vealed that the 3 patients who did not show increased venous

probabilities preoperatively did not develop new collaterals from

the EDAS surgery. However, all other patients who had an inver-

sion of the components did develop new collaterals from the do-

nor vessel after the operation. This observation suggests that mea-

sures of venous probability may be a surrogate for

neovascularization. An overview of the direct comparisons in all

patients is given in On-line Fig 3.

Clinical Results
No patient had a stroke within the 24-month follow-up period.

The 3 patients who did not develop postoperative collaterals had

improvement in the degree of intracranial arterial stenosis and

did not develop strokes; this outcome was attributed to the med-

ical management. One of the 14 patients (patient 2) had a TIA at

1– 6 months postoperatively. Further TIAs were not observed

during the follow-up period for this patient. None of the other 12

patients had a TIA postoperatively.

DISCUSSION
Collaterals are of critical importance in maintaining cerebral per-

fusion in patients with intracranial arterial stenosis.30 EDAS facil-

itates the formation of new collaterals between redirected ex-

tracranial arterial branches and the intracranial circulation.7 The

extent of revascularization following EDAS is traditionally fo-

cused on the anatomic investigation of collaterals by conventional

angiography. However, consideration of the functional effects is

also necessary because alterations in tissue perfusion may not cor-

relate directly with structural changes.16,17,31,32 The goal of this

study was to explore perfusion MR imaging measurements to

better characterize tissue perfusion following EDAS. No signifi-

cant relationships were found between conventional perfusion

measures (rCBV, rCBF, and TTP) and the time after EDAS sur-

gery. By applying probabilistic ICA, however, a significant change

was observed in the surgical hemisphere that corresponded to the

clinical observation of protection from stroke and a reduced risk

FIG 2. Temporal changes in the mean local probability of the tissue to belong to either the
arterial (red), venous (blue), or capillary (green) component. The dominance of the venous
component at baseline in the symptomatic hemisphere indicates delayed perfusion. Note the
normalization in dominance with time, suggesting an accelerated perfusion of the surgical
region.

Table 2: Significance of the association between the time after
the operation and the measurements of interest within the
surgical side, the contralateral side, and their interaction

P
Interaction

r
Surgical

Side

P
Surgical

Side

r
Control

Side

P
Control

Side
Artery .258 0.024 .418 �0.109 .194
Vein .001a �0.426 .002a 0.051 .281
Capillary .009 �0.332 .020 �0.003 .489
rCBF .270 �0.017 .444 �0.116 .226
rCBV .404 0.157 .121 0.113 .192
TTP .120 0.181 .151 0.260 .039

Note:—P indicates probability; r, correlation coefficient.
a Significant results after correction for multiple comparisons using a Bonferroni cor-
rection.
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of TIA after EDAS, in agreement with prior publications report-

ing these beneficial clinical effects.7,9 Specifically, the nonsurgical

(control) hemisphere was found to have a constant, high arterial

probability and low venous and capillary probabilities, suggesting

that the raw DSC signal was most consistent with a rapid arterial

hemodynamic pattern. Because this asymptomatic hemisphere

was not affected by intracranial arterial stenosis, no perfusion

deficit was expected.

In contrast, the symptomatic hemisphere, in which there was
intracranial arterial stenosis and thus made the patient eligible for
EDAS revascularization, had high venous and capillary probabil-
ities and a low arterial probability at baseline, suggesting that most
tissue near the surgical site expressed patterns more similar to
delayed venous hemodynamics. This shift toward a higher prob-
ability of the venous component within the symptomatic hemi-
sphere can be interpreted as a slower perfusion in this region.
After EDAS surgery, the elevated probability for the venous com-
ponent significantly decreased with time; this decrease led to an
inversion of the probability pattern at 9 months. This suggests a
normalization of the blood flow characteristics, with faster arrival
and clearing of the contrast agent in the tissue due to higher per-
fusion after EDAS. In other words, after EDAS surgery, tissue

perfusion changes in that it becomes less
delayed than before the operation, thus
less resembling venous blood flow charac-
teristics. This interpretation is consistent
with the clinical observation that symp-
toms improved in all cases following
EDAS surgery.

While we also observed a significant
negative correlation between the time af-
ter the operation and venous probability
in the surgical hemisphere within the
ICAS group, no significant correlation
between the time after the operation and
any perfusion measure was found within
the MMD group. The interaction be-
tween patient group and time after the
operation was not significant, indicating
that the response to the operation did not
differ between patients with ICAS and
those with MMD. Nonsignificant results
within the MMD group may rather be due
to the relatively small sample size; this
study was not designed to investigate each
group independently. As shown in Table
1, the MMD group comprised only 5 of
the 13 patients, and future analysis based
on a larger dataset is desirable to further
evaluate these findings.

The comparison with postoperative
DSA studies confirms that improvement
in perfusion was associated with forma-
tion of new collaterals. Patients who did
not develop new collaterals from the do-
nor vessel did not show an increased ve-
nous probability in the surgical hemi-
sphere according to the results from the

probabilistic ICA. These patients also exhibited a reduction in the
stenosis of the qualifying artery in DSA angiography with time,
which may be why they did not develop new collaterals, because
the innate source of cerebral irrigation was sufficient to prevent
them from developing symptoms. This effect has been reported in
cases of intensive medical management alone, which was main-
tained in all patients undergoing EDAS in this study.11,33 While
this observation supports the notion that the decrease in the ve-
nous probability derived from probabilistic ICA acts as a surro-
gate for revascularization, it raises a second interesting question:
One might inquire whether the observed relationship between
increased venous probability and postoperative revascularization
might qualify as a marker for patient selection and/or serve as a
valuable tool for surgical planning and monitoring. While this
question is beyond the scope of this initial study, it is well worth
following up in a larger systematic study. Furthermore, because
the clinical outcome after EDAS is likely to be superior to medical
therapy alone, it will be important to assess whether such an ob-
servation may be reason enough for withholding or delaying an
operation.9-11

In the setting of MMD, improved cerebral perfusion following
indirect revascularization has been demonstrated by using tradi-

FIG 3. Comparison between the results from probabilistic ICA and the postoperative DSA
studies in 2 sample patients. The results for the arterial and venous component are shown on the
left, with the arterial component in red and the venous component in blue. The sagittal view of
the respective postoperative DSA study is depicted directly to the right side of these graphs.
Upper part: Note that this patient did not exhibit the pattern of an inversion of the probabilities
as presented in Fig 2 for the whole sample. The respective postoperative DSA study does not
show any new anastomoses between the donor artery and the intracranial vasculature. Lower
part: This patient exhibited an inversion of the probabilities on the surgical side with a postop-
erative decrease of the venous component. The newly formed anastomoses with the intracra-
nial arteries are indicated with a red arrow.
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tional neuroimaging modalities. In a recent study with 12 pediat-

ric patients with MMD, SPECT revealed improvement in basal

perfusion and cerebrovascular reactivity in the MCA surgical ter-

ritory, approximately 3 months following revascularization by

EDAS surgery.34 In a similar study in 17 pediatric patients with

MMD who underwent EDAS, SPECT at approximately 5 months

(153 � 110 days) showed significant improvement in the cerebro-

vascular reserve, with nonsignificant improvement of the basal

CBF.19 Furthermore, perfusion MR imaging in 13 children with

MMD demonstrated delayed presurgical TTP enhancement com-

pared with controls, which was significantly reduced following

EDAS.16 CT perfusion was also used to evaluate multiple burr-

hole revascularization in ischemic adult MMD.20 Six-month fol-

low-up CT perfusion showed postoperative increases in CBF,

with decreases in MTT and TTP. Our results, however, do not

demonstrate the same magnitude of change in traditional perfu-

sion measures in patients undergoing EDAS. Some of the differ-

ences can be expected because most data in this study stem from

adult patients with ICAS, usually of advanced age, in whom ex-

tensive neovascularization after EDAS is not necessarily antici-

pated. In addition, the relatively small overall sample size and

limited coverage of time points may have contributed to the non-

significant findings with conventional perfusion measures. The

significant results found with probabilistic ICA may indicate a

higher sensitivity of this technique to perfusion changes, warrant-

ing further studies to validate its use to monitor EDAS effects and

potentially as a selection tool to identify subjects who would ben-

efit most from indirect revascularization.

First developed in the engineering field of signal processing,

ICA has been applied to fMRI for the separation of functional

networks in task-related and task-free fMRI studies and to EEG to

resolve differences between evoked responses.25,27,35-38 More re-

cently, ICA has been used to separate and distinguish phases of

cerebral perfusion. Separation of the mixed dynamic signals of

DSC-MR imaging into independent source signals provides spa-

tiotemporal hemodynamic information on local perfusion for ce-

rebral vasculature and parenchyma.37,39 In a study of 12 patients

with unilateral carotid stenosis, this method differentiated nor-

mal arterial, stenotic arterial, and stenotic-side parenchymal

phases; this finding suggests that stenosis and poor collateral cir-

culation resulted in delayed contrast perfusion through paren-

chyma on the side of the stenosis.37 Additionally, probabilistic

ICA applied to neuro-oncology allowed the detection of abnor-

mal tumor vasculature, distinguishing tumor from normal tissue

and potentially serving as a biomarker to predict responses to

antiangiogenic drugs.22,40 The present study suggests that the use

of this method can be expanded to surgical planning and moni-

toring for EDAS in patients with ICAS. Despite recent concern

about gadolinium deposits after repeat use, postcontrast MR im-

aging is standard in the stroke protocols of many institutions and

DSC-MR imaging can be performed concurrently without addi-

tional contrast administration.41,42 While the clinical significance

of gadolinium deposits after repeat use still remains unknown, the

application of probabilistic ICA to DSC-MR imaging may prove

beneficial for surgical planning and monitoring for EDAS.41,42

These potential benefits may thus outweigh the risk of gadolin-

ium; however, further investigation is warranted.

CONCLUSIONS
The current results indicate that probabilistic ICA of DSC-MR

imaging data is a sensitive technique for monitoring changes in

perfusion after EDAS surgery in patients with ICAS and MMD.

Hypoperfused brain regions had a high probability of perfusion

characteristics, consistent with venous hemodynamics, and this

elevated probability decreased as newly formed collaterals became

evident.
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ORIGINAL RESEARCH
ADULT BRAIN

In Vivo Assessment of the Impact of Regional Intracranial
Atherosclerotic Lesions on Brain Arterial 3D Hemodynamics

X C. Wu, X S. Schnell, X P. Vakil, X A.R. Honarmand, X S.A. Ansari, X J. Carr, X M. Markl, and X S. Prabhakaran

ABSTRACT

BACKGROUND AND PURPOSE: Intracranial atherosclerosis induces hemodynamic disturbance, which is not well-characterized, partic-
ularly in cerebral flow redistribution. We aimed to characterize the impact of regional stenotic lesions on intracranial hemodynamics by
using 4D flow MR imaging.

MATERIALS AND METHODS: 4D flow MR imaging was performed in 22 symptomatic patients (mean age, 68.4 � 14.2 years) with intra-
cranial stenosis (ICA, n � 7; MCA, n � 9; basilar artery, n � 6) and 10 age-appropriate healthy volunteers (mean age, 60.7 � 8.1 years). 3D
blood flow patterns were visualized by using time-integrated pathlines. Blood flow and peak velocity asymmetry indices were compared
between patients and healthy volunteers in 4 prespecified arteries: ICAs, MCAs, and anterior/posterior cerebral arteries.

RESULTS: 3D blood flow pathlines demonstrated flow redistribution across cerebral arteries in patients with unilateral intracranial
stenosis. For patients with ICA stenosis compared with healthy volunteers, significantly lower flow and peak velocities were identified in
the ipsilateral ICA (P � .001 and P � .001) and MCA (P � .001 and P � .001), but higher flow, in the ipsilateral PCA (P � .001). For patients with
MCA stenosis, significantly lower flow and peak velocities were observed in the ipsilateral ICA (P � .009 and P � .045) and MCA (P � .001
and P � .005), but significantly higher flow was found in the ipsilateral posterior cerebral artery (P � .014) and anterior cerebral artery (P �

.006). The asymmetry indices were not significantly different between patients with basilar artery stenosis and the healthy volunteers.

CONCLUSIONS: Regional intracranial atherosclerotic lesions not only alter distal arterial flow but also significantly affect ipsilateral
collateral arterial hemodynamics.

ABBREVIATIONS: ACA � anterior cerebral artery; AI-F � flow rate asymmetry index; AI-V � peak velocity asymmetry index; BA � basilar artery; ICAD �
intracranial atherosclerotic disease; PCA � posterior cerebral artery; PC-MRA � phase-contrast MR angiogram; VENC � velocity encoding

Intracranial atherosclerotic disease (ICAD) is characterized by

narrowing and blockage of the major intracranial arteries due to

accumulation of atherosclerotic plaques within the vessel wall. It

represents one of the most common causes of ischemic stroke

worldwide, with higher occurrence rates in Asians, Hispanics, and

blacks than in whites.1

Patients with symptomatic ICAD have a high risk of stroke

recurrence, particularly those with high-grade (70%–99%) steno-

sis.2 Currently, aggressive medical management is recommended

for the treatment of ICAD. However, approximately 12% of pa-

tients with ICAD experience a recurrent stroke within the first

year.3 Therefore, careful risk stratification and monitoring of

ICAD are paramount. In particular, hemodynamic failure may

impart a high risk in a subset of patients with ICAD. Local hemo-

dynamic alterations secondary to ICAD, particularly in the loca-

tions proximal and distal to the stenosis, may be useful markers of

recurrent stroke risk.4,5 Because DSA is invasive, noninvasive al-

ternatives such as sonography and 2D phase-contrast MR imag-

ing have been used to measure hemodynamic changes in patients

with ICAD, classify stenosis severity, predict risk of recurrent

stroke, and detect in-stent restenosis after stent placement.6-9

However, these techniques may be limited by low reproducibility,

an inadequate insonation window, or insufficient anatomic cov-

erage. In addition, the impact of atherosclerotic lesions on the

hemodynamics in other vascular territories and the redistribution
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of cerebral blood flow through circle of Willis collaterals are not

well-characterized. Furthermore, a 3D characterization of the ste-

nosis-induced hemodynamic changes across the entire cerebral

vasculature and a comparison of the hemodynamics between pa-

tients with ICAD and age-controlled healthy volunteers have not

been previously reported, to our knowledge.

4D flow MR imaging (ie, time-resolved 3D phase-contrast MR

imaging with 3-directional velocity-encoding) provides reliable

flow measurements consistent with 2D phase-contrast MR imag-

ing and offers additional benefits, including retrospective flow

quantification at any vessel location within the imaging volume

and 3D blood flow visualization of the entire vasculature.10-12

Recently, 4D flow MR imaging has attracted increasing interest in

the assessment of intracranial hemodynamics in patients with

cerebrovascular diseases, such as intracranial aneurysms, vein of

Galen malformation, and cerebral arteriovenous malformation.13-17

The purpose of this study was to evaluate the impact of re-

gional intracranial atherosclerotic lesions on cerebral artery he-

modynamics in comparison with healthy volunteers by using 4D

flow MR imaging.

MATERIALS AND METHODS
Study Subjects
Between 2012 and 2014, clinical records of symptomatic patients

with ICAD who had undergone 4D flow MR imaging were retro-

spectively reviewed (n � 26). The study included only patients

with moderate (50%–70%) to severe (�70%) symptomatic intra-

cranial stenosis. DSA, the criterion standard for stenosis measure-

ment, is associated with a small but noticeable risk of complica-

tions; moreover, in the absence of an endovascular intervention, it

is unreasonable to mandate its use. Alternatively, CTA has excel-

lent diagnostic accuracy with a sensitivity and specificity of �97%

compared with DSA.18 TOF-MRA has been demonstrated to be a

reliable tool for assessing intracranial artery stenosis,19 but con-

trast-enhanced MRA was superior to TOF-MRA for the detection

of ICA stenosis.20 In our study, stenosis severity was evaluated on

the basis of clinically available CTA or a combination of TOF-

MRA and contrast-enhanced MRA with a circle of Willis FOV.

Two patients with near-occlusion stenosis were excluded because

flow analysis was not possible due to slow flow, and 2 additional

patients with bilateral stenosis were also excluded. Twenty-two

patients (mean age, 68.4 � 14.2 years; 10 women) and 10 age-

appropriate healthy volunteers (mean age, 60.7 � 8.1 years; 4

women) were included (Table). The stenosed vessels for patients

with ICAD were as follows: unilateral intracranial ICA (n � 7)

with stenosis locations in the cavernous (n � 5/7) and petrous

(n � 2/7) segments, unilateral MCA (n � 9), and the basilar artery

(BA, n � 6). The study was conducted in accordance with a pro-

tocol approved by the local institutional review board, which per-

mitted retrospective chart review. Informed consent was obtained

from all healthy volunteers.

MR Imaging
All measurements were performed on a 1.5T or 3T MR imaging

scanner (Magnetom Avanto or Skyra; Siemens, Erlangen, Ger-

many). 4D flow MR imaging was performed after standard T1-

MPRAGE and 3D TOF-MRA sequences. Cerebral 3D blood flow

was measured by using 4D flow MR imaging with 3-directional

velocity-encoding and 3D volumetric coverage of the major intra-

cranial vessels (see Fig 1 for the volume coverage). The scan was

prospectively gated with electrocardiography R waves produced

by chest leads. Pulse sequence parameters were as follows: TR �

5.4 ms, TE � 2.8 ms, flip angle � 15°, velocity sensitivity (velocity-

encoding [VENC]) � 100 cm/s, FOV � 220 � 160 mm2, band-

Demographics and clinical features of the 22 patients with ICAD
and 10 age-appropriate healthy volunteers included in the studya

Subject Groups

P
Values

Healthy
Volunteers

Patients
with ICAD

Subject characteristics
No. 10 22 –
Age (yr) 60.7 � 8.1 68.4 � 14.2 .124
Sex (male/female) 6:4 12:10 –
Height (m) 1.74 � 0.12 1.71 � 0.11 .503
Weight (kg) 79.8 � 13.7 76.0 � 14.8 .557
Body mass index (kg/m2) 26.2 � 2.9 26.0 � 3.9 .878

Stenosed vessels
ICA (moderate/severe) – 7 (4/3) –
MCA (moderate/severe) – 9 (3/6) –
BA (moderate/severe) – 6 (2/4) –

Note:— – indicates not applicable.
a “Moderate” and “severe” indicate stenosis of 50%–70% and �70%, respectively.
P values are calculated using the Mann-Whitney U test; P � .05 was considered
statistically significant.

FIG 1. Sagittal T1-weighted MPRAGE (A) and vessel MIP (B) images of
the head show the 3D volume coverage for 4D flow imaging. A 3D
phase-contrast MR angiogram was derived from the 4D flow data and
was used for positioning 2D analysis planes in the major cerebral
arteries (C). Time-integrated 3D pathlines illustrate the cumulative
flow path of the vessels within the 3D PC-MRA volume over 1 cardiac
cycle (D). L indicates left; R, right.
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width � 445 Hz/pixel, temporal resolution � 43 ms, voxel size �

(1.1–1.2) � (1.1–1.2) � (1.2–1.4) mm3, acceleration factor R � 2

(generalized autocalibrating partially parallel acquisition), acqui-

sition time � 15–20 minutes depending on the heart rate of the

subjects.

3D Blood Flow Visualization
All 4D flow MR imaging data were preprocessed by using an in-

house software programmed in Matlab (MathWorks, Natick,

Massachusetts), as previously described.21 The preprocessing in-

cluded random noise reduction as well as corrections for velocity

aliasing and phase offsets from Maxwell cross-terms and eddy

currents. In addition, a 3D phase-contrast MR angiogram (PC-

MRA) was derived from the magnitude and phase-difference data

(Fig 1C). The preprocessed data were then further analyzed in a

3D visualization software package (EnSight; CEI, Apex, North

Carolina). Cerebral 3D blood flow was visualized by using time-

integrated 3D pathlines, which illustrated the collective pathline

traces of 25,000 virtual particles equally distributed within the 3D

PC-MRA over 1 cardiac cycle (Fig 1D). The color coding of the

pathlines reflects the magnitude of blood flow velocities in the

vasculature. For display purposes, a velocity window of 0 –50 cm/s

was used to better visualize the flow patterns in the low-velocity

vascular territories (eg, poststenosis, posterior circulation, and so

forth).

Vascular Flow Quantification
As illustrated in Fig 1C, for normal cerebral vessels (ie, all vessels

of healthy volunteers and those vessels without stenosis in pa-

tients), 2D analysis planes were manually positioned perpendic-

ular to 4 prespecified pairs of cerebral arteries by using the 3D

PC-MRA for anatomic orientation (ICA: between the lacerum C3

and cavernous C4 segments; MCA: middle M1 segment; anterior

cerebral artery [ACA]: middle A1 segment; posterior cerebral ar-

tery [PCA]: middle P2 segment). For the stenosed vessel, an anal-

ysis plane was placed at approximately 1 cm distal to the location

of the stenosis to measure poststenotic flow. For each analysis

plane, volumetric flow rate (milliliter/second) and peak velocities

(meter/second) were calculated. The flow analysis was performed

by a scientist (C.W.) with �7 years of MR imaging research expe-

rience. A recent study by our group reported an excellent inter-

observer agreement (Lin concordance correlation coefficient,

�c � 0.996) for quantitative blood flow and velocity measure-

ments in intracranial arteries.12 The same criterion was applied

for quantitative flow assessment in this study.

Flow and Velocity Asymmetry Indices
Absolute cerebral blood flow and velocity values are age- and

sex-dependent.12,22 Thus, the flow/velocity ratios (asymmetry in-

dices) between the affected (left) and nonaffected (right) arteries

were used to compare the differences between patients with ICAD

and healthy volunteers to minimize the impact of age and sex on

flow analysis. The absolute values of the velocities and flow rates

are shown in On-line Tables 1– 4.

Asymmetry indices were calculated as the ratios of the flow

rate (AI-F) and peak velocities (AI-V) between the affected and

nonaffected side (affected/nonaffected) for patients with unilat-

eral ICA and MCA stenosis or between the left and right sides

(left/right) for healthy volunteers and patients with BA stenosis.

In addition, schematic vascular flow models were created to char-

acterize the normal cerebral flow distribution and stenosis-in-

duced flow redistribution in the ipsilateral cerebral arteries com-

pared with the contralateral counterparts.

Statistical Analysis
The asymmetry indices in each subgroup were illustrated by using

box-and-whisker plots. Mann-Whitney U tests were used to com-

pare the asymmetry indices between patient subgroups and

healthy volunteers. In addition, posterior-to-anterior flow ratios,

the ratios of the posterior flow (PCA flow) and anterior flow

(summation of ACA and MCA flow), were compared between

patients with BA stenosis and healthy volunteers by using a

Mann-Whitney U test. All statistical analyses were performed by

using the MedCalc software package (Version 14.8.1; MedCalc

Software, Mariakerke, Belgium). P � .05 was considered statisti-

cally significant.

RESULTS
Study Cohort
Demographics and clinical features of the patients with ICAD and

healthy volunteers are summarized in the Table. There were no

significant differences between healthy volunteers and patients

with ICAD in terms of age, height, weight, and body mass index.

3D Visualization of Intracranial Hemodynamics
3D flow pathlines in healthy volunteers demonstrated symmetric

blood flow velocities and patterns in all prespecified cerebral ar-

teries (Fig 2A, an example of the volunteers). In contrast, blood

flow was compromised at the location of arterial stenosis (thick

yellow arrows) compared with the contralateral counterpart (thin

white arrows) in patients with unilateral ICA (Fig 2B) and unilat-

eral MCA (Fig 2C) stenosis. Additionally, we observed elevated

ipsilateral PCA flow in the patients with ICA stenosis (small pink

arrow, Fig 2B) as well as increased ipsilateral ACA flow in the

patients with MCA stenosis (small pink arrow, Fig 2C). Although

blood flow was substantially decreased in the stenosed BA (thick

yellow arrow, Fig 2D), no side-to-side flow difference was ob-

served in a patient with BA stenosis (Fig 2D).

Flow and Peak Velocity Asymmetry Indices
For patients with ICA stenosis compared with healthy volunteers,

the flow rate and peak velocity asymmetry indices (affected/non-

affected ratios) were both significantly lower in the ICA (Fig 3A,

AI-F: 0.40 � 0.17 versus 0.97 � 0.06, P � .001; Fig 4A, AI-V:

0.57 � 0.16 versus 0.95 � 0.09, P � .001) and MCA (Fig 3B, AI-F:

0.55 � 0.23 versus 0.99 � 0.06, P � .001; Fig 4B, AI-V: 0.72 � 0.18

versus 1.04 � 0.13, P � .002). In contrast, the flow asymmetry

index was significantly higher in the PCA (Fig 3C, AI-F: 1.55 �

0.33 versus 1.00 � 0.06, P � .001).

For patients with MCA stenosis compared with healthy volun-

teers, the flow and velocity asymmetry indices were both signifi-

cantly lower in the ICA (Fig 3A, AI-F: 0.77 � 0.27 versus 0.97 �

0.06, P � .009; Fig 4A, AI-V: 0.84 � 0.18 versus 0.95 � 0.09, P �

.045) and MCA (Fig 3B, AI-F: 0.45 � 0.24 versus 0.99 � 0.06, P �
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.001; Fig 4B, AI-V: 0.68 � 0.27 versus 1.04 � 0.13, P � .005). By

comparison, the indices were significantly higher in the PCA (Fig

3C, AI-F: 1.33 � 0.49 versus 1.00 � 0.06, P � .014) and ACA (Fig

3D, AI-F: 1.57 � 0.54 versus 1.02 � 0.19, P � .006; Fig 4D, AI-V:

1.29 � 0.39 versus 0.99 � 0.13, P � .042).

The flow and velocity asymmetry indices were not significantly

different between patients with BA stenosis and healthy volun-

teers in any prespecified location. However, the posterior-to-an-

terior flow ratios in patients with BA stenosis (0.23 � 0.05) were

significantly lower (P � .030) compared with the healthy volun-

teers (0.37 � 0.16).

ICAD Flow-Redistribution Model
Figure 5 illustrates the normal and stenosed schematic vascular

flow models that include the 4 prespecified artery pairs. For the

normal vascular model (Fig 5A), blood flow was comparable in

the cerebral artery pairs. However, in the ICA stenosis model (Fig

5B), blood flow decreased in the ipsilateral ICA and MCA, but

increased in the ipsilateral PCA compared with the contralateral

counterparts. In the MCA stenosis model (Fig 5C), blood flow

decreased in the ipsilateral ICA and MCA, but increased in the

ipsilateral PCA and ACA. In contrast, there were no side-to-side

flow differences in the BA stenosis model (Fig 5D).

DISCUSSION
The results of this study demonstrate the potential of 4D flow MR

imaging for the comprehensive evaluation of intracranial hemo-

dynamics in patients with ICAD. The findings demonstrate that

focal intracranial atherosclerotic lesions not only alter vascular

flow dynamics in the stenotic artery but also significantly influ-

ence the regional hemodynamics in other vascular territories. In-

deed, unilateral intracranial atherosclerotic lesions cause cerebral

blood flow redistribution across ipsilateral circle of Willis

collaterals.

Catheter cerebral angiography, though invasive, remains the

definitive diagnostic tool for the quantification of stenosis severity

and assessment of collateral flow. Intracranial atherosclerotic le-

sions are dynamic and may progress or regress with time, and

symptomatic ICAD involves a high recurrence rate.1,23 Thus, reg-

ular monitoring of the lesions may provide quantitative metrics of

hemodynamic alternations, which may predict stroke risk and

response to therapy. Noninvasive imaging modalities, such as

MRA and transcranial Doppler, have high accuracy in excluding

intracranial stenosis. However, these techniques may result in

over- or underestimation of the stenosis due to dephasing arti-

facts, flow signal loss, or inadequate insonation window.24

Currently, intracranial hemodynamic disturbance in patients

with ICAD is primarily assessed by sonography or quantitative

MRA (2D PC-MRA).6,8,9,25-27 However, very few studies have

been performed to characterize the 3D blood flow disturbance

and flow redistribution across the major cerebral arteries in pa-

tients with ICAD. An early study by Hope et al28 reported that

TOF-MRA overestimated stenosis, and 4D flow MR imaging ve-

locity measurements could improve the accuracy of the diagnosis.

Hemodynamic measurements using 3D blood flow patterns can

enhance anatomic vessel imaging in that the quantitative hemo-

dynamic information not only improves diagnosis but can poten-

tially be used in prognosis and risk stratification.

The impact of regional atherosclerotic lesions on the flow re-

distribution across cerebral vessels remains incompletely under-

stood. Using quantitative MRA, Ruland et al29 observed elevated

ipsilateral PCA flow in patients with ICA or MCA stenosis. van

Everdingen et al30 reported reduced ipsilateral MCA flow in pa-

tients with ICA occlusion. In our study, we found decreased ipsi-

lateral MCA flow and increased ipsilateral PCA flow in patients

with ICA or MCA stenosis, which is in agreement with the previ-

ous findings. Additionally, we identified increased ipsilateral ACA

flow in patients with MCA stenosis.

Previous studies have demonstrated that the interhemispheric

differences of cerebral flow parameters in healthy subjects were

not significant. An early study by Sorteberg et al31 reported that

there were only minor side-to-side differences of blood flow

velocities in healthy adults and a difference of �14% was con-

sidered abnormal in the ICAs and MCAs. Obata et al32 also

identified no significant difference between left and right ICA

flow in healthy subjects. We corroborated these findings in

healthy volunteers and noted significant side-to-side flow dif-

FIG 2. Time-integrated 3D pathlines illustrate symmetric and coher-
ent flow velocities of the left and right cerebral arteries in a healthy
volunteer (A). Reduced blood flow velocities are observed in the ste-
nosed vessel (thick yellow arrows) compared with the contralateral
counterpart (thin white arrows) in 2 patients with left ICA (B) and left
MCA (C) stenosis. The pink arrows indicate augmented ipsilateral col-
lateral flow. In a patient with BA stenosis (D), blood flow velocity is
substantially decreased in the severely stenosed BA (thick yellow ar-
row; pathlines are invisible due to slow flow) but shows no significant
side-to-side difference of flow velocities in the bilateral cerebral ar-
teries. w/ indicates with.
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ferences in symptomatic patients with

unilateral ICA or MCA stenosis, consis-

tent with prior observations.29,30,33

Collateral flow has been recognized

as an independent predictor of recurrent

stroke risk in patients with symptomatic

intracranial atherosclerosis.34 In pa-

tients with unilateral ICA stenosis, we

observed significantly decreased flow in

the ipsilateral ICA and MCA but in-

creased flow in the ipsilateral PCA, indi-

cating possible PCA-to-MCA collateral

flow pathways to maintain necessary

perfusion pressure in the MCA territory.

The finding is consistent with previous

studies that reported higher blood flow

or velocities in the ipsilateral PCA in pa-

tients with ICA lesions.29,35 Similarly, in

patients with unilateral MCA stenosis,

we identified significantly decreased

flow in the ipsilateral ICA and MCA but

increased flow in the ipsilateral ACA

and PCA, suggesting potential ACA-to-

MCA and PCA-to-MCA collateral flow

pathways via leptomeningeal anastomo-

ses.36 The finding also agrees with previ-

ous reports that have shown elevated

flow or velocities in the ipsilateral ACA

and PCA in patients with MCA stenosis

or occlusion.37,38 In contrast, no side-

to-side differences of the flow parame-

ters were observed in patients with BA

stenosis, indicating no interhemispheric

difference of BA flow distribution. How-

ever, significantly lower posterior-to-

anterior flow ratios in patients with BA

stenosis compared with healthy volun-

teers indicate hemodynamic compro-

mise in the posterior circulation.

For image acquisition, 1.5T and 3T

MR imaging scanners were used, de-

pending on the availability of the scan-

ners. However, previous studies have

shown that the influence of different

field strengths on quantitative blood

flow assessment was minor.10,39 Quanti-

tative flow measurements in intracranial

vessels and the thoracic aorta were not

significantly different between 1.5T and

3T.

Limitations
The small number of patients in each

stenosis subgroup is a major limitation
of the study, which precludes a system-
atic analysis of the association between
stenosis severity and quantitative flow
parameters and the influence of differ-

FIG 3. Asymmetry index of the blood flow in 4 major cerebral vessel locations (A, ICA; B, MCA; C,
PCA; and D, ACA) in patients with stenosis in the ICA (n � 7), MCA (n � 9), and BA (n � 6)
compared with age-appropriate healthy volunteers (n � 10). Single and double asterisks indicate
significant differences with .01 � P � .05 and P � .01, respectively. ICA-Pt, MCA-Pt, and BA-Pt are
patients with ICA, MCA, and BA stenosis, respectively.

FIG 4. Asymmetry index of the peak velocities in 4 major cerebral vessel locations (A, ICA; B,
MCA; C, PCA; and D, ACA) in patients with stenosis in the ICA (n � 7), MCA (n � 9), and BA (n �
6) compared with age-appropriate healthy volunteers (n � 10). Single and double asterisks indi-
cate significant differences with .01 � P � .05 and P � .01, respectively. ICA-Pt, MCA-Pt, and BA-Pt
are patients with ICA, MCA, and BA stenosis, respectively.

AJNR Am J Neuroradiol 38:515–22 Mar 2017 www.ajnr.org 519



ent vascular variants of the circle of Willis (eg, ACA or PCA hyp-
oplasia) and intracranial atherosclerotic risk factors (eg, diabetes,
hypertension, hypercholesterolemia, and so forth) on cerebral he-
modynamics. The flow analysis was restricted to patients with
moderate and severe stenosis because greater hemodynamic alter-
ations are expected in this group of patients compared with pa-
tients with mild stenosis. In addition, dominant ACA and PCA
flow and potential blood flow redistribution across the ipsilateral
circle of Willis collaterals (ie, through anterior/posterior commu-
nicating arteries) might be confounding factors to the collateral
flow analysis. Further studies with larger patient cohorts, includ-
ing those with mild stenosis, are warranted to investigate the im-
pact of different vascular morphology, stenosis severity, and ath-
erosclerosis risk factors on intracranial hemodynamic changes.
Nevertheless, to our knowledge, this is the largest cohort to date
for 3D blood flow visualization of stenosis-induced intracranial
flow redistribution as well as a quantitative comparison of flow
and velocity asymmetry in the major cerebral arteries between
patients with ICAD and healthy volunteers.

The current 4D flow MR imaging technique is also limited by
insufficient spatial resolution for the characterization of blood
flow at sites of critical or severe stenosis. Instead, poststenotic flow
was used to represent the regional flow in the stenotic artery. The
in-plane resolution of 1.1–1.2 mm in this study was appropriate
for measuring blood flow in the large cerebral arteries (eg, ICAs
and MCAs). However, the accuracy of flow quantification in the
smaller arteries (eg, ACAs and PCAs) may be compromised by
partial volume effects. In addition, flow measurements in the pos-
terior communicating artery and leptomeningeal collaterals are
not possible. Therefore, a higher magnetic field (7T) with in-
creased spatial resolution may be required for improved flow as-
sessment in the smaller vessels.

The wide use of 4D flow MR imaging in clinical applications is
hindered by its relatively long scanning time. Noticeable effort has
been made to accelerate data acquisition by using non-Cartesian
sampling or compressed sensing techniques. For example, the
phase contrast with vastly undersampled isotropic projection re-

construction sequence based on a highly undersampled 3D radial
acquisition enables a total imaging time of �8 minutes.40 Basha et
al41 reported an acceleration factor of 7 by using randomly under-
sampled echo-planar imaging with compressed sensing recon-
struction. A recent study by Dyvorne et al42 has demonstrated the
feasibility of an abdominal 4D flow MR imaging scan in a single
breath-hold by combining spiral sampling and dynamic com-
pressed sensing. In addition, the limited availability of the 4D flow
MR imaging sequence further hinders its wide implementation in
clinical sites.

In addition, single-VENC 4D flow MR imaging includes an
inherent trade-off related to the selection of an optimal VENC.
On the one hand, the VENC should be higher than the maximum
expected velocity to avoid velocity aliasing. On the other hand, a
VENC that is too high undermines the reliability for detecting
slow flow (eg, reduced flow in the stenosed vessels) because the
velocity noise level is proportional to the VENC. Dual- or multi-
VENC techniques have been proposed to extend the dynamic
range of velocities that can be reliability assessed.43,44 Complex
flow characteristics (eg, disturbed or turbulent flow fluctuations
associated with vascular stenosis) cause flow-related signal loss
and present another challenge for accurate poststenotic flow as-
sessment. Ultrashort TE 4D flow MR imaging has been shown to
provide more reliable stenotic flow quantification.45,46 A recent
study by Petersson et al47 reported a stack-of-spiral technique,
which provided more favorable stenotic flow assessment against
the conventional Cartesian counterpart.

CONCLUSIONS
The study demonstrates the potential of 4D flow MR imaging for

comprehensive hemodynamic characterization in patients with

intracranial atherosclerosis. The results indicate that regional ath-

erosclerotic lesions can not only alter local vascular flow dynamics

but also significantly influence the hemodynamics in other vascu-

lar territories, potentially due to collateral flow recruitment. 4D

flow MR imaging provides additional hemodynamic information

that may assist in elucidating the pathophysiology and autoregu-

lation mechanism in intracranial atherosclerosis and in predicting

the risk of recurrent stroke.
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ORIGINAL RESEARCH
ADULT BRAIN

A Fully Automated, Atlas-Based Approach for Superior
Cerebellar Peduncle Evaluation in Progressive Supranuclear

Palsy Phenotypes
X G. Nicoletti, X M.E. Caligiuri, X A. Cherubini, X M. Morelli, X F. Novellino, X G. Arabia, X M. Salsone, and X A. Quattrone

ABSTRACT

BACKGROUND AND PURPOSE: The superior cerebellar peduncle is damaged in progressive supranuclear palsy. However, alterations
differ between progressive supranuclear palsy with Richardson syndrome and progressive supranuclear palsy-parkinsonism. In this study,
we propose an automated tool for superior cerebellar peduncle integrity assessment and test its performance in patients with progressive
supranuclear palsy with Richardson syndrome, progressive supranuclear palsy-parkinsonism, Parkinson disease, and healthy controls.

MATERIALS AND METHODS: Structural and diffusion MRI was performed in 21 patients with progressive supranuclear palsy with Richardson
syndrome, 9 with progressive supranuclear palsy-parkinsonism, 20 with Parkinson disease, and 30 healthy subjects. In a fully automated pipeline,
the left and right superior cerebellar peduncles were first identified on MR imaging by using a tractography-based atlas of white matter tracts;
subsequently, volume, mean diffusivity, and fractional anisotropy were extracted from superior cerebellar peduncles. These measures were
compared across groups, and their discriminative power in differentiating patients was evaluated in a linear discriminant analysis.

RESULTS: Compared with those with Parkinson disease and controls, patients with progressive supranuclear palsy with Richardson
syndrome showed alterations of all superior cerebellar peduncle metrics (decreased volume and fractional anisotropy, increased mean
diffusivity). Patients with progressive supranuclear palsy-parkinsonism had smaller volumes than those with Parkinson disease and controls
and lower fractional anisotropy than those with Parkinson disease. Patients with progressive supranuclear palsy with Richardson syndrome
had significantly altered fractional anisotropy and mean diffusivity in the left superior cerebellar peduncle compared with those with
progressive supranuclear palsy-parkinsonism. Discriminant analysis with the sole use of significant variables separated progressive supranu-
clear palsy-parkinsonism from progressive supranuclear palsy with Richardson syndrome with 70% accuracy and progressive supranuclear
palsy-parkinsonism from Parkinson disease with 74% accuracy.

CONCLUSIONS: We demonstrate the feasibility of an automated approach for extracting multimodal MR imaging metrics from the
superior cerebellar peduncle in healthy subjects and patients with parkinsonian. We provide evidence that structural and diffusion
measures of the superior cerebellar peduncle might be valuable for computer-aided diagnosis of progressive supranuclear palsy subtypes
and for differentiating patients with progressive supranuclear palsy-parkinsonism from with those with Parkinson disease.

ABBREVIATIONS: FA � fractional anisotropy; MD � mean diffusivity; PD � Parkinson disease; PSP � progressive supranuclear palsy; PSP-P � progressive
supranuclear palsy-parkinsonism; PSP-RS � progressive supranuclear palsy with Richardson syndrome; SCP � superior cerebellar peduncle

Progressive supranuclear palsy (PSP) is a neurodegenerative

disorder characterized by a symmetric akinetic-rigid syn-

drome with vertical supranuclear palsy and falls.1 It is character-

ized by deposition of tau, with pathologic findings and degener-

ation affecting the white matter, particularly brain stem tracts,

with less involvement of the cortex.2,3 Advanced neuroimaging

studies using MR imaging4,5 and diffusion tensor imaging6,7 have

confirmed the presence of a more severe involvement of white

matter rather than cortical gray matter in PSP pathology. In par-

ticular, imaging alterations have been found in the superior cere-

bellar peduncles (SCPs), part of the dentatorubrothalamic tract

that connects the dentate nucleus of the cerebellum to the ventro-

lateral thalamus, which in turn projects to the premotor cortex.

Abnormal DTI measures of SCP were reported in patients with

progressive supranuclear palsy with Richardson syndrome

(PSP-RS).8
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Other studies have found DTI alterations in the corpus callo-

sum, internal capsules, and long-range white matter tracts.7,9-13

Recently, DTI metrics were used to distinguish the 2 variants of

PSP,14,15 the so-called progressive supranuclear palsy-parkinson-

ism (PSP-P), which is characterized by an asymmetric onset, rest-

ing tremor, poor response to levodopa, and PSP-RS, in which

early falls and vertical supranuclear gaze palsy occur earlier than

they do in the former variant. These studies agreed that MR imag-

ing– and DTI-based metrics are able to reliably evaluate brain

changes due to PSP in vivo, thus providing further insight into dis-

ease physiopathology. Because an error rate of 10%–30% has been

reported in a clinical study with pathologic analysis,16 clinical criteria

are not sufficient to make a correct diagnosis, especially at earlier

stages of illness. The use of these quantitative measures in clinical

practice would help improve the accuracy of the diagnostic process,

especially in the attempt to have early differentiation of parkinsonian

syndromes or the 2 disease phenotypes. However, the extraction of

these metrics is not straightforward in everyday clinical practice be-

cause of the advanced techniques that need to be implemented;

hence, an easy method to quickly obtain relevant quantities would be

very useful in the diagnostic work-up.

The authors aimed to use a simple, atlas-based tool for the

automatic assessment of SCP volume and microstructural integ-

rity; this approach is very useful to correctly diagnose patients

with parkinsonian syndromes.

MATERIALS AND METHODS
Patients
This study was approved by the local ethics committee of our

institution (Institute of Neurology, University Magna Graecia of

Catanzaro, Italy), and all subjects provided written informed con-

sent before enrollment. Thirty subjects who met the clinical re-

search criteria for probable or possible PSP17 and 20 with a diag-

nosis of Parkinson disease (PD)18 (mean age, 66.2 � 3.0 years)

were included in this study. The PSP group was divided into 9

patients with PSP-P (mean age, 70.1 � 4.8 years) and 21 with

PSP-RS (mean age, 71.9 � 5.9 years). All patients were examined

at the Institute of Neurology, University Magna Graecia, Catan-

zaro, Italy, between June 2013 and June 2014, by a movement

disorders specialist and PSP expert (G.N.). All subjects underwent

detailed clinical evaluations. The patient’s disability was assessed

by using the Unified Parkinson’s Disease Rating Scale–Motor Ex-

amination,19 and disease severity, by using the Hohen and Yahr

scale.20 Onset of falls and supranuclear gaze palsy within 2 years

was associated with a diagnosis of PSP-RS, while patients were

diagnosed as having PSP-P if they presented with oculomotor

slowness or backward falls at 2 years from disease onset, asymme-

try of limb signs, and moderate/good improvement in bradykine-

sia and rigidity after levodopa administration. All patients with

PSP-RS had probable PSP; 7 patients with PSP-P had probable

PSP, and 2 patients with PSP-P had possible PSP. When MR im-

aging was performed, all patients with PSP-P were classified as

PSP-P, even though the onset of the disease in some patients could

be confused with an idiopathic PD. To examine cognitive func-

tions, we administered the Mini-Mental State Examination.21

Thirty healthy subjects were also recruited. All controls per-

formed within normal limits on standardized neurologic and

neuropsychological testing.

MR Imaging Acquisition and Processing
All participants underwent the same MR imaging protocol. Patients

were examined by using a 3T Discovery MR750 scanner (GE Health-

care, Milwaukee, Wisconsin). The MR imaging protocol included

whole-brain, 3D, T1-weighted (BRAVO; GE Healthcare, Milwaukee,

Wisconsin), spoiled gradient recalled-echo imaging (TE/TR � 3.7/

9.2 ms, flip angle � 12°, voxel size � 1 � 1 � 1 mm3), diffusion

tensor imaging (b�1000 s/mm2, diffusion-weighting along 27 non-

collinear gradient directions, matrix size � 128 � 128, 80 axial sec-

tions, number of b�0 images � 4, NEX � 2, voxel size � 2 � 2 � 2

mm3), and fast fluid-attenuated inversion recovery axial images (TR/

TE � 9500/100 ms, matrix size � 512 � 512, FOV � 24 cm, thirty-

six 4-mm sections, gap � 0 mm).

FLAIR images were visually checked to assess vascular lesions

in each patient. The extent and possible etiology of white matter

hyperintensities were not different across patients, independent

of the group. Moreover, none of the participants showed infraten-

torial lesions that could affect volumetric and diffusion measures

in the SCP.

A graphic description of our fully automated processing work-

flow is shown in Fig 1. Image processing was performed by using

FSL (http://www.fmrib.ox.ac.uk/fsl).22 Brain tissue volume, nor-

malized for subject head size, was estimated with the SIENAX tool

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/SIENA).23,24 SIENAX starts

by extracting brain and skull images from the single whole-head

input data.25 The brain image is then affine-registered to Mon-

treal Neurological Institute-152 space (by using the skull image to

determine the registration scaling); this processing step is primar-

ily to obtain the volumetric scaling factor, to normalize subse-

quently extracted measures for head size. Moreover, SIENAX

provides the partial volume estimates for the different tissues in

the brain. In particular, in this study, we exploited the white mat-

ter partial volume estimates to exclude CSF voxels from the anal-

ysis, as will be further explained in the next section.

Head motion and image distortions induced by eddy currents

in the DTI data were corrected by applying a 3D full-affine (mu-

tual-information cost function) alignment of each image to the

mean no-diffusion-weighting (B0) image. After distortion cor-

rection, DTI data were averaged and concatenated into 28 (1

mean B0 � 27 B1000) volumes. A diffusion tensor model was fit at

each voxel, generating fractional anisotropy (FA) and mean dif-

fusivity (MD) maps. The FA maps were then registered to whole-

brain-extracted T1-weighted images by using a full-affine (corre-

lation-ratio cost function) alignment with nearest neighbor

resampling. The calculated transformation matrix was then ap-

plied to the MD maps with identical resampling options.26

ROI Extraction
To localize ROIs for the left and right SCPs on the T1 images and

coregistered DTI maps of each subject, we used the tractography-

based atlas of human brain connections (http://www.natbrainlab.

com/), obtained from tractography data of 40 healthy adults

mapped onto a common reference space (Montreal Neurological

Institute).27 This atlas provides probability maps of each recon-
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structed bundle: each voxel value ranges from 0 to 1 and repre-

sents the proportion of subjects in which that same voxel was part

of the bundle. Thus, we thresholded the bilateral SCP probability

maps at 0.3 so that each included voxel was represented in at least

30% of the subjects from whom the atlas was obtained. This

threshold was chosen on the basis of the overlap of the ROI with

the anatomic regions in the template.

Subsequently, ROIs were warped in each subject’s T1 space in

the following manner: First, the Montreal Neurological Institute-

152 template was nonlinearly registered to each subject’s T1 im-

age by using the FMRIB Nonlinear Registration Tool (FNIRT;

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT); afterward, the re-

sulting warp field was applied to the SCP binary masks. Before

extracting MR imaging metrics from selected ROIs, we performed

a processing step to account for confounding effects due to CSF

contamination. In particular, each subject’s WM partial volume

estimate was thresholded at 0.75, to retain only those voxels that

belonged to WM with a probability of at least 75%. The resulting

mask was then used, in combination with the SCP ROIs, to auto-

matically extract right and left SCP volumes, average FAs, and

average MDs for each subject.

A 2-step quality check was performed to ensure validity of the

image-processing pipeline: First, the contrast-to-noise ratio of the

included scans had to be excellent; second, to exclude CSF con-

tamination, an expert visually inspected the outcome of nonlinear

registration between ROIs and T1-weighted images.

Statistical Analyses
The difference in sex distribution between patients and control

subjects and among groups of patients with different movement

disorders was evaluated with the �2 test. The Shapiro-Wilk test

was used to assess normal distribution of continuous variables.

Differences in normal clinical variables among the study groups

were assessed by using 2-tailed, 2-sample t tests, while the Mann-

Whitney U test was used for non-normally distributed variables.

The threshold for statistical significance was set at .05 after Bon-

ferroni correction for multiple comparisons. Differences in the

multimodal imaging variables across groups were evaluated by

analysis of variance, with age, sex, and disease duration as covari-

ates. The Tukey honest significant difference test was used to

identify pair-wise differences between groups, corrected for mul-

tiple comparisons. Pearson correlation analysis was used to eval-

FIG 1. Image-processing workflow. The coregistration of different sequences allows the extraction of multimodal parameters from an ROI.
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uate the relationship between MR imaging parameters and clini-

cal variables. All statistical analyses were performed with R

software (http://www.R-project.org).

Linear Discriminant Analysis
After performing comparisons of the MR imaging variables across

different groups, we studied the discriminant power of these mea-

sures. In particular, we applied linear discriminant analysis on our

dataset, to identify the following: which variables perform better

in separating the groups and what is the predictive power of these

measures (ie, how is a new subject classified on the basis of these

measures?). We can define a total covariance matrix C, as the

combination of 2 components:

1) The between-subjects covariance matrix (B), which repre-

sents the covariance of the different variable means.

2) The within-subjects covariance matrix (W), which repre-

sents the covariance of the distances between individual values

and group means.

This relationship is expressed by the following equation:

C � B � W, which is a generalization of 1-way analysis of variance

in the case of a dataset with multiple variables. In this context, a

discriminant analysis searches for a combination of variables that

maximize either the B � C�1, in which case the approach is de-

scriptive and the constraint is that the total variance (C) of the

linear combination of variables equals 1, or the B � W�1 term, in

which case the approach is predictive and the within variance (W)

of the correlation equals 1.

In this study, we first performed the analysis in descriptive

mode on a dataset comprising all MR imaging metrics, measured

on all the study participants, divided according to the diagnosis.

Subsequently, we tested the predictive approach by building 2

different models that included only the variables that were signif-

icant in group-wise comparisons. In particular, we were inter-

ested in identifying which variables could better differentiate the 2

PSP phenotypes (first model) or PSP-P and PD (second model).

In both cases, leave-one-out cross-validation was used. Leave-

one-out cross-validation works as follows: At each iteration, the

linear discriminant model is trained on all subjects except 1,

which is used to test the predictive power of the model. The accu-

racy is computed across all iterations and is used to evaluate the

model.

RESULTS
Patients
Table 1 shows the demographic and clinical characteristics of the

patients. At the examination, age was higher in the patients with

PSP-RS compared with healthy controls (P � .02) and patients

with PD (P � .01). Those with PSP-RS also had significantly

shorter disease duration compared with those with PD (P �

.0001) and PSP-P (P � .02). Differences in Hohen and Yahr stages

were found in those with PD (P � .0004) and PSP-RS (P � .001)

compared with patients with PSP-P. Subjects with PSP-RS had

significantly higher Unified Parkinson’s Disease Rating Scale–

Motor Examination scores compared with those with PSP-P (P �

.002) and PD (P � .0004).

There was no significant correlation between clinical and im-

aging variables. The only significant correlation surviving correc-

tion for multiple comparisons was the one found in patients with

PD between the Hohen and Yahr score and age (r � 0.78, P � .05).

ROI Analysis
Table 1 also summarizes values of volume, FA, and MD of the

right and left SCPs in the different groups. Figure 2 shows the

boxplots for the MR imaging metrics that were considered in

the analysis. P values for the different comparisons can be found

in Table 2.

Both PSP subtypes showed significant damage to the SCP. In

particular, patients with PSP-RS showed alterations of all metrics

(decreased volume, decreased FA, and increased MD) bilaterally

compared with patients with PD and control subjects. Patients

with PSP-P had a bilateral SCP volume decrease compared with

controls and decreased SCP volume and FA bilaterally compared

with those with PD.

In the comparison between PSP subtypes, we found significant

differences in the left SCP. In particular, patients with PSP-RS had

significantly decreased FA values (P � .007) and significantly in-

creased MD values (P � .003) in this structure.

Finally, we found an increase in FA in patients with PD com-

pared with controls, in the right SCP.

Linear Discriminant Analysis
On-line Fig 1 shows a graphic representation of the descriptive

discriminant analysis. In particular, each subject is projected on a

Table 1: Demographic, clinical, and neuroimaging features in patients with PSP-P, PSP-RS, PD, and healthy controls
PSP-P (n = 9) PSP-RS (n = 21) PD (n = 20) HC (n = 30)

Age (mean) (yr) 70.1 � 4.8 71.9 � 5.9 66.2 � 3.0 67.2 � 7.2
Sex, % male 100% 57% 50% 47%
Disease duration (mean) (yr) 6.3 � 3.7 3.1 � 1.4 7.5 � 3.7 –
MMSE (mean) 22.1 � 3.6 19.0 � 5.4 23.2 � 3.3 –
UPDRS-III (mean) 22.8 � 17.7 39.3 � 7.7 27.1 � 9.1 –
HY (mean) 2.9 � 0.7 3.4 � 0.8 2.2 � 0.5 –
SCP right

Volume (No. of voxels) (mean) 5652 � 1172 5282 � 753 6907 � 1306 6569 � 944
FA (mean) 0.44 � 0.05 0.40 � 0.05 0.48 � 0.04 0.45 � 0.02
MD (�10�3 mm2/s) (mean) 0.873 � 0.06 0.949 � 0.170 0.851 � 0.089 0.833 � 0.031

SCP left
Volume (No. of voxels) (mean) 5315 � 1121 4812 � 701 6369 � 1205 5961 � 894
FA (mean) 0.44 � 0.04 0.39 � 0.05 0.47 � 0.04 0.45 � 0.02
MD (�10�3 mm2/s (mean) 0.895 � 0.061 0.974 � 0.074 0.874 � 0.066 0.857 � 0.023

Note:—HC indicates healthy controls; MMSE, Mini-Mental State Examination; UPDRS-III, Unified Parkinson’s Disease Rating Scale–Motor Examination; HY, Hohen and Yahr
score.
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plane defined by the linear discriminant components. Each group

is represented by an ellipse. The ellipse center indicates the means

(between-variances), while the ellipse area is proportional to

within-variances.

In the first predictive discriminant analysis model, we in-

cluded FA and MD values from the left SCP because they were

significantly different between the 2 PSP phenotypes. The accu-

racy of the model reached 70%, with MD as the best predictor

(coefficients of the linear discriminant for MD � 9.67 and for

FA � �7.87). In the second model, instead, volume and FA from

bilateral SCPs were used to discriminate patients with PD from

those with PSP-P. This model reached an accuracy of 74%, with

FA values performing better than volume in separating the 2

groups (coefficients of the linear discriminant analyses: �29.6

and 18.7 for FA of right and left SCPs, respectively; �0.002 and

0.001 for right and left SCP volumes, respectively).

DISCUSSION
In the present study, we introduced a fully automated pipeline for

the assessment of SCP integrity in patients with PSP, PD, and

healthy subjects. The proposed method takes advantage of an at-

las-based ROI approach that allowed the automated individua-

tion of the SCP, thus avoiding time-consuming and highly user-

dependent manual measurements. We also tested the ability of

this tool to distinguish the 2 PSP subtypes. By assessing volume

and diffusion metrics of the SCP, we found significant differences

FIG 2. Box-and-whisker plots of volumes, FA, and MD of the right and left SCPs in patients and controls.
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between PSP-P and PSP-RS in MD and FA of the left SCP, with

the latter phenotype more severely damaged. As expected, both

PSP phenotypes showed extensive alterations of multimodal MR

imaging metrics compared with patients with PD and controls.

Discriminant analysis of the significantly different metrics al-

lowed separation of the 2 PSP subtypes with an accuracy of 70%

and could also distinguish PSP-P from PD with an accuracy of

74%.

By using a quick and fully automated pipeline, we were able to

analyze a predefined ROI (ie, SCP) on different MR imaging se-

quences, thus collecting information in different scales (ie, mac-

roscopic volume and microstructural integrity). SCP identifica-

tion and evaluation were performed by an atlas-based approach.

The use of an atlas has multiple benefits. First, it facilitates the

identification of brain structures on MR imaging in healthy sub-

jects and patients.27 Second, it avoids a manual ROI definition,

which is a time-consuming and strongly user-dependent proce-

dure; this feature raised the level of reproducibility of this study.

Despite heavy SCP damage present in PSP, which could hamper

the identification of the structure, the quality check of images

performed in this study confirmed that the grade of superimpo-

sition between the SCP masks and the T1 images was appropriate.

The choice of the ROI for analyses was because atrophy of the

SCP is a well-known postmortem finding in patients with PSP.3

This bundle is composed of efferent cerebellar fibers, mainly orig-

inating from the dentate nucleus, which decussate and project via

the red nucleus to the contralateral ventrolateral nucleus of the

thalamus. SCP fibers that project to the reticular and vestibular

nuclei of the brain stem may be involved in the pathophysiology

of postural instability in PSP. Moreover, damage of SCP fibers

that contributes to the control of smooth pursuit movements may

contribute to gaze palsy in this disorder.28 In previous studies, we

investigated MR imaging alterations in SCP and infratentorial

structures of patients with PD, PSP, and multiple system atrophy

with predominant parkinsonian signs,29-31 but we had not yet

considered the 2 PSP phenotypes separately.

Two recent studies have found differences between PSP-RS

and PSP-P by using volumetry of brain stem structures14 or DTI

metrics.15 In the former, the authors concluded that SCP was

relatively spared in patients with PSP-P, but not in those with

PSP-RS; in the latter, instead, the authors demonstrated the utility

of combining DTI metrics to the well-known Magnetic Reso-

nance Parkinsonism Index.31 Our findings are in line with results

from both studies, because patients with PSP-RS were found

more severely damaged in most comparisons and DTI metrics

helped uncover differences between subtypes that could not be

found by volume alone.

In this study, patients with PSP-RS showed bilateral altera-

tions of all SCP metrics compared with controls and patients with

PD, whereas compared with patients with PSP-P, they showed

altered diffusion metrics in the left SCP only. This finding suggests

that the right SCP might be equally damaged between the 2 phe-

notypes, while the left SCP seems to be relatively spared in PSP-P.

The presence of unilateral significant differences in SCP between

PSP-P and PSP-RS is not surprising and is in line with the asym-

metric clinical presentation of PSP-P.32 The presence of left-sided

damage in PSP-RS is also in line with results from a recent study

investigating white matter loss in PSP.33

The integrity of the SCP, which characterized patients with PD

in this study, supported the robustness of our automated method,

confirming the notion that this structure is not involved in PD.

Increased MD and decreased FA values in the SCP in PSP com-

pared with PD have also been reported previously.34,35 Patients

with PD showed increased FA in the SCP compared not only with

patients with PSP but also with healthy controls. Despite patho-

logic alterations being usually associated with decreases of this

metric, increases of FA have also been reported and are thought to

characterize a selective degeneration of white matter bundles in

regions of crossing fibers.36 Thus, in the present study, the higher

FA found in patients with PD could be the result of different

pathologic processes that do not hamper the microstructural in-

tegrity of the entire SCP as we found in PSP-RS but rather cause

the loss of connections with an orientation different from the

principal diffusion direction of the SCP.

Results of the discriminant analysis between PSP phenotypes

seem to encourage the adoption of this automated approach in

Table 2: P values from the statistical tests among different groups after correction for multiple comparisons (Tukey test)a

PD vs HC PSP-P vs HC PSP-RS vs HC PSP-P vs PD PSP-RS vs PD PSP-P vs PSP-RS
Age 1 1 .02b 0.1 .01b 1
Sex .1 .0001b .1 .008b 1 .01b

Disease duration – – – 1 .0001b .02b

MMSE – – – 1 .01b 1
UPDRS-III – – – 1 .0022b .002b

HY – – – .0004b .94 .001b

SCP right
Volume .66 .008b .00005b .001b .000004 b .95
FA .01b .66 .0005b .004b 1.45 � 10�8b .16
MD .89 .38 .0003b .77 .01b .31

SCP left
Volume .44 .03b .00008b .002b .000002b .81
FA .15 .58 .0000005b .03b 9.33 � 10�10b .007b

MD .70 .16 9.30 � 10�10b .67 .000001b .003b

Note:— HC indicates healthy controls; MMSE, Mini-Mental State Examination; UPDRS-III, Unified Parkinson’s Disease Rating Scale-Motor Examination; HY, Hohen and Yahr
score.
a Sex differences were assessed with �2 tests. Age differences were assessed with ANOVA. Disease duration differences were assessed using ANCOVA, with age and sex as
covariates. Other clinical and imaging differences were assessed with ANCOVA, with age, sex, and disease duration, as covariates. Correction for multiple comparisons was
performed with the Tukey honest significant difference test.
b Significant.

528 Nicoletti Mar 2017 www.ajnr.org



clinical practice, though at the present time, this is not yet feasible.

In fact, validation is still needed on larger cohorts and, at the same

time, in assessing the reliability of the method in individual sub-

jects, possibly with confirmed postmortem diagnosis. Despite

these well-known limitations, however, the accuracy of 70% ob-

tainable with the sole use of diffusion metrics extracted from the

left SCP suggests that our tool could be valuable in the clinical

diagnostic process, possibly integrated with other measures that

currently aid the diagnosis (eg, the Magnetic Resonance Parkin-

sonian Index).

Overall, our findings demonstrate the following: 1) Automatic

extraction of multimodal MR imaging metrics from the SCP is

feasible not only in healthy controls but also in patients with PD

and PSP; 2) damage to the SCP is present in the 2 forms of PSP

with a different degree of severity: more severe in PSP-RS than in

PSP-P, despite the significantly longer disease duration in the lat-

ter form; 3) SCP metrics in patients with PD were comparable

with those extracted from healthy subjects; 4) the in vivo micro-

structural changes observed in SCP with DTI are in line with

abnormalities detected in previous postmortem studies; 5) the

degenerative process seems to begin on one side of the SCP and

then progresses in the contralateral structure; and 6) damage to

the SCP as detected by volume and FA might improve differenti-

ation of PSP-P and PD in an early stage of the disease.

There are some limitations to our study: First, the population

was relatively small. Second, we did not have postmortem confir-

mation to reach the criterion standard diagnosis and cannot fully

exclude misdiagnosis. Third, the tool still needs validation on

larger cohorts of patients and on MR imaging scans acquired with

different parameters.

CONCLUSIONS
With a fully automated analysis pipeline, we were able to rapidly

extract MR imaging markers that helped identify different pat-

terns of SCP damage, not only between PSP-P and PSP-RS but

also between PSP-P and PD. This approach was implemented

with minimal user intervention, which guarantees reproducibility

of the results and avoids the time-consuming procedures required

for manual segmentation of ROIs. The proposed pipeline could

be useful if integrated into the current diagnostic process, to im-

prove early diagnosis of PD and different parkinsonian syn-

dromes, especially in the most ambiguous cases.
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ORIGINAL RESEARCH
ADULT BRAIN

Basilar Artery Changes in Fabry Disease
X R. Manara, X R.Y. Carlier, X S. Righetto, X V. Citton, X G. Locatelli, X F. Colas, X M. Ermani, X D.P. Germain, and X A. Burlina

ABSTRACT

BACKGROUND AND PURPOSE: Dolichoectasia of the basilar artery is a characteristic finding of Fabry disease. However, its prevalence,
severity, and course have been poorly studied. This study quantitatively evaluated, by MRA, a panel of basilar artery parameters in a large
cohort of patients with Fabry disease.

MATERIALS AND METHODS: Basilar artery mean diameter, curved length, “origin-to-end” linear distance (linear length), and tortuosity
index ([curved length � linear length] � 1) were retrospectively measured on 1.5T MRA studies of 110 patients with Fabry disease (mean age,
39.4 � 18.6 years; 40 males) and 108 control patients (mean age, 42.0 � 18.2 years; 40 males).

RESULTS: Patients with Fabry disease had increased basilar artery mean diameter (P � .001) and basilar artery linear length (P � .02)
compared with control patients. Basilar artery curved length and tortuosity index correlated with age in both groups (P � .001), whereas
basilar artery linear length correlated with age only in patients with Fabry disease (P � .002). Patients with Fabry disease showed a basilar
artery curved length mean increase of 4.2% (9.7% in male patients with Fabry disease versus male control patients), whereas the basilar
artery mean diameter had a mean increase of 12.4% (14.3% in male patients with Fabry disease versus male control patients). Male patients
with Fabry disease had increased basilar artery mean diameter, curved length, and tortuosity index compared with female patients with
Fabry disease (P � .04, P � .02, and P � .001, respectively) and male control patients (P � .001, P � .01, and P � .006, respectively). Female
patients with Fabry disease demonstrated an age-dependent increase of basilar artery mean diameter that became significant (P � .001)
compared with female control patients above the age of 45 years.

CONCLUSIONS: The basilar artery of patients with FD is subjected to major remodeling that differs according to age and sex, thus
providing interesting clues about the pathophysiology of cerebral vessels in Fabry disease.

ABBREVIATION: FD � Fabry disease

Fabry disease (OMIM 301500; FD) is a rare X-linked (Xq22.1)

disease caused by mutations in the GLA gene causing defi-

ciency of the hydrolase �-galactosidase A (�-GalA, E.C.

3.2.1.22).1 The enzyme deficiency results in impaired sphingo-

lipid catabolism with lysosomal accumulation of upstream me-

tabolites (mainly globotriaosylceramide [Gb3] and its deacylated

compound globotriaosylsphingosine [lysoGb3]). All organs are

involved, with major damage to the kidneys, heart, and nervous

system. The brain might present white matter vascular-like ab-

normalities, TIAs, and stroke at a young age,2 suggesting that

micro- and macroangiopathy might have a pivotal role in the

pathogenesis of brain lesions. Indeed, both small and large blood

vessels have been consistently shown to present functional and

morphologic changes in patients with FD.3-5 Increased vessel tor-

tuosity has been found in the retina6 and in the skin,7,8 and intra-

cranial artery dolichoectatic changes have been repeatedly observed

in patients with FD during both pathologic and neuroimaging

evaluations.9-17

Hitherto, most of the latter studies either referred to small

samples or evaluated single specific aspects of artery dolichoecta-

sia (such as the vessel lumen diameter). In addition, these studies
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applied different quantification methods or semiquantitative

scores for the severity of the intracranial FD-related vessel

changes, leading to conflicting results about the role of sex, age,

and treatments.

Our retrospective, transversal, case-control MRA study quan-

titatively investigated the morphologic basilar artery lumen

changes (Fig 1) by applying a comprehensive panel of measure-

ments encompassing all aspects of vessel dolichoectasia (diame-

ter, length, and tortuosity) on a large cohort of patients with FD,

aiming to provide a detailed picture of FD-related basilar artery

changes according to age and sex.

MATERIALS AND METHODS
Patients
One hundred thirteen patients with FD underwent MR imaging

and MRA and were retrospectively analyzed. Three patients were

excluded for anatomic reasons (see below): therefore, 110 patients

with FD were considered (mean age, 39.4 � 18.6 years; range,

6 –75 years; 40 males). The diagnosis of FD was confirmed by

�-galactosidase A enzyme activity and GLA mutation identifica-

tion. All patients gave written informed consent.

One hundred ten patients with no history of head trauma,

neurosurgery, or other neurologic or psychiatric disease who un-

derwent MRI and MRA for headache or TIA were analyzed. Two

patients were excluded for anatomic reasons (see below): there-

fore, 108 patients (mean age, 42.0 � 18.2 years; range: 4 –76 years;

40 males) represented our control group.

MR Technique
All MR examinations of patients and control patients were per-

formed between 2007–2014 with 1.5T scanners (Achieva or In-

tera; Philips Healthcare, Best, the Netherlands) with a standard

quadrature head coil.

The MR study protocol included conventional T1-weighted

and FLAIR axial images covering the whole brain and a TOF-

MRA sequence for the evaluation of the main intracranial arteries.

The latter sequence was acquired with the following parame-

ters: TR, 23 ms; TE, 2.274 ms; section thickness, 1.4 mm; ac-

quisition matrix, 512 � 512; and FOV, 16 cm on the Intera

scanner and TR, 25 ms; TE, 6.906 ms; section thickness, 1 mm;

acquisition matrix, 512 � 512; and FOV, 16 cm on the Achieva

scanner.

Basilar Artery Evaluation
All MRIs were evaluated by 2 neuroradi-
ologists (R.M., V.C.) to exclude concomi-
tant posterior cranial fossa lesions that
could potentially interfere with the cister-
nal course of the basilar artery (eg, neo-
plasms, abscesses, and parenchymal or
vascular malformations). No patient with
FD or healthy patient was excluded for this
reason, and in no case was there disagree-
ment between neuroradiologists.

The mean basilar artery diameter was
measured by a neuroradiologist (R.M.)
on the acquisition MRA axial sections with
a commercially available image viewer

(Medstation version 4.9; Exprivia, Molfetta, Italy) at 3 points, namely
the starting, middle, and ending points of the basilar artery after ad-
justing the image window (On-line Appendix).

The basilar artery anatomic length (curved length of the whole
cisternal segment) and the linear distance between the proximal
and distal extremities of the basilar artery (linear length) were
measured by a neuroradiologist (S.R.) with commercially avail-
able software (InSpace, syngo MR Workplace; Siemens, Erlangen,
Germany) dedicated to the vessel analysis (On-line Appendix). Be-
cause the basilar artery landmarks were 1) the conjunction of the 2
vertebral arteries (starting point) and 2) the basilar artery bifurcation
into the 2 posterior cerebral arteries (ending point), patients with FD
and control patients with agenesia of 1 vertebral artery or of the pre-
communicating segment of 1 or both posterior cerebral arteries were
excluded from the study (2 control patients and 3 patients with FD,
including a woman harboring a persistent trigeminal artery).

In addition, the tortuosity index was calculated as follows, ac-
cording to previous studies18:

Tortuosity Index � (curved length � linear length) � 1

This index is equal to 0 when the vessel is perfectly straight, and

the index increases with the relative increase of the curved length

with respect to the linear length (Fig 1C).

In 15 patients, all of the aforementioned variables were remea-

sured after 3 months by 2 of the coauthors (R.M., S.R.) to assess

intrarater and interrater reproducibility.

Statistical Analysis
The Student t test was performed to compare quantitative nor-

mally distributed variables between patients with FD and control

patients and between subgroups. Analysis of covariance was used

to test the dependence of groups, omitting the effect of age. The

linear relationships between age and diameter, length, and tortu-

osity measures were evaluated by using the Pearson coefficient.

Reproducibility of the measurements was also tested by Pearson

coefficient. Significance level was set at P � .05.

RESULTS
Main findings are presented in On-line Table 1. FD and control

groups did not differ for age (P � .30) or sex (P � .91). All mea-

surements (mean diameter, curved length, linear length, and tor-

tuosity index) showed very high interrater and intrarater agree-

ment (r � 0.9).

FIG 1. MIP of an MRA study in A, a 41-year-old male patient with FD and B, a control patient. Note
a mild increase of the tortuosity of the basilar artery and a more evident increase of the lumen
diameter (compare the basilar artery with the contiguous ICA) C, Drawing of a tortuous basilar
artery showing the real curved length (dashed line) and the linear distance between the basilar
artery extremes (dotted line).
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Diameter Analysis
Compared with control patients, patients with FD had increased

mean basilar artery diameter (4.16 � 0.62 mm versus 3.70 � 0.36

mm; P � .001); the mean basilar artery diameter showed mild

correlation with age among patients with FD (r � 0.3; P � .001)

and no correlation among control patients.

When subgrouping according to sex, the basilar artery diam-

eter did not correlate with age among male patients with FD and

male and female control patients. In contrast, female patients with

FD showed a good correlation between age and basilar artery di-

ameter (r � 0.54) (Fig 2).

Male patients with FD had increased mean basilar artery di-

ameter compared with female patients with FD (4.32 � 0.72 mm

versus 4.07 � 0.55 mm; P � .04) and male control patients

(4.32 � 0.72 mm versus 3.78 � 0.36 mm; P � .001). Female

patients with FD had increased mean basilar artery diameter com-

pared with female control patients (4.07 � 0.55 mm versus 3.66 �

0.36 mm; P � .001). No difference was found between male and

female control patients (3.70 � 0.36 mm versus 3.66 � 0.36 mm).

We divided patients and control patients according to sex and

age (younger or older than 45 years); male patients with FD

showed increased mean basilar artery diameter compared with

control patients at any age, whereas female patients with FD dif-

fered from control patients only in the older subgroup.

A diagnostic criterion based on a mean basilar artery diameter

�4.42 mm had a specificity of 97.2% and a sensitivity of 28.2%.

Length and Tortuosity Analysis
Compared with control patients, patients with FD had increased

linear length (28.34 � 4.03 mm versus 27.18 � 3.32 mm; P � .02)

and showed a trend toward increased curved length (31.13 � 5.38

mm versus 29.88 � 4.79 mm; P � .07). As a consequence, the

tortuosity index did not differ between patients with FD and con-

trol patients (0.097 � 0.083 versus 0.099 � 0.113; P � .86).

Curved length and tortuosity index showed a positive correlation

with age in both the patient and control groups (P � .001). In

contrast, the linear length correlated

with age only in the FD group (P �

.002).

Male patients with FD had increased

curved length and tortuosity index com-

pared with female patients with FD

(32.72 � 5.81 mm versus 30.21 � 4.92

mm; P � .02 and 0.132 � 0.094 versus

0.077 � 0.070; P � .001, respectively)

and male control patients (32.72 � 5.81

mm versus 29.83 � 4.5 mm; P � .01 and

0.132 � 0.094 versus 0.075 � 0.085; P �

.006). No significant difference was ob-

served between male and female control

patients. No significant difference was

found between female patients with FD

and female control patients after adjust-

ing for age.

Analysis of Diameter Versus Length
and Tortuosity
The mean basilar artery diameter showed

no correlation with curved length and tortuosity index in control

patients and showed a mild correlation (r � 0.35 and r � 0.43,

respectively) in patients with FD.

The curved length showed a mean increase of 4.2% in patients

with FD compared with control patients (9.7% in male patients

with FD compared with male control patients), whereas the mean

lumen diameter (ie, circumference) showed a mean increase of

12.4% in patients with FD compared with control patients (14.3%

in male patients with FD compared with male control patients).

DISCUSSION
This MRA study quantitatively investigated the morphologic

basilar artery lumen changes in FD, showing the progressive and

profound vessel remodeling that ultimately leads to basilar artery

dolichoectasia. In particular, patients with FD presented in-

creased basilar artery diameter, length, and tortuosity that dif-

fered significantly according to patient sex and age.

Basilar Artery Diameter Changes
Ectasia of intracranial arteries has been qualitatively observed in

patients with FD at both pathologic and neuroimaging evalua-

tion.9-13 A few studies applied a semiquantitative or quantitative

approach with MRA 3D reconstructions (2 studies with 1.5T and

1 with 3T scanner),14-16,19 T2 axial images (van der Tol L, per-

sonal communication), either T2 axial images or MRA,17 or axial

partitions of MRA (present study). Despite different methods,

sequences, and scanners used for the measurement and the differ-

ent ways to present study findings (different patient subgrouping,

mean or median value, etc), all studies consistently showed the

increase of the basilar artery diameter in patients with FD com-

pared with control patients (On-line Table 2).

As expected for an X-linked disease, the basilar artery diameter

in FD was shown to be significantly greater among male patients

compared with female patients in all previous studies except

one.19 The latter discordant result might have depended on the

FIG 2. Mean basilar artery diameter findings in our study population (patients with FD and control
patients) subdivided according to sex (circles represent the value in each patient). This composite
plot shows sex- and age-related differences among subgroups; note that a mean basilar artery
diameter greater than 4.5 mm could be found at any age among male Fabry patients and almost
only after the age of 40 among female Fabry patients.
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small sample size (5 males versus 7 females) or on the age of the

sex subgroups considered in the study (mean age of female study

participants, �40 years). In fact, according to our findings, the

basilar artery diameter appears to already be enlarged in male

patients with FD at a young age, whereas women show significant

basilar artery changes only above the age of 45 years. The different

behavior of basilar artery diameter according to sex is interesting

for several reasons. For example, it limits the efficacy of basilar

artery diameter as a criterion for differentiating female patients

with FD from patients with multiple sclerosis, as recently sug-

gested.20 In fact, the diagnostic dilemma usually involves young

women aged less than 45 years with neurologic symptoms and

nonspecific white matter signal abnormalities.20 In addition, be-

cause WM changes also seem to appear early in female patients

with FD, but basilar artery changes occur later in women, mac-

roangiopathy seems to have no role or a minimal role in the ap-

pearance of white matter signal abnormalities. Therefore, mi-

cro- and macroangiopathy might present different time courses

in FD.

Length and Tortuosity of the Basilar Artery
The approach applied in this study provides quantitative infor-

mation on the effect of FD on the elongation of the basilar artery.

Indirect data have been provided by previous case reports, case

series, and small studies based on qualitative evaluations (On-line

Table 3).9,10,13 Recently, Politei et al17 applied a semiquantitative

approach with the Smoker criteria. According to the Smoker cri-

teria, in addition to a basilar diameter greater than 4.5 mm, the

position of the top of the basilar artery (indicative of the length of

the artery) and the basilar artery position with respect to the mid-

line (indicative of the tortuosity of the artery) also concur in the

identification of dolichoectasic basilar arteries. Politei et al17

found an increased rate of dolichoectasia in patients with FD,

especially among males (55.5% of male patients with FD versus

34.8% of female patients with FD; P � .09). Unfortunately, this

study did not include a control population and did not provide

the weight of each item (diameter, elongation, and tortuosity) in

determining dolichoectasia in the FD population, hampering

their precise analysis.

In the present study, FD-related vessel elongation was di-

rectly demonstrated by the increased curved length (effective

length of the basilar artery in its 3D cisternal course) in male

patients with FD compared with female patients with FD and

control patients. In addition, patients with FD showed in-

creased linear distance between the proximal and distal ex-

tremities of the basilar artery. The concomitant cranial dis-

placement of the top of the basilar artery likely determines a

higher score at the second item of the Smoker criteria, thus

contributing to the high rate of dolichoectasia observed in pa-

tients with FD.17 The measurement of both curved and linear

basilar artery length allowed us to precisely quantify the basilar

artery tortuosity by a tortuosity index. Although the concom-

itant increase of the linear length partly hampered the efficacy

in detecting basilar artery tortuosity changes, this measure fur-

ther highlighted the sex-related artery vulnerability in FD,

showing a significantly increased basilar artery tortuosity in

male patients with FD compared with both female patients

with FD and male control patients. Although the Smoker score

is easily applicable to conventional T2 axial images and is cer-

tainly less time-consuming, the quantitative evaluation of lin-

ear length, curved length, and tortuosity index on 3D-TOF

MRA proved to be highly reproducible in our study, providing

a powerful and reliable tool for the follow-up of the natural

history of artery changes in FD over the years as well as the

monitoring of any therapeutic intervention.

Evolution of Basilar Artery Changes
The evolution of basilar artery changes is an obvious phenome-

non that can be inferred by the fact that megadolicho-arteries do

not appear, or at least have never been reported, in pediatric pa-

tients with FD. Nonetheless, the characterization of the evolution

of basilar artery changes in FD remains rather elusive. Azevedo et

al19 found increased basilar artery diameter values in older pa-

tients with FD, whereas Fellgiebel et al14,15 and Uçeyler et al16

found no association with age. The present study showed that the

basilar artery diameter increases significantly with age in the fe-

male subgroup, whereas male patients with FD and both male and

female control patients do not change significantly over time. Ac-

cording to these findings, male patients with FD already present

increased mean basilar artery diameter at a young age, with scarce

changes over time, whereas female patients with FD progress from

values that do not differ from control patients to values that do

not differ from male patients with FD. Altogether, these contra-

dictory findings underlie 1) the heterogeneity of basilar artery

involvement in FD and 2) the difficulty in extrapolating complex

phenomena in rare diseases without well-designed, long-lasting

longitudinal studies in large patient cohorts with sex- and age-

matched control patients. For example, the lack of evolution of

basilar artery diameter in men might be related to a higher early

mortality in patients with more severe intracranial artery involve-

ment. Because stroke is associated with an increased basilar ar-

tery diameter in the healthy population21 and stroke occurs at

a younger age in male patients with FD,2 a biased selection

might have altered basilar artery diameter age-dependent find-

ings in a transverse study design.

Hitherto, the evolution of basilar artery elongation has never

been addressed, and all the information can be driven only from

the present study, which necessarily requires further validation.

According to our findings, basilar artery elongation seems to be an

age-dependent phenomenon recognizable in both patients with

FD and control patients. Nonetheless, patients with FD also

present an age-dependent significant increase of the linear dis-

tance between the proximal and distal extremities of the basilar

artery, which likely results in cranial ectopia of its distal

extremity.

Altogether, these artery changes involving diameter, length,

and tortuosity might explain the high rate of dolichoectasia pre-

viously detected semiquantitatively in patients with FD.17

Ectasia Versus Elongation
Dolichoectatic changes might represent different faces of the same

phenomenon (ie, the structural disruption of the artery vessel

wall) or underlie different pathogenic mechanisms. Actually,
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diameter, curved length, and tortuosity index showed no correla-

tion among control patients and displayed a relatively weak rela-

tionship within the FD cohort. In addition, the severity of the

curved length and diameter changes in the FD cohort compared

with control patients demonstrates that the artery wall is nearly 3

times more vulnerable circumferentially than longitudinally. This

observation seems to be consistent with functional and pathologic

findings in FD that report the primary involvement of the smooth

muscle cells in the accumulation of globotriaosylceramide, re-

duced sympathetic innervation of proximal cerebral arteries, and

enhanced release of nitric oxide from endothelial cells.5 Because

the smooth muscle cell tone is pivotal in controlling the vessel

radius according to brain parenchyma metabolic need, media

layer dysfunction might manifest prevalently as ectasia and, only

to a lesser extent, elongation. The presence of basilar artery ectasia

in other lysosomal storage disorders, like late-onset Pompe dis-

ease, might support the role of metabolite accumulation within

the smooth muscle cells.22,23

Diagnostic Role of Basilar Artery Changes in FD
Limits inherent to the measurement of the basilar artery diameter

and to scanners, sequences, and methods applied have been

discussed above. For example, the evaluation of the basilar

artery diameter on MRA most likely leads to an underestima-

tion compared with T2 axial findings because MRA represents

only the vessel lumen, whereas T2 imaging measurement in-

cludes the vessel wall. In addition, sequences with long TR and

TE (T2 imaging) are prone to CSF pulsation artifacts around

the basilar artery that might alter the measurement of the vessel

diameter. Sequences on different scanners might differ for res-

olution, with a considerable impact on the measurement of the

basilar artery diameter. Nonetheless, at least 2 further ana-

tomic and methodologic aspects need to be discussed. In con-

trast to the internal carotid artery, the basilar artery shows high

diameter variability even among patients who do not have FD

(2.8 – 4.4 mm in the present study, but also 1.2–5.5 mm).16 The

caliper variability of the vertebral arteries and the rather com-

mon variants of the circle of Willis involving the precommu-

nicating P1 segment of the posterior cerebral arteries might

significantly influence the basilar artery diameter, hampering

its diagnostic value. In fact, nearly 20% of P1 segments are

hypoplastic, and the blood flow of the postcommunicating P2

segment might be partly or completely sustained by the ipsi-

lateral internal carotid artery via the posterior communicating

artery. A significant basilar artery diameter increment in a pa-

tient with FD with unilateral or bilateral P1 segment hypopla-

sia would probably not lead to “increased” values compared

with the normal mean value. This anatomic variability might

result in a decreased sensitivity of basilar artery diameter cutoff

values when looking for a high specificity (a cutoff of 4.42 mm

in the present study had a specificity of 97.2%, but a sensitivity

of 28.1%), especially among young women, in whom the dif-

ferences between patients and control patients are less evident,

if there are any.

The methodologic aspect regards the variability of the diame-

ter according to image windowing. Previous studies did not spec-

ify the window parameters used for the evaluation of the basilar

artery diameter because they depend on the investigator’s choice

and on image features that might vary from patient to patient,

even when using the same sequence parameters. Different image

windowing might lead to the inclusion or exclusion of a pixel at

the border of the vessel. Because the pixel size is usually 0.3– 0.4

mm and the mean basilar artery diameter in control patients is

approximately 3.7 mm, different image windowing might lead to

a 10%–20% variability in the measure obtained. This fact might

partly explain the difficulty of replicating cutoff values in different

studies. A previous study investigated 25 patients with FD and

showed that a basilar artery diameter cutoff of 2.98 mm could

differentiate patients with FD from young patients without FD

who have had a stroke with a specificity of 88.5% and a sensitivity

of 84%.15 Another study on 87 patients with FD demonstrated

that a basilar artery diameter cutoff of 3.2 mm had a sensitivity of

87% and a specificity of 86% in discriminating male patients with

FD from male control patients (no difference was found between

male patients with FD and male patients without FD who have

had a stroke or among female subgroups).16

Therefore, to minimize the measurement variability, we ap-

plied an easily replicable standardized method to optimize and

standardize the image windowing throughout the study (On-line

Appendix). Indeed, we obtained outstanding interrater and intra-

rater reproducibility of the basilar artery diameter measurements.

Nonetheless, because differences in image windowing, sequences,

sequence parameters, and scanners might significantly impact

the final measure of the vessel diameter, center-specific nor-

mative values are likely required, and literature cutoff values

can hardly be used in a diagnostic setting of FD. Taking into

account the anatomic variability of the circle of Willis, the use

of the basilar artery diameter as a unique marker of FD appears

rather inefficient.

Similarly, basilar artery linear and curved length and the rela-

tive tortuosity index proved to retain very poor diagnostic utility

because of the largely overlapping findings between patients with

FD and control patients. These limits are minimized in a longitu-

dinal study design because the anatomy of the circle of Willis does

not change significantly over time, thus allowing precise monitor-

ing of the basilar artery dolichoectatic changes.

To note, the inclusion of patients with headache and TIA in

our control group might represent a possible drawback of the

study. Even though no study has shown basilar artery changes in

patients with headache and TIA, these patients may potentially

present initial dolichoectatic abnormalities that might have

hampered the recognition of FD basilar artery changes. Ac-

cording to this hypothesis, basilar artery changes in FD may be

even more evident when using healthy patients as control pa-

tients. However, a positive control group has the advantage of

being closer to a clinical setting, where some of the above-

mentioned vascular changes have been proposed for diagnostic

purposes.

CONCLUSIONS
The panel of measurements (artery diameter, length, and tortu-

osity) applied in this study provides some relevant hints about the

pathophysiology of vessel remodeling in FD. Moreover, our study

provides an interesting tool for monitoring the natural course of
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basilar artery changes and the possible response to treatments.

Despite these findings, basilar artery measures seem to retain lim-

ited value in a routine diagnostic setting unless a highly selective

basilar artery diameter cutoff is considered.
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ADULT BRAIN

Toward Precision and Reproducibility of Diffusion Tensor
Imaging: A Multicenter Diffusion Phantom and Traveling

Volunteer Study
X E.M. Palacios, X A.J. Martin, X M.A. Boss, X F. Ezekiel, X Y.S. Chang, X E.L. Yuh, X M.J. Vassar, X D.M. Schnyer, X C.L. MacDonald,

X K.L. Crawford, X A. Irimia, X A.W. Toga, X P. Mukherjee, and the TRACK-TBI Investigators

ABSTRACT

BACKGROUND AND PURPOSE: Precision medicine is an approach to disease diagnosis, treatment, and prevention that relies on quan-
titative biomarkers that minimize the variability of individual patient measurements. The aim of this study was to assess the intersite
variability after harmonization of a high-angular-resolution 3T diffusion tensor imaging protocol across 13 scanners at the 11 academic
medical centers participating in the Transforming Research and Clinical Knowledge in Traumatic Brain Injury multisite study.

MATERIALS AND METHODS: Diffusion MR imaging was acquired from a novel isotropic diffusion phantom developed at the National
Institute of Standards and Technology and from the brain of a traveling volunteer on thirteen 3T MR imaging scanners representing 3 major
vendors (GE Healthcare, Philips Healthcare, and Siemens). Means of the DTI parameters and their coefficients of variation across scanners
were calculated for each DTI metric and white matter tract.

RESULTS: For the National Institute of Standards and Technology diffusion phantom, the coefficients of variation of the apparent
diffusion coefficient across the 13 scanners was �3.8% for a range of diffusivities from 0.4 to 1.1 � 10�6 mm2/s. For the volunteer, the
coefficients of variations across scanners of the 4 primary DTI metrics, each averaged over the entire white matter skeleton, were all �5%.
In individual white matter tracts, large central pathways showed good reproducibility with the coefficients of variation consistently below
5%. However, smaller tracts showed more variability, with the coefficients of variation of some DTI metrics reaching 10%.

CONCLUSIONS: The results suggest the feasibility of standardizing DTI across 3T scanners from different MR imaging vendors in a
large-scale neuroimaging research study.

ABBREVIATIONS: AD � axial diffusivity (units of 10�3 mm2/s); CoV � coefficient of variation; FA � fractional anisotropy; MD � mean diffusivity (units of 10�3

mm2/s); NIST � National Institute of Standards and Technology; PVP � polyvinylpyrrolidone; RD � radial diffusivity (units of 10�3 mm2/s); TBI � traumatic brain injury;
TRACK-TBI � Transforming Research and Clinical Knowledge in Traumatic Brain Injury

The new paradigm of precision medicine relies on quantitative

biomarkers validated for their accuracy and efficacy. They

must also be standardized so that precise and reproducible mea-

surements can be made despite differences in instrumentation

and procedures.1 Medical imaging can provide many clinically

useful biomarkers; however, the precision of its metrics must first

be established in large-scale multisite studies that encompass the

range of scanning hardware and software used to acquire the data.

DTI studies of patients with traumatic brain injury (TBI) show

alterations of white matter microstructure in many tracts, across

the range of severe, moderate, and mild TBI.2-5 However, TBI is a

highly heterogeneous pathology in cause, severity, and clinical

course. New standardized clinical and imaging biomarkers are

needed to enhance outcome prediction and for triage to the most

appropriate therapeutic interventions. Transforming Research

and Clinical Knowledge in TBI (TRACK-TBI), a National Insti-
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tutes of Health–funded study, began in October 2013 with the

goal of enrolling 3000 patients with TBI at 11 enrollment sites

across the United States. The objective was to create a large, high-

quality data base that integrates clinical, imaging, proteomic,

genomic, and outcome measures to establish more precise meth-

ods for TBI diagnosis and prognosis.6 The first critical element for

a multicenter imaging study is to minimize the intersite variabil-

ity. Biomarkers derived from DTI metrics must be optimally ro-

bust with respect to differences in the acquisition hardware and

software across medical centers.7 Intersite differences can origi-

nate from variations in scanner manufacturer; hardware charac-

teristics such as field strength, gradient strength, and speed; and

the type of radiofrequency coil, software version, site-specific

quality control procedures, and adherence to the research

protocol.8

Diffusion phantom and human volunteer studies are needed

to assess the reproducibility and variability of the imaging data.

Previous studies have shown DTI variability on test-retest stud-

ies,9-20 but only 3 previous articles7,21,22 have studied systematic

DTI variability due to intrinsic differences between different MR

imaging systems in an isotropic phantom and in a human volun-

teer, either within a single site or across sites. However, these prior

investigations were limited to relatively few sites in the case of

multicenter studies, to 1.5T scanners or a combination of 1.5T

and 3T scanners, to a DTI protocol with low angular resolution,

and, in 1 case, to nonharmonized DTI by using different protocols

at different sites.

In this study, we assessed the intersite precision of DTI metrics

from a harmonized high-angular-resolution DTI protocol across

thirteen 3T scanners at the 11 sites enrolling patients for the

TRACK-TBI study. High-angular-resolution diffusion imaging,

which requires the acquisition of �30 diffusion gradient direc-

tions per scan, has been proposed to improve the accuracy and

reliability of DTI metrics compared with standard DTI acquisi-

tions with fewer directions.23,24 In addition to the traveling hu-

man volunteer, data were acquired from a novel isotropic diffu-

sion phantom developed at the National Institute of Standards

and Technology (NIST), which allows precise assessment of the

range of diffusivities that might be encountered in healthy and

pathologic brain tissue.

MATERIALS AND METHODS
All study procedures were approved by the institutional review

boards of all 11 enrollment sites of the TRACK-TBI multicenter

study.

The initial diffusion phantom and human brain data were ac-

quired from all 13 scanners at the 11 sites within a 4-month time

period at the beginning of the study. The acquisition, processing,

and analysis of the isotropic diffusion phantom data were per-

formed by a PhD MR imaging physicist (A.J.M), who is a Profes-

sor of Radiology with 25 years of experience in industry and aca-

demia. The traveling volunteer brain imaging data were processed

and analyzed by a PhD scientist (E.M.P.) with 8 years of experi-

ence in diffusion tensor image processing and analysis in TBI. All

of the imaging analysis was overseen by a board-certified neuro-

radiologist (P.M.) with 20 years of experience with DTI research

and who is the director of the imaging core and a Principal Inves-

tigator of the multicenter study.

NIST Isotropic Diffusion Phantom
Diffusion MR imaging was acquired from a prototype isotropic

diffusion phantom in a 3D-printed shell developed at the NIST

and from the brain of a traveling healthy volunteer (male, 49 years

of age) on thirteen 3T MR imaging scanners at 11 different sites by

using 8- or 12-channel head radiofrequency coils. Isotropic phan-

toms are used to calibrate diffusivities, so a full DTI acquisition or

identical parameters with the traveling volunteer sequences is not

a requirement. The main objective of the isotropic phantoms is to

verify the precision of the principal axis diffusivities because all

DTI metrics are computed from these diffusivities.

The diffusion phantom was scanned at b�0, 500, and 900

s/mm2 with 1.1-mm in-plane resolution and 5-mm sections, by

using 3 orthogonal directions and 4 signal averages. An 11-section

protocol was used and the image stack was prescribed such that

the sections were centered on the phantom and intersected vials

within the phantom cross-sectionally.

Traveling Volunteer
The traveling volunteer was scanned once at each center during

the same session as the NIST phantom. All volunteer scans were

acquired within a 4-month interval. Additionally, from one of the

sites (site 3), 2 DTI scans were acquired on the same day from the

human traveling volunteer, 30 months after the first DTI acquisi-

tion from this volunteer. The characteristics of the scanners for

each site and parameters of acquisition from the traveling volun-

teer in each site are reported in Table 1. The DTI protocol is based

on the “Enhanced DTI” standard established by the Alzheimer

Disease Neuroimaging Initiative 2 study for GE Healthcare scan-

ners (http://adni.loni.usc.edu/wpcontent/uploads/2010/05/ADNI2_

GE_22_E_DTI.pdf), except that 64 diffusion directions were used

at most sites instead of 60 directions to accommodate the Siemens

in-product DTI sequence in specifying the number of directions.

In brief, the protocol consists of a multislection spin-echo echo-

planar sequence with 2.7-mm isotropic spatial resolution and a

b-value of 1300 s/mm2, with 8 additional brain volumes acquired

at b�0 s/mm2.

All the images were inspected, and none had any major

artifacts. One of the advantages of using high-angular-resolu-

tion diffusion imaging is that a corrupted image in any single

direction has a minimal effect on the fitting or metrics. Thus,

images from high-angular-resolution diffusion imaging pro-

duce more accurate and reliable results than lower angular

resolution acquisitions.

Preparation and Processing of the NIST Isotropic
Diffusion Phantom
We established an array of thirteen 20-mL vials containing vari-

able amounts of the polymer polyvinylpyrrolidone (PVP) (Fig

1).25 PVP containing vials, with mass fractions of 0%, 10%, 20%,

30%, 40%, and 50% were arranged in a plane, with 0% PVP (de-

ionized water) at the center and increasing concentrations of PVP

in 2 rings around the central vials. Vials were contained in a

spheric water-tight vessel. The phantom was transported between

538 Palacios Mar 2017 www.ajnr.org



sites in a dry state in a foam enclosure.

On arrival at each site, the phantom was

initially packed with ice and placed in a

refrigerator. In parallel, a slurry of ice

and water was prepared and allowed to

equilibrate for 1–2 hours. Ice water was

then added to the phantom along with as

much additional ice as could be accom-

modated; the phantom was returned to

the refrigerator and left overnight (8 –10

hours). In the morning, additional ice

was packed into the phantom and left

in an insulated container until imaged

(within 2 hours).

DTI Preprocessing and Analysis for
the Traveling Volunteer
DTI preprocessing and analysis were

performed by using tools from the Ox-

ford Centre for Functional MR Imaging

of the Brain (FMRIB) Software Library

(FSL (http://www.fmrib.ox.ac.uk/fsl)).

First, images were corrected for eddy

current distortions and motion by using

an average of the 8 b�0 s/mm2 volumes

as a reference. The registered images

were skull-stripped by using the FSL

Brain Extraction Tool (http://fsl.fmrib.

ox.ac.uk/fsl/fslwiki/BET). All the result-

ing brain masks were visually inspected.

Fractional anisotropy (FA) maps were

calculated by using the FMRIB Diffu-

sion Toolbox (http://fsl.fmrib.ox.ac.uk/

fsl/fslwiki/FDT).26 After calculation of

the FA map, a voxelwise statistical anal-

ysis of the FA data was performed by us-

ing Tract-Based Spatial Statistics (TBSS;

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

TBSS).27,28 Within the TBSS pipeline,
FA data were aligned into the common
FMRIB58 FA template, which is in
Montreal Neurological Institute 152 at-

FIG 1. Prototype isotropic diffusion phantom in a 3D-printed shell from the National Institute
of Standards and Technology.

FIG 2. ADC measurements obtained across all 13 scanners in TRACK-TBI. The measured ADC in units of
10�6 mm2/sforvialscontaining0%–50%PVPareplottedforeachTRACK-TBIMRimagingsystem.TheNIST
phantom allows 3 measures of 0% PVP and 2 measures of each of the 10%–50% PVP concentrations. Data
are shown for the central vial (triangle), inner vials (squares), and outer vials (circles) of the phantom.

Table 1: DTI acquisition protocol for the 11 academic medical centersa

Site Scanner Vendor

Model and
Field

(Tesla)
Software
Version

Head Coil
(Channels)

Voxel
Size

Flip
Angle

TR
(ms)

TE
(ms) Directions Sections Matrix b-Value B0

1 Trio Siemens Trio 3T syngo MR B17 12 2.7 90° 9000 94 64 64 128 � 84 1300 8
2a Skyra Siemens Skyra 3T syngo MR D13 12 2.7 90° 9000 92 64 59 128 � 84 1300 8
2b Trio Siemens Trio 3T syngo MR B17 12 2.7 90° 9000 94 64 59 128 � 84 1300 8
3 MR750 GE MR750 3T DV24.0_RO1_1344 8 2.7 90° 9050 81 60 59 128 � 128 1300 8
4 Signa GE Signa 3T HD16.0_V02_1131a 8 2.7 90° 14,000 83 60 54 128 � 128 1000 8
5 Trio Siemens Trio 3T syngo MB B17 12 2.7 90° 9000 94 64 59 128 � 84 1300 8
6 Trio Siemens Trio 3T syngo MR B17 12 2.7 90° 9000 94 64 59 128 � 84 1300 8
7a MR750 GE MR750 3T DV24.0_R01_1344 8 2.7 90° 9000 81 60 59 128 � 128 1300 8
7b Trio Siemens Trio 3T syngo MR B17 12 2.7 90° 9000 94 64 59 128 � 84 1300 8
8 Skyra Siemens Skyra 3T syngo MR D13 20 2.7 90° 9000 92 64 59 128 � 84 1300 8
9 Signa GE Signa 3T HD16.0_V02_1131a 8 2.7 90° 14,000 88 60 54 128 � 128 1300 8
10 Achieva Phillips Achieva 3T U3.2.3, U3.2.3.1 8 2.7 90° 9000 71 64 59 128 � 125 1300 8
11 Ingenia Phillips Ingenia 3T U5.1.2, U5.1.2.0 15 2.7 90° 9000 94 64 59 128 � 126 1300 8

a Sites 2 and 7 participated in the study with 2 different scanners each.
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las standard space, by using the nonlinear registration algorithm
FMRIB Nonlinear Registration Tool (FNIRT; http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/FNIRT).29

Next, a mean FA image was created from the images for all the
subjects’ serial scans at different sites in this common space and
thinned to generate a mean FA white matter skeleton that repre-
sented the center of all tracts common to the entire group of scans.
The FA white matter skeleton was thresholded to FA � 0.2 to
exclude gray matter and voxels containing partial volume effects
with gray matter. This process ensured that each dataset skeleton
was in the group space while also representing the center of the
subject’s unique white matter bundles. The aligned FA volume
was then projected onto the skeleton by filling the skeleton with
FA values from the nearest relevant tract center. This was achieved
for each skeleton voxel by searching perpendicular to the local
skeleton structure for the maximum value in the FA image of the
subject. Mean FA, mean diffusivity (MD), axial diffusivity (AD),
and radial diffusivity (RD) values were obtained from the FA skel-
eton map of each scan.

Specific fasciculi were studied by using masks obtained from the
FSL Jülich histologic atlas (http://neuro.debian.net/pkgs/fsl-juelich-

histological-atlas.html) mapped on the standard Montreal Neuro-
logical Institute space and resampled to 1-mm resolution. Binary
mask images from the fasciculi of interest were used to mask the
individual FA (skeletonized) maps previously registered to the Mon-
treal Neurological Institute standard space by using the nonlinear
tools in the TBSS procedure. We included 15 large main fasciculi.
Mean FA, MD, AD, and RD values were obtained from each subject’s
white matter skeleton and each of the skeletonized ROIs.

Statistical Analysis

NIST Isotropic Diffusion Phantom. ADC images were recon-

structed, and ROI analysis was performed. ADC values were quanti-

fied in the center section, which corresponded to the central plane of

the phantom. A circular ROI measuring 1.2–1.3 cm2 was placed in

the center of each of the 13 vials, and the mean ADC value was de-

termined. A mean ADC and its coefficient of variation (CoV), which

is obtained from calculating the SD divided by the average, were

established for each vial across all sites.

Traveling Volunteer. The CoV was calculated for each DTI met-

ric in the whole white matter skeleton and for each fasciculus to

summarize the amount of variation across scanners at the 11 sites.

Furthermore, we also calculated a normalized CoV for each of the

preselected ROIs, in which each DTI metric was divided by its

corresponding mean value per site, as has been performed in prior

DTI studies of TBI.30,31

RESULTS
NIST Isotropic Diffusion Phantom
There were 3 ADC measures for the three 0% PVP vials and 2

measures each for the paired 10%,

20%, 30%, 40%, and 50% PVP vials.

The differences between the inner and

outer rings of vials were not statisti-

cally significant (P � .05). Figure 2

shows the consistency of ADC mea-

surements within and across systems.

Table 2 provides the mean, SD, and

CoV for each concentration of PVP.

Data are shown for the full set of

TRACK-TBI systems and for a subset

of systems that shared the same man-

ufacturer and model (Siemens Trio).

The latter is the most common scanner

type in TRACK-TBI study, with no

more than 2 of any other system. The

CoV is �3.8% for concentrations of

PVP of �30% w/w. The CoV is slightly

decreased if a single scanner type is

considered. At 40% and 50% w/w

PVP, the diffusivity decreased and the

resulting CoV became larger.

Traveling Volunteer
Whole-brain DTI measurements across

sites are shown in Fig 3. The CoV for

global white matter skeleton DTI pa-

rameters within and across scanners was
FIG 3. Global non-normalized DTI parameters and CoV across sites. Red indicates Siemens; Blue,
GE Healthcare; Green, Phillips Healthcare. By order of sites, see Table 1.

Table 2: Mean ADC, SD, and CoV for each concentration of PVP

Vial

All MR Imaging Systems (n = 13) Trio Only (n = 5)

Mean ADC SD CoV Mean ADC SD CoV
0% PVP 1123 23 2.1% 1105 15 1.4%
10% PVP 850 24 2.8% 829 13 1.6%
20% PVP 607 19 3.1% 596 14 2.3%
30% PVP 408 16 3.8% 399 16 4.0%
40% PVP 238 11 4.6% 237 13 5.5%
50% PVP 113 15 13.0% 105 16 15.2%

540 Palacios Mar 2017 www.ajnr.org

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT
http://neuro.debian.net/pkgs/fsl-juelich-histological-atlas.html
http://neuro.debian.net/pkgs/fsl-juelich-histological-atlas.html


�5%, showing consistency comparable with the NIST diffusion

phantom results. Table 3 and Fig 4 report the mean of the DTI

parameters of each of the 14 white matter tracts (left and right
sides) and the CoV extracted from the DTI parameters and
their normalized values. For FA, MD, AD, and RD values, the
CoV was �5% for most tracts both within and across scanners
(Tables 3 and 4). The CoV of normalized DTI values was less
than that of non-normalized DTI values.

DISCUSSION
In this study of intersite variability of DTI by using both an iso-

tropic phantom and a human volunteer, the 3T high-angular-

resolution diffusion imaging protocol yielded CoVs below 5% for

FA, MD, AD, and RD, averaged over the white matter skeleton of

the whole brain. This finding demonstrates acceptably low inter-

site variation despite the 3 different scanner vendors and 6 differ-

ent scanner models across the 11 centers. When examining the

DTI parameters for specific tracts, we found better measurement

precision in large central tracts than in small peripheral white

matter, with reduced variability (lower CoV) when normalizing

the values by the global DTI parameters per site. The low intersite

variability of diffusion metrics was confirmed by ADC results

across all 13 scanners from the NIST diffusion phantom over a

range of values characteristic of the healthy human brain, as well

as high and low values caused by pathology such as TBI.

The NIST has developed a series of MR imaging isotropic dif-

fusion phantoms to enable stable measurements to mimic human

tissue responses to MR imaging in a predictable and repeatable

way for use in calibrating MR imaging scanners. The NIST isotro-

pic diffusion phantom in the present study contained variable

amounts of the PVP, which, at different concentrations, has

shown properties similar to those of healthy brain tissue.25 The

different concentrations in each of the vials corresponded with

the expected degrees of diffusivity and showed minimal variation

between scanners. The relatively poor CoV seen at very low diffu-

sivities likely comes from the selected range of b-values, which

were limited to values of 0, 500, and 900 s/mm2. Incorporation of

a larger b-value is likely to substantially improve the variance in

high-PVP-concentration vials, and we have recently adapted our

protocol to include a b�2000 s/mm2 value as well.

The results of our study, with CoVs ranging from 2% to 5%,

generally concur with those of prior investigations of intersite

DTI measurements in healthy subjects.9,10,18-20 In a very recent

study, Kamagata et al17 scanned 7 volunteers at 2 sites, both with

3T Achieva scanners (Philips Healthcare). With several analytic

methods, including voxelwise comparison with TBSS, atlas-based

analysis, and tract-specific analysis, they reported a CoV intersite

variability of �4% in the case of tract-specific analysis and a CoV

of �6% by using the atlas-based analysis. Even if the parameters

of acquisition, scanners, and approaches of all these studies vary,

the CoV seems to be a reliable and stable measure for intersite

variation. However, all these studies compared groups of different

healthy subjects, adding confounding factors due to intersubject

biologic variability. In our study, this large source of variation was

eliminated by using the same subject across all 13 scanners.

MR imaging phantoms enable more precise measurement of

diffusivity values against known standards than is possible by us-

Table 3: Mean DTI parameters across all 13 scanners and their CoV
FA CoV%a CoV%b MD CoV%a CoV%b AD CoV%a CoV%b RD CoV%a CoV%b

Global 0.41 4.16 NA 0.73 2.44 NA 1.08 3.41 NA 0.55 2.57 NA
SLFl 0.44 2.64 3.93 0.70 4.14 2.34 1.06 4.04 1.51 0.52 4.66 3.75
SLFr 0.43 3.38 2.44 0.71 2.56 0.99 1.07 3.38 1.07 0.53 2.60 1.68
SFOl 0.46 3.60 4.47 0.65 4.68 3.30 1.00 3.94 2.56 0.47 5.86 4.80
SFOr 0.45 4.72 4.22 0.67 4.94 3.62 1.03 4.82 2.55 0.50 5.90 5.19
CSTl 0.56 5.18 2.36 0.69 6.95 6.10 1.16 7.10 6.20 0.45 8.67 7.04
CSTr 0.58 5.39 3.22 0.67 6.61 5.71 1.14 6.61 5.37 0.43 8.97 7.46
CINGl 0.54 4.35 3.47 0.72 3.57 1.95 1.21 3.28 1.93 0.48 5.68 3.85
CINGr 0.50 4.42 2.69 0.74 3.77 1.66 1.20 4.43 1.79 0.51 4.39 2.65
GenuCC 0.67 5.29 3.52 0.76 4.04 4.45 1.47 3.10 1.99 0.41 10.11 9.82
BodyCC 0.66 2.60 3.32 0.82 3.05 1.97 1.56 2.66 1.97 0.44 5.41 4.18
SpleniumCC 0.74 2.56 2.20 0.70 3.11 2.26 1.44 2.76 1.68 0.32 7.30 5.81
ACRl 0.45 5.10 2.84 0.73 2.88 2.17 1.13 3.40 1.63 0.53 4.00 3.15
ACRr 0.44 5.22 3.15 0.72 4.09 3.05 1.13 4.75 2.39 0.52 4.56 3.93
PCRl 0.46 2.18 3.94 0.74 3.64 1.89 1.15 3.38 1.45 0.54 4.22 3.17
PCRr 0.46 2.86 2.30 0.74 2.82 1.64 1.13 2.83 1.99 0.54 3.49 1.79
ALICl 0.55 4.84 2.49 0.70 3.75 2.42 1.19 4.91 2.10 0.45 5.05 3.88
ALICr 0.54 6.22 3.10 0.71 3.63 2.35 1.20 4.85 2.22 0.46 5.55 4.09
PLICl 0.66 2.99 4.05 0.65 6.23 4.47 1.24 6.16 3.36 0.36 4.38 3.42
PLICr 0.64 3.78 3.54 0.67 4.38 2.78 1.25 4.44 1.84 0.38 6.95 5.67
PTRl 0.55 2.13 3.26 0.80 4.40 2.65 1.36 4.78 2.16 0.52 4.37 3.38
PTRr 0.52 3.08 1.96 0.78 3.42 1.31 1.29 3.96 1.01 0.52 3.76 1.97
ECl 0.38 7.31 4.06 0.76 2.77 1.89 1.10 3.67 1.22 0.60 3.77 2.78
ECr 0.37 7.75 4.12 0.78 2.73 1.39 1.11 4.20 1.55 0.62 3.20 1.77
UNCl 0.42 7.66 6.05 0.77 5.66 4.90 1.14 6.00 4.27 0.58 7.03 6.55
UNCr 0.43 5.57 2.94 0.75 5.97 5.00 1.14 6.60 4.84 0.56 6.29 5.43

Note:—r indicates right; l, left; SLF, superior longitudinal fasciculus; SFO, superior fronto-occipital fasciculus; CST, corticospinal tract; CC, corpus callosum; CING, cingulum
corticospinal tract; ACR, anterior corona radiata; PCR, posterior corona radiata; PLIC, posterior limb of internal capsule; ALIC, anterior limb of internal capsule; PTR, posterior
thalamic radiation; EC, external capsule; UNC, uncinate fasciculus; NA, not applicable.
a CoV across sites.
b CoV across sites normalized by the mean FA.
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ing a living human brain. To our knowledge, only 3 multisite

studies have previously assessed the intersite reliability of DTI

measures in both a traveling volunteer and an isotropic diffusion

phantom. In the most recent study, Grech-Sollars et al22 assessed

the reproducibility of DTI in an ice water phantom and in 9

healthy volunteers across 8 scanners (1.5T Avanto; 1.5T Sym-

phony; Siemens; 3T Achieva) at 5 sites, all by using different DTI

acquisition parameters. The phantom used in that study consisted

of 5 tubes filled with distilled water and 1 tube with sucrose. Despite

the considerable variability across scanners and DTI protocols, the

authors reported robustness across 1.5T and 3T scanners with CoVs

computed from the non-normalized DTI values ranging from 1% to

7.4%.

Zhu et al21 evaluated the intra- and intersite differences in DTI

measurements in 3 centers, all with 1.5T GE Healthcare Signa

scanners, in a travelling human volunteer and a phantom fabri-

cated with cells in a cylindric polycarbonate container filled with 3

chemicals (cyclic alcanes). Their normalized bias scores results

suggested that the intersite variation, though relatively small

among scanners of the same vendor, significantly affects DTI

measurement accuracy and precision. In Walker et al,8 the inves-

tigators proposed a 2-step analysis for assessing phantom data in

multisite DTI studies. These results were part of a pediatric brain

development study at 5 sites with 1.5T scanners and the American

College of Radiology MR imaging–accreditation phantom, con-

sisting of 10 mmol of nickel chloride and sodium chloride. The

results suggested that initial outlier identification is important for

accurate assessment of inter- and intrasite variability and for iden-

tification of problems with data acquisition.

Our study offers several advances over these previous multisite

DTI standardization studies. The novel NIST diffusion phantom

has a much larger and more granular range of diffusivities, from

0.1 to 1.1 mm2/s with 6 distinct ADC values, compared with

phantoms used in prior reports. This feature allows more precise

calibration of the DTI values expected in healthy and pathologic

brain tissue. We restricted the study to 3T scanners to avoid sys-

tematic differences due to field strength and because the much

higher signal-to-noise ratio compared with 1.5T scanners enables

measurement of DTI metrics such as FA with much less uncer-

tainty.18 Our use of a harmonized high-angular-resolution diffu-

sion imaging protocol with 60� diffusion directions also allows

more precise quantitation of DTI metrics.23,24 A prior multi-

center DTI standardization study of 2 traveling volunteers in five

3T scanners (3 Trio scanners and 2 Signa scanners) also used a

high-angular-resolution diffusion imaging protocol with 33 dif-

fusion directions and found good concordance of FA and MD

values across sites.19 Consistent with our results, these authors

concluded that the comparability of DTI measures between dif-

ferent magnets supports the feasibility of multisite clinical trials

by using DTI as an outcome measure. However, they reported

FIG 4. Graphic representation of CoVs across all 13 scanners. The coefficient of variation (percentage) is in orange. Mean non-normalized DTI
parameters are in gray. r indicates right; l, left; SLF, superior longitudinal fasciculus; SFO, superior fronto-occipital fasciculus; CST, corticospinal
tract; CC, corpus callosum; CING, cingulum corticospinal tract; ACR, anterior corona radiata; ALIC, anterior limb of internal capsule; PCR,
posterior corona radiata; PLIC, posterior limb of internal capsule; PTR, posterior thalamic radiation; EC, external capsule; UNC, uncinate
fasciculus.
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greater intersite variability in DTI metrics than we found, with an

average white matter CoV of 6.8% for FA and 4.1% for MD.

Despite having many more scanners (13 versus 5) and many

more scanner models (6 versus 2) than Fox et al,19 we found a

global white matter CoV of 4.2% for FA and 2.4% for MD. This

finding is likely due to the hand-drawn ROI measurements of Fox

et al, which introduce intrarater and interrater variability, com-

pared with the fully automated DTI measurements of the present

study using TBSS, which has the added advantage of evaluating

white matter throughout the entire brain instead of only a few

selected regions. In addition, when estimating the FA CoV of a

specific tract (ie, the anterior corona radiata) from a prior DTI

study of mild TBI,5 we found a 5% CoV for the anterior corona

radiata, known to be commonly injured after mild TBI,2 across

the pooled group of patients with complicated mild TBIs and

controls, with a statistically significant mean difference of 3% be-

tween patient and control groups at P � .05. Thus, the interscan-

ner variation of FA observed in this tract in the current study

across 13 different 3T scanners of various types is similar to the

intersubject variability of FA on a single scanner.5

A limitation of our study is that only a single volunteer could

be assessed at all sites, given the travel expenses involved in flying

multiple volunteers to be scanned at 11 different medical centers

located throughout the United States. Also, intrasite scan-rescan

reliability was obtained at only 1 site, though with the same hu-

man subject scanned across all of the sites. Our results indicate, as

expected, that the variability of DTI metrics is less within the same

scanner (Table 4) than across different scanners (Table 3). There

were small variations in the DTI protocol performed at each site

due to hardware or software idiosyncrasies of each vendor plat-

form; however, low intersite variability was achieved despite these

minor protocol differences. This study was designed to measure

the magnitude of variability, but the many possible sources of

variation due to scanner hardware and software factors, as well as

dozens of pulse sequence parameters, are beyond the scope of this

study. This subject remains an open area in the DTI literature,

which requires future investigation. The application of newly de-

veloped methods to retrospectively compensate for intersite dif-

ferences in diffusion MR imaging acquisition by using correction

factors may further reduce the variability of DTI metrics in mul-

tisite studies and improve reproducibility,20 including for longi-

tudinal data.32 This application is particularly important for the

investigation of smaller peripheral white matter tracts in which

intersite variation is higher than in large central white matter

regions.

CONCLUSIONS
By using a novel isotropic diffusion phantom and a traveling vol-

unteer, we have demonstrated the feasibility of standardizing DTI

on 3T scanners from all 3 major MR imaging vendors across the

11 patient enrollment sites of the TRACK-TBI study. Our findings

support the viability and reproducibility of large-scale multisite

DTI projects to validate diffusion-based biomarkers for TBI and

many other neurologic and psychiatric disorders in the coming

era of precision medicine.

Table 4: Intrascanner DTI measures for site 3 and their CoV
FA CoV%a CoV%b MD CoV%a CoV%b AD CoV%a CoV%b RD CoV%a CoV%b

Global 0.41 0.73 NA 0.76 0.16 NA 1.13 0.19 NA 0.57 0.42 NA
SLFl 0.43 0.52 0.53 0.74 1.30 1.17 1.12 1.12 1.26 0.55 1.50 1.10
SLFr 0.43 3.08 3.79 0.73 1.12 1.19 1.10 0.27 0.16 0.55 2.04 2.38
SFOl 0.44 4.03 3.33 0.70 4.31 4.16 1.08 2.75 2.82 0.51 6.08 5.65
SFOr 0.45 1.94 1.43 0.73 0.19 0.13 1.13 0.85 0.66 0.53 1.28 0.94
CSTl 0.59 3.81 3.19 0.68 1.16 1.03 1.20 1.46 1.44 0.42 4.50 4.08
CSTr 0.61 3.62 2.94 0.65 2.18 2.02 1.16 0.57 0.59 0.40 4.65 4.23
CINGl 0.52 1.75 1.23 0.77 1.34 1.27 1.27 1.34 1.15 0.52 2.13 1.92
CINGr 0.48 2.65 2.23 0.78 1.40 1.26 1.24 1.38 1.37 0.54 2.49 2.16
GenuCC 0.67 0.94 0.21 0.80 0.60 0.45 1.55 0.40 0.26 0.42 1.80 1.39
BodyCC 0.54 0.46 0.29 0.87 1.79 1.64 1.62 1.58 1.69 0.49 2.18 1.76
SpleniumCC 0.75 0.97 0.27 0.70 1.86 1.72 1.47 1.07 1.20 0.31 3.73 3.31
ACRl 0.46 0.97 0.80 0.77 0.05 0.11 1.20 0.42 0.26 0.55 0.43 0.40
ACRr 0.46 0.57 0.97 0.77 0.27 0.21 1.21 0.06 0.16 0.55 0.50 0.57
PCRl 0.47 0.22 0.55 0.75 0.72 0.79 1.17 0.83 0.97 0.54 0.63 0.62
PCRr 0.46 1.02 0.64 0.74 1.13 1.11 1.14 1.34 1.15 0.54 1.29 1.22
ALICl 0.56 3.00 2.44 0.75 1.81 1.71 1.29 1.51 1.32 0.48 3.60 3.31
ALICr 0.55 2.87 2.28 0.77 0.92 1.07 1.33 2.73 2.66 0.50 1.49 1.09
PLICl 0.66 1.29 0.64 0.72 2.94 2.82 1.36 2.20 2.36 0.40 4.22 3.82
PLICr 0.66 0.82 0.98 0.71 0.70 0.57 1.35 0.18 0.35 0.40 1.74 1.56
PTRl 0.55 1.36 0.74 0.83 1.71 1.68 1.42 1.01 1.20 0.53 2.67 2.41
PTRr 0.53 0.67 1.13 0.80 1.46 1.31 1.33 1.71 1.80 0.53 1.25 0.84
ECl 0.41 3.16 2.45 0.79 1.12 0.96 1.17 1.14 0.99 0.60 2.23 1.81
ECr 0.40 1.70 1.17 0.81 0.48 0.34 1.18 0.37 0.18 0.63 1.05 0.69
Fornix 0.39 5.87 5.17 0.13 1.13 1.00 2.01 1.05 0.89 0.10 3.19 2.78
UNCl 0.44 6.63 5.96 0.84 6.53 6.38 1.29 4.17 4.22 0.62 9.17 8.75
UNCr 0.44 4.17 3.53 0.84 3.47 3.36 1.28 2.00 2.15 0.61 5.13 4.76

Note:—r indicates right; l, left; SLF, superior longitudinal fasciculus; SFO, superior fronto-occipital fasciculus; CST, corticospinal tract; CC, corpus callosum; CING, cingulum
corticospinal tract; ACR, anterior corona radiata; PCR, posterior corona radiata; PLIC, posterior limb of internal capsule; ALIC, anterior limb of internal capsule; PTR, posterior
thalamic radiation; EC, external capsule; UNC, uncinate fasciculus, NA, not applicable.
a CoV across sites.
b CoV across sites normalized by the mean FA.
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ORIGINAL RESEARCH
ADULT BRAIN

Predictive Utility of Marketed Volumetric Software Tools in
Subjects at Risk for Alzheimer Disease: Do Regions Outside the

Hippocampus Matter?
X T.P. Tanpitukpongse, X M.A. Mazurowski, X J. Ikhena, and X J.R. Petrella, for the Alzheimer’s Disease Neuroimaging Initiative

ABSTRACT

BACKGROUND AND PURPOSE: Alzheimer disease is a prevalent neurodegenerative disease. Computer assessment of brain atrophy
patterns can help predict conversion to Alzheimer disease. Our aim was to assess the prognostic efficacy of individual-versus-combined
regional volumetrics in 2 commercially available brain volumetric software packages for predicting conversion of patients with mild
cognitive impairment to Alzheimer disease.

MATERIALS AND METHODS: Data were obtained through the Alzheimer’s Disease Neuroimaging Initiative. One hundred ninety-two subjects
(mean age, 74.8 years; 39% female) diagnosed with mild cognitive impairment at baseline were studied. All had T1-weighted MR imaging sequences
at baseline and 3-year clinical follow-up. Analysis was performed with NeuroQuant and Neuroreader. Receiver operating characteristic curves
assessing the prognostic efficacy of each software package were generated by using a univariable approach using individual regional brain
volumes and 2 multivariable approaches (multiple regression and random forest), combining multiple volumes.

RESULTS: On univariable analysis of 11 NeuroQuant and 11 Neuroreader regional volumes, hippocampal volume had the highest area under
the curve for both software packages (0.69, NeuroQuant; 0.68, Neuroreader) and was not significantly different (P � .05) between
packages. Multivariable analysis did not increase the area under the curve for either package (0.63, logistic regression; 0.60, random forest
NeuroQuant; 0.65, logistic regression; 0.62, random forest Neuroreader).

CONCLUSIONS: Of the multiple regional volume measures available in FDA-cleared brain volumetric software packages, hippocampal
volume remains the best single predictor of conversion of mild cognitive impairment to Alzheimer disease at 3-year follow-up. Combining
volumetrics did not add additional prognostic efficacy. Therefore, future prognostic studies in mild cognitive impairment, combining such
tools with demographic and other biomarker measures, are justified in using hippocampal volume as the only volumetric biomarker.

ABBREVIATIONS: AD � Alzheimer disease; ADAS-13 � 13-item Alzheimer’s Disease Assessment Scale; ADNI � Alzheimer’s Disease Neuroimaging Initiative;
ADNI-GO � Alzheimer’s Disease Neuroimaging Initiative–Grand Opportunities; AUC � area under the curve; HOC � Hippocampal Occupancy Score; MCI � mild
cognitive impairment; NQ � NeuroQuant; NR � Neuroreader; ROC � receiver operating characteristic

Alzheimer disease (AD) is a progressive neurodegenerative

disease leading to synaptic dysfunction, neuronal death, and

brain atrophy. Atrophy of specific medial temporal lobe struc-

tures, such as the hippocampus, amygdala, and parahippocampal

gyrus, has been associated with the future development of AD in

numerous research studies.1-9 However, use of this information
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in the clinical care of patients with memory impairment for prog-

nosis remains challenging.10,11 Medial temporal lobe volume as-

sessments of MR images with visual ratings or manual or semi-

manual volumetric processing have been difficult to implement in

a busy clinical environment due to the high interobserver variabil-

ity of raters and/or the time-consuming nature of obtaining these

measurements.12 These problems have been addressed through

the use of fully automated segmentation algorithms available in

commercial software programs, providing the user with immedi-

ate, detailed volumetric analysis of the hippocampus and other

brain regions, which is more sensitive than visual analysis.13

Because the atrophy pattern in prodromal AD is spatially dis-

tributed, including regions beyond the hippocampus, such as the

lateral and inferior temporal lobe, parietal lobe, and cingulate

gyrus,14 incorporation of such information may enhance the

prognostic capability of these currently available tools. Indeed,

pattern-analysis techniques, incorporating whole-brain morpho-

logic information,15-19 have been harnessed for this purpose and

have shown a high prognostic value in individual patients. Such

techniques, however, have not yet been implemented in commer-

cially available products. The purpose of this study was to assess

the prognostic efficacy of using the complete set of raw volumetric

measures available in 2 fully automated, commercially available

brain volumetric software packages. Such tools have been FDA

510(k) cleared for clinical use but have not yet been validated for

specific diagnostic or prognostic purposes in AD. We sought to

determine whether combining volumetrics by using multivari-

able approaches, including machine learning,20-22 would add to

the prognostic efficacy of individual measures alone, such as hip-

pocampal volume, in predicting conversion from mild cognitive

impairment (MCI) to AD. We hypothesized that the multivari-

able approach would enhance the prognostic value of already ex-

isting individual measures available in commercial volumetric

software.

MATERIALS AND METHODS
Subjects
All subject data were available through the Alzheimer’s Disease

Neuroimaging Initiative (ADNI), a multicenter trial with a pub-

licly available data base (adni.loni.usc.edu).15 The ADNI was

launched in 2003 as a public-private partnership, led by Principal

Investigator Michael W. Weiner, MD. The primary goal of the

ADNI has been to test whether MR imaging, PET, other biologic

markers, and clinical and neuropsychological assessment can be

combined to measure the progression of MCI and early AD. For

up-to-date information, see www.adni-info.org.

All subjects classified as having MCI under ADNI-1 or late

MCI under Alzheimer’s Disease Neuroimaging Initiative–Grand

Opportunities (ADNI-GO), with baseline MR imaging and a

baseline and 3-year clinical assessment available on or before No-

vember 11, 2013, were selected.

Conversion of MCI to AD was based on the National Institute

of Neurological Disorders and Stroke and the Alzheimer’s Disease

and Related Disorders Association criteria for probable or possi-

ble AD, determined by review from a committee according to

protocol guidelines. Those subjects who did not fulfill these crite-

ria for conversion were defined as nonconverters, including sub-

jects with MCI and those who reverted to a normal state.

Image Acquisition and Image Analysis
All subjects underwent brain MR imaging at 1.5T or 3T with sag-

ittal 3D T1-weighted (MPRAGE) scans. Further details on the MR

imaging scanner protocol and MR image acquisition are available

elsewhere (http://adni.loni.usc.edu/methods/documents/mri-

protocols/). Because we selected only subjects with late MCI from

the ADNI-GO, all subjects were therefore previous members of

ADNI-1 and had their original scan with the ADNI-1 protocol.

The MPRAGE sequence was processed with NeuroQuant (NQ;

CorTechs Labs, San Diego, California) (Original Version 1.0),

which is a commercially available automated image-analysis soft-

ware program (http://www.cortechslabs.com/neuroquant/). Sep-

arate left and right volumes, available in the generated morphometry

report, were combined into a total volume for the following 11 brain

regions (features): amygdala, caudate, cerebellum, cortical gray mat-

ter, forebrain parenchyma, hippocampus, inferior lateral ventricle,

lateral ventricle, pallidum, putamen, and thalamus.

In addition, the MPRAGE sequence was also processed with

Neuroreader (NR; Brainreader Aps, Horsens, Denmark), another

commercially available software program for volumetric segmen-

tation (http://brainreader.net/).23 Both NQ and NR are FDA

510(k) cleared and “intended for automatic labeling, visualization

and volumetric quantification of segmentable brain structures

from a set of MR images” (http://www.accessdata.fda.gov/

cdrh_docs/pdf6/K061855.pdf and https://www.accessdata.fda.

gov/cdrh_docs/pdf14/K140828.pdf). Because the NR volumetric

report yielded many more regions compared with NQ, 11 regions

yielding the best individual predictions were chosen from the NR

morphometry report to keep the models equally parsimonious.

Combined bilateral volumes were obtained for the following 11

brain regions (features): amygdala, cerebellum, frontal lobe, hip-

pocampus, lateral ventricle, occipital lobe, parietal lobe, putamen,

temporal lobe, thalamus, and ventral diencephalon. Technical as-

pects of these commercial software packages have been previously

described in detail.24,25

Of note, all ADNI studies included 2 echo-spoiled gradient echo/

MPRAGE sequences performed back-to-back, the original and a re-

peat sequence accelerated by parallel imaging. In cases in which the

original MPRAGE sequence could not be processed by the NR or NQ

programs, the repeat MPRAGE sequence was used instead. If pro-

cessing also failed on the repeat sequence, with either NR or NQ, the

case was excluded from all further analysis. All image processing and

analyses were performed by 2 authors (T.P.T. and J.I.). Sample seg-

mentations from NQ and NR are shown in Fig 1A.

Statistical Analysis
We compared demographics between the MCI converter and

nonconverter groups by using a 2-sample Student t test, assuming

equal variance when appropriate. To assess the prognostic perfor-

mance of individual features and multivariable models combin-

ing the features, we used the receiver operating characteristic

(ROC) curve methodology. Area under the curve (AUC) was used

to summarize the performance. Comparison of AUCs was per-

formed by using the method of Delong et al.26
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To test whether a combination of the features would outper-

form models based on a single brain region, we constructed 2

multivariable models: a classic multivariable logistic regression

model and a more novel machine-learning method called the

Random Forest Classifier.27 For the Random Forest Classifier,

2000 trees were used. The leave-one-out cross-validation method

was used for training and testing of the multivariable models. In

addition to the data-driven multivariable models, we also tested

one a priori multivariable model, known as the Hippocampal

Occupancy (HOC) score, defined as the ratio of hippocampal

volume to the sum of hippocampal and inferior lateral ventricle

volumes. This measure is thought to differentiate individuals with

congenitally small hippocampi from those with degeneration.28

The HOC score for each separate hemisphere was averaged to

provide a single composite measurement. Because inferior lateral

ventricle (temporal horn) volume was

not available for NR, this measure was

calculated only with NQ.

To assess correlations between as-

sessment of the same volume by the

NQ and NR software, we used the

Pearson correlation. Statistical analy-

ses were performed with Matlab, Ver-

sion 8.1.0.604 R2013a (MathWorks,

Natick, Massachusetts); R statistical

and computing software, Version 3.1.3

(http://www.r-project.org); and JMP,

Version 11.0 (SAS Institute, Cary,

North Carolina) software packages.

RESULTS
Initially 281 subjects were identified in

the ADNI databases who met the inclu-

sion criteria. Eighty-four (29.9%) sub-

jects were excluded due to failure to gen-

erate an NQ morphometry report. Five

(1.8%) subjects were excluded for other

reasons, including failure to generate an

NR morphometry report. A total of 192

remaining subjects met the inclusion

and exclusion criteria. All subjects had a

3-year clinical follow-up visit recorded.

Mean follow-up was 3.05 � 0.14 years

(range, 2.47–3.63 years). All 192 in-

cluded subjects were diagnosed as hav-

ing MCI at baseline, and all started un-

der the ADNI-1 protocol. At the end of

the 3-year follow-up, 186/192 subjects

had their 3-year evaluation under the

ADNI-1 protocol and 6/192 subjects

had their 3-year evaluation under the

ADNI-GO protocol. For the 192 sub-

jects, at the 3-year follow-up, the final

diagnosis was AD in 85/192 (44.3%),

MCI in 99/192 (51.6%), and healthy in

8/192 (4.2%).

Characteristics of the study popula-

tions are listed in Table 1. Two subjects

did not have the 13-item Alzheimer’s Disease Assessment Scale

(ADAS-13) scores at baseline. There were no significant differ-

ences (P � .05) between the MCI (nonconverter) and AD (con-

verter) groups in terms of age, sex, or education. There was a

significant difference (P � .0001) in the ADAS-13 score at base-

line and the Mini-Mental State Examination score at baseline be-

tween the 2 groups. The AUC for predicting conversion at base-

line was 0.76 and 0.68 for the ADAS-13 and Mini-Mental State

Examination, respectively.

AUC values for NQ and NR are listed in Table 2. With NQ, the

most predictive feature for conversion of MCI to AD was hip-

pocampal volume, with an AUC of 0.69. The most predictive fea-

ture for NR was also hippocampal volume, with an AUC of 0.68.

The multivariable analysis did not improve on either of these.

FIG 1. Example of NeuroQuant (A, left) and Neuroreader (A, right) color segmentations in the same
subject and hippocampal scatter (B, left) and Bland-Altman plots (B, right). Note the high correlation
(r � 0.79, P � .05) of hippocampal volumetrics between software packages across all subjects and the
small underestimation bias (�0.12 mL, P � .05) of NR with respect to NQ.

Table 1: Characteristics of study populationsa

Characteristic All Patients
MCI

(Nonconverter)
MCI to AD
(Converter) P Value

No. 192 107 85
Age (yr) 74.8 � 7.3 74.7 � 7.6 75.0 � 6.9 .7604
Sex .3262

Female 75 (39) 38 (36) 37 (44)
Male 117 (61) 69 (64) 48 (56)

Education (yr) 15.7 � 2.9 15.7 � 3.0 15.6 � 2.8 .7637
ADAS-13 (baseline) 17.7 � 6.4 15.2 � 6.1 20.9 � 5.3 �.0001
MMSE (baseline) 27.1 � 1.7 27.6 � 1.7 26.5 � 1.6 �.0001

Note:—MMSE indicates Mini-Mental State Examination.
a MCI or AD status was determined at 3-year follow-up by the ADNI criteria. Data are means. Percentages listed in
parentheses are rounded to the nearest percentage.

548 Tanpitukpongse Mar 2017 www.ajnr.org



Intracranial volume normalization did not result in improve-

ment of the performance of hippocampal volume in the linear

model (AUC � 0.65 for NQ, and 0.61 for NR), and adding age as

a covariate to the normalized intracranial hippocampal volumes

did not result in improvement (AUC � 0.66 for NQ and 0.62 for

NR).

With the NR, the AUC value for the hippocampus was signif-

icantly greater (P � .05) than the AUC value for the cerebellum,

lateral ventricle, and the thalamus. With the NQ, the AUC value

for the hippocampus was significantly greater (P � .05) than the

AUC value for the caudate, cerebellum, lateral ventricle, palli-

dum, putamen, and thalamus.

There was no statistically significant difference in AUC values

by using hippocampal volumes obtained by NR versus NQ (P �

.657).

Pearson correlation coefficients are listed in Table 3. There was

a statistically significant correlation between NQ and NR absolute

volumes in all compatible regions tested: thalamus, lateral ventri-

cle, hippocampus, cerebellum, putamen, and amygdala (P � .05).

The scatterplot and Bland-Altman plot for hippocampal volume

are shown in Fig 1B. There was a small bias for NR with respect to

NQ of �0.12 mL (95% CI, �0.02 to �0.22 mL).

The AUC for the HOC score was 0.64 (95% CI, 0.56 – 0.72).

There was no statistically significant difference in AUC values by

using the NQ HOC score versus NQ hippocampal volume (P �

.1827).

DISCUSSION
Our study, with the complete set of raw volumetric measures

available in 2 fully automated, commercially available brain vol-

umetric software packages, confirms previous studies document-

ing the prognostic utility of hippocampal volume in patients with

MCI. Indeed, hippocampal volumes provided the highest prog-

nostic value of all individual regions available in both the NQ and

NR volumetric reports. Multivariable analysis, including the use

of a cross-validated machine-based learning classifier algorithm,

which incorporated other brain regions available in these software

packages, did not provide additional predictive value compared

with a model based on just hippocampal volumes. The results of

our study are in agreement with previous studies that have found

hippocampal volumes to be most predictive of conversion of MCI

to AD, with little added benefit from additional brain regions. For

example, a large study of patients in the ADNI using semiauto-

mated methods reported that hippocampal volumes were the

most predictive of conversion compared with other regional and

whole-brain measures.29 Automated volumetric measurements

of the hippocampus also had high predictive values for conver-

sion.2 A 2-year clinical follow-up study of patients with MCI with

manual methods demonstrated that baseline hippocampal vol-

umes had high predictive value.5 Despite the differences in seg-

mentation techniques (manual, semiautomated, and automated)

among the 3 studies, all these studies reported that hippocampal

volumes were the most predictive of MCI conversion.

On the other hand, a number of previous studies have impli-

cated brain regions other than the hippocampus as either adding

to the prognostic value of hippocampal volume or having prog-

nostic value in their own right, though direct comparison with

our study is limited due to differences in methodologies and pri-

mary outcomes. In one study using manual methods, a bivariate

model of hippocampal volumes and follow-up changes to either

ventricular volume or whole-brain volume was shown to have

prognostic value in predicting conversion of MCI to AD.7 An-

other study with automated methods found that amygdala and

caudate nucleus volumes were predictive of MCI conversion,

whereas hippocampal volumes were not.12 A separate study with

automated methods reported that deep gray matter structures,

including the amygdala, thalamus, putamen, and nucleus accum-

bens, were predictive of conversion of MCI to AD, in addition to

the hippocampus.30 Temporal horn volumes were shown to be

more predictive than hippocampal volumes in one study using

semiautomated methods,31 whereas the left lateral temporal lobe

and left parietal cortex were the most predictive factors in another

study using automated methods.32

A likely reason for discrepancies with these studies is that vol-

ume loss in AD-affected regions is correlated with that of the

hippocampus, and these collinear effects are therefore lost in the

multivariable model when one accounts for hippocampal vol-

ume. For example, in our study, volume of the hippocampus was

highly correlated with that of the amygdala (r � 0.71) and cortical

gray matter (r � 0.52) for NQ, and amygdala (r � 0.75) and

temporal lobe (r � 0.57) for NR. Another explanation for the

differences in results, compared with our study, could be the use

of different segmentation methods. In our study, we used an au-

tomated segmentation method with NQ and NR, which may be

Table 2: AUC values for different brain regions separated by
software package (NQ, NR) and method of analysis
(univariable-multivariable)

Feature AUC NQ (95% CI) AUC NR (95% CI)
Univariable analysis

Hippocampus 0.69 (0.61–0.76) 0.68 (0.60–0.76)
Amygdala 0.67 (0.59–0.74) 0.65 (0.57–0.73)
Cerebellum 0.58 (0.49–0.66) 0.57 (0.49–0.66)
Putamen 0.58 (0.50–0.66) 0.62 (0.54–0.70)
Thalamus 0.56 (0.47–0.64) 0.56 (0.48–0.64)
Lateral ventricle 0.54 (0.46–0.62) 0.54 (0.46–0.62)
Pallidum 0.52 (0.43–0.60) NA
Caudate 0.51 (0.42–0.59) NA
Cortical gray matter 0.64 (0.56–0.72) NA
Forebrain parenchyma 0.62 (0.54–0.70) NA
Inferior lateral ventricle 0.60 (0.52–0.68) NA
Temporal lobe NA 0.63 (0.55–0.71)
Parietal lobe NA 0.61 (0.53–0.69)
Frontal lobe NA 0.60 (0.52–0.68)
Occipital lobe NA 0.59 (0.51–0.68)
Ventral diencephalon NA 0.51 (0.43–0.60)

Multivariable analysis
Logistic regression 0.63 (0.55–0.71) 0.65 (0.58–0.73)
Random forest 0.60 (0.52–0.68) 0.62 (0.54–0.71)

Note:—NA indicates not applicable.

Table 3: Pearson correlation coefficients for NQ and NR
volumetrics in regions with the same name

Feature
Pearson

Coefficient (r) 95% CI P Value
Thalamus 0.60 0.51–0.69 �.001
Putamen 0.61 0.51–0.69 �.001
Lateral ventricles 0.99 0.99–0.99 �.001
Hippocampus 0.79 0.72–0.83 �.001
Cerebellum 0.87 0.83–0.90 �.001
Amygdala 0.71 0.64–0.78 �.001
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less accurate in measuring smaller and deeper structures com-

pared with manual or semiautomated segmentation methods.

Also of note in this study, the HOC score, a composite index of

hippocampal and temporal horn volume, did not outperform

hippocampal volume alone. The HOC score has been advocated

as a more accurate measurement of hippocampal tissue loss,

which accounts for individual variations in hippocampal size by

accounting for temporal horn volume. In our study population,

temporal horn volume was somewhat collinear with hippocampal

volume (r � �0.33), and we did not find the HOC to be more

predictive of conversion than hippocampal volume alone, sug-

gesting that the additional variance added by temporal horn vol-

ume might be redundant information and/or noise. Although

temporal horn volume was a significant predictor of conversion

in the univariable logistic regression model, it lost significance

when hippocampal volume was added to the model and negligibly

increased the AUC. Nevertheless, our results do not exclude the

possibility that combining these 2 measures may be helpful in the

preclinical or mild dementia phases of the disease spectrum.

Our study has several limitations. It was theoretically possible

that the ROC area for hippocampal volume might have been

larger if hippocampal volumes were normalized to intracranial

volume and adjusted for age.33 Such corrections might adjust for

bias across subjects since ICV-normalized and age-adjusted val-

ues are already available in the volumetric reports. Nevertheless,

for our primary analysis, we chose to use the raw values, in keep-

ing with our purpose of comparing single-versus-combined mea-

sures within the same subjects, which should not be affected by

normalizing by intracranial volume, a practice that could intro-

duce additional noise into the measures. Although age may dif-

ferentially affect various brain regions, we did not have age-ad-

justed values available for most regions in the NQ volumetric

report and therefore did not include these measures in our pri-

mary analysis. Even so, secondary analyses of hippocampal vol-

ume with intracranial volume normalization, as well as including

age as a covariate in the linear model, did not yield additional

prognostic efficacy. Of note, 1 group, the Coalition Against Major

Diseases, reported higher AUC values for the prediction of

MCI conversion to AD (in 2 years) in their de novo analysis, based

on automated hippocampal volume obtained by several

methods: 0.7565 (LEAP; Learning Embeddings for Atlas Propaga-

tion, http://www.ixico.com/additional-information/leap-analysis),

0.7516 (NeuroQuant), 0.7536 (FreeSurfer; http://surfer.n-

mr.mgh.harvard.edu), and 0.7290 (HMAPS; Hippocampus

Multi-Atlas Propagation and Segmentation).34 However, the

same committee also reported a range of AUC values between

0.60 and 0.77 based on their literature review, and our results are

within this range.

Both the NQ and NR programs provide a large number of

data values (55 for the general morphometry report through

NQ, 140 for the NR report) that we did not fully include in our

machine-based learning classifier program. Increasing the

number of features can hurt the performance of a classifier,

given a limited sample size. Initially, we found that the addi-

tion of the full dataset resulted in a worse predictive value for

MCI conversion, which we speculate was due to overfitting of

the training samples. This is a common phenomenon when the

number of predictor variables is high compared with the num-

ber of subjects in the training set.35 Hence, we decided to limit

our analysis to the most promising features provided in the NQ

and NR volumetric reports.

In some cases, we were not able to process the MR images for

the baseline sequence, which excluded some patients from the

study, all of whom were chosen through the ADNI data base. In

total, 89 of 281 patients were excluded due to inadequate NQ or

NR morphometry data. This was most often due to patient age

and sex missing from the anonymized header information, a re-

quirement of the NQ processing pipeline but a situation unlikely

to occur in clinical practice because these are standard DICOM

data fields. In addition, some patients had inadequate MPRAGE

sequences due to technical factors, including motion, which we

were not able to segment by using the NQ or NR programs; in

these cases, we substituted a repeat MPRAGE sequence. Despite

occasional differences in our ability to process a particular se-

quence, we found a strong linear correlation (r � 0.60) between

NQ and NR for all compatible regions tested. Of interest, for

hippocampal volume, there was a small underestimation bias for

NR with respect to NQ, which may be attributable to different

segmentation algorithms. Two outliers were noted, showing dif-

ferences of approximately �3 mL between software packages,

which were attributable to segmentation differences.

Another limitation is that we did not incorporate biomarkers,

neuropsychological assessments, or longitudinal imaging mea-

sures in our study. Rather, we sought to limit our study to testing

the prognostic efficacy of 2 commercially available brain volumet-

ric software packages in their own right, rather than by using

additional data, which might confound direct comparisons. Of

note, the Mini-Mental State Examination and ADAS-13 AUC

scores were as high as, or higher than, those of hippocampal vol-

ume alone, in agreement with previous studies looking at the

prognostic efficacy of multiple biomarkers in MCI.36 This result is

not surprising given that a dichotomous end point measure, con-

version, was used to assess cognitive decline, and cognitive mea-

sures at baseline would be expected to strongly predict how close

a subject is to the point of conversion. Future effort in evaluating

the prognostic efficacy of these software packages should involve

combining volumetric data with a suite of biomarkers and neu-

ropsychological assessments by using machine-based learning ap-

proaches and continuous, rather than categoric, outcomes of cog-

nitive decline. Subject factors such as financial or socioeconomic

ones also remained unadjusted in the analysis. These factors

would unlikely affect the within-subject design and were omitted

to keep the comparison straightforward between single-versus-

multiple volumetric outputs directly available from the imaging

software packages.

Despite these limitations, our study had several strengths, in-

cluding a large sample size of 192 patients through the ADNI data

base. Indeed, ADNI uses a wide variety of vendor platforms, field

strengths, and harmonized pulse sequences that patients are likely

to encounter in future clinical settings. We also selected patients

with 3-year clinical follow-up, which provided a more accurate

designation of future conversion status, compared with studies

with shorter follow-up duration.
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CONCLUSIONS
Of the multiple regional volume measures available in current

FDA-cleared brain volumetric software, hippocampal volume

remains the best single predictor of MCI conversion to AD at

3-year follow-up. Combining volumetrics, by using multivari-

able approaches including a machine-learning classifier, does

not appear to add additional prognostic efficacy. Therefore,

future prognostic studies in mild cognitive impairment, com-

bining such tools with demographic and other biomarker mea-

sures, are justified in using hippocampal volume as the only

volumetric biomarker.
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ORIGINAL RESEARCH
ADULT BRAIN

Cortical Thickness of Native Tibetans in the Qinghai-Tibetan
Plateau

X W. Wei, X X. Wang, X Q. Gong, X M. Fan, and X J. Zhang

ABSTRACT

BACKGROUND AND PURPOSE: High-altitude environmental factors and genetic variants together could have exerted their effects on
the human brain. The present study was designed to investigate the cerebral morphology in high-altitude native Tibetans.

MATERIALS AND METHODS: T1-weighted brain images were obtained from 77 Tibetan adolescents on the Qinghai-Tibetan Plateau
(altitude, 2300 –5300 m) and 80 matched Han controls living at sea level. Cortical thickness, curvature, and sulcus were analyzed by using
FreeSurfer.

RESULTS: Cortical thickness was significantly decreased in the left posterior cingulate cortex, lingual gyrus, superior parietal cortex,
precuneus, and rostral middle frontal cortex and the right medial orbitofrontal cortex, lateral occipital cortex, precuneus, and paracentral
lobule. Curvature was significantly decreased in the left superior parietal cortex and right superior marginal gyrus; the depth of the
sulcus was significantly increased in the left inferior temporal gyrus and significantly decreased in the right superior marginal gyrus,
superior temporal gyrus, and insular cortex. Moreover, cortical thickness was negatively correlated with altitude in the left superior
and middle temporal gyri, rostral middle frontal cortex, insular cortex, posterior cingulate cortex, precuneus, lingual gyrus, and the
right superior temporal gyrus. Curvature was positively correlated with altitude in the left rostral middle frontal cortex, insular
cortex, and middle temporal gyrus. The depth of the sulcus was negatively correlated with altitude in the left lingual gyrus and right
medial orbitofrontal cortex.

CONCLUSIONS: Differences in cortical morphometry in native Tibetans may reflect adaptations related to high altitude.

ABBREVIATIONS: DMN � default mode network; HA � high altitude; PCC � posterior cingulate cortex; PPARA � peroxisome proliferator-activated receptor �

The Qinghai-Tibetan Plateau is one of the most extreme envi-

ronments inhabited by humans. High-altitude (HA) natives

have developed distinctive biologic characteristics in respiratory

and circulatory functions,1,2 hemoglobin concentration,3 arterial

oxygen saturation,4 energy metabolism,5 and genes6 to offset the

stresses of HA environmental factors. Previous studies have re-

vealed the adaptation of the cerebral glucose metabolic rate7 in

HA Quechua natives and the adaptation of cerebral autoregula-

tion in HA Himalayan natives8 and Ethiopian natives.9 However,

existing studies provided no assessments of the cerebral structures

in HA natives.

The brain is one of the organs in the body with the highest

oxygen consumption and thus is particularly vulnerable to hyp-

oxia.10 In contrast, cold weather at a HA may result in hypother-

mia, which has been shown to have a neuroprotective effect

against hypoxic damage.11,12 Hypobaria at a HA could also be a

factor contributing to brain lesions because it has been proved

to induce white matter and cortical thickness impairment.13-15

Environmental ultraviolet rays can cause neuronal damage in

the visual system and brain.16-18 Therefore, these HA environ-

mental factors together could have exerted their effect on brain

development.

Many present day native Tibetans on the Qinghai-Tibetan Pla-

teau are the descendants of colonizers who arrived, at most,

25,000 years ago.19 Genetic adaptations at HA have been found in
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the native Tibetans. Unique to Tibetans are the variants of genes

within the hypoxia-inducible factor pathway, including Egl 9 ho-

molog 1 (EGLN1), endothelial PAS domain protein 1 (EPAS1),

and peroxisome proliferator-activated receptor � (PPARA), key

genes in the oxygen homeostasis system at all altitudes.20 Among

these genes, PPARA is involved in neuronal proliferation, differ-

entiation, and apoptosis21 and neuroprotection against oxidative

stress.22 Genetic variants may also play a role in brain develop-

ment at a HA.

In previous studies, we have investigated the brain acclimati-

zation to HA in the Han immigrant descendants on the Qinghai-

Tibetan Plateau23 and in the lowlanders immigrating to the Qing-

hai-Tibetan Plateau for several days to several years.24,25 We

found that HA acclimatization was associated with brain struc-

tural and functional modifications. Therefore, we hypothesized

that native Tibetans could have developed brain adaptations to

HA under the combined actions of both environmental factors

and genetic variants. To test this hypothesis, we investigated the

cerebral morphology of 77 healthy Tibetan adolescents living at

different altitudes, with 80 sea-level Han adolescents as controls.

MATERIALS AND METHODS
Subjects
Seventy-seven healthy native Tibetans (34 males and 43 females,

14 –18 years of age) living in the southeast Tibet Autonomous

Region (southeast Nagqu, Xigaze, Lasa, Nyingchi, and Chamdo)

(altitude, 2300 –5300 m) were recruited. Their ancestors were all

native Tibetans living on the Qinghai-Tibetan Plateau. They were

without any prior descent to the lowlands or ascent to higher

altitudes. All had a normal body mass index. They were all 10th

grade students and had been enrolled in a high school at Chengdu

(altitude, �400 m) for half a month. The control subjects were 80

(34 males and 46 females, 14 –18 years of age) adolescents living at

sea level (altitude, �50 m), matched with the native Tibetans by

sex, age, and education. Subjects were excluded if they had a his-

tory of mountain sickness, neurologic disorder, or head injury.

The experimental protocol was approved by the Research Ethics

Review Board of Xiamen University. Procedures were fully ex-

plained, and all subjects provided written informed consent be-

fore participating in the study.

MR Imaging Data Acquisition
Brain images were obtained on the same model 3T Signa Excite

MR imaging system (GE Healthcare, Milwaukee, Wisconsin) at

the Huaxi Magnetic Resonance Research Center, West China

Hospital, Chengdu, China, and at the MR Imaging Center, First

Affiliated Hospital of Xiamen University, Xiamen, China. Param-

eters for the T1-weighted MPRAGE sequences were the following:

TR/TE � 1900/2.48 ms, FOV � 25 � 25 cm2, NEX � 1, matrix �

512 � 256, section thickness � 1.0 mm. Conventional 2D T1 and

T2 images were also obtained and examined for any incidental

findings. Data analyses were conducted by 2 researchers who were

blinded to the status of subjects.

FreeSurfer Analysis
FreeSurfer (Version 5.1.0; http://surfer.nmr.mgh.harvard.edu)

was used for cortical thickness, curvature, and sulcus analyses.

The process consisted of the removal of nonbrain tissue, mapping

to Talairach-like space, and segmentation of the gray/white

matter and pial boundaries. These maps of measurements were

obtained by reconstructing representations of the GM/white mat-

ter boundary and the white matter boundary to the GM/CSF

boundary and then calculating the closest distance from those

surfaces at each vertex on the tessellated surfaces. All subject data

were resampled to the FreeSurfer default common surface tem-

plate by using a high-resolution surface-based averaging tech-

nique that aligned cortical folding patterns. Finally, the surface

data were spatial smoothed by using a Gaussian kernel of 10-mm

full width at half maximum. Regional variations of the cortical

thickness, curvature, and sulcus were compared by using an inde-

pendent samples t test, with age, sex, and education as covariates.

The statistical parametric map was generated at P � .05 (false

discovery rate– corrected for multiple comparisons).

Correlation Analysis
The correlations of cerebral structural measurements with al-

titude were analyzed, with age and sex as covariates. The false

discovery rate of P � .05 was applied to correct for multiple

comparisons.

RESULTS
Cortical Thickness, Curvature, and Depth of the Sulcus
Compared with controls, the significant changes of cerebral struc-

tural measurements in native Tibetans are shown in Fig 1. Cortical

thickness was significantly decreased in the left posterior cingulate

cortex (PCC), lingual gyrus, superior parietal cortex, precuneus, and

rostral middle frontal cortex and the right medial orbitofrontal cor-

tex, lateral occipital cortex, precuneus, and paracentral lobule (Table

1. Furthermore, curvature was significantly decreased in the left su-

perior parietal cortex and right superior marginal gyrus. Finally, the

depth of the sulcus was significantly increased in the left inferior tem-

poral gyrus and significantly decreased in the right superior marginal

gyrus, superior temporal gyrus, and insular cortex.

Correlations
The significant correlations of cerebral structural measurements with

altitude in native Tibetans are shown in Fig 2. Cortical thickness was

negatively correlated with altitude in the left superior and middle

temporal gyri, rostral middle frontal cortex, PCC, precuneus, lingual

gyrus, insular cortex, and right superior temporal gyrus (Table 2).

Curvature was positively correlated with altitude in the left rostral

middle frontal cortex, insular cortex, and middle temporal gyrus.

The depth of the sulcus was negatively correlated with altitude in the

left lingual gyrus and right medial orbitofrontal cortex.

Figure 3 indicates the overlaps of brain between the regions

showing decreases of cortical thickness and those showing corre-

lation between cortical thickness and altitude. These regions in-

cluded the left PCC, precuneus, lingual gyrus, and rostral middle

frontal cortex.

DISCUSSION
Our study is the first to reveal the cerebral characteristics of native

Tibetans living on the Qinghai-Tibetan Plateau. Adaptations of

Tibetans to HA were associated with structural modifications in
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cortical thicknesses, curvature, and the sulcus. Mainly in the left

hemisphere, the cortical structures were significantly correlated

with altitude; moreover, with increasing altitude, native Tibetans

had a decrease of regional cortical thickness, while they had an

increase of cortical folding in terms of curvature. The regions

showing decreases of cortical thickness and those showing corre-

lations between cortical thickness and altitude overlapped in the

left PCC, precuneus, lingual gyrus, and rostral middle frontal

cortex.

The changed brain regions in the native Tibetans were in

agreement with those found in our previous studies on Han im-

migrants living on the Qinghai-Tibetan Plateau. For example,

Han immigrant descendants at HA showed decreases of GM vol-

ume in the cingulate cortex, rostral middle frontal cortex, lingual

gyrus, and anterior insular cortex.23 Adult immigrants who lived

at a HA for 2 years showed decreases of cortical thickness in the

paracentral lobule, PCC, and precuneus
and increases of cortical thickness in the
orbitofrontal cortex, superior parietal
cortex, inferior temporal gyrus, and lin-
gual gyrus.25 Moreover, compared with
Tibetan adolescents who had lived at sea
level for 4 years, the Tibetan adolescents
who lived at a HA all the time showed
decreases of GM volume in the superior
parietal cortex and insular cortex.26

Effects of Environmental Factors
on Brain Structural Development

In native Tibetans, there were significant correlations between

regional cortical measurements and altitude, suggesting that HA

environmental factors influence brain development. The effects

of HA environmental factors on brain development have been

detected in Tibetan adolescents who were born and raised on the

Qinghai-Tibetan Plateau compared with Tibetan adolescents who

had lived at sea level during the past 4 years.26

Cortical changes may be induced by hypoxia. For example,

cerebral edema was found after acute exposure to normobaric

hypoxia.27 In agreement with the present findings, damage of GM

in the cingulate cortex, temporal gyrus, and insular cortex has

been detected in patients with hypoxia with chronic obstructive

pulmonary disease.28 The changed cerebral circulation may be

attributed to temporal and posterior brain structural alterations

shown in the present study. The vertebral artery supplies blood to

Table 1: Regional information of changed cortical thickness in native Tibetans

Areas
Volume
(mm3)

MNI
Coordinate

P (Peak)x y z
Left

Posterior cingulate cortex/lingual gyrus 1467 �3.7 �8.5 33.8 3.651
Superior parietal cortex/precuneus 1815 �8.6 �68.1 56.0 2.571
Rostral middle frontal cortex 1575 �31.2 36.9 22.6 1.878

Right
Lateral occipital cortex 2149 26.4 �83.9 14.4 3.081
Precuneus/paracentral lobule 2200 7.7 �61.8 58.2 2.583
Medial orbitofrontal cortex 1366 8.4 47.6 �13.8 3.296

Note:— MNI indicates Montreal Neurological Institute.

FIG 1. Regions showing changes of cortical measurements in native Tibetans compared with the sea-level Han controls (P � .05, false discovery
rate– corrected for multiple comparisons). Blue indicates a decrease; red, an increase.
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these 2 parts of the brain. Willie et al29 found that with hypoxia, the

relative increase in vertebral artery blood flow was 50% greater

than in the other vessels. Ogoh et al30 found that the internal

carotid artery blood flow was unchanged, while the vertebral ar-

tery blood flow was significantly increased during acute hypoxia.

Feddersen et al31 found that in mountaineers during ascent to

5050 m, the cerebral blood flow velocity was decreased in the

posterior cerebral arteries. Moreover, hypoxia-induced alteration

of cerebral blood flow patterns was found in the posterior brain in

patients with hypoxia and obstructive sleep apnea, which in-

cluded the lingual gyrus, parietal lobule, precuneus, temporal cor-

tex, and insular cortex.32 Recently, Lawley et al33 found that 2

hours of hypoxia caused an expected increase in frontal cortical

gray matter perfusion but unexpected perfusion decreases pre-

dominantly in the PCC. After 10 hours in hypoxia, the decreased

blood flow became more pronounced and widespread. They fur-

ther confirmed that these reductions in

cerebral blood flow from hypoxia were

related to vasoconstrictions.

Hypobaria at HA could be another

important factor contributing to brain

alterations. Acute mountain sickness

scores were higher,34 and visual sensitiv-

ities were lower35 in hypobaric than in

normobaric hypoxia. Studies on U-2 pi-

lots showed that hypobaria was associ-

ated with a change of white matter hy-

perintensity14,36 and with the reduction

of cortical thickness.15 Moreover, expo-

sure to hypobaria after traumatic brain injury worsened brain

function.37

Cold ambient temperature at a HA may result in hypothermia.

Mild hypothermia is associated with decreased ventricular func-

tion, oxygen extraction, and microvascular flow.38 During hyp-

oxia, hypothermia has been shown to have a neuroprotective ef-

fect against hypoxic encephalopathy.12 Moreover, hypothermia

treatment in an animal stroke model reduced infarct size and

improved neurologic behavior.11

The decrease of visual cortical thickness in the present study may

be an outcome of ultraviolet radiation at HA. Ultraviolet light has

been shown to alter neuronal activity in the cortical structures in-

volved in visual processing.39 Environmental doses of ultraviolet rays

can induce apoptosis in the retina and lamina ganglionaris within the

visual system and in the brains of invertebrate crustaceans.16-18

Table 2: Information of regions in which cortical thickness showed correlation with altitude
in Tibetans

Areas
Volume
(mm2)

MNI
Coordinate

P (Peak)x y z
Left

Superior/middle temporal gyrus 3150 �49.0 �32.6 �9.2 4.949
Precuneus/posterior cingulate cortex/lingual

gyrus
2510 �9.4 �55.9 22.5 3.519

Rostral middle frontal cortex 1431 �23.8 51.8 �4.9 3.426
Insular cortex 2543 �27.8 24.3 5.7 2.445

Right
Superior temporal gyrus 1174 56.6 �13.1 �4.7 2.134

Note:—MNI indicates Montreal Neurological Institute.

FIG 2. Regions in which the cortical measurements in native Tibetans showed significant correlations with altitude (P � .05, false discovery
rate– corrected for multiple comparisons). Blue indicates a negative correlation; red, a positive correlation.
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Effects of Genes on Brain Structural Development
The results of the present study obtained from native Tibetans

showed some differences from those found in the Han immigrant

descendants,23 which suggest that genes may play a role in Tibetan

brain development. A recent study discovered genetic selection on

the PPARA in HA native Tibetans on the Qinghai-Tibetan Plateau

through comparing them with Chinese and Japanese lowland

populations.20 PPARA is expressed in the brain.21,40 It is involved

in neuronal proliferation, differentiation, and apoptosis.21,41

PPARA encodes the fatty acid–activated transcription factors and

fatty acid oxidation regulators; thus, it may affect brain structure

through control of energy homeostasis.42,43 PPARA is also in-

volved in angiogenesis,44 which may contribute to the GM

change. Moreover, during hypoxia, PPARA supports a role in

neuroprotection against oxidative stress.22

Gene or Environment: Which One Determines Brain
Structure?
Reduced psychomotor speed has been tested in the subjects (6 –16

years of age) of mixed-ethnic background (including Native

American, European, or African ancestries who immigrated to

HA during different periods) who were born and raised at HAs.45

For the proportion of Native Americans, Europeans, and Afri-

cans, genetic admixture with reduced psychomotor speed was

comparable across altitude groups; therefore, chronic hypoxic ex-

posure rather than genetic inheritance appears to affect brain

FIG 3. Tibetan brain overlaps (blue areas) between the regions showing significant decreases of cortical thickness (yellow line) and those
showing correlations between cortical thickness and altitude (red line). For each correlation diagram, 80 overlapped red dots indicate the
cortical thickness values in the sea-level controls. Blue dots indicate that the cortical thickness values in 77 Tibetans were significantly correlated
with altitude.
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function development at HA. However, pulmonary function

(forced expiratory volume and forced vital capacity) measures

were greater in the HA natives compared with the lowland natives

born and raised at HAs; this finding suggests a genetic effect.46 In

contrast, these 2 pulmonary measures were similar in HA natives

and sea-level natives at lowland; this finding suggests that the

genetic potential for larger lung volumes at HA depended on the

developmental exposure to HA. In summary, results from these

studies emphasized the importance of developmental adaptations

to HA.

Implications for the Changes in Cortical Structural
Measurements
In our study, decreases of cortical thickness in the medial orbito-

frontal cortex, PCC, lingual gyrus, and precuneus; a decrease of

curvature in the superior parietal cortex; and a decrease of the

depth of the sulcus in the temporal cortices were detected. These

regions are core areas of the resting-state brain default mode net-

work (DMN) in humans.47,48 The impairment of GM structures

may contribute to reduced neuronal activity. Previous multi-

modal neuroimaging studies have shed light on this function-

structure association, underlining cognition, aging, disease, and

behavior.49 The changed activity within the DMN in response to

chronic stress exposure has been found in humans50 and ani-

mals.51 The impairment of cortical structures in HA Tibetans is

likely to reflect the stress-induced atrophic effects in cortical re-

gions. Cortical atrophy within the DMN may reduce the brain

response to HA environmental stress. Because regions within the

DMN exert forebrain modulation over visceral responses medi-

ated via the hypothalamus and brain stem, structural and func-

tional changes within these circuits may contribute to modula-

tions in autonomic and neuroendocrine functions associated with

HA adaptations.

Tibetan college students were found to have higher levels of

negative emotional expressivities such as fear, sadness, and anger

in comparison with Han, Uighur, Hui, and Mongolian stu-

dents.52 The Cattell 16 Personality Factor Questionnaire revealed

that Tibetan adolescents had lower stability, persistence, indepen-

dence, and self-discipline and higher extroversion and excitability

than Han adolescents.53,54 The findings of the Eysenck Personal-

ity Questionnaire and Trait Coping Style Questionnaire suggested

that Tibetan adolescents had higher neuroticism, introversion,

and psychoticism and lower concealment than Han adolescents.55

In humans, the DMN is thought to support a variety of self-ref-

erential functions and mind-wandering.56 Anxiety disorders and

high trait anxiety are associated with decreased functioning of the

DMN.57 The precuneus is implicated in social and emotional

functions, especially among individuals with neuroticism.58 The

left posterior and middle cingulate cortices and precuneus were

found to be negatively correlated with neuroticism.59 The ventral

medial prefrontal (orbitofrontal) cortex of the DMN functions as

a sensory-visceromotor link concerned with social behavior,

mood control, and motivational drive, all of which are important

components of an individual’s personality.48 Therefore, a changed

DMN may explain why Tibetan adolescents had personality traits

distinct from those of the Han adolescents.

The decreases of cortical thickness in the PCC and lingual

gyrus may be related to visual deficits at HA. The poor visual

performances were consistent and prominent problems in the HA

immigrants, such as the sea-level college students after 7 months

of study at moderate altitudes,60 and in the HA Han immigrant

descendants.61 The PCC and lingual gyrus have direct anatomic

connectivities with the visual striate cortices.62 The PCC lies at the

parietomedial temporal visual stream pathway.63 It is activated by

visual perception, attention, and motion.64-66 The lesions of the

PCC produce an impairment in visual discrimination learning67

and a decrease of resting-state functional connectivity in the PCC,

which is indicated by severe myopia.68 The lingual gyrus is a part

of the occipitotemporal pathway that engages in object drawing69

and is activated by visuospatial navigation70 and angle discrimi-

nation tasks.71 GM volume in the right lingual cortex has been

proved to have a positive correlation with visual reproduction,72

while GM atrophy in this area was associated with visual

hallucinations.73

The decreased depth of the anterior insular sulcus and damage

to the ventral medial prefrontal cortex in the present study sup-

port the hypothesis that these 2 regions are needed to process the

perturbation of the homeostatic balance in extreme environ-

ments.48,74 Because the lesions in the insular cortex have been

proved to disrupt representation of internal states that underpin

motivation,75 the changes of the anterior insular cortex may also

be related to the blunted hypoxic ventilatory response in HA

residents.76

Limitations
There are several limitations to our study. First, brain images were

obtained by using 2 MR imaging scanners. However, several stud-

ies have confirmed that the MR imaging scanner field strength,

manufacturer, machine upgrade, and pulse sequence77 and the

different postprocessing algorithms applied to the images ac-

quired from different MR imaging systems78 have little effect on

the reliability of cortical thickness measurements.

Second, the Tibetan subjects had moved to the lowlands for

1–15 days, which would have an influence on cerebral blood flow.

However, given the previous investigations, this effect may be

slight after residing at sea level for such a short time. For example,

when HA adult natives descended to sea level for several weeks,

their cardiac functions remained unchanged.79,80

Third, the interethnic difference of brain structure can be

large. Brain morphologic differences between populations of dif-

ferent origins have been found in whole-brain and region-specific

volume.81 Future study should compare the interethnic differ-

ence of brain structures between Tibetans and Han populations at

lowland.

Fourth, Tibetans have been living on the Qinghai-Tibetan Pla-

teau and have developed a unique culture and language. The life-

style of the Tibetans was different from that in the lowlands, for

example, in the absence of crowds, which could have affected the

subjects’ emotional well-being. Moreover, diet was likely to be an

important factor for the observed brain changes.

CONCLUSIONS
Native Tibetans have developed brain structural adaptations that

enable their successful existence in the HA environment. The al-
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terations of cortical structure in native Tibetans were mainly lo-

cated in the resting-state brain DMN and were in agreement with

those found in the Han immigrants on the Qinghai-Tibetan Pla-

teau. Brain structural modifications may be derived from the in-

teraction between genetic and environmental factors. Future

study is need to test the personality traits, body homeostasis, and

cognition and clarify the neuronal mechanisms of the Tibetans.

Disclosures: Ming Fan—RELATED: Grant: National Key Project, Comments: grant
number 2012CB518200. Jiaxing Zhang—RELATED: Grant: National Science Founda-
tion of China and National Key Project, Comments: grant Nos. 81171324 and 81471630.
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Feasibility and Safety of Repeat Instant Endovascular
Interventions in Patients with Refractory Cerebral Vasospasms

X L. Andereggen, X J. Beck, X W.J. Z’Graggen, X G. Schroth, X R.H. Andres, X M. Murek, X M. Haenggi, X M. Reinert, X A. Raabe, and
X J. Gralla

ABSTRACT

BACKGROUND AND PURPOSE: For patients with cerebral vasospasm refractory to medical and hemodynamic therapies, endovascular
therapies often remain the last resort. Data from studies in large cohorts on the efficacy and safety of multiple immediate endovascular
interventions are sparse. Our aim was to assess the feasibility and safety of multiple repeat instant endovascular interventions in patients
with cerebral vasospasm refractory to medical, hemodynamic, and initial endovascular interventions.

MATERIALS AND METHODS: This was a single-center retrospective study of prospectively collected data on patients with cerebral
vasospasm refractory to therapies requiring �3 endovascular interventions during the course of treatment following aneurysmal sub-
arachnoid hemorrhage. The primary end point was functional outcome at last follow-up (mRS �2). The secondary end point was
angiographic response to endovascular therapies and the appearance of cerebral infarctions.

RESULTS: During a 4-year period, 365 patients with aneurysmal subarachnoid hemorrhage were treated at our institution. Thirty-one (8.5%) met
the inclusion criteria. In 52 (14%) patients, �2 endovascular interventions were performed as rescue therapy for refractory cerebral vasospasm. At
last follow-up, a good outcome was noted in 18 (58%) patients with �3 interventions compared with 31 (61%) of those with �2 interventions (P �

.82). The initial Hunt and Hess score of �2 was a significant independent predictor of good outcome (OR, 4.7; 95% CI, 1.2–18.5; P � .03), whereas
infarcts in eloquent brain areas were significantly associated with a poor outcome (mRS 3–6; OR, 13.5; 95% CI, 2.3–81.2; P � .004).

CONCLUSIONS: Repeat instant endovascular intervention is an aggressive but feasible last resort treatment strategy with a favorable
outcome in two-thirds of patients with refractory cerebral vasospasm and in whom endovascular treatment has already been initiated.

ABBREVIATIONS: CVS � cerebrovascular vasospasm; GCS � Glasgow Coma Scale; HH � Hunt and Hess; IAN � intra-arterial nimodipine; PTA � percutaneous
transluminal balloon angioplasty; RCVS � refractory CVS

Cerebral vasospasm (CVS) after aneurysmal subarachnoid

hemorrhage remains a major cause of delayed cerebral isch-

emia and related morbidity and mortality.1,2 Standard treatment

consists of hyperdynamic/hypertensive therapy and orally admin-

istered nimodipine to prevent ischemic events.3,4 Nevertheless,

20%–30% of patients develop refractory CVS with cerebral in-

farction causing permanent neurologic deficits or death.5 In cases

of severe CVS and threatened ischemia despite hemodynamic and

medical treatment, no commonly accepted treatment guidelines

exist.6 Although endovascular methods offer some last resort

treatment options, their use is generally not extended throughout

the entire CVS course and application is limited to 1 or 2 or, at

most, 3 interventions, resulting in an ambiguous functional out-

come with most patients unable to resume work post-SAH.7-10

In this single-center audit of practice, we evaluated repeat imme-

diate endovascular therapies in a subgroup of symptomatic patients

with the most severe, refractory CVS during the vasospasm period.

MATERIALS AND METHODS
Patient Inclusion Criteria and Study End Points
To comply with the inclusion criteria, patients with proved

aneurysmal subarachnoid hemorrhage had to fulfill the re-

quirement of medically and hemodynamic refractory CVS

(rCVS) necessitating �3 endovascular interventions during
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the CVS period. These patients were compared with a cohort of

patients with aneurysmal subarachnoid hemorrhage necessi-

tating 1–2 endovascular interventions during the refractory

CVS period. Patients with mycotic aneurysms were excluded

from the study. The primary end point was functional outcome

at last follow-up (modified Rankin Scale �2). The secondary

end point was angiographic response to endovascular thera-

pies and the appearance of cerebral infarctions.

Management of CVS
After early aneurysm treatment (�24 hours with either clip or coil

embolization), patients were continuously monitored in the in-

tensive care unit and kept normovolemic with blood pressure at

normal high levels. A daily check was made of electrolytes (ie,

sodium), and an assessment with transcranial Doppler was per-

formed. Medical therapy consisted of nimodipine administered

by the enteral route (60 mg every 4 hours for 21 days). In con-

scious patients, immediate endovascular therapy was indicated in

cases of symptomatic rCVS, defined as the appearance of a new

neurologic deficit despite medical and hemodynamic treatment

(ie, hyperdynamic/hypertensive therapy) or a decline in con-

sciousness not resulting from hydrocephalus (ie, an NIHSS score

increase of �2 and/or a Glasgow Coma Scale [GCS] score de-

crease of �2). In unconscious patients, rising transcranial Dopp-

ler mean velocities of �150 cm/s or increased flow velocity of �50

cm/s during 24 hours was considered an indication for endovas-

cular treatment in cases in which the CT perfusion scan or MR

imaging showed a mean transit time of �5.9 seconds.11 Other

indications for endovascular rescue therapies included patients

with marked changes in brain-tissue oxygen pressure values (�15

mm Hg, Licox Brain Oxygen Monitoring System [Integra Life-

Sciences, Saint Priest, France]) who were not responding to med-

ical and hemodynamic therapies when the MR imaging showed a

diffusion-perfusion mismatch.12,13

Endovascular Interventions
Intra-arterial nimodipine (IAN) with continuous infusion was deliv-

ered locally through a 0.18-inch microcatheter (Renegade Hi-Flo;

Boston Scientific, Natick, Massachusetts) into the most affected in-

tracranial vessel segments. A dose of 2.5 mg of nimodipine was ad-

ministered at the most proximal site of each spastic artery (12 mL in

38-mL saline, administered at 20–30 mL per hour for 30 minutes).

Repeat angiography was performed 30 minutes after IAN to evaluate

the response of the spastic vessels. In cases of poor response to IAN,

percutaneous transluminal balloon angioplasty (PTA) was per-

formed by using intracranial balloon catheters (Gateway; Stryker,

Kalamazoo, Michigan). Balloon diameter and inflation pressure

were chosen according to the target vessel diameter before vaso-

spasm. “Angiographic CVS” was defined as narrowing of the arterial

diameter by �30% from the baseline diameter, as assessed by 2 ex-

perienced interventional neuroradiologists (G.S., J.G.).

Neurologic Outcome
The immediate response to IAN and/or PTA was evaluated by

neurosurgeons and critical care physicians. In those patients who

did not respond, MR imaging was performed. In cases of con-

firmed multiple ischemic areas without any salvageable penum-

bra, therapy was suspended.14,15 Complications resulting from

SAH, obliteration procedures, and multiple interventions were

recorded separately according to the clinical protocol. Neurologic

outcome was assessed by mRS, the GCS, and Glasgow Outcome

Scale at discharge and at the last follow-up.5 For patients who

lacked long-term follow-up data, the mRS was assessed via tele-

phone interview.16 The patients’ morbidity and reintegration into

the workplace at last follow-up were documented.

Assessment of Stroke
Radiologic ischemia was documented with CT or MR imaging.17

Twenty-four hours following radiologic or surgical aneurysm

obliteration, a cerebral CT scan was obtained in all patients to

look for treatment-related ischemia. CT scans or MR imaging at

the time of patient discharge allowed the visualization of new

stroke areas resulting from CVS during the clinical course. Asso-

ciated functional deficits were registered.

Statistical Methods
Data were analyzed by using SPSS statistical software, Version

21.0 (IBM, Armonk, New York). Clinical outcome was dichoto-

mized into favorable (mRS �2) and poor outcome (mRS �3).

Data are given as mean � SD unless otherwise stated. For com-

parisons of means between the 2 analysis groups (ie, �2 interven-

tions versus �3 interventions), the Student t test was used for

normally distributed data (comparing patient age and follow-up

time), and the Mann-Whitney U test, for skewed or non-normal

data (comparing the number of treatments, vessel segments

treated, and vascular territories). The other categoric variables

were compared between the 2 analysis groups by using the Pear-

son �2 test or the Fisher exact test, as appropriate (Tables 1 and 2).

To identify predictors of good functional outcome (mRS �2), we

performed multivariable analysis with a binary logistic regression

model, including the following variables: patient age, sex, Hunt

and Hess (HH) grade after SAH, the number of treatments, the

number of vessels treated, the number of vascular territories, an-

eurysm location, further aneurysms, aneurysm obliteration, ne-

cessity for PTA, cerebral infarcts, and length of follow-up. Odds

ratios and 95% CI were calculated. P values � .05 were considered

statistically significant.

RESULTS
Patient Demographics
During the 4-year study period, 365 patients with aneurysmal

SAH were admitted to our institution. Thirty-one (8.5%) met the

inclusion criteria with �3 endovascular interventions during the

CVS period. In 52 patients with aneurysmal SAH, 1–2 endovas-

cular interventions were performed during the CVS period. Pa-

tient characteristics did not differ significantly between the 2 co-

horts and are summarized in Table 1 (see also On-line Table 1).

Mean age was 54 years (range, 24 –77 years), and 66 (80%) were

women. Forty-five (54%) patients presented with a Hunt and

Hess grade of �3.18 At admission, a mild GCS score of 14 –15 was

noted in 42% of patients; a moderate score (GCS, 9 –13), in 21%;

and a severe score (GCS, 3– 8), in 38%. Most patients (92%) pre-

sented with a Fisher grade 319 at clinical onset. Patients with an-

eurysms not suitable for coil embolization were treated with clip
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reconstruction (29% of patients) based on interdisciplinary re-

view. Thirty-six percent of patients presented with multiple aneu-

rysms. In 65% of patients, the ruptured aneurysm was located in

the anterior, and in 35%, in the posterior circulation. In 51 pa-

tients (63%), an external ventricular drain was inserted due to

acute hydrocephalus.

Endovascular Interventions
The number of treatments, vessel segments treated, and vascular ter-

ritories and the requirement for PTA were significantly higher in

patients with �3 interventions than in patients with �2 interven-

tions (Table 1). Endovascular treatment for CVS was performed be-

tween 3 and 15 days after the initial ictus (mean, 6 days). The mean

clinical course of vasospasm lasted for 4.8 � 2.8 days (range, 1–14

days); in 15 patients (48%), it lasted for �5 days. A total of 210

(mean, 2.5 � 1.7 per patient) endovascular interventions were per-

formed (mean, 4.3 � 1.6 in patients with

�3 interventions, versus mean, 1.5 � 0.5

in patients with �2 interventions; P �

.001), resulting in the treatment of 450

vessel segments (mean, 5.4 � 5.3 per pa-

tient; range, 1–40 segments; mean, 9.6 �

6.6 in patients with �3 interventions, ver-

sus mean, 2.9 � 1.5 in patients with �2

interventions; P � .001), and 157 vascular

territories (mean, 1.9 � 0.8 per patient;

range, 1–3; mean, 2.3 � 0.8 in patients

with �3 interventions, versus mean, 1.6 �

0.7 in patients with �2 interventions; P �

.001). A moderate immediate angiographic effect (arterial dilation

�30%) was observed after IAN in 26 (31%) interventions, and con-

secutive transluminal PTA was applied in these cases, namely in 9

(17%) patients with �2 interventions versus 17 (55%) patients with

�3 interventions (P � .001). In the cohort of patients with �3 inter-

ventions, 13 (42%) underwent 3 treatment sessions, 8 (26%) under-

went 4 sessions, 4 (13%) underwent 5 sessions, and 4 (13%) under-

went 6 sessions (Fig 1). One patient had a total of 7 treatment

sessions, and another, 10 sessions during the CVS course. Of the 52

patients with �2 interventions, 26 (50%) underwent 1 treatment

session and 26 (50%), 2 sessions.

Functional Outcome
Functional outcome was recorded at discharge (mean, 3 weeks;

range, 2– 6 weeks) and after a median follow-up at 10 months

Table 1: Characteristics of patients with cerebral vasospasm treated with >3 interventions compared with those treated with <2
interventions

Characteristics
Group I: 1 or 2
Interventions

Group II: 3–6
Interventions All Patients P Value

Cases (No.) (%) 52 (63) 31 (37) 83 (100)
Age (mean) (range) (yr) 55.5 � 11.3, 24–75 52.1 � 8.6, 34–77 54.2 � 10.5, 24–77 .158
Women (No.) (%) 42 (81) 24 (77) 66 (80) .782
Hunt and Hess grade (No.) (%)

HH scale �2 27 (52) 11 (36) 38 (46) .176
HH scale �3 25 (48) 20 (64) 45 (54) .176

Fisher grade 3 (No.) (%) 46 (89) 30 (97) 76 (92) .248
GCS at admission

Mild 21 (41) 13 (42) 34 (42) .999
Moderate 8 (16) 9 (29) 17 (21) .162
Severe 22 (43) 9 (29) 31 (38) .245

Aneurysms location (No.) (%)
Anterior 33 (64) 21 (68) 54 (65) .813
Posterior 19 (36) 10 (32) 29 (35) .813

Multiple aneurysms 17 (33) 13 (42) 30 (36) .481
Aneurysm obliteration

Clipping 19 (36) 5 (16) 24 (29) .078
Coiling 33 (64) 26 (84) 59 (71) .078

Intracerebral hemorrhage 7 (14) 9 (29) 16 (20) .15
Intra-arterial spasmolysis

No. of treatments (mean) (range) 78 (1.5 � 0.5, 1–2) 132 (4.3 � 1.6, 3–10) 210 (2.5 � 1.7, 1–10) �.001
No. of vessel segments treated

(mean) (range)
152 (2.9 � 1.5, 1–6) 298 (9.6 � 6.6, 4–40) 450 (5.4 � 5.3, 1–40) �.001

No. of vascular territories
(mean) (range)

85 (1.6 � 0.7, 1–3) 72 (2.3 � 0.8, 1–3) 157 (1.9 � 0.8, 1–3) �.001

PTA (No.) (%) 9 (17) 17 (55) 26 (31) .001
Vessel dissections (No.) (%) 1 (2) 5 (16) 6 (7) .03
Follow-up (mean) (median)

(range) (mo)
12 � 8.7, 10, 1–24 10 � 6.3, 9, 2–22 11 � 7.9, 10, 1–24 .316

Table 2: Primary and secondary outcome measurements following multiple interventions

Outcome
Group I: 1 or 2
Interventions

Group II: 3–6
Interventions

All
Patients P Value

mRS �2 at discharge (No.) (%) 16 (31) 5 (16) 21 (25) .193
mRS �2 (good outcome) at last FU

(No.) (%)
31 (61) 18 (58) 49 (60) .821

mRS 3–5 (poor outcome) at last
FU (No.) (%)

13 (26) 4 (13) 17 (21) .262

Persistent disabilities requiring constant
nursing care (mRS 4 and 5) (No.) (%)

4 (8) 3 (10) 7 (9) .999

Mortality (No.) (%) 7 (14) 9 (29) 16 (20) .149
Infarcts in eloquent brain areas (No.) (%) 18 (37) 17 (55) 35 (44) .165
Brain infarcts (No.) (%) 26 (52) 23 (74) 49 (61) .062

Note:—FU indicates follow-up.
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(range, 1–24 months; Table 2 and On-line Table 2). A good func-

tional outcome (median mRS �2) at last follow-up was recorded

in 49 patients (60%); a poor outcome (median mRS 3– 6), in 33

patients (40%), with no statistically significant difference between

the 2 cohorts (P � .82). Persistent disabilities requiring constant

nursing care (mRS 4 –5) were noted in 4 patients (8%) with �2

interventions and in 3 (10%) of those with �3 interventions.

Overall mortality (mRS 6) was 20%, with no differences between

the 2 cohorts (P � .31).

Sixty-one percent of patients rated headache/fatigue and

39%, a persisting neurologic deficit as the most disturbing

long-term effect. In patients with �3 interventions, none of

the working-age patients were able to work full-time at long-

term follow-up, 42% worked part-time either in the same or

another profession, 23% had no employment, and early retire-

ment was taken by 3%. In contrast, in patients with �2 inter-

ventions, 5 (6%) of the working-age patients were able to work

full-time, whereas 6 (13%) worked part-time either in the same

or another profession. Sixteen (33%) patients had no employ-

ment at last follow-up.

The following variable was associated with a good functional

outcome (median mRS 0 –2) at last follow-up (Table 3): Hunt and

Hess scale of �2 (OR, 7.6; 95% CI, 2.7–22.3; P �.001), whereas

new cerebral infarctions (OR, 14.8; 95% CI, 3.9 –55.3; P � .001)

and infarction in eloquent areas (OR, 26.0; 95% CI, 7.7– 88.2; P �

.001) were associated with a poor out-

come (median mRS �2). Multivariable

analysis revealed the HH scale score of

�2 (OR, 4.7; 95% CI, 1.2–18.5; P � .03)

as an independent predictor of favorable

functional outcome (mRS �2) and in-

farcts in eloquent areas (OR, 13.5; 95%

CI, 2.3– 81.2; P � .004) as an indepen-

dent risk factor for poor outcome (mRS

3– 6) at last follow-up.

Cerebral Infarctions
Assessments of new infarcted areas and

infarcts in eloquent regions are shown in

Table 2 and On-line Table 2. New in-

farcted areas at discharge were registered

in 23 (74%) patients with �3 interven-

tions compared with 26 (52%) patients

with �2 interventions (P � .06). There

was no difference between the 2 cohorts

regarding infarcts located in eloquent

brain areas, which were observed in 17

(55%) patients with �3 interventions

versus 18 (37%) patients with �2 inter-

ventions (P � .17). We identified the

following risk factors associated with in-

farction at discharge (Table 4): number

of treatments (OR, 1.4; 95% CI, 1.0 –1.9;

P � .05), number of vessels treated (OR,

1.2; 95% CI, 1.0–1.4; P � .03), and re-

quirement for PTA (OR, 2.7; 95% CI, 1.0–

7.9; P � .06). Multivariable analysis re-

vealed the HH scale score of �3 (OR, 3.4;

95% CI, 1.2–9.3; P � .02) and the number of vascular territories

treated (OR, 3.1; 95% CI, 1.3–7.3; P � .01) as independent predictors

of infarcts at discharge.

Treatment-Related Morbidity and Mortality
There was no treatment-related mortality. Complications result-

ing from aneurysm obliteration procedures consisted of 2 (2%)

patients with thrombosis of the parent vessel during coil emboli-

zation, which dissolved following intra-arterial thrombolytic

therapy. In 1 patient (1%), aneurysm rerupture during coil em-

bolization occurred but did not result in a clinical decline.

Complications resulting from spasmolysis therapies consisted

of dissection in the access vessel of the ICA in 1 (2%) patient with

�2 interventions versus 5 (16%) patients with �3 interventions

(P � .03), requiring stent placement for persistent high-grade

stenosis in 1 patient. Another patient (1%) developed a pseudo-

aneurysm at the puncture side of the femoral artery.

DISCUSSION
IAN offers some last resort treatment strategies, yet application

generally remains limited to 1 or 2 or, at most, 3 interven-

tions.20-23 Cases of patients undergoing �3 endovascular inter-

ventions in response to persistent, recurrent, or worsening CVS

have seldom been described, and results on functional outcome

remain ambiguous.24 Jun et al25 reported a subgroup of patients

FIG 1. Repeat angiograms in refractory cerebral vasospasms. Repeat angiograms (red arrows:
proximal spastic vessels; blue arrows: distal spastic vessels) in a 41-year-old woman with a rup-
tured anterior communicating artery aneurysm initially treated with coil embolization. On day 8
after the ictus, the patient presented with hemiparesis on the left side. A, ICA angiogram, antero-
posterior view, shows vasospasm of the right-sided M1 and A1/A2 segments. B, ICA angiogram of
the same patient after nimodipine infusion demonstrates reduced vasospasm of the M1 and
A1/A2 segments, with improved perfusion of both the proximal and distal arteries. C–M, Corre-
sponding angiograms of the anterior circulation (C, D, G, H, L, M) and posterior circulation (E, F, I,
K) in the same patient during the CVS period from day 9 to day 13. Images on the right side show
the effect after IAN. Note the effect of nimodipine infusion on the vessel diameter (white
arrows).
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(6%, 12 of 189) with rCVS who underwent �3 endovascular in-

terventions, and Pandey et al, 26 a subgroup of 7% of patients (2 of

27); but no functional outcome was reported in this subgroup of

patients. Most interesting, in the study by Pandey et al, nicardi-

pine was infused through a cervical catheter, with selective cath-

eterization and angioplasty reserved for refractory cases, thereby

reducing the risk related to microcatheterization itself.26 In their

series, no complications attributed to the angiographic interven-

tions were described. Given that the rate of cervical artery dissec-

tions was higher than that recorded in other studies,25,27 less ag-

gressive approaches might be considered in selected cases.

Due to the transient vasodilatory effects of IAN,23,28-31 Al-

banese et al7 reported prevention of new ischemic events in 9 of

12 patients with prolonged intra-arterial infusion of vera-

pamil. However, catheterization over an extended period

might increase the risk of thrombus formation and subsequent

embolisms.29 Additionally, it generally involves different per-

sonnel in the intensive care unit, thereby increasing the risk of

air embolism by manipulating the perfusion system. Indeed,

repeat endovascular procedures via microcatheterization had

greater risks for related complications but also allowed imme-

diate initiation of endovascular therapies, which has been

shown to markedly improve outcome compared with patients

whose treatment was delayed.32

Depending on the location and severity of the CVS, either PTA
or IAN can be used in the clinical setting. Balloon angioplasty is

indeed effective in treating proximal ar-
tery vasospasms and results in more
durable clinical improvement.25,33,34

However, in smaller and more distal ves-
sels, this technique is limited by the pos-
sibility of vessel rupture.27 For more dis-
tal or diffuse vasospasms with reduced
parenchymal perfusion, several superse-
lective intra-arterial agents have been
shown to be effective though transient.35

A number of clinical studies regarding
the effect of intra-arterial nimodipine in
patients with severe refractory CVS ex-
ist8,9,36; however, some controversy re-
mains as to the effectiveness of IAN.37

Furthermore, these reports comprise
mostly small, retrospective case series.38

While we noted a good clinical out-
come in 61% of patients with �2 inter-
ventions versus 58% with �3 interven-
tions (P � .82) after a median follow-up
of 10 � 8 months, 70% of patients re-
cruited for the Barrow Ruptured Aneu-
rysm Trial (BRAT) showed good func-
tional outcome after 1 year,39 67% after
3 years,40 and 62% after 6 years follow-
ing SAH.41

In patients recruited for the Interna-
tional Subarachnoid Aneurysm Trial
(ISAT), an mRS of �2 after 1 year was
reported in 72.8% of them and in 70.2%
8 years later.42-44 However, the BRAT

and ISAT trials represent the full range of patients, including

those with a good-grade SAH,45 thus not reflecting the subpopu-

lation at highest risk for refractory CVS with subsequent infarc-

tion and poor quality of life.46

Most important, a poor neurologic outcome (mRS 4 or 5) with

persistent disabilities requiring constant nursing care could be

prevented in most patients. Pegoli et al46 noted an excellent out-

come (mRS 0 –1) in 63% of patients with aneurysmal SAH; how-

ever, symptomatic CVS and consecutive infarctions were risk fac-

tors for poor outcome.46,47

As many as 91% of patients with poor quality of life following

SAH failed to return to full-time work.48 Aneurysmal SAH is a

cerebrovascular disease particularly affecting the younger work-

ing-age population, thereby increasing the economic burden for

numerous patients, their families, and society as a whole.49,50 At

last follow-up, only 6% of patients worked full-time, 24% of pa-

tients worked part-time, and 29% were unemployed. Our results

are in line with these earlier findings. Indeed, vasospasm-related

delayed ischemic neurologic deficits and cerebral infarction are

strongly associated with unfavorable outcomes following

SAH.15,51,52 While cerebral or angiographic vasospasm is a treat-

able condition, the effectiveness of nimodipine, hemodynamic

therapy, and endovascular interventions, including angioplasty,

in preventing neurologic deficits remains controversial.53-55

In summary, our approach of immediate repeat endovascular

interventions in patients with the most severe CVS refractory to

Table 3: Factors associated with good functional outcome (mRS <2) at last follow-up

Predictors for Good
Outcome (mRS <2)

Univariable Analyses
(OR) (95% CI) P Value

Multivariable
Analyses

(OR) (95% CI) P Value
No. of treatments 0.995 (0.77–1.29) .969
Male sex 1.816 (0.57–5.75) .31
Age (yr) 0.961 (0.92–1.01) .084
Aneurysm, anterior location 0.749 (0.29–1.92) .547
Further aneurysms 1.161 (0.46–2.94) .752
Aneurysm obliteration, clip 0.568 (0.22–1.49) .249
HH scale �2 7.75 (2.69–22.33) �.001 4.72 (1.21–18.48) .026
Infarcts in eloquent areas 0.038 (0.01–0.13) �.001 0.074 (0.012–0.443) .004
No. of vessels treated 0.965 (0.89–1.05) .421
No. of vascular territories 0.594 (0.33–1.07) .082
PTA 0.7 (0.27–1.79) .458
Brain infarcts 0.069 (0.02–0.25) �.001 0.359 (0.04–3.08) .35
Age younger than 50 yr 1.66 (0.62–4.47) .316
Length of FU (mo) 1.01 (0.95–1.07) .72

Note:—FU indicates follow-up.

Table 4: Risk factors associated with infarction at discharge

Risk Factors for Infarcts
at Discharge

Univariable Analyses
(OR) (95% CI) P Value

Multivariable
Analyses

(OR) (95% CI) P Value
Age (yr) 0.99 (0.95–1.0) .646
Female sex 1.23 (0.41–3.77) .699
Aneurysm, anterior location 1.76 (0.70–4.45) .23
Further aneurysms 0.97 (0.39–2.43) .944
Aneurysm obliteration, clip 1.73 (0.62–4.85) .296
HH scale �3 3.14 (1.24–7.92) .016 3.35 (1.21–9.30) .02
No. of treatments 1.39 (1.00–1.94) .049 1.28 (0.66–2.46) .469
No. of vessels treated 1.17 (1.01–1.36) .034 0.93 (0.73–1.19) .561
No. of vascular territories 2.91 (1.49–5.64) .002 3.08 (1.30–7.30) .011
PTA 2.74 (0.95–7.90) .061
Age younger than 50 yr 0.81 (0.30–2.14) .807

AJNR Am J Neuroradiol 38:561– 67 Mar 2017 www.ajnr.org 565



traditional therapies resulted in a favorable outcome in about

two-thirds of patients and prevented severe disability in most of

them. However, it remains difficult to assess whether immediate

endovascular treatments ultimately result in a better neurologic

outcome because vasospasm is not the only cause of delayed isch-

emic complications.56

Nevertheless, rescue therapies to reduce the impact of rCVS fol-

lowing SAH might be beneficial in devastating cases. On the basis of

the current data and from the experience we gained from performing

these procedures in this subpopulation of patients at highest risk for

refractory CVS, we think that it is important to continue the effort to

treat even those patients who are refractory to 1 or 2 endovascular

interventions, even when little or no effect and ongoing cerebral va-

sospasm are evident. Large multicenter, prospective, randomized

controlled studies are, however, needed to prove the effectiveness of

repeat instant endovascular interventions in patients with refractory

cerebral vasospasms—not an easy undertaking given the ethical

problems of withholding therapeutic interventions, even if the effect

of the therapy remains ambiguous. At present, treatment of rCVS

with immediate multiple endovascular interventions is feasible and

safe and may be warranted until the significance of these interven-

tions becomes better understood.

Study Limitations
Assessment of cerebral infarctions by CT in 36% of all patients may

actually lower the true rate of radiographically detected cerebral in-

farctions, given the higher sensitivity of MR imaging in detecting

vasospasm-related infarction.17 In addition, a median follow-up of

10�7.0 months may under-represent the true rate of poor outcome,

considering longer term outcome studies that showed a steady in-

crease in patients with poor outcome across time.39,41

CONCLUSIONS
The use of immediate repeat endovascular interventions is an ag-

gressive but feasible last resort treatment strategy effective for a

selected subgroup of patients who fail to respond to traditional

CVS therapies and endovascular interventions.
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COMMENTARY

Endovascular Rescue Therapy for Refractory Vasospasm:
When and How?

Symptomatic vasospasm after subarachnoid hemorrhage is a

common observation, with a considerable number of patients

eventually failing conservative treatment (prophylactic nimodip-

ine, induced hypertension). This subgroup of patients with re-

fractory vasospasm remains particularly challenging1 because

critical hypoperfusion frequently culminates in delayed cerebral

ischemia, cerebral infarction, and ultimately worsening of out-

come. Consequently, clinical and experimental research effort fo-

cuses on timely detection of critical misery perfusion and identi-

fication of effective means to increase cerebral blood flow; on both

issues, consensus is sparse and indications and technique of treat-

ment remain a matter of individual experience and opinion.

The authors2 present a retrospective analysis of 83 patients in

whom endovascular rescue therapy (ERT) was initiated for refrac-

tory vasospasm in cases of neurologic or functional worsening

(transcranial Doppler increase and MR/CT perfusion mismatch)

despite maximal conservative treatment. ERT consisted of repeat,

superselective bolus application of intra-arterial nimodipine

(IAN) with or without concomitant percutaneous transarterial

angioplasty (PTA). Patients were dichotomized according to the

number of interventions performed (�3 interventions, �3 inter-

ventions); the central objective was a comparative analysis of

safety and efficacy. The number of treatments, the number of

vessels treated, and the need for PTA were associated with a higher

risk of developing cerebral infarction. The risk of arterial dissec-

tion was significantly higher in patients requiring �3 ERTs. The

complication rate for all other parameters, however, was compa-

rable, and favorable functional outcome was observed in more

than half of all patients, with no significant difference between the

2 treatment groups.

The study addresses an important aspect in the management

of severely affected patients with SAH in whom conservative ef-

fort has been exhausted. Endovascular rescue therapies such as

PTA or IAN represent treatment measures of last resort for refrac-

tory cerebral vasospasm3; in this context, recent studies were able

to document improvement of cerebral oxygenation and metabo-

lism after ERT.4-7 Unfortunately, a positive influence on outcome

can only be assumed but not proved due to the vast heterogeneity

of patients with SAH and the lack of a comparable control group

in which ERT is withheld. In view of this limitation but acknowl-

edging the plausible hypothesis that functional improvement of

oxygenation and metabolism is likely to contribute to better out-

come, it is paramount to review and adhere to strict indications

for ERT and to ensure a low periprocedural risk profile.

A detailed decision tree and escalating treatment—as imple-

mented and followed by the authors—must be in place to identify

and select those patients most likely to benefit from ERT. Angio-

graphic narrowing of major cerebral vessels alone has been the

basis for invasive spasmolytic treatment in the past, but the true

hemodynamic relevance of angiographic findings within that

compartment remains elusive. Without microcirculatory hypo-

perfusion, recently identified as a major contributor to territorial

mismatch,8-10 treatment may not always be indicated and should

not encourage possible accusations of overtreatment in patients

who would have fared well regardless of any adjuvant treatment.

Quantification of actual cerebral function, with CT or MR perfu-

sion or continuous assessment of CBF, oxygenation (brain tissue

oxygen), metabolism (lactate to pyruvate ratio on microdialysis),

or electroencephalography/near-infrared spectroscopy are pre-

requisites for a selective, even restrictive but, at the same time,

more substantiated implementation of ERT. Quantification of

cerebral function should enable both timely detection of critical

hypoperfusion and monitoring of treatment efficacy as a neces-

sary next step to validate ERT and individually titrate the dose and

duration of treatment.

The authors are commended for their expert performance and

low overall complication rate. Indiscriminate application of ERT,

no matter how expertly performed, inevitably increases the num-

ber of complications, possibly even negating any potential benefit

on outcome. Even in the context of the refined treatment algo-

rithm presented in this study, the rate of arterial dissection (16%

in patients requiring �3 ERTs, clinically without relevant se-

quelae) is a sharp reminder of the causal relationship between the

frequency of treatment and the complication rate.

On a different note, continuous intra-arterial infusion may

provide additional advantages compared with repeat bolus appli-

cation.11 The need for daily, oftentimes hazardous transporta-

tion12 into the radiology department is substantially reduced in
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patients who, at that time, are at their most critical and are vul-

nerable to many (cardiopulmonary) complications. In view of the

average number of ERTs required (2.5 for all patients, 4.3 for

patients with �3 ERTs, selected patients with up to 7–10 ERTs)

and the short duration of treatment (usually �6 –12 hours),13

continuous IAN can be an alternative. Limiting the number of

repeat catheterizations may also reduce the incidence of arterial

dissection.5,11 However, local experience, particularly in view of

the immobilization of patients, handling of continuous anticoag-

ulation, and invasive neuromonitoring are essential. It is our own

observation that with continuous IAN, the complication profile

can be reduced dramatically, with regard to both thrombosis or

periprocedural hemorrhage, on an intensified anticoagulation

regimen and dissection from an indwelling microcatheter (Weiss

et al, unpublished data).

The authors are commended for adding valuable evidence for

the feasibility of vigorous endovascular therapy; the present study

convincingly demonstrates that when necessary, ERT can be es-

calated and that good outcome can be achieved, even in pro-

longed cases of refractory vasospasm.

The conclusion perfectly summarizes the raison d’être for ERT

as an aggressive but effective last resort strategy to support pa-

tients when everything else has failed. Future studies will need to

identify those patients most likely to benefit from ERT and to

tailor treatment to the lowest possible risk with the highest

efficacy.
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ORIGINAL RESEARCH
INTERVENTIONAL

Differences in Hemodynamics and Rupture Rate of Aneurysms
at the Bifurcation of the Basilar and Internal Carotid Arteries

X R. Doddasomayajula, X B. Chung, X F. Hamzei-Sichani, X C.M. Putman, and X J.R. Cebral

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral aneurysms in the posterior circulation are known to have a higher rupture risk than those in the
anterior circulation. We sought to test the hypothesis that differences in hemodynamics can explain the difference in rupture rates.

MATERIALS AND METHODS: A total of 117 aneurysms, 63 at the tip of the basilar artery (27 ruptured, 36 unruptured, rupture rate � 43%)
and 54 at the bifurcation of the internal carotid artery (11 ruptured, 43 unruptured, rupture rate � 20%) were analyzed with image-based
computational fluid dynamics. Several hemodynamic variables were compared among aneurysms at each location and between ruptured
and unruptured aneurysms at each location.

RESULTS: On average, aneurysms at the basilar tip had more concentrated inflow (P � .001), a larger inflow rate (P � .001), a larger
maximum oscillatory shear index (P � .003), more complex flows (P � .033), and smaller areas under low wall shear stress (P � .001) than
aneurysms at the bifurcation of the internal carotid artery. In general, ruptured aneurysms had larger inflow concentration (P � .02), larger
shear concentration (P � .02), more complex flows (P � .001), and smaller minimum wall shear stress (P � .003) than unruptured aneurysms.

CONCLUSIONS: High flow conditions, characterized by large and concentrated inflow jets, complex and oscillatory flow patterns, and
wall shear stress distributions with focalized regions of high shear and large regions of low shear, are associated with aneurysm rupture,
especially for basilar tip aneurysms. The higher flow conditions in basilar tip aneurysms could explain their increased rupture risk compared
with internal carotid bifurcation aneurysms.

ABBREVIATIONS: BAtip � basilar artery tip; corelen � core-line length; ICAbif � internal carotid artery bifurcation; ICI � inflow concentration index; LSA � areas
under low wall shear stress; max � maximum; min � minimum; OSI � oscillatory shear index; Q � flow rate; SCI � shear concentration index; VE � mean velocity;
WSS � wall shear stress

Intracranial aneurysms are balloon-like pathologic dilations

of the cerebral blood vessel walls. An estimated 2%–5% of

the general population is affected by intracranial aneurysms.1

Rupture of intracranial aneurysms is an event associated with

high mortality and disability rates; consequently, many physi-

cians often preventively treat incidentally discovered aneu-

rysms. However, the treatment risk can exceed the low natural

risk of rupture of incidental aneurysms.2,3 Therefore, it is im-

portant to precisely distinguish high-risk aneurysms for imme-

diate treatment from low-risk aneurysms, which could be con-

servatively followed.

Several patient, demographic, and behavioral characteristics

have been investigated as possible risk factors, including sex, age,

family history, smoking, hypertension, and ethnicity. Past studies

have indicated that in addition to the size of the aneurysm, loca-

tion is an important risk factor for intracranial aneurysm rup-

ture.4 In particular, aneurysms in the posterior circulation have

been shown to have an overall higher rupture risk than aneurysms

in the anterior circulation. The cause of this difference in rupture

risk is largely unknown.5 Because aneurysm evolution is thought

to be governed by a progressive degradation and weakening of the

vessel wall in response to abnormal flow conditions,6 it is logical

to ask whether differences in aneurysm hemodynamics, induced

by diverse configurations and geometries of vessels of the anterior

and posterior circulations, could help explain the various rupture

rates.

The purpose of this study was to test whether intrasaccular

flow characteristics are different between aneurysms at the basilar
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artery tip (BAtip) in the posterior circulation and the internal

carotid artery bifurcation (ICAbif) in the anterior circulation, as

well as between ruptured and unruptured aneurysms at these lo-

cations. These locations were selected because the BAtip is the

most common location of intracranial aneurysm rupture in the

posterior circulation7 and is anatomically similar to the ICAbif in

that they are both terminal bifurcations of a major feeding artery.

The information generated in this study is useful for understand-

ing what hemodynamic conditions predispose aneurysms to rup-

ture and which mechanobiologic processes could be involved in

aneurysm weakening and eventual rupture.

MATERIALS AND METHODS
Image and Patient Data
We have developed a data base of intracranial aneurysms imaged

with 3D rotational angiography. This data base contains 3D rota-

tional angiography images and anonymized clinical information,

including rupture status, size, and location and patient sex and

age of approximately 1800 intracranial aneurysms. All aneurysms

from our data base located at either the BAtip or ICAbif were

included in the study. A total of 117 aneurysms were studied, with

the distribution of locations as follows: 63 BAtip aneurysms con-

sisting of 27 ruptured and 36 unruptured with a rupture rate of

43%, and 54 ICAbif aneurysms, among which 11 were ruptured

and 43 were unruptured, with a rupture rate of 20%. Among the

117 patients studied, there were 94 (80%) women and 23 (20%)

men. There was no statistical difference between sexes in the

BAtip and ICAbif aneurysms (P � .8163). The mean age of

the ICAbif group was slightly younger (52 years) than that of the

BAtip group (57 years) (P � .0284).

Vascular and Flow Modeling
Computational fluid dynamics models of all 117 aneurysms were

constructed from the corresponding 3D rotational angiography

images, by using a methodology previously developed.8 Briefly,

the 3D rotational angiography images were filtered to reduce

noise and the vascular geometry was reconstructed with an iso-

surface-deformable model.9 These vascular models were subse-

quently smoothed, and the vessel branches were truncated at

planes orthogonal to their axes. The ICAbif models extended

proximally to the cavernous ICA, and the BAtip, at least to the

origin of the basilar artery; the models included both vertebral

arteries if they were adequately depicted in the 3D rotational an-

giography images.

Numeric simulations based on 3D incompressible Navier-

Stokes equations were performed on the 117 patient-specific an-

eurysm geometries by using pulsatile flow conditions. Because

patient-specific flow information was unavailable, typical flow

boundary conditions for a healthy subject derived from phase-

contrast MR imaging (On-line Fig 1) were scaled with the inlet

cross-sectional areas to achieve a mean wall shear stress (WSS) of

15 dynes/cm2 prescribed at the inlets for all the models. Fully

developed velocity profiles were prescribed at the inlets by using

the Womersley solution.10 Outflow boundary conditions were

selected to produce flow divisions consistent with the Murray law

to avoid unrealistic jumps in the wall shear stress from parent to

daughter branches. Assumptions included Newtonian viscosity

for blood and rigid vessel walls. The simulations had a minimum

mesh resolution of 200 �m and a time resolution of 10 ms and

were run for 2 cardiac cycles by using an in-house fully implicit

finite-element solver.11,12

Flow variables such as the flow rate (Q), maximum wall shear

stress (WSSmax), inflow concentration index (ICI), and the shear

concentration index (SCI) were computed from the results of the

second cycle to characterize the flow conditions within the aneu-

rysms.13,14 Geometric variables such as aneurysm size (Asize) and

aspect ratio (AR) were computed from the 3D anatomic models.

The definitions of vessel geometric variables are presented in On-

line Fig 2. The Table presents a list of all the hemodynamic and

geometric variables analyzed.

Data Analysis
The hemodynamic parameters listed in the Table were used to test

the following: 1) whether aneurysms at the BAtip have different

hemodynamic environments than those at the ICAbif, and 2)

whether ruptured and unruptured aneurysms have different flow

environments at each of these 2 locations. Two-sided Wilcoxon

Hemodynamic and geometric variables used in the study and the aspect of the aneurysm they characterize
Variables Metrics Characterizes

Hemodynamics
Q, ICI Inflow rate, inflow concentration index Inflow jet
VE, KE Mean velocity, kinetic energy Flow speed in aneurysm
VO, SR, VD Vorticity, shear rate, viscous dissipation Flow rotation deformation/dissipation

in aneurysm
�WSS�, WSSmin, WSSmax, SCI, LSA Mean, min, and max WSS, shear concentration

index, area under low WSS
WSS distribution

�OSI�, OSImax Mean, max oscillatory shear index Oscillatory flow/WSS
Corelen Length of vortex core lines Flow complexity
Podent, podenum POD entropy and number of modes Flow stability

Geometry
Aneurysym size, volume, area, SizeR Aneurysm diameter, volume, area, size ratio Aneurysm size
Neck size, area Neck diameter, area Neck size
Depth, aspect ratio Aneurysm depth, aspect ratio Aneurysm shape elongation
Artery, branch1, branch2 Diameter parent and branch arteries Artery sizes
Symmetry Ratio of branch diameters Bifurcation symmetry
�Taper�, taper1, taper2 Mean taper, branch taper Artery tapering

Note:—POD indicates proper orthogonal decomposition; SizeR, size ratio.
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rank sum tests were used to compare continuous variables between

these groups. Differences were considered statistically significant

with P � .05 (95% confidence level). To test for correlations or sta-

tistical dependence between the geometric and hemodynamic vari-

ables, we performed a Spearman rank correlation test among all the

variables. A size-based comparison was then performed to assess any

size-specific differences in ruptured and unruptured aneurysms at

both locations. For this purpose, aneurysms were subdivided into 3

size groups: 1) large, �13 mm; 2) medium, 7–13 mm; and 3, small,

�7 mm. Then the statistical analysis was repeated.2

RESULTS
The rupture rate among BAtip aneurysms was 43% compared

with a 20% rupture rate in ICAbif aneurysms. A 2 � 2 contin-

gency table analysis based on the Fisher

exact test confirmed a statistically signif-

icant association between the aneurysm

location (BAtip or ICAbif) and rupture

rate (P � .0107).

A comparison of hemodynamic and

geometric variables between ruptured

and unruptured aneurysms at both loca-

tions (red bars), along with similar com-

parisons for aneurysms at the BAtip

(green bars) and at the ICAbif (blue

bars), is shown in Fig 1 (data is provided

in On-line Tables 1–3 as means and SDs

for ruptured and unruptured aneurysms

for all aneurysms and by location). The

bars in these graphs indicate the ratio of

mean values of the corresponding vari-

ables of ruptured aneurysms over the

mean values of the unruptured aneu-

rysms. Variables that are significantly

different between these groups are marked

by an asterisk.

In general, irrespective of the loca-

tion, ruptured aneurysms had more

concentrated inflow jets (ICI, P � .02),

more concentrated WSS distributions

(SCI, P � .02), more complex flow pat-

terns (characterized by a longer vortex

core-line length [corelen], P � .0001),

and lower minimum WSS (WSSmin,

P � .003) than unruptured aneurysms,

as indicated in Fig 1A. Geometrically,

ruptured aneurysms were larger (aneu-

rysm volume, P � .006; aneurysm size,

P � .002; aneurysm area, P � .005; size

ratio, P � .003) and had more elongated

shapes (depth, P � .001; aspect ratio,

P � .001) than unruptured aneurysms

(red bars in Fig 1B).

Similar associations were found for

aneurysms located at the BAtip (green

bars in Fig 1A). Specifically, ruptured

BAtip aneurysms had higher WSS con-

centration (SCI, P � .02), more complex flow patterns (corelen,

P � .0001), and lower minimum WSS (P � .02) than unruptured

aneurysms at this location. Ruptured BAtip aneurysms were also

larger (aneurysm size, P � .02; size ratio, P � .03) and more

elongated (depth, P � .01; aspect ratio, P � .001) than unrup-

tured BAtip aneurysms (green bars in Fig 1B). In contrast, rup-

tured ICAbif aneurysms had larger maximum WSS (P � .03) than

unruptured ICAbif aneurysms (blue bars in Fig 1). All other he-

modynamic or geometric variables did not reach statistical

significance.

Hemodynamic and geometric characteristics of aneurysms (in-

cluding both ruptured and unruptured aneurysms) located at the

BAtip and the ICAbif are shown in Fig 2. In general, BAtip aneu-

rysms had more concentrated inflow jets (ICI, P � .001), larger

FIG 1. Ruptured-versus-unruptured aneurysms. Ratio of mean hemodynamic (A) and geometric
(B) variables of ruptured over unruptured aneurysms for all aneurysms (red bars) and by location
(green bars, BAtip; blue bars, ICAbif). Asterisks indicate statistically significant differences. Hemo
indicates hemodynamic; geom indicates geometric; �taper�, mean taper; KE, kinetic energy; SR,
shear rate; VO, vorticity; VD, viscous dissipation; �WSS�, mean WSS; podent, POD entropy;
podenum, POD number of modes; �OSI�, mean OSI; A, aneurysm; N, neck; AR, aspect ratio.
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inflow rates (P � .001; mean velocity [VE], P � .04), more

oscillatory flows (maximum oscillatory shear index [OSImax],

P � .005; mean OSI, P � .04), and smaller areas under low

WSS (LSA, P � .0001) compared with ICAbif aneurysms. Ad-

ditionally, BAtip aneurysms were larger (aneurysm volume,

P � .0005; aneurysm size, P � .0004; Area, P � .0006; size

ratio, P � .001) and had deeper domes (depth, P � .01) and

wider necks (neck size, P � .0001; neck area, P � .0001) than

ICAbif aneurysms. Most interesting, both parent and branch

arteries were of a smaller caliber in the BAtip group (artery,

P � .003; branch1, P � .001; branch2, P � .006) and had lower

tapering (taper1, P � .001; taper2, P � .04; mean taper, P �

.0004) compared with the ICAbif group.

The differences between BAtip and ICAbif hemodynamic en-

vironments were further analyzed by subdividing the aneurysms

into groups based on their size (Fig 3). For large aneurysms (red

bars), there were no significant differ-

ences in the hemodynamic variables.

However, medium-sized BAtip aneu-

rysms (green bars) had more concen-

trated inflow jets and higher inflow rates

(ICI, P � .001; Q, P � .003), more oscil-

latory flows (OSImax, P � .03), and

larger areas under low WSS (P � .001)

compared with medium-sized ICAbif

aneurysms. Similarly, small BAtip aneu-

rysms had higher flow conditions char-

acterized by larger inflow rates, more

concentrated inflow jets, and larger in-

trasaccular velocity (ICI, P � .001; Q,

P � .01; VE, P � .04) as well as larger

areas under low WSS (P � .001) com-

pared with small ICAbif aneurysms.

Illustrative examples of ruptured and

unruptured aneurysms at the BAtip and

ICAbif are shown in Figs 4 and 5, respec-

tively. These figures show visualizations at

peak systole of the WSS distribution, the

inflow jets, the streamline patterns, and

the flow structure by using vortex center

lines. In both examples, the flow in the

ruptured aneurysm (upper row) is charac-

terized by a strong inflow jet impacting a

concentrated area of the dome and pro-

ducing a complex flow pattern within the

aneurysm. In contrast, the unruptured an-

eurysms (lower row) exhibit a more uni-

form WSS distribution associated with a

more diffuse inflow jet and simpler flow

pattern.

DISCUSSION
Posterior circulation intracranial aneu-

rysms are known to have higher rupture

rates compared with anterior circulation

intracranial aneurysms15; considering

that there are 2 ICAs for every 1 basilar

artery in a complete circle of Willis, the reported differences in

rupture risk are probably even more substantial.5 The results in

our series showing a rupture rate of 43% among BAtip aneu-

rysms compared with 20% among ICAbif aneurysms (P �

.0107) are consistent with those published in previous

studies.5,15

The exact reasons for these differences in rupture risks or the

rupture mechanisms are still relatively unknown.16 Thus, several

previous studies have sought to determine the effects of morpho-

metric features and hemodynamic forces on the mechanobiology
of the vessel wall and on the rupture risk of intracranial aneu-
rysms.17-19 Some studies have suggested that aneurysms located at
bifurcations are at the highest risk of rupture, attributing it to the

increased hemodynamic stress at the tip of the bifurcation.5,20 We

sought to further understand the differences between these 2 lo-

cations by evaluating the intra-aneurysmal hemodynamics and

FIG 2. BAtip-versus-ICAbif aneurysms. Ratio of mean hemodynamic (A) and geometric (B) vari-
ables of BAtip aneurysms over ICAbif aneurysms. Asterisks indicate statistically significant differ-
ences. KE indicates kinetic energy; SR, shear rate; VO, vorticity; VD, viscous dissipation; �WSS�,
mean WSS; podent, POD entropy; podenum, POD number of modes; �OSI�, mean OSI; hemo,
hemodynamic; geom, geometric; �taper�, mean taper; A, aneurysm; N, neck; AR, aspect ratio.
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morphometric features of analogous bifurcations representing

both systems.

Can et al21 suggested that the larger P1-P1 angle of the BAtip

bifurcation causes greater flow divergence into the daughter

posterior cerebral arteries, thus causing lower WSS and leading

to aneurysmal initiation. Our results do not seem to support

the idea that this same mechanism results in aneurysm pro-

gression and rupture. Irrespective of whether the aneurysms

were located at the BAtip or at the ICAbif, ruptured aneurysms

in our series had more concentrated inflow jets, more concen-

trated WSS distributions, and longer vortex core-line lengths

and, at the same time, had lower WSSmin. Although not con-

firmed in the ICAbif location, the BAtip location has signifi-

cantly “higher flow conditions” associated with ruptured an-

eurysms compared with the unruptured ones. The longer

vortex core-line lengths are an indicator of more complex

flows and are consistent with the findings in several previously

reported studies comparing ruptured and unruptured aneu-

rysms.14,22 Morphologically, ruptured aneurysms in our study

were larger and more elongated than unruptured aneurysms as

identified in multiple prior studies.23,24

Similarly, higher flow conditions were observed in general

when comparing all BAtip and ICAbif aneurysms irrespective of

rupture status. The differences observed between aneurysms at

these locations were significant for small and medium-sized an-

eurysms, but not for large ones. This finding may be due to in-

creased inertia effects associated with larger aneurysms.

Understanding the differences in the intra-aneurysmal hemo-

dynamics requires attention to both the aneurysmal morphology

and the geometric characteristics of the associated arterial vascu-

lar system. The BAtip aneurysms in our series were larger and had

deeper domes and wider necks than ICAbif aneurysms. Larger

neck sizes lead to higher intra-aneurysmal flow rates and, in com-

bination with the greater depth and volume, have the possibility

of greater flow complexity and instability. Why basilar tip aneu-

rysms have larger sizes than ICA aneurysms is unclear. Better

understanding of the mechanisms and mechanobiology of aneu-

rysmal growth may prove helpful; however, the perianeurysmal

environment may also play an impor-

tant role in aneurysmal growth because

contact with extravascular structures

can constrain or influence the aneurysm

evolution. Further studies are needed

to elucidate the specific contribution of

each of these factors and their combined

effect on aneurysm progression.

Extending the arguments related to

high flow mechanisms contributing to

the initiation and progression of cere-

bral aneurysms can yield insight when

applied to the 2 circulations discussed in

this study. We chose to compare the ICA

bifurcation with the basilar bifurcation

because of their analogous anatomy of a

T-type bifurcation. Yet, these aneurysms

have very different hemodynamics, and

FIG 3. Comparison of hemodynamic variables across BAtip and ICAbif aneurysms grouped
according to their sizes as small, medium, and large. KE indicates kinetic energy; SR, shear rate; VO,
vorticitiy; VD, viscous dissipation; �WSS�, mean WSS; podent, POD entropy; podenum, POD
number of modes; hemo, hemodynamic.

FIG 4. Examples of a ruptured (upper row) and an unruptured (lower row) BAtip aneurysm. Peak systole flow visualizations show the following:
wall shear stress distribution (A and E), inflow jet (B and F), flow pattern (C and G), and vortex core lines (D and H). White lines indicate the
aneurysm necks.
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a detailed assessment of the parent artery geometry reveals several

distinct differences. The artery sizes (both parent and branch ar-

teries) were significantly smaller in the BAtip group along with

lower artery tapering compared with the ICAbif group. For a

given flow rate, tapering can lead to faster flow velocities and

larger pressure drops through an arterial segment, leading to in-

creased WSS within that segment. If this effect occurs proximal to

the site of aneurysm formation, then fewer kinetic forces are avail-

able for the impaction zone of the flow division where aneurysms

are typically located. The tapering of the ICA proximal to the

terminus, therefore, may act to reduce the shear at the region of

the terminus compared with the basilar artery. Curvature of the

proximal ICA can also influence the environment of the terminus.

The carotid siphon may cause a consistent deflection of the main

flow stream into an impaction in the posterior wall of the supra-

clinoid ICA, a region of high propensity to aneurysm formation.

The curvature of the ICA distal to the posterior communicating

artery origin often directs most of the flow stream within the M1

segment, avoiding a direct impaction on the terminus/origin of

the A1 segment. In the basilar terminus, this outcome is less often

the case with a near-perpendicular impaction and a more equally

divided flow stream. Thus, the basilar artery geometry could more

often lead to a much higher flow impaction and associated ele-

vated WSS compared with the ICA. Variability of the bifurcation

asymmetry and bifurcation angles can lead to further differences

in the hemodynamic environments in an individual case. In this

sense, ICAbif aneurysms seem to behave more like sidewall aneu-

rysms, while BAtip aneurysms behave more like true bifurcation

aneurysms.

Although a number of results reaching statistical significance

were identified in this study, some limitations should be consid-

ered. The sample size is small when extending into the various

subgroups, this could interfere with identifying significant differ-

ences. The study was taken from a data base of all aneurysms that

had undergone angiography or embolization during a 10-year

period. Selection bias related to referral patterns and the indica-

tions for treatment may lead to exclusion of an important subset

of aneurysms. A number of assumptions were made during the

modeling process, including the approximations of the vascular

geometry, the inflow conditions, the Newtonian approximation,

and the rigid wall assumption.

CONCLUSIONS
High flow conditions, characterized by large and concentrated

inflow jets, complex and oscillatory intrasaccular flow patterns,

and wall shear stress distributions with focalized regions of high

WSS and large regions of low WSS are associated with aneurysm

rupture in general and in basilar tip aneurysms in particular. The

higher flow conditions in BAtip aneurysms could explain their

increased rupture risk compared with ICAbif aneurysms. In

ICAbif aneurysms, only trends toward high flow conditions were

associated with aneurysm rupture, and these trends were ob-

served in only smaller ICAbif aneurysms. Further studies with

larger sample sizes will be needed to determine whether these

trends are statistically significant.
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ORIGINAL RESEARCH
INTERVENTIONAL

Usefulness of Non–Contrast-Enhanced MR Angiography Using
a Silent Scan for Follow-Up after Y-Configuration Stent-

Assisted Coil Embolization for Basilar Tip Aneurysms
X N. Takano, X M. Suzuki, X R. Irie, X M. Yamamoto, X N. Hamasaki, X K. Kamagata, X K.K. Kumamaru, X M. Hori, X H. Oishi, and

X S. Aoki

ABSTRACT

BACKGROUND AND PURPOSE: Y-configuration stent-assisted coil embolization is used for treating wide-neck aneurysms. Noninvasive
alternatives to x-ray DSA for follow-up after Y-configuration stent-assisted coil embolization treatment are required. This study aimed to
assess the usefulness of non– contrast-enhanced MRA by using a Silent Scan (silent MRA) for follow-up after Y-configuration stent-assisted
coil embolization for basilar tip aneurysms.

MATERIALS AND METHODS: Seven patients treated with Y-configuration stent-assisted coil embolization for basilar tip aneurysms
underwent silent MRA, 3D TOF-MRA, and DSA. Silent MRA and 3D TOF-MRA images were obtained during the same scan session on a 3T
MR imaging system. Two neuroradiologists independently reviewed both types of MRA images and subjectively scored the flow in the
stents on a scale of 1 (not visible) to 5 (nearly equal to DSA) by referring to the latest DSA image as a criterion standard. Furthermore, we
evaluated the visualization of the neck remnant.

RESULTS: In all patients, the 2 observers gave a higher score for the flow in the stents on silent MRA than on 3D TOF-MRA. The average
score � standard deviation was 4.07 � 0.70 for silent MRA and 1.93 � 0.80 (P � .05) for 3D TOF-MRA. Neck remnants were depicted by DSA
in 5 patients. In silent MRA, neck remnants were depicted in 5 patients, and visualization was similar to DSA; however, in 3D TOF-MRA, neck
remnants were depicted in only 1 patient.

CONCLUSIONS: Silent MRA might be useful for follow-up after Y-configuration stent-assisted coil embolization.

ABBREVIATIONS: BA � basilar artery; CE-MRA � contrast-enhanced MRA; PCA � posterior cerebral artery; UTE � ultrashort echo time

In recent years, intracranial stents have been used for the treat-

ment of wide-neck aneurysms. The Y-configuration stent-as-

sisted coil embolization technique has been generally used for

wide-neck bifurcation aneurysms such as those at the tip of the

basilar artery (BA).1-6 The Y stent deploys 2 stents from the BA to

the bilateral posterior cerebral artery (PCA). The 2 stents overlap

in the distal BA trunk, with 1 stent penetrating the mesh of the

other. The use of 2 stents in a “Y” configuration to assist with coil

embolization for bifurcation aneurysms has been accepted for

broad-neck aneurysms.

X-ray DSA is the standard technique used for follow-up after

an intracranial stent. However, DSA is an invasive technique that

carries a risk of neurologic complications, contrast materials, and

x-ray radiation.7-10

On the other hand, 3D TOF-MRA is widely used as a nonin-

vasive substitute for DSA for the follow-up of coiled aneu-

rysms.11-14 Although there have been reports of 3D TOF-MRA

being used after stent-assisted coil embolization,12,13 it remains

difficult to visualize flow in an intracranial stent when using this

method because of magnetic susceptibility and radiofrequency

shielding. Therefore, contrast-enhanced MRA (CE-MRA) is used

for follow-up after stent-assisted coil embolization. However, the

use of contrast materials in CE-MRA is associated with nephro-

genic systemic fibrosis and anaphylactic shock; therefore, this
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technique might not be appropriate for repeated examina-

tions.15-17 Furthermore, it has been reported that gadolinium-

based contrast material accumulates in the dentate nucleus and

globus pallidus.18

Silent MRA uses a Silenz pulse sequence (GE Healthcare, Mil-

waukee, Wisconsin) containing an ultrashort echo time (UTE)

combined with arterial spin-labeling. Data acquisition is based on

3D radial sampling, and the arterial spin-labeling technique is

used as a preparation pulse for visualization of the blood flow.19,20

It is a non– contrast-enhanced MRA technique; therefore, it is

better for the patient and suitable for repeated follow-ups.

UTE of silent MRA minimizes phase dispersion of the labeled

blood flow signal and decreases magnetic susceptibility to coils

and stents. Thus, silent MRA can evaluate the blood flow in an

intracranial stent.20

To the best of our knowledge, there have been no studies of the

use of non– contrast-enhanced MRA for follow-up after Y-con-

figuration stent-assisted coil embolization for basilar tip aneu-

rysms. Therefore, in the present study, we evaluated the useful-

ness of silent MRA compared with 3D TOF-MRA for follow-up

after Y-configuration stent-assisted coil embolization for basilar

tip aneurysms.

MATERIALS AND METHODS
Between October 2014 and September 2015, 7 aneurysm cases

treated with Y-configuration stent-assisted coil embolization

were retrospectively examined. Written informed consent was

not required because of the retrospective nature of this study. All

patients had incidentally found unruptured aneurysms and were

followed-up with silent MRA, 3D TOF-MRA, and DSA. The av-

erage interval between the latest DSA and both MRAs was 27 days

(range, 1–180 days). The average interval between the aneurysm

treatment and both MRAs was 187.9 days (range, 1–395 days).

The DSA of catheter-based intraarterial cerebral angiography

was performed with the following biplane angiographic systems:

the AXIOM Artis dTA (Siemens, Erlangen, Germany) until Feb-

ruary 2014 and the Artis Q BA Twin (Siemens) from March 2014

to present.

The intracranial stents used were the Enterprise stent (Cod-

man & Shurtleff, Raynham, Massachusetts), Neuroform stent

(Stryker Neurovascular, Kalamazoo, Michigan), and LVIS (Low-

profile Visualized Intraluminal Support) Jr stent (MicroVention,

Tustin, California).

Silent MRA and 3D TOF-MRA were performed during the

same scan session on a 3T MR imaging system (Discovery

MR750w; GE Healthcare) with a 12-channel head-neck coil. The

scan parameters of silent MRA were as follows: TR, 1116.4 ms; TE,

0.016 ms; flip angle, 5°; FOV, 180 � 180 mm; matrix, 150 � 150;

section thickness, 1.2 mm; NEX, 1.5; bandwidth, �20 kHz; and

acquisition time, 7 minutes, 40 seconds. The scan parameters of

3D TOF-MRA were as follows: TR, 19 ms; TE, 2.9 ms; flip angle,

15°; FOV, 200 � 200 mm; matrix, 416 � 192; section thickness,

1.2 mm; NEX, 1; bandwidth, �41.7 kHz; and acquisition time, 3

minutes, 31 seconds (3 slabs, overlap between a slab: 10 sections,

1 slab: 32 sections)

Visualization of the parent artery with silent MRA and 3D

TOF-MRA was compared with that of the DSA images. The latest

DSA images were used as a criterion standard. Silent MRA and 3D

TOF-MRA images were processed to MIP in the same manner as

the DSA images. We evaluated DSA images and 2 types of MRA

images. The 2 types of MRA images were independently assessed

to minimize bias from the knowledge of the results of the other

MRA image. Two experienced neuroradiologists (M.S., R.I.) in-

dependently reviewed silent MRA and 3D TOF-MRA and rated

the conditions of visualization of the flow in each stent subjec-

tively on a 5-point scale as follows: 1, not visible (almost no signal

in the stent); 2, poor (structures are slightly visible, but with sub-

stantial blurring or artifacts); 3, acceptable (acceptable quality

diagnostic information with medium blurring or artifacts); 4,

good (good quality diagnostic information with minimum blur-

ring or artifacts); or 5, excellent (the depiction is almost equal to

DSA). This scale is used to assess the image quality. Furthermore,

we evaluated the visualization of the neck remnants of silent MRA

and 3D TOF-MRA in patients in whom DSA indicated neck rem-

nants. The scores given by the 2 observers were averaged, and a

Wilcoxon signed rank test was performed in the statistical analysis

of the subjective scores for the flow in the stents. P � .05 was

considered statistically significant.

RESULTS
Patient data and the scores given by the 2 observers are shown in

the On-line Table. Both observers gave silent MRA a higher score

than 3D TOF-MRA in all cases. The average score � standard

deviation was 4.07 � 0.70 for silent MRA and 1.93 � 0.80 for 3D

TOF-MRA (P � .05). Neck remnants were depicted by DSA in 5

cases (case number 1, 3, 4, 5, and 7). In silent MRA, neck remnants

were depicted in all of these 5 cases, and visualization was similar

to DSA; however, in 3D TOF-MRA, neck remnants were depicted

in only 1 case. Figs 1–3 show the silent MRA, 3D TOF-MRA, and

DSA images for each case.

DISCUSSION
The Y-configuration stent-assisted coil embolization technique

has been used for wide-neck bifurcation aneurysms such as those

of the tip of the BA. In the present study, we evaluated the useful-

ness of silent MRA compared with that of 3D TOF-MRA for fol-

low-up after Y-configuration stent-assisted coil embolization for

basilar tip aneurysms. It has been reported that 3D TOF-MRA

and CE-MRA have been used after single stent–assisted coil em-

bolization.12,13,15-17 Irie et al20 reported follow-up after stent-as-

sisted coil embolization by using silent MRA, and Cho et al12

reported that the degree of agreement and correlation between 3D

TOF-MRA and 3D rotational angiography was high. With respect

to the status of neck remnants, the sensitivity was 80% (4/5 cases).

It is thought that magnetic susceptibility artifacts and radiofre-

quency shielding were decreased because of the very small voxel

size (reconstructed voxel size, 0.24/0.24/0.7 mm). Cho et al13 re-

ported comparisons between the 3D TOF-MRA and conventional

angiography, showing that the MIP plus source images had al-

most perfect agreement (� � 0.892), with better agreement than

with the MIP images alone (� � 0.598). It is difficult, through the

evaluation of source images, to assess the residual flow that is

protruding in the direction of the body axis after stent-assisted

coil embolization. To confirm the residual flow, MPR with an

578 Takano Mar 2017 www.ajnr.org



accurate image angle should be obtained. Irie et al20 showed the

usefulness of the silent MRA for stent-assisted coil embolization

rather than a comparison between silent MRA and 3D TOF-

MRA. Moreover, the visualization of neck remnants was good.

CE-MRA has a better depiction of the flow in a stent than 3D

TOF-MRA, and it is reported that CE-MRA has a visualization

ability similar to DSA.15 Previous reports have examined 3D

TOF-MRA and CE-MRA for stent-assisted coil embolization by

using 1 stent; however, a Y-configuration stent-assisted coil em-

bolization case was not examined. Moreover, there have been no

studies on the use of MRA for follow-up after Y-configuration

stent-assisted coil embolization. The Y stent has a strong influence

on magnetic susceptibility artifacts and radiofrequency shielding

effects, particularly at the cross point of the 2 stents. It is thought

FIG 1. Patient number 1: 53-year-old woman. A, Y-configuration stent-assisted coil embolization is performed with Neuroform (right PCA) and
Enterprise stent (left PCA). Short arrows are stent edges. B, X-ray DSA shows neck remnant (long arrow). C, Silent MRA demonstrates minimal
signal loss at stented segments; right PCA stent edge segment demonstrates strong signal loss (arrowhead). Neck remnant is depicted (long
arrow). D, 3D TOF-MRA on same day shows strong signal loss at BA, and left PCA segment demonstrates complete signal loss (outlined arrows).
Neck remnant is depicted (long arrow).

FIG 2. Patient number 2: 75-year-old woman. A, Y-configuration stent-assisted coil embolization is performed with Neuroform (right PCA) and
Enterprise stent (left PCA). Short arrows are stent edges. B, X-ray DSA shows complete occlusion. C, Silent MRA demonstrates mild signal loss
at right PCA segment. Silent MRA shows complete occlusion. D, 3D TOF-MRA on same day shows mild signal loss at BA, and bilateral PCA
segments demonstrates complete signal loss (outlined arrows).

FIG 3. Patient number 3: 66-year-old woman. A, Y-configuration stent-assisted coil embolization is performed with Neuroform (left PCA) and
Enterprise stent (right PCA). Short arrows are stent edges. B, X-ray DSA immediately after stent-assisted coil embolization shows neck remnant
(long arrow). C, Silent MRA demonstrates minimal signal loss at stented segment and visualizes neck remnant (long arrow). D, 3D TOF-MRA on
same day shows mild signal loss at BA, and right PCA segment demonstrates almost complete signal loss (outlined arrows).
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that the depiction of the flow in Y stents is difficult in 3D

TOF-MRA.

On the other hand, CE-MRA has certain problems such as

nephrogenic systemic fibrosis, gadolinium accumulation, and

anaphylactic shock, and it is not necessarily suitable for repeated

examination. Therefore, we examined the usefulness of silent

MRA in the present study. Silent MRA is a non– contrast-en-

hanced MRA technique as is 3D TOF-MRA. In the present study,

the visualization ability of silent MRA was higher than that of 3D

TOF-MRA for Y-configuration stent-assisted coil embolization.

The reason silent MRA is superior in the depiction of the flow in a

stent is the data acquisition by UTE. The TE of silent MRA was

0.016 ms and that of 3D TOF-MRA was 2.9 ms. Gönner et al21

reported that 3D TOF-MRA using UTE reduced the artifacts after

coil or stent placement; however, a TE of 2.4 ms was used in that

study. In addition, Yamada et al22 reported that a TE of 1.54 –1.60

ms was used in their 3D TOF-MRA study. In silent MRA, UTE can

minimize the phase dispersion of the labeled blood flow signal in

the voxel and decrease magnetic susceptibility artifacts, and ac-

cordingly, the artifacts from stents or coils are decreased.

The Y stent deploys 2 stents from the BA to the bilateral PCA.

Moreover, the PCA is positioned almost perpendicular to the BA

by stent deployment. Therefore, the PCA has weak inflow effect

parallel to a section direction. The visualization ability of the PCA

decreased because 3D TOF-MRA was used inflow effect. The lim-

itation of 3D TOF-MRA is spin dephasing by slow flow, turbulent

flow, and horizontal directional flow. Moreover, the visualization

ability of the BA trunk is worse because of the susceptibility arti-

facts with 2 stents.

On the other hand, the visualization ability of the BA and PCA

is good in silent MRA. The arterial spin-labeling technique is used

as a preparation pulse for the visualization of the blood flow.

Therefore, visualization of the blood flow does not depend on the

flow direction, such as with 3D TOF-MRA in the silent MRA.

In the series, we experienced an interesting case (Fig 1) that

used both a Neuroform and Enterprise stent. The Neuroform

stent was deployed from the BA trunk to the right PCA, and the

Enterprise stent was deployed from the BA trunk to the left PCA.

The stent sizes were 3.0 � 20 mm and 4.5 � 22 mm, respectively.

In this particular case, the depiction of the distal stent edge of the

right PCA showed strong signal loss in both MRAs. Neuroform

and Enterprise stents are nitinol stents.12,16,17,23 The Neuroform

stent has an open-cell design (ie, stent-strut is not intercon-

nected). On the other hand, the Enterprise stent has a closed-cell

design (ie, stent-strut is interconnected). Open cell– design stents

have lower susceptibility artifacts than closed-cell designs.16,17,23

Therefore, the Neuroform stent has a better visualization ability

compared with the Enterprise stent.

The marker of Neuroform comprises stainless steel and plati-

num.15,23 On the other hand, the marker of Enterprise comprises

tantalum.12,16 Agid et al15 reported a “marker band effect” that

appeared in small arteries with a diameter of 2 mm or less and

markers of different alloy than the rest of the stent (usually made

of platinum), which creates a stronger local susceptibility arti-

fact.15 The markers of Neuroform stents are made of platinum,

which creates a strong magnetic susceptibility artifact.15

In our study, this effect appeared in the right PCA, where the

Neuroform stent (marker made of stainless steel and platinum)

with a 3-mm diameter (the smallest diameter in our 7 cases) was

deployed. This phenomenon corresponded with that in the report

by Agid et al15; it is thought that a similar phenomenon is caused

in the silent MRA.

Case number 3 (Fig 3) also used both a Neuroform and Enter-

prise stent. The left PCA segment was depicted more clearly than

the right PCA segment. The Enterprise stent was deployed in the

right PCA. Choi et al23 reported that the open-cell design and

thinner strut of the Neuroform stent provide better image quality

than the Enterprise stent when using 3D TOF-MRA. In the pres-

ent study, silent MRA more clearly depicted the Neuroform stent

than the Enterprise stent, similar to the previous study. The cell

design and thickness of the stent strut are important factors in

both silent MRA and 3D TOF-MRA.

The depiction of the neck remnants in silent MRA was similar

to that of DSA in the present study. Cho et al13 and Agid et al15

reported good depiction of the neck remnants in 3D TOF-MRA

and CE-MRA in a case of single stent–assisted coil embolization.

In the present study, 3D TOF-MRA had poor image quality com-

pared with that reported in previous studies.12,13 With respect to

Y-configuration stent-assisted coil embolization, the aneurysm is

sandwiched between 2 stents.

Therefore, the influence of 2 stents on the susceptibility arti-

fact was stronger. On the other hand, silent MRA uses UTE and

the arterial spin-labeling technique, decreasing susceptibility ar-

tifacts and depicting the neck remnants in comparison with 3D

TOF-MRA.

As a similar sequence to silent MRA, Iryo et al24 reported the

contrast inherent inflow-enhanced multiphase angiography, or

CINEMA, sequence. The CINEMA sequence is a non– contrast-

enhanced MRA using arterial spin-labeling, such as silent MRA.

This is a 4D MRA sequence. They evaluated patients with AVF. It

is thought that the reduction of the susceptibility artifacts can

possibly decrease if we shorten TE by this sequence. However, TE

of silent MRA is 0.016 ms. TE of CINEMA cannot use UTE, such

as silent MRA. They reported that a TE of 2.2 ms was used. There-

fore, it is thought that silent MRA has a higher visualization ability

of the artery treated with intracranial stenting compared with the

CINEMA sequence. On the other hand, CINEMA has high tem-

poral resolution; as a result, it is useful for a patient needing tem-

poral resolution, such as one with shunt lesions.

On the other hand, Koktzoglou et al25 reported the pointwise

encoding time reduction with radial acquisition, or PETRA, se-

quence. PETRA uses the UTE sequence.26 They evaluated carotid

stenosis by using a vascular phantom. They reported that arterial

spin-labeling MRA could improve the display of hemodynami-

cally significant carotid arterial stenosis. Silent MRA and PETRA

MRA are arterial spin-labeling with a UTE MRA sequence. If we

use the PETRA MRA sequence, a result similar to that of our

examination may be provided.

A major limitation of the present study is the small sample size.

The examination of more cases and a variety of stents, lengths,

and diameters is required. In the future, we should evaluate stent-

specific visualization. There is a report that CE-MRA is useful,15

and comparative evaluations with CE-MRA are also required. It is

important to elucidate whether silent MRA is not inferior to CE-
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MRA; however, patients in the current study did not undergo

CE-MRA. In the current study, silent MRA picked up all neck

remnants, with 1 false-positive test result. Thus, we postulate that

silent MRA is noninferior to CE-MRA, which needs to be con-

firmed in future studies.

CONCLUSIONS
Silent MRA could visualize flow in the stent more clearly than 3D

TOF-MRA at the Y-configuration stent-assisted coil emboliza-

tion for basilar tip aneurysms. Moreover, it is not necessary to use

contrast materials. Silent MRA might be useful for follow-up after

Y-configuration stent-assisted coil embolization for basilar tip

aneurysms.
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ORIGINAL RESEARCH
INTERVENTIONAL

Surpass Flow Diverter for Treatment of Posterior
Circulation Aneurysms

X C.A. Taschner, X S. Vedantham, X J. de Vries, X A. Biondi, X J. Boogaarts, X N. Sakai, X P. Lylyk, X I. Szikora, X S. Meckel,
X H. Urbach, X P. Kan, X R. Siekmann, X J. Bernardy, X M.J. Gounis, and X A.K. Wakhloo

ABSTRACT

BACKGROUND AND PURPOSE: Flow diverters for the treatment of posterior circulation aneurysms remain controversial. We aimed to
identify factors contributing to outcome measures in patients treated with the Surpass flow diverter for aneurysms in this location.

MATERIALS AND METHODS: We conducted an observational study of 53 patients who underwent flow-diverter treatment for posterior
circulation aneurysms at 15 centers. Key outcome measures were mortality, complete aneurysm occlusion, and modified Rankin Scale score
at follow-up.

RESULTS: At follow-up (median, 11.3 months; interquartile range, 5.9 –12.7 months), 9 patients had died, resulting in an all-cause mortality
rate of 17.3% (95% CI, 7%–27.6%); 7 deaths (14%) were directly related to the procedure and none occurred in patients with a baseline mRS
score of zero. After adjusting for covariates, a baseline mRS of 3–5 was more significantly (P � .003) associated with a higher hazard ratio
for death than a baseline mRS of 0 –2 (hazard ratio, 17.11; 95% CI, 2.69 –109.02). After adjusting for follow-up duration, a 1-point increase in
the baseline mRS was significantly (P � .001) associated with higher values of mRS at follow-up (odds ratio, 2.93; 95% CI, 1.79 – 4.79).
Follow-up angiography in 44 patients (median, 11.3 months; interquartile range, 5.9 –12.7 months) showed complete aneurysm occlusion in
29 (66%; 95% CI, 50.1%–79.5%).

CONCLUSIONS: Clinical results of flow-diverter treatment of posterior circulation aneurysms depend very much on patient selection. In
this study, poorer outcomes were related to the treatment of aneurysms in patients with higher baseline mRS scores. Angiographic results
showed a high occlusion rate for this subset of complex aneurysms.

ABBREVATIONS: BT � basilar trunk; FD � flow diverter; HR � hazard ratio; KWANOVA � Kruskal-Wallis analysis of variance; PCA � posterior cerebral artery;
Q1–Q3 � quartiles 1–3; VB � vertebrobasilar

Flow diverters (FDs) have proved to be reliable tools for the

treatment of complex aneurysms,1 but their use for aneurysms

in the posterior circulation remains controversial.2-4 The large

number of perforating and branching arteries of the posterior

circulation potentially increases the risk in flow diversion, expos-

ing patients to thromboembolic complications and brain stem

stroke. FD treatment of giant, fusiform aneurysms of the verte-

brobasilar (VB) junction or basilar trunk (BT) has been associated

with high morbidity and mortality of up to 71%.2-4

A recent meta-analysis identified 14 studies, which reported

on 225 posterior circulation aneurysms treated with FDs in 220

patients.5 The procedure-related good outcome rate was 79%

(95% confidence interval, 72%– 84%), and the procedure-related

mortality rate was 15% (95% CI, 10%–21%). Most studies in-
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gery (N.S.), Kobe City Medical Center General Hospital, Kobe, Japan; Department
of Neurosurgery (P.L.), Equipo de Neurocirugía Endovascular Radiología Interven-
cionista, Buenos Aires, Argentina; National Institute of Neurosciences (I.S.), Buda-
pest, Hungary; Department of Neurosurgery (P.K.), Baylor College of Medicine,
Houston, Texas; and Department of Neuroradiology (R.S.), Klinikum Kassel, Kassel,
Germany.

We obtained a travel grant for monitoring visits from Stryker Neurovascular ($1100).

Trial Registration: http://www.germanctr.de. Unique identifier: DRKS00006881.

Preliminary data from this study were presented at: Anatomy, Biology, Clinical
Correlations - Working Group in Interventional Neuroradiology (ABC-WIN) Semi-
nar, January 18 –23, 2015; Val d’Isère, France; the American Society of Neuroradiol-
ogy Annual Meeting and the Foundtion of the ASNR Symposium, April 25–30, 2015;

Chicago, Illinois; and the Annual Meeting of the German Society of Neuroradiol-
ogy, October 15–17, 2015; Cologne, Germany.

Please address correspondence to Christian A. Taschner, MD, Department of Neu-
roradiology; Medical Center–University of Freiburg, Breisacherstr 64, D-79106
Freiburg, Germany; e-mail: christian.taschner@uniklinik-freiburg.de

Indicates open access to non-subscribers at www.ajnr.org

Indicates article with supplemental on-line tables.

http://dx.doi.org/10.3174/ajnr.A5029

582 Taschner Mar 2017 www.ajnr.org

http://orcid.org/0000-0002-8921-179X
http://orcid.org/0000-0003-4123-8392
http://orcid.org/0000-0002-3587-2103
http://orcid.org/0000-0002-3185-0740
http://orcid.org/0000-0001-5855-2447
http://orcid.org/0000-0002-3289-1210
http://orcid.org/0000-0001-7044-4369
http://orcid.org/0000-0003-3730-3278
http://orcid.org/0000-0001-6468-4526
http://orcid.org/0000-0001-7264-4807
http://orcid.org/0000-0002-6224-097X
http://orcid.org/0000-0001-7788-1510
http://orcid.org/0000-0002-2669-8086
http://orcid.org/0000-0002-8034-2785
http://orcid.org/0000-0003-2126-4155


cluded only a small number of patients (median, 9.5; range,

5–55), and most of these patients (155/220) were treated with the

Pipeline Embolization Device (Covidien, Irvine, California).

The Surpass FD (Stryker Neurovascular, Fremont, California)

has various features that seem to predetermine its use in the pos-

terior circulation: 1) The maximum length of 50 mm allows an-

eurysm treatment with a single device, thus avoiding telescoping;

2) due to the rhomboid shape of the FD cells, the flow-diverting

effect remains constant in tapered vessels. The rhomboid shape

allows a consistent cell shape across a wide range of vessel diam-

eters. Specifically, this feature enables consistent porosity and

pore density along the length of the implant in a tapering vessel.

These are known variables that contribute to flow diversion and

thrombosis of the aneurysm.

On the other hand, the Surpass FD has a particularly high

mesh density compared with the Pipeline Embolization Device,

potentially increasing the risk of perforator strokes.6 The purpose

of this study was to identify factors contributing to outcome mea-

sures in patients treated with the Surpass FD for aneurysms lo-

cated in the posterior circulation.

MATERIALS AND METHODS
Study Design and Participants
This multicenter, retrospective, observational study was ap-

proved by the appropriate ethics committee of the lead institution

(Faculty of Medicine, University of Freiburg) and was registered

in the German Clinical Trials Register (DRKS-ID: DRKS00006881).

In Europe, patients were treated with the Surpass FD after it re-

ceived approval for distribution by the Notified Body (CE Mark);

outside Europe, patients were treated under a compassionate use

protocol. Patients were entered prospectively into a data base if

they had a posterior circulation aneurysm for which treatment

was attempted with the Surpass FD. The design and technical

specifications of the Surpass FD have been detailed elsewhere.7

Interventional procedures with the Surpass FD were performed in

accordance with local institutional guidelines at each participat-

ing center. Before the procedure, each patient was given dual anti-

platelet therapy. When possible, this consisted of clopidogrel, 75 mg,

and aspirin, 325 mg, for 5 days. In the acute setting, patients were

routinely given a loading dose of clopidogrel, 600 mg, and aspirin,

325 mg, the night before the operation.

Patient demographics and aneurysm characteristics were ob-

tained from medical charts. Technical success, complications,

clinical outcome, and imaging follow-up were determined.

Data Collection
Collected data included age, sex, modified Rankin Scale score at

baseline, aneurysm location, aneurysm size (height, width, and

depth) and morphology, neck diameter (in fusiform aneurysms,

the length of the affected vessel segment was considered the an-

eurysm neck), previous treatment attempts, rupture status, num-

ber of FDs, additional coiling, procedural complications, new

neurologic deficits 24 hours posttreatment, mRS score at dis-

charge, mRS score at last clinical follow-up, duration of clinical

follow-up (months), angiographic evaluation of aneurysm occlu-

sion by using Kamran or Raymond scores, time point of angio-

graphic follow-up, and date of death (if applicable). Aneurysm

location was defined as a categoric variable representing the VB

junction, BT, V4, and posterior cerebral artery (PCA).

Data were missing for age and sex in 1 patient; aneurysm size,

in another patient; and neck diameter, in 4 patients. Two patients

died before discharge, and 2 died after discharge (mRS scores at

discharge: 1 and 5) and before the first follow-up. Of the remain-

ing 48 patients, angiographic follow-up was available for 44.

Outcomes
Clinical outcomes were graded according to the mRS at baseline

(presentation), discharge, and follow-up.8 The primary safety and

effectiveness measures were mortality and angiographic evidence

of complete occlusion at the median follow-up of approximately

12 months, respectively. The secondary outcome measures were

procedural complications, new neurologic deficits at 24 hours

following the procedure, mRS score at hospital discharge, and

morbidity defined as an mRS score of 3–5 at clinical follow-up.

Statistical Methods

Outcome Measures. The analyzed outcome measures listed in

temporal order of assessment were procedural complications (bi-

nary), new neurologic deficit at 24 hours posttreatment (binary),

mRS at discharge (ordinal), complete angiographic occlusion at last

angiographic follow-up (binary), mRS at last clinical follow-up (or-

dinal), mortality (binary), and morbidity (binary) at last follow-up.

Data Preparation. Complete angiographic occlusion (binary) was

defined as a Kamran score of 4 or a Raymond score of 1. If mortality

occurred and the date of death was known, it was specified as the last

follow-up date along with mRS � 6. For the 2 patients who died after

hospital discharge but before follow-up, the date of death could not

be determined; hence, the date of last clinical contact was pragmati-

cally assigned as date of death along with mRS � 6.

All analyses were performed by using statistical software (SAS

9.3; SAS Institute, Cary, North Carolina). For all final analyses,

effects associated with P � .05 were considered statistically signif-

icant. Correlations (Spearman �) between all variables were as-

sessed. When appropriate, the Sidak multiple comparisons

adjustment was performed. Associations between procedural fac-

tors (number of FDs, additional coiling) and patient characteris-

tics at baseline were assessed by using appropriate nonparametric

tests. Binary outcome measures at fixed time points (procedural

complications, new deficits at 24 hours posttreatment) were ana-

lyzed by using logistic regression models using the Firth bias cor-

rection. Variables that were significantly correlated with each bi-

nary outcome or variables that had P � .2 in univariate logistic

regression were included in the corresponding multivariable lo-

gistic regression model that used stepwise selection. In multivari-

able models, interaction among predictors was evaluated and is

reported only if significant. Hosmer-Lemeshow goodness-of-fit

tests were performed.

Ordinal outcomes (mRS at discharge, mRS at last clinical

follow-up) were initially modeled by using ordered logistic re-

gression, and if the proportional odds assumption could not be

satisfied, generalized linear models were fit by specifying a multi-

nomial distribution and cumulative logit-link function. Variables

that were statistically correlated with the outcome measure were
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included in the initial model, which was refined by sequentially

excluding the variable with the highest P value, provided that the

P value was �.05. The goodness-of-fit of the model was assessed

by using the Pearson �2 test.

Kaplan-Meier survival analysis and the Cox proportional haz-

ards model were used to analyze the binary outcomes (complete

occlusion, mortality, and morbidity) assessed at varying time

points. For continuous covariates, survival analysis was per-

formed by categorizing at the quartiles of each variable. All cova-

riates that exhibited P � .1 in Kaplan-Meier analysis were in-

cluded in the Cox proportional hazards model that used stepwise

selection. For Cox proportional hazards models, cumulative Mar-

tingale residuals to check the functional form for the continuous

variables and a standardized score process to check the propor-

tional hazards assumptions were performed. Kolmogorov-type

supremum tests were computed with 500 simulated patterns.

RESULTS
From July 2010 through March 2015, data from 53 consecutive

patients with 53 acutely ruptured or unruptured aneurysms in the

posterior circulation treated with Surpass FDs at 15 centers in 8

countries were entered into the data base. In 1 patient with a

saccular vertebral artery aneurysm, tortuosity of major vessels

prevented FD placement. Treatment with a different FD failed,

and the aneurysm was treated with stent-assisted coiling. This

patient was excluded from this cohort analysis, resulting in a final

dataset of 52 patients.

Baseline Characteristics
Patient demographics, clinical presentations, and aneurysm char-

acteristics are summarized in Table 1. Of 52 patients, 20 (38%)

were mRS 0, 18 (35%) were mRS 1 or 2, and 14 (27%) were mRS

3–5 at presentation. Of 52 aneurysms treated with the Surpass FD,

40 (77%) were fusiform or dissecting. Seventeen aneurysms

(33%) were �20 mm. Seven patients presented with acutely rup-

tured aneurysms.

Figures 1 and 2 show case examples, and Fig 3 summarizes the

results of the statistical analysis. The detailed results of the statis-

tical analysis are available in On-line Tables 1– 4.

Procedures
Technical success was achieved in 52/53 patients (98%); coverage

of the target aneurysm consisted of 1 (n � 35; 67%), 2 (n � 12;

23%), or 3 (n � 5; 10%) FDs. In 15 patients (29%), aneurysms

were additionally coiled. The associations between procedural

factors (number of FDs, additional coiling) and patient/aneurysm

characteristics are summarized in On-line Table 1. More than 1

FD was used in patients presenting with a higher baseline mRS

score (P � .013), large aneurysm neck and size (P � .001), and

aneurysms located at the BT or VB (P � .001). Additional coiling

was performed in patients presenting with a larger aneurysm neck

and size (P � .002), and the aneurysms were often located at the

BT or VB (P � .001).

Outcome Measures
On-line Table 2 summarizes the correlations (Spearman �) be-

tween the outcome measures and the explanatory variables. For

clarity, analyses of the outcome measures are listed in the tempo-

ral order of assessment.

Procedural Complications
Technical problems and procedural complications were encoun-

tered in 9 (17%) of 52 patients (95% CI, 8.2%–30.3%). Technical

problems were the following: breakage of the pusher wire of the

Surpass FD in 1 and damage of Surpass FD during positioning in

1. Procedural complications were the following: dissections along

the arterial access in 3 (6%), procedural thrombus formation

along the parent vessel in 2 (4%), rupture of the target aneurysm

during FD placement in 1 (2%), and infarction of the medulla

oblongata related to takedown of the contralateral vertebral artery

in a large VB junction aneurysm in 1 (2%) (case example 2, Fig 2).

Five of these patients remained clinically stable during follow-up.

One patient worsened clinically (mRS 1–3, case example 1), and 3

patients died during follow-up. As seen in On-line Table 2,

procedural complications were correlated with age. Procedural

complications did not differ with aneurysm location (P � .304,

Kruskal-Wallis analysis of variance [KWANOVA]). Univariate

logistic regression did not identify any significant predictor

(P � .085). Age, baseline mRS, and number of FDs were eligi-

ble for inclusion (P � .2) in the multivariable model (On-line

Table 3). The multivariable logistic regression model did not

identify any significant predictor.

Table 1: Patient data and characteristics of aneurysms treated
with FD

Characteristics
Patients (No.) 52
Aneurysms (No.) 52
Women (%) 21/52 (41%)
Mean age (range) (yr) 54 (16–79)
Presentation/indications for

treatment (No.) (%)
Incidental finding/headaches 20 (38%)
Recurrent after coiling/coiling and

stenting/failed clipping
16 (31%)

Cranial nerve deficit/mass effect 14 (27%)
Stroke/transient ischemic attack 7 (13%)
Acute SAH 7 (13%)

Baseline mRS (No.)
mRS 0 20 (38%)
mRS 1–2 18 (35%)
mRS 3–5 14 (27%)

Aneurysm size (n � 51) (%)
�5 mm 4 (8%)
5–9.9 mm 13 (25%)
10–20 mm 17 (33%)
�20 mm 17 (33%)

Aneurysm neck size (mm)
Mean (range) 17.5 � 17.7 (2–90)

Location (No.) (%)
V4 segment of vertebral artery 20 (38%)
VB junction 11 (21%)
BT 15 (29%)
PCA 6 (12%)

Morphology (No.) (%)
Wide-neck saccular 12 (23%)
Fusiform/dissecting 40 (77%)

Treatment
No. of flow diverters 1.4 � 0.7 (range, 1–3)
No. of additional coiling 15 (29%)
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FIG 1. A 51-year-old woman presenting with Hunt and Hess grade 4 subarachnoid hemorrhage from a previously diagnosed fusiform
aneurysm of the basilar trunk. A, Unenhanced CT scan shows diffuse SAH (arrowheads). The arrow indicates the partially thrombosed,
fusiform aneurysm. B, The 3D reconstruction image shows a fusiform aneurysm (arrowhead) of the basilar artery with saccular compo-
nents (arrow). C, Angiogram after placement of a Surpass FD (arrowhead) from the P1 segment of the right PCA to the midbasilar level.
Additional coils were implanted. Note filling of the aneurysm (arrow). D, The 6-month follow-up angiogram shows complete occlusion of
the aneurysm (arrow) and some intimal hyperplasia along the flow diverter (arrowhead). The mRS had changed from 2 before the SAH to
4 during follow-up. The clinical deterioration was most likely related to the SAH. No new infarcts occurred in the posterior circulation
after implantation of the flow diverter.

FIG 2. A 29-year-old man presenting with headaches and mild ataxia (mRS 1). A, Sagittal T2-weighted image shows a 32-mm vertebrobasilar
junction aneurysm (arrowhead) compressing the medulla. B, Axial T1-weighted image with contrast shows the saccular aneurysm (arrow) and the
2 vertebral arteries (arrowheads) joining the aneurysm. C, The 3D reconstruction image shows a wide-neck (arrow) vertebrobasilar aneurysm
with additional dysplastic segments (arrowhead) along the course of the basilar artery. D, Angiogram after placement of 2 Surpass FDs from the
midbasilar level to the right vertebral artery. Additional coils were implanted (arrow). The distal segment of the left vertebral artery is occluded
with coils (arrowhead). The patient was extubated 2 hours after the treatment and presented with paraplegia and respiratory insufficiency. E,
Axial diffusion-weighted MR image (b�1000) reveals a medullar infarct (arrow) within the vascular territory of the left anteromedial group of
medullary arteries, most likely related to the voluntary occlusion of the left vertebral artery. F, The 6-month follow-up angiogram shows
complete occlusion of the aneurysm (arrow). The left posterior cerebral artery is occluded (arrowhead). The time-of-flight MR angiography
shows good collateral filling of the left posterior cerebral artery via the left posterior communicating artery (not shown). Clinically, the patient
has improved. He now presents with a mild hemiparesis, slightly slurred speech, and ataxia (mRS 3).
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Twenty-Four Hours Posttreatment
Fourteen (27%) of 52 patients (95% CI, 15.6%– 41%) experi-

enced new neurologic symptoms, including the aforementioned

patient with intraprocedural aneurysm rupture who died. For the

remaining 13 patients, new neurologic symptoms ranged from

minor cranial nerve deficits to tetraparesis. In 4 patients, new

neurologic symptoms were related to procedural complications.

Two patients with new neurologic symptoms 24 hours posttreat-

ment had worsened mRS scores at follow-up (1–3 and 2– 4), and

7 patients from this group died during follow-up. The mRS for the

remaining 5 patients was either stable or improved. No symptom-

atic intracranial hemorrhage was observed immediately post-

treatment. New neurologic deficits were positively correlated

(On-line Table 2) with baseline mRS, BT location, aneurysm size,

neck diameter, and the number of FDs, and they were negatively

correlated with V4 location. All of the aforementioned variables

were significant (P � .036) in univariate logistic regression (On-

line Table 3). Multivariable logistic regression identified only

baseline mRS as a significant predictor (P � .002, On-line Table

3). The model satisfied the Hosmer-Lemeshow goodness-of-fit

test (P � .801). A unit (1-point) increase in baseline mRS was

associated with a higher likelihood for new neurologic deficits at

24 hours posttreatment (OR, 2.28; 95% CI, 1.60 –3.82).

Hospitalization and Discharge
During hospitalization, another patient died following a medul-

lary infarct. Four patients were discharged with deterioration of

their clinical statuses, of which 3 were related to ischemic stroke.

Another patient with a ruptured aneurysm and subarachnoid

hemorrhage (Hunt and Hess grade 3) presented with clinical

worsening associated with severe vasospasm. The remaining pa-

tients were either clinically stable (39/50, 78%) or had improved

neurologically (7/50, 14%). The mRS score at discharge was pos-

itively correlated with baseline mRS, VB location, aneurysm size,

neck diameter, and number of FDs, and it was negatively corre-

lated with V4 location (On-line Table 2). Because the propor-

tional odds assumption (P � .001) could not be satisfied, gener-

alized linear models were used for analysis (On-line Table 4). The

final model included baseline mRS (P � .001) and number of FDs

(2 versus 1, adjusted P � .008) as significant predictors. The

model satisfied the goodness-of-fit criterion (P � .551). After we

adjusted for the number of FDs, a unit (1-point) increase in base-

line mRS was associated with higher values of mRS at discharge

(OR, 7.59; 95% CI, 3.6 –15.98).

Complete Occlusion
Angiographic follow-up was available for 44 (92%) of 48 surviv-

ing patients; the median (quartiles 1–3, [Q1–Q3]) follow-up du-

ration was 11.3 months (5.9 –12.7 months). Complete occlusion

was observed in 29 (66%; 95% CI, 50.1%–79.5%) of 44 patients

and was positively correlated with prior SAH (On-line Table 2).

Complete aneurysm occlusion differed with neither aneurysm lo-

cation (P � .768, KWANOVA) nor baseline mRS (P � .075,

KWANOVA). Neither univariate logistic regression (P � .144)

nor Kaplan-Meier analysis (P � .194) identified any significant

predictor.

mRS at Clinical Follow-Up
The median (Q1–Q3) follow-up duration was 11.3 months (5.9 –

12.7 months). Figure 4 shows the shift in mRS from baseline to

follow-up. The mRS at follow-up was positively correlated with

baseline mRS, VB location, aneurysm size, neck diameter, and

number of FDs, and it was negatively correlated with V4 location

and follow-up duration (On-line Table 2). The mRS at follow-up

(P � .009, KWANOVA) and the difference in mRS between fol-

low-up and baseline (P � .008, KWANOVA) varied with aneu-

rysm location. Because the proportional odds assumption (P �

.001) could not be satisfied, generalized linear models were used

FIG 3. Summary of statistical analysis. Univariate model results are
along the connecting lines; multivariate model (MVM) results are
within the box.

FIG 4. Shift from baseline mRS to mRS at follow-up (n � 52).
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for analysis. The final model (On-line Table 4) included baseline

mRS (P � .001) and follow-up duration (P � .005) as significant

predictors and satisfied the goodness-of-fit criterion (P � .182).

After we adjusted for follow-up duration, a unit (1-point) in-

crease in baseline mRS was associated with higher values of mRS

at follow-up (OR, 2.93; 95% CI, 1.79 – 4.79). If we restricted the

analysis to surviving patients (n � 43), the baseline mRS was the

only significant predictor of mRS at follow-up (P � .002) and a

unit (1-point) increase in baseline mRS was associated with

higher values of mRS at follow-up (OR, 2.53; 95% CI, 1.42– 4.51).

Of 7 patients with SAH, 2 had an improved mRS (1– 0, 3– 0), 4 had

a stable mRS (0 in 3, 3 in 1), and 1 had a deteriorated mRS (2– 4).

Mortality and Morbidity
The overall morbidity and mortality rate in our series was 14 of 52

(27%). Nine of 52 patients died, resulting in an all-cause mortality

rate of 17% (95% CI, 7%–27.6%). Their clinical course is sum-

marized in Table 2; the baseline mRS scores were 1 (n � 1), 2 (n �

1), 3 (n � 5), and 4 (n � 2). More important, asymptomatic

patients had 5% morbidity and 0% mortality, while symptomatic

patients had morbidity and mortality rates of 44% and 28%,

respectively.

Mortality was positively correlated with baseline mRS, age, VB

location, aneurysm size, neck diameter, and number of FDs and

was negatively correlated with follow-up duration (On-line Table

2). The baseline mRS was dichotomized at 2 (inclusive) because

there were no deaths in patients with baseline mRS scores of 0 and

5. Kaplan-Meier univariate analysis indicated age (P � .018), an-

eurysm size (P � .01), number of FDs (P � .001), dichotomized

baseline mRS (P � .001), and aneurysm location (P � .02) as

significant, with neck diameter being marginal (P � .06). All of

the aforementioned variables were included in the Cox propor-

tional hazards model with stepwise selection, which identified

dichotomized baseline mRS (P � .003) and neck diameter (P �

.004) as significant, with age being marginal (P � .072). Supre-

mum tests for the functional form (P � .358) and the propor-

tional hazards assumption (P � .444) were satisfied. After we

adjusted for age and neck diameter, a baseline mRS of 3–5 was

significantly (P � .003) associated with a higher hazard ratio (HR)

for death, compared with a baseline mRS of 0 –2 (HR, 17.11; 95%

CI, 2.69 –109.02). During a median (Q1–Q3) follow-up of 11.6

months (5.9 –13.3 months), 2 (5.3%) of 38 patients with baseline

mRS scores of 0 –2 and 7 (50%) of 14 patients with baseline mRS

of 3–5 died. Among the surviving patients, the median (Q1–Q3)

follow-up durations were 11.7 months (8.5–12 months) and 11.9

months (8.6 –14.6 months) for baseline mRS scores of 3–5 and

0 –2, respectively. Longer follow-up of patients in this cohort is

needed to estimate survival times. Among the 43 patients surviv-

ing at the last follow-up, 6 had mRS � 3, resulting in a morbidity

rate of 14% (95% CI, 3.6%–24.3%). Of the 6 surviving subjects

with mRS 3–5 at follow-up, 3 worsened from the baseline mRS

(133, 134, and 234), 2 were stable (333 and 434), and 1

subject showed improvement (533). None of the subjects with a

baseline mRS of zero had mRS 3–5 at follow-up. Of the 38 subjects

with a baseline mRS of �3 and excluding the 2 mortality events,

the morbidity rate was 8.3% (3/36). Of the 14 subjects with base-

line mRS scores of 3–5, there were 7 deaths and 3/7 (43%) surviv-

ing subjects had mRS scores of 3–5 at follow-up. Because only 6

patients had mRS �3 at follow-up, statistical analysis was not

pursued.

DISCUSSION
To the best of our knowledge, this is the largest study to date to

report exclusively on FD treatment of posterior circulation

aneurysms.

The overall morbidity and mortality rate in our series was

27%. Most important, asymptomatic patients had 5% morbidity

and 0% mortality, while symptomatic patients had morbidity and

mortality rates of 44% and 28%, respectively. A recent meta-anal-

ysis on flow-diverter treatment of posterior circulation aneu-

rysms, including 220 patients with 225 posterior circulation an-

eurysms, reported morbidity and mortality rates of 6% and 15%,

respectively.5 The morbidity and mortality rates reported in the

underlying studies ranged from 0% to 71% and 0% to 57%, re-

spectively. The variability in outcomes clearly reflects the hetero-

geneity of the underlying pathology.

Most posterior circulation aneurysms treated in our series

were fusiform or saccular sidewall aneurysms and most likely dis-

secting aneurysms. Mizutani et al9 proposed a comprehensive

classification of dissecting aneurysms. Type 1 corresponds to clas-

sic acute dissecting aneurysms, the pathogenesis of which is char-

Table 2: Patients with fatal outcomesa

Sex
Age
(yr)

Baseline
mRS Location Type

Size
(mm)

No. of
FDs Cause of Death

Survival
Time (days)

M 60 3 BT Fusiform 10 1 Ischemic stroke 48 hr after FD treatment 2
M 58 4 BT Fusiform 55 1 Rupture during placement of the FD 7
M 64 2 VB junction Fusiform 90 1 Medullary infarct 15
M 55 3 BT Fusiform 39 3 Stable mRS at discharge; acute brain stem infarct 50
M 57 3 VB junction Fusiform 40 3 Stable mRS at discharge; acute gastrointestinal bleed;

clopidogrel was stopped; died of urosepsis
170

M 59 4 VB junction Saccular 55 3 Improved mRS at discharge (mRS 3); follow-up DSA at
7 months; aneurysm patent (�50%); at 8 mo, sudden
clinical impairment

242

M 74 3 BT Fusiform 28 2 Stable mRS at discharge; died of pneumonia 388
F 75 3 VB junction Fusiform 30 2 mRS 5 at discharge to a tertiary care facility;

died of pneumonia
Unknown

F 65 1 Vertebral artery Fusiform 8 1 Stable mRS at discharge; died from complications
related to brain tumor treatment

Unknown

a All patients had presented with unruptured aneurysms.
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acterized by acute widespread disruption of the internal elastic

lamina without intimal thickening. These aneurysms often have

an ominous course with SAH. Type 2 aneurysms are segmental

ectasias that have an extended or fragmented internal elastic lam-

ina with intimal thickening. The luminal surface of the thickened

intima is smooth without thrombus formation, and these aneu-

rysms most often are located within the distal vertebral artery.

Type 3 aneurysms are dolichoectatic dissecting aneurysms,

pathologically characterized by fragmentation of the internal elas-

tic lamina, multiple dissections of thickened intima, and orga-

nized thrombus in the lumen. Most of these lesions are symptom-

atic and progressively enlarge with time.9

For treatment of acutely ruptured type 1 aneurysms of the

posterior circulation, stent-assisted coiling has become the treat-

ment of choice.10 There is sparse literature on the use of FDs in

this clinical setting. In our study, FDs alone and FDs in combina-

tion with coils resulted in acceptable clinical outcomes.

Patients with type 2 aneurysms are often asymptomatic at pre-

sentation. In our series, we observed no stroke-related symptoms

related to FD treatment in this subset of patients, though a large

number of perforating arteries were covered by the Surpass

FD—a device with the highest mesh density available on the mar-

ket.6 The clinical outcome was comparable with that of FD treat-

ment of aneurysms in the anterior circulation.1 The notion that

an increased risk of perforator occlusion in the posterior circula-

tion may warrant caution in the use of FDs is not supported in this

particular indication. In those cases in which perforators are di-

rectly covered by FD stents, those perforators most likely remain

open. FDs seem to be a reasonably safe and effective treatment for

type 2 aneurysms. There is some evidence that acute intervention

is not always required, and close follow-up with antithrombotic

therapy is a reasonable option.11-13 Yet, we lack greater knowledge

on the clinical course of these potentially benign vascular lesions;

this issue complicates any meaningful risk-benefit analysis of FD

treatment in this clinical setting.

The high morbidity and mortality rates in our series were re-

lated to the treatment of patients with symptomatic type 3 aneu-

rysms. These aneurysms are typically located at the level of the VB

junction or the basilar trunk. In these large fusiform aneurysms

that often present with a mural hematoma, perforators are dis-

placed laterally and are at a distance from the FD device; this

scenario results in eventual perforator occlusion. In addition,

multiple overlapping devices may have a detrimental effect on

incidentally covered small perforators.2 The results of our study

and the review of the scarce literature illustrate the challenge of FD

treatment of posterior circulation aneurysms. Type 3 aneurysms

in the posterior circulation commonly are symptomatic due to

ischemic strokes or may be diagnosed due to cranial nerve palsy,

brain stem compression, obstructive hydrocephalus, SAH, or

hemorrhages into the vessel wall. If left untreated, the natural

history of these aneurysms is poor, with mortality rates between

23% and 35% in 5 years.14,15 Mortality increases significantly to

80% for untreated giant aneurysms in the posterior circulation.16

FD treatment in this setting, however, has a high risk of perma-

nent morbidity and mortality, as our study demonstrates. It re-

mains debatable whether intervention with an FD offers an im-

provement over the natural history of these lesions.17 In a small

subset of patients with asymptomatic type 3 aneurysms (fusiform,

located at the VB junction or basilar trunk, � the presence of an

intramural hematoma) clinical results were surprisingly good.

It has been common practice to refrain from treating patients

with large, fusiform, or partially thrombosed aneurysms in the

posterior circulation as long as they are asymptomatic. Patients

are often told to return for treatment only when they become

symptomatic. Our analysis indicates that it may be safer to offer

these particular patients early treatment. When treating these le-

sions, FD systems with longer single implants may be more ad-

vantageous than using multiple telescoping devices. In univariate

analyses, our study showed that an increasing number of FDs was

associated with poorer outcomes, including new neurologic def-

icits at 24 hours, higher mRS at follow-up, and mortality, but not

in multivariable analyses. Patients treated with an increasing

number of FDs presented with a higher baseline mRS score and

larger aneurysm dimensions (On-line Table 1), and these baseline

patient and aneurysm characteristics were contributors to poorer

outcomes in multivariable analyses. Also, additional coiling was

performed in patients presenting with larger aneurysm dimen-

sions, and they were treated with �1 FD (On-line Table 1). These

factors contribute to the observed results in multivariable analy-

ses. Finally, the importance of adequate and long-term dual anti-

platelet therapy has already been discussed in previous publica-

tions and cannot be emphasized enough.2,17

The angiographic complete occlusion rate in our series of 66%

(29/44 cases; 95% CI, 50.1%–79.5%) had overlapping 95% con-

fidence intervals with the meta-analysis of Wang et al5 (84%; 95%

CI, 68%–94%). Any differences might be explained by the higher

rates of giant and fusiform aneurysms in our patient cohort, with

33% versus 23% and 77% versus 66%, respectively.5

Our study has various inherent limitations. It was designed as

an international multicenter study in which patient selection was

heterogeneous. Monitoring the dual antiplatelet therapy response

was not standard procedure in all of the participating centers.

Clinical and angiographic end points were self-reported by the

institutions. In mRS at follow-up, we might have missed ischemic

events related to FD treatment that did not lead to a deterioration

of mRS score.

CONCLUSIONS
The mortality rate was comparable with that in prior studies, and

angiographic results showed a high occlusion rate for this subset

of complex aneurysms. Clinical results of FD treatment depend

very much on patient selection, with poorer outcomes related to

the treatment of aneurysms in patients with higher baseline mRS

scores.
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ORIGINAL RESEARCH
INTERVENTIONAL

Flow Diversion in Ruptured Intracranial Aneurysms:
A Meta-Analysis

X T.P. Madaelil, X C.J. Moran, X D.T. Cross III, and X A.P. Kansagra

ABSTRACT

BACKGROUND: Flow diversion is now an established technique to treat unruptured intracranial aneurysms not readily amenable to
endovascular coil embolization or open microsurgical occlusion. The role of flow-diverting devices in treating ruptured aneurysms is less
clear.

PURPOSE: To estimate rates of angiographic occlusion and good clinical outcome in patients with ruptured intracranial aneurysms
treated with flow-diverting devices.

DATA SOURCES: Systematic review of Ovid MEDLINE, PubMed, Cochrane databases, and EMBASE from inception to December 2015 for
articles that included ruptured aneurysms treated with flow diversion.

STUDY SELECTION: One hundred seventy-two records were screened, of which 20 articles contained sufficient patient and outcome
data for inclusion.

DATA ANALYSIS: Clinical and radiologic characteristics, procedural details, and outcomes were extracted from these reports. Aggre-
gated occlusion rates and clinical outcomes were analyzed by using the Fisher exact test (statistical significance, � � .05).

DATA SYNTHESIS: Complete occlusion of the aneurysm was achieved in 90% of patients, and favorable clinical outcome was attained
in 81%. Aneurysm size greater than 7 mm was associated with less favorable clinical outcomes (P � .027). Aneurysm size greater than
2 cm was associated with a greater risk of rerupture after treatment (P � .001).

LIMITATIONS: Observational studies and case reports may be affected by reporting bias.

CONCLUSIONS: Although not recommended as a first-line treatment, the use of flow diverters to treat ruptured intracranial aneurysms
may allow high rates of angiographic occlusion and good clinical outcome in carefully selected patients. Aneurysm size contributes to
treatment risk because the rerupture rate following treatment is higher for aneurysms larger than 2 cm.

ABBREVIATIONS: FD � flow diverter; GOS � Glasgow Outcome Scale

Endovascular treatment of intracranial aneurysms with detach-

able coils was first described in 19911 and has since become an

established method of aneurysm treatment. The International

Study of Unruptured Intracranial Aneurysms2 and Analysis of

Treatment by Endovascular Approach of Nonruptured Aneu-

rysms (ATENA)3 demonstrated the effectiveness and relative

safety of endovascular coiling for unruptured aneurysms. Simi-

larly, the International Subarachnoid Aneurysm Trial (ISAT), the

Barrow Ruptured Aneurysm Trial, and other trials4-7 have dem-

onstrated the effectiveness and relative safety of endovascular

coiling in ruptured aneurysms.

In recent years, flow diverters (FDs) have emerged as a new

endovascular treatment option for intracranial aneurysms. FDs

are a reconstructive treatment in which altered flow within an

aneurysm induces gradual remodeling and eventual thrombosis

of the aneurysm. Several studies have demonstrated good safety

and efficacy of FDs for the treatment of unruptured intracranial

aneurysms,8-17 though the safe use of these devices requires the

use of dual antiplatelet therapy.18-20

Understandably, the need for antiplatelet medications and

the delayed nature of aneurysm thrombosis have tempered en-
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thusiasm for using FDs for ruptured aneurysms. Nevertheless,

several reports have described the use of FDs to treat recently

ruptured aneurysms, particularly those that are difficult to

treat by other endovascular or open microsurgical techniques.

In this meta-analysis, we review the outcomes associated with

the use of FDs for the treatment of ruptured intracranial aneu-

rysms. Specifically, we review aneurysm characteristics and endo-

vascular treatment strategies in relation to the rates of angio-

graphic occlusion and good clinical outcome, with the overall goal

of guiding FD use in ruptured aneurysms when other treatment

options are not viable.

MATERIALS AND METHODS
Literature Search
Systematic review of Ovid Medline, PubMed, the Cochrane Cen-

tral Register of Controlled Trials, the Cochrane Database of Sys-

temic Reviews, and EMBASE from inception to December 2015

was performed by using the terms “rupture” and “aneurysm” in

all permutations with “pipeline embolization,” “flow diversion,”

or “flow diverting stent.” The search was restricted to human

studies in English. Bibliographies of all studies were also reviewed

to identify additional relevant studies.

Eligibility Criteria
All titles and abstracts were screened for eligibility. Studies that

provided patient-level information regarding clinical presenta-

tion of subarachnoid hemorrhage, aneurysm characteristics, pro-

cedural details, periprocedural complications, occlusion status,

and clinical status at last follow-up were deemed eligible. If studies

included treatment of both ruptured and unruptured aneurysms,

only the information from ruptured aneurysms was included.

Data Synthesis and Analysis
Following eligibility verification, data were extracted from the

manuscript text, patient demographic tables and on-line tables,

and figures. These data were entered into a predefined digitized

form according to the Preferred Reporting Items for Systematic

Reviews and Meta-Analyses: The PRISMA Statement. These data

points included patient characteristics of age, sex, and clinical

status at admission (Hunt and Hess scale/World Federation of

Neurosurgical Societies score, and the Fisher scale); aneurysm

characteristics, including type, size, and location; procedural de-

tails such as time to treatment and devices used, including the type

of FD and adjunctive devices (eg, coils) used before or during FD

placement; and outcomes, including periprocedural complica-

tions, aneurysmal occlusion status, clinical outcome, and dura-

tion of both clinical and angiographic follow-up. Time to treat-

ment was classified as acute if FD placement occurred within 15

days of initial SAH and delayed otherwise. The clinical score at

presentation was classified as good for Hunt and Hess/World Fed-

eration of Neurosurgical Societies scores of 1–3 and poor for

scores of 4 –5.21 Clinical outcome was classified by the Glasgow

Outcome Scale (GOS) or mRS at last clinical follow-up. Favorable

clinical outcome was defined as GOS � 4 –5 or mRS � 0 –2, and

unfavorable clinical outcomes corresponded to GOS � 1–3 or

mRS � 3– 6.

Data for each patient were analyzed as if all patients belonged

to a single cohort.22 The association among demographic and

clinical risk factors, periprocedural complication rate, occlusion

rate based on device selection, and favorable outcome was evalu-

ated by using the Fisher exact and 2-tailed t tests for categorical

and continuous variables, respectively. Data are reported as sim-

ple proportions. The threshold of statistical significance was � �

.05. All statistical analyses were performed by using SPSS, Version

22 (IBM, Armonk, New York) and Excel 2007 (Microsoft, Red-

mond, Washington).

RESULTS
Studies and Aneurysm Characteristics
The initial electronic search yielded 172 records (Fig 1). Large

observational studies that shared institutional data bases with

smaller reported case series were excluded to prevent case dupli-

cation. Studies that did not report individual patient data points

were also excluded. Ultimately, 20 observational studies and case

reports representing 126 distinct cases met the inclusion criteria

(Online Table).

Median age was 51 years (interquartile range, 45– 60 years),

and 71% of patients were women. The median Hunt Hess/World

Federation of Neurosurgical Societies grading scale at presenta-

tion was 2 (interquartile range, 1–3). The median aneurysm size

was 3.5 mm (interquartile range, 2.3–10 mm). Five distinct aneurysm

morphologies were present, including dissecting (28%, 35/125), fusi-

form (10%, 12/125), giant (3%, 4/125), blister (38%, 47/125), and

saccular (22%, 27/125) types. Treated aneurysms were located in the

anterior circulation in 64% (81/126) of cases, and 36% (45/126) were

in the posterior circulation.

Treatment
In total, 67% of cases (84/126) specified the timing of treatment,

with an average time to treatment of 9.6 days (range, 0 – 60 days);

74% (62/84) were treated in the acute phase, and 26% (22/84), in

a delayed fashion. The Pipeline Embolization Device (Covidien,

Irvine, California) was used for FD-based treatment in 96%

(121/126) of cases, while the Silk flow diverter (Balt Extrusion,

Montmorency, France) was used in the remaining 4% (5/126) of

cases. Seventy-three percent (92/126) of aneurysms were treated

with FD placement only, while 27% (34/126) were treated with a

combination of an FD and adjunctive coils. These included 4 cases

in which FD-based treatment was implemented after initial un-

successful treatment with microsurgical clipping or stent-assisted

FIG 1. Simplified flowchart of literature search strategy.

AJNR Am J Neuroradiol 38:590 –95 Mar 2017 www.ajnr.org 591



coiling.23-25 An FD and coils were placed in a single session in 56%

(19/34) of cases. The average size of aneurysms treated with an FD

alone was 5.6 � 6.4 mm, which was significantly smaller than the

10.6 � 6.4 mm average size of aneurysms treated with an FD and

adjunctive coiling (P � .001).

Complications
Aneurysm rerupture occurred following FD placement in 5%

(6/126) of aneurysms, with 67% (4/6) of these reruptures occurring

in aneurysms measuring �2 cm.24-28 The rate of rerupture fol-

lowing FD placement in aneurysms of �2 cm was 57% (4/7),

which was significantly greater than the 2% (2/94) rate of rerup-

ture in aneurysms of �2 cm (P � .001). The rate of aneurysm

rerupture with an FD alone was 6% (5/80), which was comparable

with the 3% (1/32) rate following FD and adjunctive coiling (P �

.672). Among reruptured aneurysms of �2 cm, 75% (3/4) were

treated with an FD and adjunctive coiling, while 25% (1/4) were

treated with an FD alone. Among all aneurysms that reruptured,

67% (4/6) occurred during or within the first 24 hours of treat-

ment. No aneurysms reruptured at �1week after treatment.

Hemorrhagic complications not related to aneurysm rerup-

ture occurred in 4% (5/126) of patients. One was an asymptom-

atic cerebellar hemorrhage,25 and 2 were related to external

ventricular drain placement.26,29 Two fatal hemorrhagic compli-

cations occurred, including 1 after intra-arterial tPA instillation

through a microcatheter for intraprocedural thrombosis of the

FD and 1 related to postprocedural hemorrhage distant from the

treated aneurysm.26,29 Ischemic complications occurred in 5%

(5/111) of patients, of whom 4% (4/111) were symptomatic, in-

cluding 1 case with fatal brain stem ischemia.26

Overall, the composite rate of hemorrhagic or ischemic com-

plications was 12% (15/126) because 2 complications occurred in

1 patient.25 This rate was 16% (10/62) in patients treated in the

acute phase, compared with 0% (0/22) in patients treated in a

delayed fashion (P � .057).

Angiographic Outcomes
Complete occlusion of the aneurysm was achieved in 90% (97/

108) of patients on follow-up imaging (Table 1), with a median

angiographic follow-up of 6 months (interquartile range, 5– 6

months). Patients with a good clinical score on presentation had

an occlusion rate of 90% (66/73), compared with patients with a

poor presenting clinical score, with an occlusion rate of 87%

(13/15) (P � .647). Aneurysms in the anterior circulation dem-

onstrated complete occlusion in 94% (49/52) of cases, which was

comparable with the 82% (32/39) rate for aneurysms in the pos-

terior circulation (P � .092). Aneurysms treated acutely demon-

strated complete occlusion in 92% (49/53) of cases, compared

with 75% (15/20) for aneurysms treated in a delayed fashion (P �

.103).

Complete occlusion was achieved in 93% (54/58) of aneu-

rysms of �7 mm, compared with 79% (22/28) for aneurysms of

�7 mm (P � .072). In aneurysms of �7 mm, treatment with an

FD alone resulted in complete occlusion of 94% (44/47) of aneu-

rysms, compared with 91% (10/11) when treated with an FD and

adjunctive coiling (P � 1.000). In aneurysms of �7 mm, treat-

ment with an FD alone resulted in complete occlusion of 91%

(10/11) of aneurysms, compared with 71% (12/17) when treated

with FD and adjunctive coiling (P � .355).

Clinical Outcomes
At last clinical follow-up, there was a favorable clinical outcome in

81% (101/124) of treated patients and an unfavorable clinical out-

come in 19% (23/124) (Table 2), with a median clinical follow-up

of 6 months (interquartile range, 5–10 months). In patients with a

good presenting clinical score, favorable clinical outcome was

84% (70/83), compared with a 67% (10/15) rate of favorable clin-

ical outcome in patients with poor presenting clinical scores (P �

.143). Favorable clinical outcome was observed in 79% (49/62) of

patients treated in the acute phase, compared with 88% (15/17) of

patients treated in a delayed fashion (P � .503). Favorable clinical

Table 1: Angiographic outcomes following flow diversion in ruptured intracranial aneurysmsa

Angiographic
Occlusion

FD FD and Coils Total

Complete Incomplete Complete Incomplete Complete Incomplete
Overall 74 4 23 7 97 11
Size

Aneurysm �7 mm 44 3 10 1 54 4
Aneurysm �7 mm 10 1 12 5 22 6

Treatment timing
Acute treatment 38 3 11 1 49 4
Delayed treatment 5 0 10 5 15 5

Clinical score
Good clinical score 47 2 19 5 66 7
Poor clinical score 8 1 5 1 13 2

Location
Anterior circulation 33 2 16 1 49 3
Posterior circulation 25 2 7 5 32 7

Type
Dissecting 18 2 8 1 26 3
Fusiform 5 0 3 2 8 2
Blister 27 1 7 1 34 2
Saccular 7 1 7 3 14 4
Giant 1 0 0 0 1 0

a Data are numbers.
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outcome was achieved in 88% (59/67) of patients with treated

aneurysms of �7 mm, compared with 69% (22/32) in patients

with aneurysms of �7 mm (P � .027). The use of an FD alone was

associated with an 85% (77/91) rate of favorable clinical outcome,

compared with 73% (24/33) for aneurysms treated with an FD

and adjunctive coiling (P � .189). In aneurysms of �7 mm, treat-

ment with an FD alone resulted in favorable outcome in 91%

(51/56) of cases, compared with 73% (8/11) when treated with an

FD and adjunctive coiling (P � .117). In aneurysms of �7 mm,

treatment with an FD alone resulted in favorable outcome in 53%

(8/15) of cases, compared with 82% (14/17) when treated with an

FD and adjunctive coiling (P � .128). Favorable clinical outcome

was achieved in 84% (53/63) of patients with aneurysms in the

anterior circulation, compared with 78% (31/40) of patients with

aneurysms in the posterior circulation (P � .441).

DISCUSSION
Endovascular coil embolization and open microsurgical clipping

are the traditional methods for treatment of ruptured intracranial

aneurysms. Recently, newer endovascular devices such as FDs

have also been used to treat ruptured intracranial aneurysms. In

this meta-analysis of case series and reports, we found that 81% of

patients with ruptured aneurysms treated with FDs had favorable

clinical outcomes, which is comparable with the number of pa-

tients with similar outcomes in large trials such as ISAT.4 Thus,

FDs may present a viable treatment option for ruptured intracra-

nial aneurysms that are not readily amenable to first-line treat-

ments such as coil embolization or clipping.

Nevertheless, the use of FDs for ruptured intracranial aneu-

rysms is controversial because dual antiplatelet therapy and the

delayed nature of aneurysm thrombosis may both increase the

likelihood and severity of hemorrhagic complications during and

after treatment. Indeed, our meta-analysis identified a 9% com-

posite rate of intracranial hemorrhagic complications, including

5% from aneurysm rerupture and 4% from other causes. Com-

plication-induced neurologic morbidity is not well-defined,30

however, because some of these complications did not produce

new symptoms. Notably, hemorrhagic complications following

other procedures (eg, tracheostomy, extraventricular drain-

age,26,29 and ventriculoperitoneal shunt placement) are included

in the 4% of patients with nonaneurysmal hemorrhagic com-

plications. In addition to hemorrhagic complications, there

was a 4% rate of symptomatic ischemic complications, though

the rate of asymptomatic or undetected ischemic events is

likely higher.24-26,29,31

At least part of the risk of hemorrhagic complications appears

to be related to aneurysm size. It has been proposed that reduction

of local vascular compliance after FD placement may exaggerate

the “Windkessel effect”32 and result in increased vessel flow distal

to the aneurysm, which may lead to intraparenchymal hemor-

rhage after flow diversion.33,34 This phenomenon may be ampli-

fied in giant aneurysms33 because increased distal vessel wall shear

stress and increased intra-aneurysmal pressure35 heighten the risk

of aneurysm rerupture after flow diversion. Indeed, in this meta-

analysis, aneurysms of �2 cm were significantly more likely than

smaller aneurysms to rerupture after treatment, even though the

natural rate of aneurysm rerupture in giant aneurysms is similar

to that in smaller lesions.36 These results, along with overall im-

proved angiographic and clinical outcomes in aneurysms of �7

mm, suggest that FD-based treatment is more effective for small

aneurysms. If larger aneurysms must be treated with FDs, then

adjunctive coiling is likely worthwhile.25,37,38 Alternatively, a

staged treatment strategy of initial coiling followed by later FD

placement may be appropriate in this setting because rebleeding

has not been observed between procedures.39 In these cases, loose

packing of the aneurysm dome may be sufficient to accelerate

aneurysm thrombosis26,38 without producing a mass effect on the

FD that could result in device thrombosis.40

In general, ruptured aneurysms in the posterior circulation

carry an overall poorer prognosis than those in the anterior cir-

culation.41 Furthermore, FD placement in the posterior circula-

Table 2: Clinical outcomes following flow diversion in ruptured intracranial aneurysmsa

Clinical Outcome

FD FD and Coils Total

Favorable Unfavorable Favorable Unfavorable Favorable Unfavorable
Overall 77 14 24 9 101 23
Size

Aneurysm �7 mm 51 5 8 3 59 8
Aneurysm �7 mm 8 7 14 3 22 10

Treatment timing
Acute treatment 41 9 8 4 49 13
Delayed treatment 5 0 10 2 15 2

Clinical score
Good clinical score 51 9 19 4 70 13
Poor clinical score 7 3 3 2 10 5

Location
Anterior circulation 39 7 14 3 53 10
Posterior circulation 23 5 8 4 31 9

Type
Dissecting 18 2 6 2 24 4
Fusiform 4 3 4 1 8 4
Blister 28 3 4 3 32 6
Saccular 11 3 9 2 20 5
Giant 1 1 0 1 1 2

a Data are numbers.
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tion is associated with a higher rate of ischemic complications.42

In this meta-analysis, however, there was no appreciable differ-

ence in the rate of complete angiographic occlusion or good clin-

ical outcome between aneurysms in the anterior circulation and

those in the posterior circulation.

Despite the importance of antiplatelet therapy on the success

of FD-based interventions, there is wide variability in antiplatelet

management surrounding the use of FDs in aneurysmal sub-

arachnoid hemorrhage. For example, some authors reported per-

forming invasive procedures (eg, extraventricular drain or central

line placement) 12 hours before FD placement or dual antiplatelet

inhibition, administering a loading dose of aspirin and clopi-

dogrel before FD placement and continuing dual antiplatelet

therapy for at least 3 months.26 Other authors avoided preproce-

dural antiplatelet therapy altogether, instead administering aspi-

rin, clopidogrel, and a glycoprotein IIb/IIIa inhibitor during FD

placement, followed by a 12-hour maintenance infusion of a gly-

coprotein IIb/IIIa inhibitor and postprocedural dual antiplatelet

therapy for 6 months.27

This study has several limitations. First, the lack of indepen-

dent clinical and angiographic assessment and the potential for

reporting bias in the included studies may affect the estimated

rates of angiographic occlusion and favorable clinical outcome.

Second, reporting of procedural details, aneurysm characteristics,

angiographic follow-up, and outcome data was not uniform

across all studies. As a result, we used composite measures (eg,

good clinical outcome instead of specific mRS scores) that may

partially obscure underlying details. Third, details describing the

administration and monitoring of antiplatelet therapy during the

periprocedural period was variable and infrequently specified. Fi-

nally, despite an overall large number of cases represented in this

meta-analysis, the smaller number of cases in some subgroups

(particularly those for which FD-based treatment is unlikely to be

strongly considered, such as very large aneurysms) may not pro-

vide sufficient power to discriminate small effect sizes. We suspect

that this effect may account for the inability to demonstrate a

statistically significant difference in the rate of occlusion between

small and large aneurysms or between aneurysms treated with an

FD alone and those treated with an FD and adjunctive coiling.

CONCLUSIONS
Endovascular coil embolization and microsurgical clipping are

likely to remain the first-line treatment of ruptured intracranial

aneurysms, but when these options are not feasible, the use of FDs

and appropriate dual antiplatelet therapy can allow a high rate

of angiographic occlusion and a reasonable likelihood of good

clinical outcome. However, one must be cognizant of the pos-

sibility that FDs may not be protective against rerupture in

aneurysms of �2 cm. Clinical outcomes associated with FD

treatment of ruptured aneurysms appear most favorable for

aneurysms of �7 mm.
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13. Kühn AL, Hou SY, Perras M, et al. Flow diverter stents for unrup-
tured saccular anterior circulation perforating artery aneurysms:
safety, efficacy, and short-term follow-up. J Neurointerv Surg 2015;
7:634 – 40 CrossRef Medline

14. Tanweer O, Raz E, Brunswick A, et al. Cavernous carotid aneurysms
in the era of flow diversion: a need to revisit treatment paradigms.
AJNR Am J Neuroradiol 2014;35:2334 – 40 CrossRef Medline

15. Chalouhi N, Starke RM, Yang S, et al. Extending the indications of
flow diversion to small, unruptured, saccular aneurysms of the an-
terior circulation. Stroke 2014;45:54 –58 CrossRef Medline

16. Chalouhi N, Tjoumakaris S, Starke RM, et al. Comparison of flow
diversion and coiling in large unruptured intracranial saccular an-
eurysms. Stroke 2013;44:2150 –54 CrossRef Medline

17. Kallmes DF, Hanel R, Lopes D, et al. International retrospective
study of the Pipeline embolization device: a multicenter aneurysm
treatment study. AJNR Am J Neuroradiol 2015;36:108 –15 CrossRef
Medline

18. Fiorella D, Hsu D, Woo HH, et al. Very late thrombosis of a Pipeline
embolization device construct: case report. Neurosurgery 2010;67(3
suppl operative):onsE313–14; discussion onsE314 CrossRef Medline

594 Madaelil Mar 2017 www.ajnr.org

http://www.ncbi.nlm.nih.gov/pubmed/2045924
http://dx.doi.org/10.1016/S0140-6736(03)13860-3
http://www.ncbi.nlm.nih.gov/pubmed/12867109
http://dx.doi.org/10.1161/STROKEAHA.107.512756
http://www.ncbi.nlm.nih.gov/pubmed/18617659
http://dx.doi.org/10.1016/S0140-6736(02)11314-6
http://www.ncbi.nlm.nih.gov/pubmed/12414200
http://dx.doi.org/10.3171/2011.8.JNS101767
http://www.ncbi.nlm.nih.gov/pubmed/22054213
http://dx.doi.org/10.1212/WNL.55.11.1656
http://www.ncbi.nlm.nih.gov/pubmed/11113219
http://dx.doi.org/10.1161/01.STR.31.10.2369
http://www.ncbi.nlm.nih.gov/pubmed/11022066
http://dx.doi.org/10.1148/radiol.12120422
http://www.ncbi.nlm.nih.gov/pubmed/22996749
http://dx.doi.org/10.1016/j.wneu.2015.07.036
http://www.ncbi.nlm.nih.gov/pubmed/26210711
http://dx.doi.org/10.1148/radiol.13120099
http://www.ncbi.nlm.nih.gov/pubmed/23418004
http://dx.doi.org/10.3174/ajnr.A4699
http://www.ncbi.nlm.nih.gov/pubmed/26797138
http://dx.doi.org/10.3174/ajnr.A4437
http://www.ncbi.nlm.nih.gov/pubmed/26797138
http://dx.doi.org/10.1136/neurintsurg-2014-011237
http://www.ncbi.nlm.nih.gov/pubmed/25051964
http://dx.doi.org/10.3174/ajnr.A4081
http://www.ncbi.nlm.nih.gov/pubmed/25147199
http://dx.doi.org/10.1161/STROKEAHA.113.003038
http://www.ncbi.nlm.nih.gov/pubmed/24253543
http://dx.doi.org/10.1161/STROKEAHA.113.001785
http://www.ncbi.nlm.nih.gov/pubmed/23723311
http://dx.doi.org/10.3174/ajnr.A4111
http://www.ncbi.nlm.nih.gov/pubmed/25355814
http://dx.doi.org/10.1227/01.NEU.0000383875.08681.23
http://www.ncbi.nlm.nih.gov/pubmed/20679914


19. Saatci I, Yavuz K, Ozer C, et al. Treatment of intracranial aneurysms
using the Pipeline flow-diverter embolization device: a single-cen-
ter experience with long-term follow-up results. AJNR Am J Neuro-
radiol 2012;33:1436 – 46 CrossRef Medline

20. Fischer S, Vajda Z, Aguilar Perez M, et al. Pipeline embolization
device (PED) for neurovascular reconstruction: initial experience
in the treatment of 101 intracranial aneurysms and dissections.
Neuroradiology 2012;54:369 – 82 CrossRef Medline

21. Proust F, Hannequin D, Langlois O, et al. Causes of morbidity and
mortality after ruptured aneurysm surgery in a series of 230
patients: the importance of control angiography. Stroke 1995;26:
1553–57 CrossRef Medline

22. Riley RD, Lambert PC, Abo-Zaid G. Meta-analysis of individual par-
ticipant data: rationale, conduct, and reporting. BMJ 2010;340:c221
CrossRef Medline
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FRED Flow Diverter: A Study on Safety and Efficacy in a
Consecutive Group of 50 Patients

X H. Luecking, X T. Engelhorn, X S. Lang, X P. Goelitz, X S. Kloska, X K. Roessler, and X A. Doerfler

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular flow diverters are increasingly used for the treatment of cerebral aneurysms. We assessed
the safety and efficacy of the Flow-Redirection Endoluminal Device (FRED) in a consecutive series of 50 patients.

MATERIALS AND METHODS: Inclusion criteria were wide-neck, blister-like, or fusiform/dissecting aneurysms independent of size,
treated with the FRED between February 2014 and May 2015. Assessment criteria were aneurysm occlusion, manifest ischemic stroke,
bleeding, or death. The occlusion rate was assessed at 3 months with flat panel CT and at 6 months with DSA by using the Raymond
classification and the O’Kelly-Marotta grading scale.

RESULTS: Fifty patients with 52 aneurysms were treated with 54 FREDs; 20 patients were treated with the FRED and coils. Aneurysm size
ranged from 2.0 to 18.5 mm. Deployment of the FRED was successful in all cases. There were no device-associated complications. One
patient developed mild stroke symptoms that fully receded within days. There have been no late-term complications so far and no
treatment-related mortality. Initial follow-up at 3 months showed complete occlusion in 72.3% of the overall study group, Six-month
follow-up showed total and remnant-neck occlusion in 87.2% of patients, distributed over 81.5% of the FRED-only cases and 95.0% of the
cases with combined treatment.

CONCLUSIONS: The FRED flow diverter is a safe device for the treatment of cerebral aneurysms of various types. Our data reveal high
occlusion rates at 3 and 6 months, comparable with those in other flow diverters. Long-term occlusion rates are expected.

ABBREVIATIONS: FPCT � flat panel CT; FRED � Flow-Redirection Endoluminal Device; RROC � Raymond-Roy occlusion classification

Endovascular treatment has become the therapy of choice

for intracranial aneurysms.1-3 In addition to the well-estab-

lished embolization with coils, supported by balloons or

stents,4-6 flow-modulating stents are increasingly used for ded-

icated aneurysms.7

Flow diverters can cause intra-aneurysmal thrombosis and

thus occlusion.8-19 This outcome is achieved by a narrowly

braided stent wall, which, on the other hand, allows the blood to

pass through to perforator arteries or major branches where the

pressure gradient is high enough.

The Flow-Redirection Endoluminal Device (FRED; Micro-

Vention, Tustin, California) uses a new principle because it com-

bines an outer, self-expanding and dimensionally stable open-

pored stent with an inner, narrowly braided stent. It is intended

to combine easy deployment with flow-redirecting properties.

The ends of the outer layer (“flared ends”) exceed the inner

layer on each side by approximately 3 mm where there is little

or no flow-diverting effect.12,20

We report our results for safety and efficacy in a consecutive

series of 50 patients treated with the FRED flow diverter with

incidental cerebral aneurysms or those who were retreated after

initial coiling in SAH.

MATERIALS AND METHODS
Inclusion Criteria
The inclusion period was from February 2014 through May 2015.

All patients treated with a FRED flow diverter for �1 aneurysm

were included. In the otherwise consecutive series, only 2 patients

were excluded, being treated for carotid-cavernous fistulas with 2

FREDs each (stent-in-stent). The FRED was not used exclusively

during this period but as an alternative to other flow diverters

when it seemed appropriate.

The decision about whether to perform open surgery or intra-

vascular therapy is made in a clinical conference with a neurosur-
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geon and neurologist. Accessibility and form (especially the neck

and the neck/dome visual ratio) of the aneurysm, age, clinical

condition, and the patient’s wishes influence the decision. The

selection of the particular device and the choice of whether to use

additional coils are made by 2 senior neuroradiologists. In gen-

eral, in our department flow diverters are used for all blister-like

aneurysms or those with a wide neck where coil dislocation is

expected or where a proper reconstruction of the base seems un-

likely with a balloon only, leading to an assumed higher risk of

reperfusion. Although there is no sharp cutoff in aneurysm size

for additional coiling, we attempt to use coils in aneurysms of �5

mm when safe catheterization is possible. If so, there is an attempt

at dense packing to reduce the rate of reperfusion21 and post-

flow-diverting hemorrhage.22 In the aneurysms treated in this

cohort with a flow diverter and coils, the flow diverter was neces-

sary for remodeling the aneurysm base. Solitary coil embolization

was not a proper option in those cases.

The FRED is preferred compared with other flow diverters

if major branches are in the vicinity (eg, the anterior choroid

artery) because one can achieve proper coverage of the aneu-

rysm neck combined with stable positioning while the major

branch is only covered by the open-pored part of the flow

diverter.

In patients with acute SAH, flow diversion was used only when

there was no other intravascular or surgical option available. Ad-

ministration of aspirin and clopidogrel hours before placement of

the stent has not seemed appropriate to us in light of a possible

re-SAH, though new regimens with short loading intervals using

adjunctive tirofiban have a low complication profile.23 Further-

more, platelet suppression might severely affect further surgical

options such as placing a CSF drain.

Preinterventional Diagnostic Imaging
Both diagnostic angiography and intervention were performed by

using an Axiom Artis dBA biplane system (Siemens, Erlangen,

Germany).

All patients underwent diagnostic angiography before the

intervention for planning of endovascular therapy. For each

patient, 3D imaging of the aneurysm (with multiplane and

volume rendering technique reconstructions) was acquired

combined with targeted series, depicting the aneurysm neck

and parent vessel.

Patient Preparation
Before the intervention, all patients provided informed con-

sent for the procedure. Forty-eight patients were prepared with

75 mg of clopidogrel and 100 mg of aspirin 7 days before the

intervention. Of the 2 other patients, one was pretreated with

500 mg of ticlopidine, and one, with 150 mg of clopidogrel due

to aspirin intolerance. Sufficient platelet suppression was ob-

served by using a Multiplate analyzer (Roche, Basel, Switzer-

land) 1 day before the intervention. The Multiplate analyzer

indicates proper response to aspirin and clopidogrel/ticlopi-

dine when ASPItest and ADPtest values are beneath standard

range. Because there were no nonresponders in our study

group for either of the drugs, no action was taken.

Intervention
Standard transfemoral access was obtained by using an 80-/90-cm

6F sheath placed in the common carotid artery or a 65-cm 6F sheath

placed in the subclavian artery, respectively. We placed 6F Envoy

guiding catheters (Codman & Shurtleff, Raynham, Massachu-

setts) with or without a soft tip (distal access type) in the C1

section of the internal carotid artery or the proximal V3 segment

of the vertebral artery, as appropriate. At the start of the interven-

tion, standard posterior-anterior and lateral series were acquired

for later comparison. Coil positioning and deployment of the flow

diverter were surveilled under road-mapping/fluoroscopy. After

the procedure, posterior-anterior and lateral series of the vascular

territory were acquired to rule out distal embolisms. Hemorrhage

was ruled out by flat panel CT (FPCT, Dyna CT; Siemens) follow-

ing the intervention.

Materials
FRED is approved in Europe and several other countries. There is

no FDA approval so far.

The FRED is available from 3.5 to 5.5 mm in diameter, in

increments of 0.5 mm and from 13/7 to 32/25 mm in length: The

first number gives the total length, and the second number de-

notes the working (flow-diverting) length. It is delivered via

a 2-tip microcatheter (Headway 27 microcatheter; Micro-

Vention; distal: 2.6F/proximal: 3.1F). The FRED size was based

on the diameter of the parent vessel or slightly overdimen-

sioned. An example case is given in Fig 1 illustrating shape and

visualization of the FRED.

For additional coiling bioactive (Cerecyte coils; Codman &

Shurtleff) or Hydrogel coils (MicroVention) were used according

to the aneurysm size. The microcatheter was placed in the aneu-

rysm before deployment of the FRED (“jailing”).

Follow-Up
Follow-up imaging included MR imaging with TOF MRA and

contrast-enhanced MRA and flat panel CT24 with intravenous

contrast application during the hospital stay and at 3 months

after the intervention; DSA, MR imaging, and FPCT were per-

formed 6 months after the intervention. Clopidogrel was

stopped 3 months after the intervention if no pathologic find-

ings occurred.

Assessment Criteria

Safety. Patients were examined by a neurologist for neurologic

deficits at admission, after the intervention, and at discharge.

Assessment criteria were the following: manifest ischemic

stroke, flow diverter–associated hemorrhage, or death. Proce-

dural safety (deployment, visibility) was assessed by 2 experi-

enced interventionists.

Efficacy. Occlusion rates were assessed by 2 interventionists in a

consensus reading. The O’Kelly-Marotta grading scale25 for flow

diversion (A, total filling; B, subtotal filling; C, entry remnant; D,

no filling; 1, immediate washout; 2, stasis until the capillary phase;

3, stasis until the venous phase) was used in time-resolved DSA

imaging immediately and 6 months after the intervention. The

Raymond-Roy occlusion classification (RROC; 1, complete oc-
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clusion; 2, remnant neck/dog ear; 3, remnant aneurysm) was used

in steady-state angiography (FPCT, MRA) during the hospital

stay and at 3 and 6 months.

RESULTS
Fifty patients (39 women, 11 men; 55.4 � 11.9 years of age; range,

25–77 years) with 52 aneurysms were treated.

In our series, we used FRED implant sizes from 3.5 � 13/7 mm

to 5.5 � 32/25 mm.

Forty-four (88%) aneurysms were located at the ICA and

carotid bifurcation, including the posterior communicating

artery origin (2 patients had 2 aneurysms in the same segment

covered with 1 flow diverter); 1 (2%), at the MCA; 3 (6%), at

the intracranial part of the vertebral artery; and 1 each, at the

PICA origin and basilar tip. Forty-two aneurysms (84%) were

incidental findings. Fourteen patients (28%) were retreated

with the FRED for recurrence of a previously coiled aneurysm.

Four of the retreated patients had an SAH from the targeted

aneurysm before the first treatment. Prior treatment included

stent placement (n � 2), stent-protected coiling (n � 2), im-

plantation of a different flow diverter (n � 2), prior clipping

(n � 1), flow-diverter-protected coiling (n � 1), and prior

coiling (n � 6). Another 4 (8%) patients had SAH originating

from another aneurysm.

Thirty (60%) patients were treated exclusively with a FRED

device (group A) in the current intervention. In 4 patients (8%), 2

overlapping flow diverters (stent-in-stent) were used because no

safe catheterization of the aneurysm was possible (n � 2) or the

aneurysm was at the origin of the ophthalmic artery (n � 2). The

former showed no relevant stasis of contrast after deployment of

the first FRED and they were thus treated with a second flow

diverter. The latter was thought unlikely to occlude because a

high-pressure gradient from the ophthalmic artery was present.

Twenty (40%) patients underwent additional coiling (group B),

as explained in the “Materials and Methods” section.

Aneurysm sizes ranged from 2.0 to 18.5 mm, resulting in a

mean diameter of 5.4 � 4.5 mm in the overall group. Aneurysm

sizes ranged from 2.0 to 13.0 mm (mean, 3.6 � 2.7 mm) in group

A and from 2.5 to 18.5 mm (mean, 8.0 � 5.2 mm) in group B.

Thirty-nine saccular, 8 blister-like, and 3 fusiform/dissecting an-

eurysms were treated, with mean sizes of 5.8 � 4.6 mm (range,

1.5–18.5 mm), 2.1 � 0.6 mm (range, 1.5–3 mm), and 8.3 � 3.3

mm (range, 5.5–13 mm), respectively.

FIG 1. Sidewall aneurysm of the left vertebral artery (A). Gradual deployment of the FRED device (B and C). Note delayed washout of contrast
right after deployment (E) and good visualization of the flow diverter on 2D and 3D imaging (D, F–H) (3D imaging acquired with flat panel CT). D
and G, The overall (4 markers at each end) and working length (radiopaque “double helix”) are illustrated.
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Safety
Thirty-nine patients (78%) had neither clinical complications nor

pathologic imaging findings. Nine patients (18%) showed punc-

tual subcortical ischemic lesions on postprocedural MR imaging

without neurologic deficits. One patient had mild contralateral

hemiparesis right after the intervention but recovered completely

during the hospital stay. In 1 patient in group B treated with

additional bioactive coils, the early MR imaging showed several

punctual contrast-enhancing lesions on the ipsilateral hemisphere;

this patient had moderate temporary headache but no focal deficits.

Hence, no intervention-related mortality was observed.

In 1 patient with a primarily successful deployment and com-

plete wall adaptation of the FRED, there was a shift in configura-

tion on initial follow-up, showing a concentric narrowing of the

distal end with 2 of 4 markers sticking together (“fish mouth”

configuration), resulting in a mild delay of time-to-peak and

mean transit time on perfusion-weighted imaging. This finding

remained stable at 3 months but showed complete resolution at

the routine DSA follow-up at 6 months.

At 6-month follow-up, we found endothelial hyperplasia

without hemodynamic effects in MR perfusion in 1 patient and

concentric narrowing of the flow diverter and parent vessel in 2

patients, one of whom had delayed time-to-peak perfusion on

MR imaging.

As a consequence, patients with fish-mouthing or endothelial

hyperplasia received extended dual platelet inhibition until 6

months after the intervention. In an additional follow-up with

FPCT 3 months later, the findings remained stable and clopi-

dogrel was stopped again.

Efficacy
Immediate complete occlusion occurred in group B in 9 patients

(18%); there was no case of immediate complete occlusion in

group A. Detailed immediate postinterventional occlusion rates

are given in Table 1.

Three-month FPCT and MR imaging were available in 47

cases. One FPCT dataset was not evaluable because of hardening

artifacts from the coil package; therefore, only MR imaging was

used for occlusion rate assessment.26,27 Three patients were lost to

follow-up: One patient died of a heart attack in the meantime; in

2 patients, the 3-month follow-up was not performed because

they refused to undergo further imaging.

In the overall group, we observed complete aneurysm occlu-

sion in 34 of 47 patients (72.3%). Another 8 patients (17.0%)

showed functional occlusion with only a remaining “dog ear,”

resulting in 89.3% complete or subtotal occlusion. Occlusion

rates after 3 months in the particular treatment groups are given

in Table 2. Reperfusion occurred in 2 patients (4%) in group B

(aneurysm sizes, 18 and 18.5 mm) who changed from RROC

grade 1 in the postprocedural scan to RROC grade 2 at the

3-month follow-up, remaining unchanged after 6 months.

Six-month DSA follow-up (particular occlusion rates given in

Table 3) was available in 43 patients. In addition to the 1 patient

who died in the first 3-month period, 6 patients (12%) refused to

have another diagnostic angiography because of anxiety or un-

known reasons. For those patients, MR imaging (n � 3) or FPCT

(patient � 1) was available in 4 as an alternative imaging method.

The results of all patients, including DSA and FPCT or MRA, are

shown in Table 4 with RROC because there was no dynamic in-

formation available throughout the overall group. The additional

patient with RROC grade 3 in group B did not have a recurrence

but did not undergo follow-up at 3 months for medical reasons

(severe impairment after SAH with prolonged rehabilitation) and

thus was not considered in Table 3. Occlusion rates for the differ-

ent subtypes of aneurysms are given in Table 5.

Adding RROC 1 and 2 results, we achieved an occlusion rate of

Table 1: Initial occlusion rates using OKMGS

OKMGS

Overall
Study
Group Group A Group B

n = 50 % n = 30 % n = 20 %
A1 10 20 10 33.3 0 0
A2 6 12 5 16.7 1 5.0
A3 11 22 11 36.7 0 0
B1 3 6 2 6.7 1 5.0
B2 0 0 0 0 0 0
B3 1 2 0 0 1 5.0
C1 4 8 0 0 4 20.0
C2 2 4 1 3.3 1 5.0
C3 4 8 1 3.3 3 15.0
D 9 18 0 0 9 45.0

Note:—OKMGS indicates O’Kelly-Marotta grading scale for flow diversion.

Table 2: Three-month occlusion rates using the RROC

RROC

Overall
Study
Group Group A Group B

n = 47 % n = 28 % n = 19 %
3 5 10.6 5 17.9 0 0
2 8 17.0 4 14.3 4 21.1
1 34 72.3 19 67.9 15 79.0

Table 3: Six-month occlusion rates using OKMGS

OKMGS

Overall
Study
Group Group A Group B

n = 43 % n = 24 % n = 19 %
A1 0 0 0 0 0 0
A2 0 0 0 0 0 0
A3 0 0 0 0 0 0
B1 1 2.3 1 4.2 0 0
B2 2 4.7 2 8.3 0 0
B3 2 4.7 1 4.2 1 5.3
C1 1 2.3 0 0 1 5.3
C2 3 7.0 2 8.3 1 5.3
C3 1 2.3 0 0 1 5.3
D 33 76.7 18 75.0 15 78.9

Table 4: Six-month occlusion rates including DSA and alternative
follow-up with RROC

RROC

Overall
Study
Group Group A Group B

n = 47 % n = 27 % n = 20 %
3 6 12.8 5 18.5 1 5.0
2 5 10.6 2 7.4 3 15.0
1 36 76.6 20 74.1 16 80.0
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81.5% in group A, 95.0% in group B, and 87.2 % in the overall study

group.

DISCUSSION
In this single-center prospective study, we examined the FRED

flow diverter, a device designed to combine easy deployment with

flow-diversion properties and a safety profile similar to that of

other flow diverters on the market.

Six-month follow-up revealed an overall complete occlusion

rate of 76.6%, with a recognizable lower rate of 74.1% in group A

(FRED exclusively) than the group B (FRED and coils) rate of

80.0%. Given that most aneurysms were incidental findings in

which a small remnant neck might be acceptable, there was sub-

total occlusion (complete occlusion or small remnant neck) of

87.2% in the overall group (81.5% group A, 95.0% group B). The

occlusion rates were stable during the time observed in all except

2 patients in group B in whom large aneurysms of 18.0 and 18.5

mm showed reperfusion after 3 months.

The occlusion rate in group A was almost identical to the re-

sults of the meta-analysis of Brinjikji et al,28 which showed total

occlusion in 76% (95% confidence interval, 70%– 81%) of 1654

cases with various flow diverters. It was also similar to the data of

Möhlenbruch et al12 and Kocer et al,20 who assessed the FRED in

particular, with 73% and 80% complete occlusion, respectively.

Results for the Pipeline Embolization Device (PED; Covidien, Ir-

vine, California) indicated that occlusion rates might increase

during long-term follow-up of up to 2 years.29 Patients in group B

had larger aneurysms with a mean diameter of 8.1 mm compared

with those of group A, who had a mean size of 3.7 mm, indicating

a tendency to use coils in larger aneurysms, mainly for easier

probing and an expected higher rate of occlusion. After adjusting

for aneurysm size, we achieved complete occlusion in 33/38 pa-

tients (86.8%) with aneurysms of up 10
mm. An occlusion rate of 12/12 (100%)
in group B with aneurysms of up to 10
mm indicates that additional coiling
likely results in better immediate and
long-term occlusion; thus, it can prevent
hemorrhage that is reported to happen
after flow diversion due to mechanical
and inflammatory changes within the
aneurysm wall.22,30,31

Four patients (8%) were treated with
2 flow diverters as stent-in-stent over the
same aneurysm, 2 of whom had an an-
eurysm of ophthalmic artery origin. In
the latter, considerable shrinkage could
be achieved (Fig 2). Shrinking aneu-
rysms at the origin of smaller arteries

where a relevant blood pressure gradient

is present are described for the PED as well.29 In the other 2 pa-

tients, there was complete occlusion of the aneurysm at 6 months

after treatment with 2 FREDs.

Only low occlusion rates (1/6 complete occlusions, another

3/6 remnant necks) were achieved in aneurysms of �10 mm.

Because this study included a very small number of patients and

rather short follow-up, our results are probably insufficient for

reliable assessment of the efficacy in large aneurysms. On the

other hand, we could achieve a reduction in size and thus mass

effect in two-thirds of large aneurysms. We also expect advancing

occlusion of the larger aneurysms during further follow-up.

While 78% of all patients had neither clinical deficits nor

pathologic imaging findings after the intervention, manifest

stroke was observed in 1 patient. This patient had mild stroke

symptoms that receded during the hospital stay. Postprocedural

MR imaging revealed subclinical pointed DWI lesions in another

9 patients (18%). These punctual lesions did not cause neurologic

symptoms or prolonged hospitalization; there were no noticeable

periprocedural abnormalities in those cases (eg, prolonged dura-

tion of the intervention). All these patients had proper suppres-

sion of platelet function. A rate of 18% asymptomatic minor le-

sions is well below that seen in prior studies, which found

microembolism in up to 37% of patients treated with flow-di-

verter stents for embolization of intracranial aneurysms.32

In 1 patient, contrast-enhancing lesions were found on post-

procedural MR imaging. The only clinical symptom was moder-

ate headache for several days. As a precaution, cortisone was ad-

ministered orally for 2 weeks; clinical symptoms dissipated within

days after administration. We do not assume that these findings

are associated with the FRED or its delivery catheter in partic-

ular. The exact cause of this phenomenon is not fully under-

FIG 2. Paraophthalmic aneurysm 6 months after (A) and before (B) implantation of 2 FREDs. Note
the “white collar” between the parent vessel and the aneurysm, suggesting endothelialization of
the stents.

Table 5: Six-month occlusion rates for the particular forms of aneurysmsa

Form

Overall Study Group Group A Group B

RROC RROC RROC

No. 1 2 3 No. 1 2 3 No. 1 2 3
Saccular 37 28 (76) 5 (14) 4 (11) 18 13 (72) 2 (11) 3 (17) 19 15 (79) 3 (16) 1 (5)
Blister 7 6 (86) 0 1 (14) 7 6 (86) 0 1 (14) 0 0 0
Fusiform 3 2 (67) 0 1 (33) 2 1 (50) 0 1 (50) 1 1 (100) 0 0

a Numbers in parentheses are percentages.
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stood, though an inflammatory reaction, probably due to
scraped-off hydrophilic coating, is suspected and has been re-
ported for different microcatheters.33

There was no acute or subacute in-stent thrombosis. One pa-
tient had mild endothelial hyperplasia at 6-month follow-up with
only a minor effect on time-to-peak maps in perfusion-weighted
MR imaging. Two FRED flow diverters showed a concentric nar-
rowing of the distal end of the stent or the distal end of the flow-
diverting segment, respectively, including the parent vessel. This
kind of alteration has been observed in other stents and flow di-
verters as well. The geometry of the stent and the parent vessel,
vessel size, and healing reactions have been discussed as potential
causes of this phenomenon20,34; however, there is no accepted
explanation. In all 3 cases of endothelial hyperplasia or change in
stent configuration, dual antiplatelet therapy was extended until 6
months after the intervention. While further deterioration was
not seen in any of these patients, in 1 patient, the fish-mouth
configuration spontaneously resolved almost completely between
the 3- and 6-month follow-up. All the alterations mentioned were
noticed on FPCT with intravenous contrast application; thus, we
are encouraged to use this method to obtain high-quality infor-
mation on the shape and perfused lumen of the flow diverter and
the hemodynamics downstream of the stent for interim follow-up
or in patients in whom DSA is not an option.35

CONCLUSIONS
The FRED flow diverter is a technically safe device with a low rate

of complications. It has occlusion rates similar to those of other

flow diverters. It is our experience that its higher radial force al-

lows easier deployment in certain cases. Long-term follow-up is

needed to prove stable occlusion, especially in larger aneurysms

and those with no additional coiling.
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ORIGINAL RESEARCH
INTERVENTIONAL

Compacting a Single Flow Diverter versus Overlapping Flow
Diverters for Intracranial Aneurysms: A Computational Study

X R.J. Damiano, X V.M. Tutino, X N. Paliwal, X D. Ma, X J.M. Davies, X A.H. Siddiqui, and X H. Meng

ABSTRACT

BACKGROUND AND PURPOSE: Locally compacting the mesh of a flow diverter by a dynamic push-pull technique can accelerate
intracranial aneurysm healing. We asked how this deployment strategy compares with overlapping 2 flow diverters for aneurysmal flow
reduction.

MATERIALS AND METHODS: Using a high-fidelity virtual stent placement method, we simulated 3 flow-diverter strategies (single non-
compacted, 2 overlapped, and single compacted) in 3 aneurysms (fusiform, large saccular, and medium saccular). Computational fluid
dynamics analysis provided posttreatment hemodynamic parameters, including time-averaged inflow rate, aneurysm-averaged velocity,
wall shear stress, total absolute circulation, and turnover time. We examined the relationship between the achieved degree of compaction
and aneurysm orifice area.

RESULTS: Flow-diverter compaction resulted in a compaction coverage of 57%, 47%, and 22% over the orifice of the fusiform, large, and
medium saccular aneurysm, respectively. Compaction coverage increased linearly with orifice area. In the fusiform aneurysm, the single
compacted flow diverter accomplished more aneurysmal flow reduction than the other 2 strategies, as indicated by all 5 hemodynamic
parameters. In the 2 saccular aneurysms, the overlapped flow diverters achieved the most flow reduction, followed by the single
compacted and the noncompacted flow diverter.

CONCLUSIONS: Compacting a single flow diverter can outperform overlapping 2 flow diverters in aneurysmal flow reduction, provided
that the compaction produces a mesh denser than 2 overlapped flow diverters and this denser mesh covers a sufficient portion of the
aneurysm orifice area, for which we suggest a minimum of 50%. This strategy is most effective for aneurysms with large orifices, especially
fusiform aneurysms.

ABBREVIATIONS: CC � compaction coverage; CFD � computational fluid dynamics; DPPT � dynamic push-pull technique; FD � flow diverter; HiFiVS �
high-fidelity virtual stent placement; IA � intracranial aneurysm

Flow diversion is a minimally invasive, endovascular therapy for

treating intracranial aneurysms (IAs). Flow diverters (FDs) are

self-expandable, densely braided metallic stents that are deployed

across the IA neck. Their low-porosity mesh redirects blood flow

back into the parent vessel, decreasing flow into the aneurysm

and thereby encouraging parent vessel reconstruction and an-

eurysm embolization.1 However, embolization does not occur

immediately, leaving treated IAs at risk of rupture before com-

plete occlusion is achieved.2 Treatment strategies aimed at re-

ducing aneurysmal flow beyond that achievable by conven-

tional FD deployment can decrease the time to occlusion and

reduce rupture risk.3

One of these strategies is to overlap multiple FDs to increase

mesh coverage over the aneurysm neck to accelerate IA occlusion.

The strategy of overlapping FDs was used in 2 large clinical trials

testing the safety and efficacy of the Pipeline Embolization Device

(Covidien, Irvine, California) in treating unruptured aneurysms:

the Pipeline Embolization Device for the Intracranial Treatment

of Aneurysms4 and Pipeline for Uncoilable or Failed Aneurysms.5

Additional overlapping FDs were deployed to treat aneurysms at
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the discretion of the neurointerventionalists, and an analysis of

treatments at the conclusions of the trials showed that the average

number of FDs used per case was 1.52 and 3.1, respectively. These

trials demonstrated 6-month occlusion rates of 93% and 73.6%,

respectively, supporting the efficacy of using overlapping FDs to

treat IAs. Computational studies of sequentially overlapping

stents for treating IAs have supported this concept, showing in-

creased flow reduction with the increases in mesh coverage over

the IA orifice.6 More recently, we simulated realistic deployment

of the Pipeline Embolization Device and demonstrated that over-

lapping 2 devices reduced aneurysmal flow velocity 30% more

than deploying 1 device.7

However, negative clinical consequences of overlapping FDs

have also been reported, including in-stent thrombosis, stenosis,

and perforator occlusion.8,9 These complications are likely due to

the increased metal surface area and lowered porosity due to ad-

ditional FDs.8 It would be desirable to deploy a single FD but to

achieve as much aneurysmal flow reduction as overlapping mul-

tiple FDs, to reduce the risk of these complications.

Most interesting, because its individual wires can slide over

one another, an FD can generate spatially varying mesh density

when deployed. This ability was demonstrated by several bench-

top experiments that showed that when longitudinally com-

pressed during deployment, an FD expands radially and its wires

compact into a localized zone of higher mesh density.10,11 To use

this property, we recently developed a novel deployment strategy

to achieve local FD compaction for patient-specific IAs: the dy-

namic push-pull technique (DPPT).12 With this strategy, the

mesh density of an FD can be increased over the IA orifice during

deployment through synergistic push-and-pull maneuvers be-

tween the microcatheter and delivery wire. We demonstrated the

use of the DPPT for patient-specific IAs in vitro by physically

deploying FDs and compacting their meshes in several IA flow

phantoms.13 We also showed that an FD compacted by using the

DPPT reduced aneurysmal flow velocity 38% more than a non-

compacted, uniformly deployed FD.14 A recent in vivo study of

canine aneurysm models also found that compacted FDs resulted

in more frequent occlusion than noncompacted FDs.15 We hy-

pothesized that a single compacted FD could realize the benefits

of overlapping multiple FDs without associated complications.

This study tested numerically whether compacting a single FD

could be as effective as 2 overlapped FDs in aneurysmal flow re-

duction. To this end, we used a finite element method– based

modeling technique—the high-fidelity virtual stenting (HiFiVS)12

method—to simulate various FD deployment strategies, includ-

ing single noncompacted, 2 overlapped, and single compacted.

Applying these modeling strategies, we virtually “treated” 3 rep-

resentative patient-specific IAs: a fusiform, a large saccular, and a

medium saccular aneurysm. We then performed computational

fluid dynamics (CFD) analysis to assess hemodynamic modifica-

tions in each scenario and compared the resulting flow modifica-

tions by using 5 hemodynamic parameters.

MATERIALS AND METHODS
Creation of IA Models
For this computational study, we chose 3 representative patient-

specific IAs as test cases: a medium 9-mm fusiform basilar trunk

IA, a large 18-mm saccular internal carotid artery IA, and a me-

dium 9.5-mm saccular internal carotid artery IA. They were all

treated by FDs at Gates Vascular Institute (Buffalo, New York),

and their pretreatment angiographic images were obtained at the

time of treatment under institutional review board approval. Al-

though all 3 cases were treated by FDs, the FD strategies tested in

the current numeric study answered the question of the effective-

ness of different competing treatment strategies and did not cor-

respond to the actual treatments received by these patients.

To create the 3D IA models, we segmented their angiographic

images by using the level set and marching cube methods in The

Vascular Modeling Toolkit (www.vmtk.org).16 To make the FD

deployment simulations computationally tractable, we assumed

that the IA models were rigid. This assumption was reasonable

because FDs exhibit lower radial forces1 than closed-pore stents

and thus have less effect on vessel morphology.

FD Size Selection
We selected the FD size for each IA by following standard clinical

procedures.17 The nominal diameter of an FD was chosen to ap-

proximate the size of the recipient parent vessel in each IA, and the

nominal length was chosen to be at least 6 mm longer than the

length of the IA neck. This process gave rise to 3 FD specifications

for each IA: FDs measuring at least 5 � 13, 4.25 � 12, and 3.25 �

10 mm in the fusiform, large, and medium IAs, respectively.

Modeling the Deployment Strategies of Noncompacting
and Overlapping FDs with HiFiVS
The HiFiVS12 method was used to virtually deploy FDs in this

study. As previously described, HiFiVS is a finite element meth-

od– based FD simulation technique that models several compo-

nents of the FD delivery system, including the crimper, micro-

catheter, distal coil, and proximal pusher. All deployment

mechanics and critical steps that affect the final configurations of

FDs were simulated, including crimping, delivery, release, and

expansion.

The HiFiVS method was rigorously validated in our previous

experimental studies.12,13 Side-by-side comparisons between ex-

perimental deployment of FDs in transparent IA phantoms and in

silico deployment in identical IA models showed excellent agree-

ment, as demonstrated in Fig 6 of Ma et al (2013).12 Local mesh

characteristics of compacted FDs deployed by HiFiVS matched

those deployed experimentally by the DPPT, as demonstrated in

Fig 2 of Ma et al (2014).13

In the current study, we modeled the FDs after the Pipeline

Embolization Device. The wire braiding pattern for each FD was

generated in Matlab (MathWorks, Natick, Massachusetts) on the

basis of mathematic description.18 The FD deployment procedure

was simulated by using the finite element solver Abaqus/Explicit

6.13 (SIMULIA; 3DS, Waltham, Massachusetts).

To virtually deploy an FD without compaction, we retracted

the microcatheter proximally while holding the distal coil still to

produce uniform mesh density over the IA orifice. To simulate the

deployment of 2 overlapped FDs, we ran 2 independent HiFiVS

simulations consecutively.7 Following the deployment of the first

FD in each IA (5 � 20, 4.5 � 20, and 3.25 � 14 mm for the

fusiform, large, and medium IAs, respectively), a second FD mea-
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suring 5 � 20, 4.5 � 14, and 3.25 � 12 mm was coaxially deployed

in the fusiform, large, and medium IAs, respectively.

Modeling the Deployment Strategy of Compacting a
Single FD with HiFiVS
The previously described modeling technique of emulating the

DPPT12,13 was used in the current study to compact a single FD.

This consisted of retracting the microcatheter proximally as in

regular noncompacting deployment to unsheathe the FD, while

advancing the proximal pusher distally to generate dense FD

mesh over the IA orifice.

To generate the most flow diversion in each IA, we maximized

the FD compaction during deployment by maneuvering the

movement of the microcatheter and proximal pusher. The simu-

lation procedure was stopped if the FD started to migrate distally

or the wires of the FD began to unwind or tangle. Using this

procedure, we maximally compacted FDs measuring 5 � 20,

4.5 � 20, and 3.25 � 14 mm in the fusiform, large, and medium

IAs, respectively.

Quantification of FD Mesh Characteristics
The amount of aneurysmal flow reduction achievable by an FD in

a patient-specific IA is affected by its mesh porosity and pore

density in its fully deployed state.1 An ideal FD has low porosity

and high pore density to maximize flow diversion1: Porosity rep-

resents the amount of empty space created by the mesh pores of

the FD, and pore density, the number of pores per unit area.19 We

quantified these parameters near the IA orifice along the length of

a deployed FD in 5 consecutive zones: proximal vessel, proximal

transition, middle, distal transition, and distal vessel, as defined

previously on the basis of an FD compacted via the DPPT.13 The

proximal/distal vessel zones were the portions of the FD con-

strained in the parent vessel. The FD mesh in the middle zone (ie,

over the IA orifice) was compacted because the goal of the DPPT

is to increase mesh density over the IA orifice.13 The remainder of

the IA orifice not covered by the middle zone was covered by the

proximal/distal transition zones. Even though FDs deployed

without compaction presented more or less uniform meshes, to

compare porosity and pore density between different strategies,

we analyzed all FDs in these 5 zones.

Quantification of FD Mesh Compaction
When an FD is axially compressed, 2 things happen simultane-

ously: The woven wires of the FD compact together and the FD

construct expands radially. With FD deployment via the DPPT,

the aim is to create local mesh compaction over the IA orifice to

block flow into the IA.13 While the FD wires compact together, the

IA orifice provides space to allow the FD construct to expand

during compaction. Clearly the size of the orifice limits the degree

to which an FD can be compacted and thus the effectiveness of the

FD compaction strategy at improving aneurysmal flow reduction.

Therefore, we investigated the relationship between the IA orifice

area and the achievable compaction. This information could help

clinicians determine the types of IA geometry for which the FD

compaction strategy is most effective.

To that end, we measured IA orifices on the plane that sepa-

rates the IA sac from the parent vessel for the saccular IAs and on

the plane that separates the largest bulge from the parent vessel for

the fusiform IA. Once the orifice was identified, we quantified the

degree of achievable FD compaction by a new parameter, the

compaction coverage (CC), as defined in Equation 1. Here, com-

paction coverage represents the percentage of the IA orifice cov-

ered by the middle zone of the compacted FD.

1) CC �%� �
Compaction Zone Area

IA Orifice Area

CFD Simulations
Pre- and posttreatment hemodynamics in all IA models were sim-

ulated by using CFD in Star-CCM� v.10 (CD-adapco, Melville,

New York). Blood flow was assumed to be pulsatile, laminar, in-

compressible, and Newtonian (density � 1056 kg/m3, dynamic

viscosity � 3.5 cP). A patient-specific, pulsatile velocity waveform

was prescribed at each inlet, having a mean velocity matching

typical flow rates at each IA location. A traction-free boundary

condition was specified at each outlet.7 To solve for the aneurys-

mal flow fields, we spatially discretized each IA into unstructured

grids by using polyhedral cells.7 Additional details of the CFD

meshing parameters and the results of a mesh independence study

are included in the On-line Appendix. Three cardiac cycles were

simulated to ensure numeric stability of the flow solutions in all

IA models. All hemodynamic parameters presented were time

averages over the third cycle.

To compare aneurysmal flow modifications by the 3 FD strat-

egies, we assessed posttreatment changes of 5 hemodynamic pa-

rameters: inflow rate, aneurysm-averaged velocity, wall shear

stress, total absolute circulation, and turnover time. Previous

studies reported that FDs reduced inflow rate, velocity, and wall

shear stress and increased turnover time and that the amount of

change correlated with IA occlusion rates.20,21 In addition, we also

examined posttreatment changes in the total absolute hydrody-

namic circulation. This new parameter is a modified version of

hydrodynamic circulation that was used previously to compare

aneurysmal flow changes by several custom-designed FDs.19 By

definition, hydrodynamic circulation is an integration of vorticity

flux over a region. Because the positive and negative vortex sub-

regions could cancel out and give zero or small total circulation in

this region, the use of hydrodynamic circulation could mask the

true amount of rotational flow activity in this region. To capture

the total amount of rotational flow activity of both positive and

negative vortices in an aneurysm, we defined the total absolute

circulation (�A) as the integration of the absolute value of vortic-

ity flux over the IA midplane as shown in Equation 2:

2) �A � ����� � n̂� dA

where �� is the local time-averaged vorticity, �� � n̂ is its component

normal to the IA midplane, and the integration is over the entire

midplane. The IA midplane is formed by 2 vectors: 1) the vector

pointing from the centroid of the IA orifice to the centroid of the

IA sac, and 2) the vector pointing from the centroid of the cross-

section of the parent vessel immediately proximal to the IA to the

centroid of the parent vessel cross-section immediately distal. We
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define the IA sac as the volume enclosed by the wall of the IA and

the IA orifice.

RESULTS
Compacting a Single FD Achieved Similar Porosity and
Pore Density as Overlapping FDs
Figure 1 shows the geometry of the 3 IA models and the FDs

virtually deployed by the 3 FD treatment strategies in each IA. The

fusiform IA (on the basilar artery) involves the entire circumfer-

ence of the parent vessel, with the largest bulge protruding to the

right (left column of Fig 1). The 2 saccular IAs both occur sidewall

on the internal carotid artery. After treatment, the mesh density

appears rather uniform in all 3 IA models for the noncompacted

FD and overlapped FDs. The compacted FD, on the other hand,

shows highly variable mesh density in all 3 cases, bulging into the

IA sac and compacting in a distinct zone of higher mesh density.

The middle zone is largest in the fusiform IA and decreases in the

large and medium IAs. The remaining zones of the compacted FD

are less dense in comparison with the middle zone in all 3 IAs.

Figure 2 shows the quantification of mesh variations in terms

of porosity and pore density of all virtually deployed FDs. The 5

mesh zones for calculating these quantities are illustrated in Fig

2A, with the fusiform IA as an example, wherein the middle zone

(M) of the compacted FD has much higher mesh density over

other zones. Figure 2B, -C shows porosity and pore density, re-

spectively, plotted over the consecutive mesh zones for all FD

strategies. Overall, the single noncompacted FDs have the highest

porosity and lowest pore density, while the overlapped FDs have

the lowest porosity and highest pore density. The compacted FDs

show large variations in both porosity and pore density along

their lengths. They are generally similar to those in the single

noncompacted FDs, but in the middle zone, they have a large

jump, approaching or exceeding the overlapped FDs, except for 2

cases.

Compaction Coverage Increased Linearly with
IA Orifice Area
To explore the relationship between the maximally achievable FD

compaction and IA geometry, we quantified the IA orifice area,

the area of compaction, and the compaction coverage. Figure 3

shows the FD mesh at the orifices of the 3 IAs and the CC plotted

against the orifice area. The fusiform IA orifice had the largest

coverage by the middle zone (ie, the compacted portion), and the

medium IA orifice had the smallest (Fig 3A). Conversely, the me-

dium IA orifice had the largest coverage by the transition zones

(ie, the noncompacted portions), and the fusiform IA orifice had

the smallest. The orifice areas for the fusiform, large, and medium

IAs were 34.5, 30.0, and 14.7 mm2, respectively, while the corre-

sponding CCs were 57%, 47%, and 22%, respectively. Figure 3B

demonstrates a strong linear correlation between the CC and IA

orifice area (R2 � 0.9965). In both saccular IAs, CC was below

50%, meaning less than half of the IA orifice was covered by the

middle zone.

Compacting a Single FD Outperformed Overlapping 2 FDs
in Aneurysmal Flow Reduction in the Fusiform IA
We performed CFD simulations for all 12 IA models shown in Fig

1, including the 3 untreated IAs, and posttreatment hemodynam-

ics by using all 3 treatment strategies in each IA. Figure 4 shows the

volume-rendered time-averaged velocity magnitude in all 12 IA

models. In addition to the velocity magnitude (rendered in color),

streamlines (rendered in black) are plotted to visualize the flow

modifications by each FD strategy. In the fusiform IA, a strong

vortex was formed in the large bulge, and it was diminished by the

FDs to various extents, with the compacted FD delivering the

most reduction. In the large and medium saccular IAs, an inflow

jet entered the IA sac distally and circulated throughout the IA sac

before exiting proximally. In the large IA, the size and velocity of

the inflow jet was reduced most by the compacted FD, followed by

the overlapped FDs and then the noncompacted FD. On the other

hand, in the medium IA, the overlapped FDs reduced the size and

velocity of the inflow jet the most. The compacted FD appeared to

disrupt the inflow jet as much as, but no more than, the noncom-

pacted FD in the medium IA.

To quantify the different effects of flow reduction by the 3 FD

strategies, we calculated posttreatment modifications in the time-

averaged inflow rate, aneurysm-averaged velocity, wall shear

stress, total absolute circulation, and turnover time, all shown in

Fig 5. Regardless of the deployment strategy, FDs reduced intra-

aneurysmal flow in all 3 IAs, as evidenced by the decrease in inflow

rate, aneurysm-averaged velocity, wall shear stress, and total ab-

solute circulation and an increase in turnover time from the un-

treated IAs. In the fusiform IA, the compacted FD outperformed

the overlapped FDs in all 5 hemodynamic parameters. In contrast,

the overlapped FDs outperformed the compacted FD in the large

and medium IAs, except for total absolute circulation in the large

IA, where the compacted FD performed best.

FIG 1. FD deployment results in all 3 IAs.
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DISCUSSION
In this computational study, we tested

whether a single compacted FD could

outperform 2 overlapped FDs in IA flow

reduction. Our results suggest that this

goal is achievable provided that the

compaction of the single FD can achieve

2 conditions: 1) It produces a com-

pacted mesh in the middle zone that is

denser than 2 overlapped FDs, as judged

by both porosity and pore density; and

2) this denser mesh covers a sufficient

portion of the IA orifice area, of which

we suggest a minimum of 50%.

In the fusiform IA model, compact-

ing a single FD achieved both of these

conditions. Not surprising, the com-

pacted FD outperformed the 2 over-

lapped FDs in all 5 hemodynamic pa-

rameters. In the 2 saccular IAs, however,

compacting a single FD did not achieve

both compaction conditions above. In

the large saccular IA, the porosity did

not get down to the level of the 2 over-

lapped FDs (Fig 2B), while in the me-

dium saccular IA, the pore density did

not reach that of the overlapped FDs

(Fig 2C) and neither IA allowed CC of

�50%. We believe that this inadequate

compaction was responsible for the flow

simulation results in the 2 saccular

IAs—that is, the compacted FD did not

outperform the overlapped FDs in aneu-
rysmal flow reduction. We further
found that the degree to which an FD
can be compacted and thus the ability to

achieve both mesh conditions when

compacting an FD are linearly related to

the area of the aneurysm orifice. An FD

can be compacted to a larger degree over

an IA with a larger orifice because a large

orifice provides more space for the FD to

expand. This radial expansion occurs to
accommodate the compaction of the

woven wires of the FD as the FD is axially
compressed. Therefore, the salient find-

ing of this study is that compacting a sin-
gle FD can outperform overlapping 2
FDs in aneurysms with large orifices, es-
pecially fusiform IAs.

We believe that compacting a single

FD could be a superior strategy to over-

lapping multiple FDs, from both a bio-

logic and economic standpoint. One

concern with overlapping multiple FDs

is that it increases the mesh density in

the parent vessel, thereby increasing the

FIG 2. Porosity and pore density distributions of deployed FDs resulting from all 3 deployment
methods in the 3 IAs. A, Deployed FD meshes in the fusiform IA and demarcations of FD zones
used for porosity and pore density calculations: proximal vessel (PV), proximal transition (PT),
middle (M), distal transition (DT), and distal vessel (DV). These zones are defined on the basis of the
compacted FD but applied to all 3 deployment strategies for calculation of porosity and pore
density. B, Porosity distribution. C, Pore density distribution. The arrows indicate middle zones in
which the compacted FD has lower porosity or higher pore density than the overlapped FDs,
whereas the ovals indicate middle zones in which it does not.

FIG 3. FD mesh compaction achieved in the 3 IAs. A, Compacted meshes at the IA orifice. Orifice
areas are highlighted by the circular regions, and the compaction zones, by the rectangular
regions. The arrows in the smaller schematics of each IA indicate viewing directions at each IA
orifice. The arrows in the larger schematics of each IA orifice indicate the flow direction. Scale
bars below each IA orifice indicate distances of 1 mm. B, Plot of compaction coverage (percent-
age) versus IA orifice area, showing a strong linear relationship.
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chance of perforator occlusion.8 Overlapping multiple metal de-
vices also increases the risk for in-stent thrombosis and stenosis.9

In contrast, the strategy of compacting a single FD increases the
mesh density only over the IA orifice, but not in the parent vessel,
thereby minimizing the risk of occluding nearby perforators. In
addition, this strategy uses a single device, thereby minimizing the
amount of thrombogenic metal and eliminating the costs and
procedural risks associated with additional devices.

The goal of compacting an FD is to increase mesh density over
the IA orifice beyond that achievable by not compacting an FD, in
the hope of accelerating IA occlusion. However, failing to achieve
adequate mesh compaction may render the compacted FD no
more effective at aneurysmal flow reduction than a noncom-
pacted FD. This result is because the less area of an FD that is
compacted over the IA orifice, the more area of the orifice that is
left at a lower mesh density. In other words, the smaller the middle
zone, the larger is the transition zones. Benchtop experiments
have shown that mesh transition zones are unavoidable when
compacting an FD.10 In addition, the experiments showed that
the transition zones were always less dense than the middle zone;
this feature could compromise the ability of the FD mesh to divert
aneurysm inflow. Our study supports this observation. We found
that the mesh transition zones of the compacted FDs were ap-
proximately as dense as those of the noncompacted FDs in all 3
IAs (Fig 2B, -C). The implications of this result in our study were

FIG 4. Time-averaged, volume-rendered velocity magnitude in all 3
IAs for each FD strategy. Streamlines are plotted to enhance visual-
ization of flow modifications due to each FD strategy. The arrows
indicate the flow direction for each untreated IA.

FIG 5. Changes in time-averaged hemodynamic parameters by FDs in
each IA, relative to the untreated IAs. A, Inflow rate at the IA orifice. B,
Aneurysm-averaged velocity in the IA sac. C, Aneurysm-averaged wall
shear stress on the wall of the IA sac. D, Total absolute circulation at
the IA midplane. E, Turnover time in the IA sac. Changes in hemody-
namic parameters by FDs are reported as percentages of the values in
the untreated IAs. The asterisks indicate instances in which the com-
pacted FD outperformed the overlapped FDs.
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most revealing when considering the medium IA, which has

the smallest orifice area of the 3 IA cases. In this aneurysm, the

compacted FD disrupted the IA inflow jet as much as but no

more than the noncompacted FD, and the jet passed through

the distal transition zone of the FD (Fig 4). We could not

further compact the FD due to the small orifice (	50% CC).

Consequently, most of the orifice was covered by the lower

mesh density transition zones. Thus, inadequate compaction

of an FD leaves the orifice covered by lower density mesh,

thereby delaying or preventing thrombosis due to insufficient

flow diversion. On the basis of our results, we suggest ensuring

that at least 50% of the IA orifice is covered by the higher

density middle zone when compacting an FD.

On the other hand, excessive compaction of an FD could

also cause complications, for example, causing the FD to pro-

lapse into the aneurysm or migrate along the parent vessel.

Gentric et al,15 in an attempt to treat several canine aneurysm

models by compacting single FDs in vivo, experienced exces-

sive compaction, which caused 4 FDs to prolapse into the an-

eurysm sac during deployment and 1 to migrate distally along

the parent vessel following deployment. In the current in silico

study, we also saw that if too much force was applied to the

proximal pusher during compaction, the FD would migrate

along the parent vessel. Consequently, we had to rerun the

simulation with less force applied to ensure that the FD was

anchored properly in the parent vessel. In the clinical setting,

however, it would be extremely hard to salvage a prolapsed or

migrated FD after deployment. Therefore, extra precaution is

required to avoid excessively compacting an FD and causing

FD prolapse or migration during the intervention.

Our study shows that no FD deployment strategy, including

compacting FDs, is optimal for all IAs. We believe that IA geom-

etry is the most important determining factor for the success of

any flow-diversion strategy. Other factors also come into play as

well. For example, the type and dimensions of the FD devices will

determine the deployment process and the resulting mesh char-

acteristics (eg, porosity and pore density). These, in turn, will

determine the flow-diversion effect of the FD strategy (as demon-

strated by Mut et al22). Furthermore, the success of the FD treat-

ment also depends on the experience level of the neurointerven-

tionalist. A steep learning curve is well-recognized in performing

FD deployments, and the deployment procedure requires sub-

stantial technical ability,23 especially for complex deployment

techniques such as compacting or overlapping FDs.

CONCLUSIONS
We investigated whether compacting a single FD could outper-

form overlapping 2 FDs in aneurysmal flow reduction in 3

patient-specific IAs. We found that compacting a single FD can

be as effective as overlapping 2 FDs in aneurysmal flow reduc-

tion, provided that the compaction of the single FD can pro-

duce a dense mesh in the middle zone that is denser than 2

overlapped FDs and this denser mesh covers a sufficient por-

tion of the IA orifice area, of which we suggest a minimum of

50%. FD compaction is most suitable for IAs with large orifice

areas, especially fusiform IAs.
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ORIGINAL RESEARCH
INTERVENTIONAL

Differential Interstrain Susceptibility to Vertebrobasilar
Dolichoectasia in a Mouse Model

X Y.-Q. Zhu, X H. Xing, X D. Dai, X D.F. Kallmes, and X R. Kadirvel

ABSTRACT

BACKGROUND AND PURPOSE: Vetebrobasilar dolichoectasia is characterized by arterial elongation, dilation, and tortuosity and leads to
high risks of ischemic stroke. Our aim was to investigate the differential susceptibility to elastase-induced vertebrobasilar dolichoectasia
induction in 2 different mouse strains.

MATERIALS AND METHODS: Elastase (25 mU) was injected into the cisterna magna in C57BL/6J (n � 36) and 129/SvEv (SV129) (n � 36) mice.
Control animals were injected with heat-inactivated elastase (n � 12 for each strain). At 3, 7, 14, and 28 days after elastase injection, MICROFIL
polymer perfusion was performed. The arterial tortuosity index and the percentage increase in diameter were calculated for the basilar artery.
Arterial samples were processed for conventional histologic examination, immunostaining, and matrix metalloproteinase expression. A �50%
increase in diameter and a tortuosity index of �10 for the basilar artery were used to indicate success in achieving vertebrobasilar dolichoectasia.

RESULTS: Successful vertebrobasilar dolichoectasia induction was noted in 67% (18 of 27) of the C57BL/6J strain versus 0% (0 of 19) of the
SV129 strain (P � .001). Vertebrobasilar dolichoectasia was not observed in sham-operated controls. Both the tortuosity index and diameter
increase for the basilar artery were greater in the C57BL/6J strain compared with the SV129 strain (56.3% � 16.4% versus 21.1% � 21.6% for
diameter, P � .001; 17.4 � 7.6 versus 10.4 � 3.8 for tortuosity index, P � .001). Expression of pro-matrix metalloproteinase-2 and pro- and
active matrix metalloproteinase-9 was increased in elastase-injected C57BL/6J animals compared with elastase-injected SV129 animals (P �

.029, 0.029, and 0.029, respectively). Inflammation scores were significantly higher in C57BL/6J animals versus SV129 animals (P � .001).
C57BL/6J subjects demonstrated arterial wall dilation and elongation characterized by internal elastic lamina disruption, muscular layer
discontinuity, inflammatory cell infiltration, and high matrix metalloproteinase expression in the media.

CONCLUSIONS: C57BL/6J mice demonstrated greater susceptibility to vertebrobasilar dolichoectasia induction than SV129 mice.

ABBREVIATIONS: BA � basilar artery; MMP � matrix metalloproteinase; TI � tortuosity index; VBD � vertebrobasilar dolichoectasia

Intracranial arterial dolichoectasia is an arteriopathy character-

ized by elongation, dilation, and tortuosity of the intracranial

vasculature, with the posterior circulation and basilar artery

(BA) most frequently affected.1,2 Development of vertebrobasilar

dolichoectasia (VBD) portends a high risk of subsequent neuro-

logic decline, resulting from ischemic stroke, perforator infarc-

tion, and compression of critical posterior fossa structures. Re-

cent, large clinical studies have shown that VBD may be found in

up to 12% of patients presenting with stroke.3 Current under-

standing has focused on the role of the internal elastic lamina, the

disruption of which, along with medial smooth-muscle atrophy,

has been suggested as critical in the progression of the disease.

However, the exact pathophysiology of this disorder is poorly

understood,4,5 and therapeutic options remain limited. Indeed, at

present, there is no medical, surgical, or interventional therapy

shown to mitigate the progression of VBD. Improved under-

standing of molecular and genetic features may allow improved

treatment paradigms for this often-devastating disorder.

Notwithstanding widely acknowledged limitations of small-

animal models in human disease, aneurysmal disease represents a

focused area in which murine models have shown promise. Pre-

vious studies of experimental abdominal aortic aneurysms have

used numerous lines of research, including assessment of differ-

ential susceptibility to aneurysm formation in different mouse

strains, to probe the underlying pathophysiology of this disorder.

We recently reported a preclinical model, in C57BL/6J mice, of
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VBD induced via microsurgical injection of porcine elastase into

the cisterna magna to induce morphologic changes similar to hu-

man VBD.6 The aims of the current study were to elucidate the

morphologic and molecular differences in VBD between

C57BL/6J and 129/SvEv (SV129) mouse strains.

MATERIALS AND METHODS
Elastase Injection Procedure
C57BL/6J (n � 48) and SV129 (n � 48) female mice (6 – 8 weeks

of age) (Charles River Laboratories, Wilmington, Massachusetts)

were used in the current study and were divided into a test group

(n � 36 for each strain) and a control group (n � 12 for each

strain). The use of animals and procedures was reviewed and ap-

proved by the Institutional Animal Care and Use Committee in

Mayo Clinic.

The mouse model of VBD was induced as previously de-

scribed.6 Using a 10-�L micro NanoFil syringe (World Precision

Instruments, Sarasota, Florida) with a 36-ga beveled needle, we

injected 25 mU of porcine elastase (Worthington Biochemical,

Lakewood, New Jersey) in 2.5 �L of phosphate-buffered saline

(10 mU/�L) into the cisterna magna under a dissection micro-

scope. Control mice were injected with inactivated elastase.

MICROFIL Perfusion and Tissue Harvest
Animals in the test group of each strain were randomly assigned to

4 subgroups (n � 8 at each time point) and were sacrificed at 3, 7,

14, and 28 days after elastase injection. Control mice (n � 8 for

each strain) were sacrificed at 28 days. The MICROFIL (Flow-

Tech, Cockeysville, Maryland) perfusion was performed at fol-

low-up as described previously.6 After MICROFIL perfusion, the

whole brain along with the cerebral vascular trees was harvested

and fixed in 10% buffered formalin at room temperature at least

24 hours before imaging. Animals designated for zymography

analysis were perfused with saline; the basilar artery was harvested

at 14 days and snap frozen in liquid nitrogen (n � 8 for each

strain; n � 4 for each control and test group).

Morphometric Analysis
Under the dissecting microscope, visual inspection of the arteries

at the skull base was performed to determine the presence of tor-

tuosity and enlargement compared with the control samples. The

vascular trees were then photographed by using the Micro-

Publisher 5.0 RTV camera (QImaging; http://www.qimaging.

com/) attached to the dissection microscope; Q-Capture Pro 7

software (QImaging) with inner calibration was used to capture

the images. Morphometric analysis was performed for the BA. We

selected the area of maximal dilation for diameter measurements

(exterior side to exterior side) from the MICROFIL-perfused

gross images by using Image-Pro Plus software (Media Cybernet-

ics, Bethesda, Maryland). The percentage increase in arterial di-

ameter ([individual measured diameter � average diameter of

control samples] � average diameter of control samples) was de-

termined. The previously validated tortuosity index (TI)7 was ap-

plied to calculate the TI for the current study. TI was defined as the

following: [(actual length of the vessel / straight-line length of

same vessel � 1) � 100]. Successful VBD induction was defined as

a TI � 10 and a �50% increase in BA diameter compared with

control samples.

Histologic Examination
Harvested samples were fixed in 10% neutral-buffered formalin

for �48 hours, dehydrated by using a graded ethanol series (70%–

100%), and embedded in paraffin. Transverse sections containing

the BA were taken at 4-�m thickness and stained with hematox-

ylin-eosin and elastic fiber stains (Verhoeff-van-Gieson) to assess

internal elastic lamina disruption in the media. Serial cross-sec-

tions of the BA were used to evaluate inflammation reaction on

the basis of inflammation scores.8 The score was defined as fol-

lows: 0 � no inflammatory cell infiltration; 1 � minimal or mild:

scant, scattered inflammatory cell infiltration; 2 � patchy but

localized or limited inflammatory cells; 3 � marked, attenuated,

diffuse inflammatory cell infiltration. Samples were also immu-

nostained by using the rabbit polyclonal smooth-muscle �-actin

antibody (1:200; Abcam, Cambridge, Massachusetts), rabbit

polyclonal CD45 antibody (leukocyte common antigen; 1:200;

Abcam), mouse monoclonal antimacrophage antibody (clone

MAC387; 1:200; Thermo Fisher Scientific, Waltham, Massachu-

setts), rabbit polyclonal matrix metalloproteinase (MMP)-9 anti-

body (1:100; Abcam), and rabbit monoclonal MMP-12 antibody

(clone EP1261Y; 1:200; Abcam) by using the immunofluorescent

technique. Double immunofluorescent staining was performed

by using anti-CD45 (leukocytes) and antimacrophages to assess

whether macrophages were included in leukocytes. Negative con-

trols were performed by omitting primary antibodies. Statistical

analysis of the histopathologic images was performed with Image-

Pro Plus software in at least 5 randomly selected high-power

(�400) tubulointerstitial fields from each section. Two patholo-

gists assessed every pathologic index in each section and reached

agreement by consensus in a blinded manner.

Gelatin Zymography for MMPs
Soluble proteins were extracted from the BA of elastase-injected

(n � 4 for each strain) and heat-inactivated elastase-injected (n �

4 for each strain) groups at 14-day follow-up. Protein samples (20

�g per lane) were separated by 10% zymogram gel (Bio-Rad Lab-

oratories, Hercules, California). Gels were washed with renatur-

ation buffer (Bio-Rad) for 1 hour and then incubated for 48 hours

at 37°C in development buffer (Bio-Rad). The gels were stained

with 0.5% Coomassie blue R-250 (Thermo Fisher Scientific). The

gelatinolytic bands, representing the activities of MMPs, were

scanned and analyzed densitometrically by using ImageJ software

(National Institutes of Health, Bethesda, Maryland).

Data Analysis and Statistical Methods
Animals that had neurologic complications or did not survive for

specified follow-up time points were excluded from the analysis,

as were the MICROFIL-perfused samples that did not show

proper casting as indicated by air bubbles or partial filling in the

cast.

Effect of follow-up time and strain on percentage BA increase

and TI were assessed with robust analysis of variance by using the

Huber M-estimator. Variables were then dichotomized into suc-

cessful or unsuccessful injections for percentage BA increase and
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TI (with success being defined for BA as a percentage BA increase

of �50 or for TI as a TI increase of �10). Results were pooled

across time points within strains before between-strain compari-

sons were performed. The overall proportion of successful VBD

(both percentage BA increase of �50 and TI of �10), proportion

of BA increase of �50%, and the proportion of TI of �10 in

treated mice were compared by using the Fisher exact test. MMP

expression and inflammation scores between strains were com-

pared by using Wilcoxon rank sum tests. Kruskal-Wallis tests

were performed to test for the effect of the date of sacrifice on the

inflammation score in treated mice, and subsequent pair-wise

comparisons were performed by using the Dunn test with a Bon-

ferroni correction. Significance was defined as P � .05. Analyses

of variance were performed by using SAS (Version 9.3; SAS Insti-

tute, Cary, North Carolina). All other analyses were performed by

using R statistical and computing software (Version 3.1.1;

http://www.r-project.org/).

RESULTS
Mortality and Exclusion
Mortality rates after injection of elastase in C57BL/6J and SV129

mice were 4.2% (2 of 48) and 2.1% (1 of 48), respectively (P �

1.00). Two C57BL/6J mice and 1 SV129 mouse had injection-

related neurologic complications, including muscle weakness of

the left hind leg in 1 and dysequilibrium in 2. No deaths or neu-

rologic complications were observed in the control groups. Three

animals in the test group of the C57BL/6J

strain and 12 animals in the test group of

the SV129 strain did not show proper

MICROFIL polymerization in the BA and

were excluded from the analysis.

Macroscopic Examination
VBD was present in 18 (67%; 95% CI,

46.0%– 83.5%) of 27 subjects in the

C57BL/6J group and none (0%; 95% CI,

0%–17.6%) of 19 subjects in the SV129

group (P � .001) (Table 1). VBD was ab-

sent in sham-operated control animals of

both strains (n � 8 for each strain).

Both TI and diameter increases for BA

were greater in the C57BL/6J strain com-

pared with the SV129 strain (56.3% �

16.4% versus 21.1% � 21.6% for diame-

ter; 17.4 � 7.6 versus 10.4 � 3.8 for TI).

There was a significant effect of strain on

the percentage BA increase and TI (P �

.001) and no significant effect of time on

the percentage BA increase or TI increase

(P � .69 and P � .55, respectively).

Results were pooled across time

points, and the proportion of successful

injections was assessed between strains.

The proportion of animals with BA in-

crease of �50% was significantly higher

in C57BL/6J mice at 81% (22 of 27; 95%

CI, 61.9%–93.7%) compared with 16% (3

of 19; 95% CI, 3.4%–39.6%) in the SV129

strain (Fig 1; P � .001). The C57BL/6J strain exhibited TI of �10

in 81% of cases (22 of 27; 95% CI, 61.9%–93.7%) compared with

58% of cases (11 of 19; 95% CI, 33.5%–79.7%) in the SV129 strain

(Fig 2; P � .1). The basilar artery diameter increase and TI cate-

gorized by time points are presented in Table 2.

Within strain, the Fisher exact tests showed no significant ef-

fect of day of sacrifice on the proportion of successful VBD for-

mation in treated mice of either strain (P � .98 and P � 1).

Histologic Examination
Histologic examination showed marked luminal dilation of the

BA characterized by internal elastic lamina disruption and a dis-

connection of the elastic layer in the C57BL/6J strain at each time

point. CD45-positive cells (monocyte/macrophage) were found

in the extravascular space, with some inflammatory cells attached

or even infiltrated into the media of the arterial wall. Macrophage

staining showed a distribution similar to that of leukocytes. Fur-

thermore, double staining with anti-CD45 and anti-MAC387 re-

vealed that some of the infiltrated inflammatory cells in this

model were macrophages (Fig 3). At 14 days, both MMP-9 –pos-

itive and MMP-12–positive cells were found in the media of the

arterial wall in VBD models; MMP-9 –positive staining was also

found in the infiltrated inflammatory cells (Fig 4).

In the SV129 strain, the internal elastic lamina of the BA ap-

peared to be discontinued, fragmented, and/or it had disappeared

FIG 1. Extent of basilar artery dilation in increased distribution in C57BL/6J and SV129 mouse
strains after elastase injection.

Table 1: Success of VBD formation in C57BL/6J and SV129 mouse strainsa

Follow-Up
Time

Point (Days)

C57BL/6J SV129

P Value
Total
No.

No.
Successful

Success Rate
(95% CI)

Total
No.

No.
Successful

Success Rate
(95% CI)

3 7 4 0.57 (0.18–0.90) 5 0 0.00 (0.00–0.52)
7 8 6 0.75 (0.35–0.97) 3 0 0.00 (0.00–0.71)
14 7 4 0.57 (0.18–0.90) 6 0 0.00 (0.00–0.46)
28 5 4 0.80 (0.28–1.0) 5 0 0.00 (0.00–0.52)
Total No. 27 18 0.67 (0.46–0.84) 19 0 0.00 (0.00–0.18) �.001

a Successful VBD was defined as the percentage increase in basilar artery diameter of �50% and a tortuosity index of
�10. The number and proportion of mice showing successful VBD for each strain and time point are displayed.
Ninety-five percent Clopper-Pearson CIs are displayed for each estimate. Proportion of successes was compared
between strains using the Fisher exact test.
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in the elastase-injected group as that in the C57BL/6J at all fol-

low-up time points. Acute and/or chronic inflammatory cell in-

filtration was found surrounding and/or within the vessel walls in

samples taken at days 3, 7, and 14, but not at day 28 or in control

samples. We did not observe positive staining for MMP-9, MMP-

12, CD45, or MAC387 at any time point.

Inflammation scores in C57BL/6J mice were 2.2 � 0.84,

1.67 � 0.58, 3.0 � 0.0, and 1.5 � 0.58 at 3, 7, 14, and 28 days,

respectively; in SV129 mice, they were 1.0 � 0.82, 0.5 � 1.0, 1 �

1.41, and 0.0 � 0.0 at 3, 7, 14, and 28 days, respectively. Inflam-

mation scores were significantly different between strains at all

time points (P � .001). Within-strain comparisons showed a dif-

ference between the dates of sacrifice for the C57BL/6J strain, but

not for the SV129 strain (P � .03 and P � .38, respectively).

Gelatin Zymography
Gelatin zymography analysis showed that the activities of pro-

and active MMP-2 and MMP-9 were dramatically increased in the

VBD samples in C57BL/6J mice compared with sham-operated

controls and elastase-injected SV129 mice at 14 days after elastase

injection. The activities of pro-MMP-2, active MMP-2, pro-

MMP-9, and active MMP-9 were higher in elastase-injected

C57BL/6J groups compared with elastase-

injected SV129 mice and sham-operated

C57BL/6J and SV129 groups (Fig 5). Sam-

ples from both test and control SV129

mice did not show the activities of either

MMP. Wilcoxon rank sum test results

were significant for pro-MMP-2 and pro-

and active MMP-9 (P � .03, 0.03, and

0.03, respectively), but not active MMP-2

(P � .07).

DISCUSSION
In the current study, we demonstrated

that C57BL/6J mice are markedly more

susceptible to VBD induction than SV129

mice. While both mouse strains demon-

strated some manifestations of the elon-

gation, dilation, and tortuosity of the in-

tracranial arteries around the circle of

Willis, most C57BL/6J mice achieved our

prespecified threshold for VBD induction

but none of the SV129 mice reached that

threshold. In addition, high levels of in-

flammatory cells and MMPs were ob-

served in the C57BL/6J strain compared

with the SV129 strain. Our findings sug-

gest that the inflammatory cascade may

be important in the development of VBD

and that susceptibility to VBD formation

FIG 2. Extent of tortuosity index distribution in C57BL/6J and SV129 mouse strains after elastase
injection.

FIG 3. Immunostaining of inflammatory cells in the C57BL/6J mouse strain (�40 magnification). Single immunofluorescence staining showing
infiltrating CD45	 cells (A, arrows) and macrophages (B, arrows). Double immunostaining of infiltrating cells (CD45	/MAC387	) revealed that
the infiltrated inflammatory cells were macrophages (C).

Table 2: Basilar artery diameter increase and tortuosity index in C57BL/6J and SV129
strains categorized by follow-up time points

BA Diameter Increase Tortuosity Index

<50% >50% <10 >10

C57BL/6J SV129 C57BL/6J SV129 C57BL/6J SV129 C57BL/6J SV129
Control 7 7 7 7
3 Days 1 5 6 3 5 2
7 Days 3 8 6 3
14 Days 3 4 4 2 2 4 7 2
28 Days 1 5 4 1 4 4
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after elastase infusion is associated, at least in part, with genetically

determined inherited traits. These current findings are important

not only in identifying key elements relevant to the development

of VBD but also in providing a potential pathway for future dis-

covery of genetic determinants of VBD susceptibility, possibly

through linkage analysis of different strains.

The relationship among inflammation, MMPs, and aneu-

rysms has been widely reported in aneurysm models and clinical

cases.9-14 The disruption of the internal elastic lamina by elastase

injection could be the initial factor for induction of VBD. Subse-

quent infiltration of macrophages and inflammatory cells in the

medial layer with secretion of both MMP-9 (collagenase) and

MMP-12 (macrophage elastase) followed by degradation of ex-

tracellular matrix and elastic lamellae could be leading to the pro-

gression of VBD in the C57BL/6J strain. The low level of inflam-

matory cells and undetectable activities of MMPs in SV129 mice

could be associated with less BA dilation and elongation com-

pared with the C57BL/6J strain.

A prospective clinical trial focused on MMP activities, and

polymorphism in intracranial arterial dolichoectasia revealed

that plasma levels of MMP-2 and MMP-9 were not associated

with dolichoectasia.15 Furthermore, dolichoectasia was strongly

connected to lower levels of MMP-3 and 5A/6A polymorphism

of the promoter region of MMP-3. This study was in contra-

diction to our findings; however, we did not measure MMP

levels in plasma. It is possible that specific genetic factors may

lead to VBD.

Similar to our own findings, Fujii et al16 revealed that a wide

divergence in susceptibility to aneurysmal dilation occurred be-

tween C57BL/6J and SV129 mice in an elastase-induced abdom-

inal aortic aneurysm (AAA) model. In particular, C57BL/6J mice

were termed “AAA susceptible,” and SV129 mice, “AAA resis-

tant.” Following elastase perfusion, the SV129 mice had an extent

of dilation of 100.0%, whereas the C57BL/6J mice demonstrated

an extent of dilation of 156%. The outcross strain between 129/

SvEv and C57BL/6J (ie, B6xSvEv F1 heterozygotes) showed an

overall extent of dilation of 150.0%, in between the 2 parent

strains. These observations suggest that the susceptibility to form

abdominal aortic aneurysms following elastase perfusion is asso-

ciated, at least in part, with genetically determined inherited traits.

It is expected that future investigations based on this information

will help define the inherited genetic elements that might influ-

ence aneurysmal dilation. Meanwhile, other studies showed dif-

ferences between these mouse strains in susceptibility to ischemic

injury and insulin resistance.16,17

Our study has several limitations. In the previous study, the suc-

cess of achieving the intracranial dolichoectasia was defined as the

FIG 4. Immunostaining of matrix metalloproteinases in C57BL/6J mouse strain (�40 magnification). MMP-9 (A) and MMP-12 (C) were highly
expressed in the arterial wall after elastase injection. Elevated expression of MMP-9 was also detected in the infiltrated inflammatory cells (B).

FIG 5. A, Gelatin zymography showing expression of matrix metallo-
proteinases MMP-2 and MMP-9 in the basilar artery of elastase-in-
jected (T) and heat-inactivated elastase-injected (C) C57BL/6J mice. B,
Densitometric analysis of MMP activities in the basilar artery.
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arterial diameter increase of �25% compared with controls.6 In this

article, we applied high stringent and clinically relevant criteria in

defining the VBD formation and thus changed the arterial diameter

increase from �25% to �50% on the basis of the criteria of Smoker

et al.18 The arterial dilation and tortuosity index were calculated by

using 2D images; however, we believed that 2D images could well

reflect its 3D tortuosity because we had found that the vertebrobasilar

artery mainly goes on the pons and its tortuosity occurred parallel to

the surface of pons and in 1 plane. In addition, the pressure perfusion

was not performed for MICROFILL polymer injections; instead,

manual perfusion was performed. However, extreme care was taken

to avoid the variations in the perfusion fixation among animals. In

this study, we used a referred dosage for the C57BL/6J strain, which

might not be the optimal dosage for the 129/SvEv strain and could be

a partial reason for differences. We performed neither bone marrow

transplant experiments nor quantitative loci trait analysis to charac-

terize VBD susceptibility between strains. We did not use any inflam-

mation or MMP inhibitors or gene knockout animals to identify the

roles of inflammation and MMPs in the pathogenesis of VBD. We

did not observe any MMP expression in the SV129 strain, which

could be related to the lower quantity (20 �g) of total protein used for

zymography experiments. A robust longitudinal study is critical in

elucidating the mechanisms of VBD pathobiology.

CONCLUSIONS
C57BL/6J mice demonstrated greater susceptibility to VBD in-

duction than SV129 mice.
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ORIGINAL RESEARCH
FUNCTIONAL

White Matter Microstructural Abnormalities in Type 2
Diabetes Mellitus: A Diffusional Kurtosis Imaging Analysis

X Y. Xie, X Y. Zhang, X W. Qin, X S. Lu, X C. Ni, and X Q. Zhang

ABSTRACT

BACKGROUND AND PURPOSE: Increasing DTI studies have demonstrated that white matter microstructural abnormalities play an
important role in type 2 diabetes mellitus–related cognitive impairment. In this study, the diffusional kurtosis imaging method was used to
investigate WM microstructural alterations in patients with type 2 diabetes mellitus and to detect associations between diffusional
kurtosis imaging metrics and clinical/cognitive measurements.

MATERIALS AND METHODS: Diffusional kurtosis imaging and cognitive assessments were performed on 58 patients with type 2 diabetes
mellitus and 58 controls. Voxel-based intergroup comparisons of diffusional kurtosis imaging metrics were conducted, and ROI-based
intergroup comparisons were further performed. Correlations between the diffusional kurtosis imaging metrics and cognitive/clinical
measurements were assessed after controlling for age, sex, and education in both patients and controls.

RESULTS: Altered diffusion metrics were observed in the corpus callosum, the bilateral frontal WM, the right superior temporal WM, the left
external capsule, and the pons in patients with type 2 diabetes mellitus compared with controls. The splenium of the corpus callosum and the
pons had abnormal kurtosis metrics in patients with type 2 diabetes mellitus. Additionally, altered diffusion metrics in the right prefrontal WM
were significantly correlated with disease duration and attention task performance in patients with type 2 diabetes mellitus.

CONCLUSIONS: With both conventional diffusion and additional kurtosis metrics, diffusional kurtosis imaging can provide additional
information on WM microstructural abnormalities in patients with type 2 diabetes mellitus. Our results indicate that WM microstructural
abnormalities occur before cognitive decline and may be used as neuroimaging markers for predicting the early cognitive impairment in
patients with type 2 diabetes mellitus.

ABBREVIATIONS: AD � axial diffusivity; AK � axial kurtosis; CC � corpus callosum; DKI � diffusional kurtosis imaging; FA � fractional anisotropy; HbA1c �
glycosylated hemoglobin; lEC � left external capsule; MD � mean diffusivity; MK � mean kurtosis; RD � radial diffusivity; rPF_WM � right prefrontal white matter;
RK � radial kurtosis; RT of ANT � reaction time of Attention Network Test; T2DM � type 2 diabetes mellitus

Type 2 diabetes mellitus (T2DM) is a common metabolic dis-

order with an increasing worldwide prevalence,1 and is widely

accepted as a risk factor associated with mild cognitive impairment

and dementia.2,3 A number of neuroimaging studies have demon-

strated that GM structural abnormalities4-6 might account for cog-

nitive deficits in patients with T2DM. By contrast, studies on white

matter structures, which play a vital role in transferring information

between GM regions, are relatively rare. A few studies using the DTI

method identified microstructural changes of WM in patients with

T2DM,7-13 and alterations of local and global network properties

were also observed in patients with T2DM with the tractography

method.14 In addition, the association between the WM microstruc-

tural abnormalities and cognitive performance was also revealed in

patients with T2DM.7,10,12-14

However, information provided by DTI was limited, partly

because diffusion metrics obtained from DTI are calculated on

the basis of the assumption of Gaussian diffusion of water mole-

cules.15 However, non-Gaussian diffusion is known to be sub-
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stantial16 and is believed to result from the diffusion barriers, such

as cell membranes and organelles, as well as water compartments

(eg, extracellular and intracellular) with altering diffusion prop-

erties. In this study, we sought to further characterize WM

changes in patients with T2DM without cognitive impairment by

using diffusional kurtosis imaging (DKI), which is a clinically fea-

sible extension of DTI that enables the examination of additional

non-Gaussian diffusion effects, providing both DTI-compatible

diffusion metrics and additional kurtosis metrics.17 Additionally,

due to the inclusion of non-Gaussian effects, DKI-derived esti-

mates of diffusion metrics are generally more accurate than those

obtained with conventional DTI,18 and the added kurtosis met-

rics can yield additional information about tissue microstructure

beyond that provided by diffusion metrics.

The aims of this study were the following: 1) to assess the

ability of DKI and DTI to identify microstructural abnormalities

in patients with T2DM; 2) to investigate whether DKI-specific

diffusion and kurtosis metrics could provide additional informa-

tion about the WM microstructural changes; and 3) to investigate

whether these microstructural abnormalities are related to clini-

cal/cognitive variables in patients with T2DM without cognitive

impairment.

MATERIALS AND METHODS
Subjects
Fifty-eight right-handed patients with T2DM who met the guide-

line criteria of the American Diabetes Association “Diagnosis and

Classification of Diabetes Mellitus”19 and did not have T2DM-

related complications (retinopathy, peripheral neuropathy, and

nephropathy) were enrolled. The presence of retinopathy was as-

certained by using direct ophthalmoscopy, peripheral neuropathy

by clinical examination, and nephropathy by a laboratory test of

microalbuminuria. Exclusion criteria included a Mini-Mental

State Examination score of �27, any psychiatric or neurologic

disorders that could influence cognitive function, cerebrovascular

accidents (screened by history and MR imaging), a self-reported

history of alcohol or substance abuse, and a family history of

dementia, hypertension, or hyperlipidemia. Additionally, all pa-

tients self-reported no experience of hypoglycemia during the

past 2 years. Twenty-nine of the 58 patients with T2DM con-

trolled blood glucose by using oral hypoglycemic agents, 9 pa-

tients were under treatment with insulin, 14 patients were treated

with both insulin and oral hypoglycemic agents, and 6 patients

were exclusively treated with moderate exercise and diet therapy

(On-line Table 1). Fifty-eight euglycemic participants were re-

cruited as healthy controls; the age, sex, and years of education of

these controls were well-matched with those of patients with

T2DM. Exclusion criteria for controls were the same as those for

patients with T2DM.

In the morning of the day when the participants underwent

MR imaging, fasting blood glucose, glycosylated hemoglobin

(HbA1c), total cholesterol, triglyceride, high-density lipoprotein,

and low-density lipoprotein levels were measured by standard

laboratory tests after an overnight fast of at least 10 hours. Blood

pressure was measured while sitting, at 3 different time points

during the day, and averaged.

The protocol of this study was approved by the Ethical Com-

mittee of Tianjin Medical University General Hospital, and all

participants provided written informed consent according to in-

stitutional guidelines.

Cognitive Testing
A battery of neuropsychological tests was performed to assess par-

ticipants’ general mental status and cognitive domains. Possible

dementia was assessed by the Mini-Mental State Examination.20

Anxiety and depression were evaluated with the Self-Rating Anx-

iety Scale21 and Self-Rating Depressive Scale,22 respectively.

Short- and long-term memory was tested by using the Auditory

Verbal Learning Test.23 Working memory was assessed with the

forward and backward Digit Span tests.24 Executive function was

evaluated with the Wisconsin Card Sorting Test.25 A modified

version26 of the Attention Network Test described by Fan et al27

was used to evaluate attention. Information-processing speed was

tested with Trail-Making Test A.28

MR Imaging Data Acquisition
MR imaging data were obtained with a 3T MR imaging system

(Discovery MR750; GE Healthcare, Milwaukee, Wisconsin). DKI

data were acquired by using a spin-echo single-shot EPI sequence

with the following parameters: TR � 5800 ms, TE � 77 ms, ma-

trix � 128 � 128, FOV � 256 � 256 mm, in-plane resolution �

2 � 2 mm, section thickness � 3 mm without a gap, 48 axial

sections, 25 encoding diffusion directions with 2 b-values

(b�1000 and 2000 s/mm2) for each direction and 10 non-diffu-

sion-weighted images (b�0 s/mm2). The total acquisition time

for DKI was 5 minutes 54 seconds. Sagittal 3D T1WI was acquired

by a brain volume sequence with the following parameters: TR �

8.2 ms, TE � 3.2 ms, TI � 450 ms, flip angle � 12°, FOV � 256 �

256 mm, matrix � 256 � 256, section thickness � 1 mm, no gap,

and 188 sagittal sections.

Calculation of Kurtosis and Diffusion Metrics
Before the preprocessing of the diffusion data, we visually inspected

all images to ensure that only volumes without visible artifacts in each

subject were included in the subsequent analyses (On-line Table 2).

Then, eddy current–induced distortion and motion artifacts in the

DKI dataset were corrected by using affine alignment of each diffu-

sion-weighted image to the b�0 image by using the FMRIB Diffu-

sion Toolbox (FSL 4.0; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT). Af-

ter skull-stripping, the Diffusional Kurtosis Estimator (http://www.

nitrc.org/projects/dke) was implemented to calculate the kurtosis

and diffusion tensors by using the constrained linear least squares–

quadratic programming algorithm as described previously.17 All data

(b�0, 1000, 2000 s/mm2) were used for DKI fitting because DKI

metrics (mean kurtosis [MK], axial kurtosis [AK], radial kurtosis

[RK], fractional anisotropy [FA], mean diffusivity [MD], axial diffu-

sivity [AD], and radial diffusivity [RD]) can only be estimated on the

basis of at least 2 nonzero b-values in �15 independent directions.29

To compare the efficiency in detection of T2DM-induced

changes between the DKI and classic DTI models, we additionally

calculated the diffusion indices by using the classic DTI algorithm

based on the monoexponential decay model and a single-tensor

least squares solution with images of b�0 and 1000 s/mm2 as

input.
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Preprocessing of Kurtosis and Diffusion Parametric
Images
The preprocessing was performed by using Statistical Parametric

Mapping (SPM8; http://www.fil.ion.ucl.ac.uk/spm). First, all of

the subjects’ T1-weighted structural images were segmented into

GM, WM, and CSF. Second, a high-dimensional Diffeomorphic

Anatomical Registration Through Exponentiated Lie Algebra

(DARTEL) algorithm was used to normalize these components

into Montreal Neurological Institute space. Third, individual

skull-stripped B0 images of DKI were affinely coregistered to the

patient’s skull-stripped native T1-weighted structural images and

were written into the Montreal Neurological Institute space by

using the deformation matrix generated by DARTEL. Then, all

the parametric images (MK, AK, RK, FA, MD, AD, and RD) of

each subject were transformed into the Montreal Neurological

Institute space by using the deformation matrix generated by both

of these registration steps and were resectioned into a voxel size of

2 � 2 � 2 mm. Finally, the images were smoothed with a Gaussian

kernel of 6 � 6 � 6 mm at full width at half maximum by using

SPM8. The preprocessing of DTI data was the same as that of DKI.

Statistical Analysis

Demographic and Clinical Characteristic Analyses. The demo-

graphic and clinical data were analyzed by using the Statistical

Package for the Social Sciences, Version 19.0 (SPSS; IBM, Ar-

monk, New York). Before data analysis, we evaluated the normal-

ity of continuous variables by using the Kolmogorov-Smirnov

test. Normally distributed variables were evaluated by using a

2-tailed independent samples t tests. For those variables that were

non-normally distributed, the Mann-Whitney U test was used. A

�2 test was used to test the intergroup difference in sex. The sig-

nificance level was set as P � .05.

Intergroup Comparisons of DKI Metrics. To detect the inter-

group differences in primary DKI metrics (FA, MD, and MK), we

conducted the voxelwise General Linear Model embedded in

SPM8 with group (T2DM versus controls) as the main effect and

age, sex, and years of education as the nuisance regressors. The a

priori WM template embedded in SPM8 binarized with a thresh-

old of �0.5 was used as a mask to confine intergroup comparisons

within WM regions. A correction for multiple comparisons was per-

formed by using a Monte Carlo simulation (AlphaSim [http://afni.

nimh.nih.gov/pub/dist/doc/program_help/AlphaSim.html] pro-

gram in REST software [http://www.restfmri.net]). Parameters

were the following: single-voxel P � .001; 5000 simulations; esti-

mated full width at half maximum (FWHMx,y,z) of FA � 9.707,

10.839, 10.177 mm; FWHMx,y,z of MD � 14.156, 15.150, 15.346;

FWHMx,y,z of MK � 11.629, 12.185, 12.228; cluster connection

radius r � 3 mm within the WM mask with a resolution of 2 � 2 �

2 mm. The clusters with 54, 72, and 68 contiguous voxels for

intergroup comparisons of FA, MD, and MK, respectively, would

achieve an effective threshold of P � .05.

To further inspect the reason for the primarily altered DKI

parameters (FA, MD, and MK), we drew a sphere (9 mm in di-

ameter) centering at the peak coordinate of each cluster with a

significant intergroup difference by voxelwise comparison and

defined the overlapping voxels of each cluster and corresponding

sphere as the ROI. Then, the average values of AD, RD, AK, and

RK within corresponding ROIs were extracted, and ROI-based

intergroup comparisons were further performed by using a Gen-

eral Linear Model after controlling for the effects of age, sex, and

years of education to reveal the intergroup differences in the AD

and RD values (the reason for the altered FA and MD values) and

AK and RK values (the reason for the altered MK values).

Correlation Analysis. The correlations between DKI metrics

within all of the ROIs and clinical (disease duration and HbA1c)/

cognitive variables in patients with T2DM and controls were an-

alyzed by using the partial correlations after controlling for age,

sex, and years of education with SPSS 19.0. The significant level

was set as P � .05.

Subgroup Comparison between Patients with T2DM Treated
with and without Insulin. Considering that some of the patients

were treated with insulin, we further compared the DKI metrics

(ROI-based FA, MD, and MK) and the clinical/cognitive variables

between 2 subgroups, which were classified according to the ap-

plication of insulin, by using the General Linear Model after con-

trolling for the effects of age, sex, and years of education with SPSS

19.0. The significant level was set as P � .05.

Comparison of DKI and DTI. The intergroup comparisons of DTI

metrics were also conducted by using voxel-based analysis, which

is the same as the statistical analysis used for the DKI metrics. To

verify the ability of DKI and DTI in identifying microstructural

abnormalities in patients with T2DM, we overlapped the results

of both DKI and DTI for observation.

RESULTS
Demographic and Clinical Characteristic of Subjects
The demographic information and cognitive and clinical data of

the 2 groups are provided in Tables 1 and 2. No significant inter-

group differences were observed in terms of age, sex, years of

education, and cognitive performance. Compared with the con-

trols, patients with T2DM had increased fasting blood glucose

(P � .001) and HbA1c (P � .001) levels and reduced high-density

lipoprotein levels (P � .05).

Diffusion Metrics from DKI
Patients with T2DM had significantly reduced FA values in the right

prefrontal WM (rPF_WM) and the splenium of the corpus callosum

(CC) compared with the controls (P � .05, AlphaSim correction)

(Fig 1 and Table 3). Moreover, ROI-based intergroup comparisons

showed that the RD values within the rPF_WM significantly in-

creased in patients with T2DM compared with controls (P � .05)

(Table 4); this result leads to decreased FA in patients with T2DM.

However, there was no significant intergroup difference in the AD

values within the rPF_WM (P � .05). The AD and RD values within

the splenium of the CC significantly increased in patients with T2DM

compared with controls (P � .05) (Table 4); this result leads to de-

creased FA in patients with T2DM.

Compared with controls, patients with T2DM had signifi-

cantly increased MD values in the rPF_WM (including 3 clusters

defined as superior, middle, and inferior rPF_WM according to

their coordinates at the z-axis), the right superior temporal WM,

the left prefrontal WM, the left external capsule (lEC), the sp-
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lenium of the CC, and the pons (P � .05, AlphaSim correction)

(Fig 1 and Table 3). The intergroup differences in MD were driven

by increased AD and RD within corresponding ROIs in patients

with T2DM (P � .05) (Table 5).

Kurtosis Metrics from DKI
In the voxel-based analysis, patients with T2DM showed signifi-

cantly decreased MK values in the splenium of the CC and the pons

compared with controls (P � .05, AlphaSim correction) (Fig 1 and

Table 3). In addition, ROI-based intergroup comparisons showed

that the AK and RK values within the splenium of the CC and the

pons significantly decreased in patients with T2DM compared with

controls (P � .05) (Table 6); this decrease drives the decreased MK

within corresponding ROIs in patients with T2DM.

Correlation Analyses with Clinical and Cognitive
Variables
By using the partial correlation analyses, we found a negative cor-

relation between the FA values of the rPF_WM and the reaction

time of the Attention Network Test (RT of ANT) (r � �0.280,

P � .047) and a positive correlation between the RD values of

rPF_WM and the RT of ANT (r � 0.322, P � .021) (Fig 2) in

patients with T2DM. Moreover, positive correlations were dem-

onstrated between disease duration and

MD values (r � 0.273, P � .044), AD val-

ues (r � 0.269, P � .047), and RD values

(r � 0.270, P � .046) of the superior

rPF_WM in patients with T2DM (Fig 2).

However, there were no significant

correlations between the kurtosis met-

rics and cognitive/clinical variables in

patients with T2DM and the controls

(P � .05).

Analyses of the Subgroup
Comparison between Patients with
T2DM with and without Insulin
No significant intergroup differences

were observed in terms of age, sex, years

of education, and cognitive perfor-

mance between the insulin-injection

group and the non-insulin-injection

group (P � .05) (On-line Table 3).

In the ROI-based analysis, no signif-

icant intergroup differences in FA, MD,

and MK values were found between the

2 subgroups (P � .05) (On-line Tables 4

and 5).

Comparison of Diffusion Metrics
from DTI and DKI
On the basis of the voxel-based analysis

of DTI metrics, deceased FA in the sp-

lenium of the CC and increased MD in

the superior and inferior rPF_WM and

lEC were noted in patients with T2DM

compared with healthy controls (Fig 3).

The overlapping map of the DKI and

DTI results showed that intergroup differences detected by DTI

mostly overlapped those revealed by DKI. Some additional inter-

group differences could only be identified by using DKI, includ-

ing increased MD in the middle rPF_WM, left prefrontal white

matter, and right superior temporal white matter and increased

MD and decreased MK in the splenium of the CC and the pons

(Fig 3).

DISCUSSION
In the present study, the DKI method was used to explore WM

microstructural alterations in patients with T2DM without cog-

nitive impairment. Compared with DTI, DKI can provide both

diffusion and kurtosis metrics for identifying WM microstruc-

tural changes and can provide additional information of WM

microstructural abnormalities in patients with T2DM. Further-

more, patients with T2DM had decreased FA in the rPF_WM

and the splenium of the CC; increased MD in the bilateral

prefrontal and right temporal WM, lEC, splenium of the CC,

and pons; and decreased MK in the splenium of the CC and the

pons. In addition, significant correlations were detected be-

tween the altered diffusion metrics and disease duration and

the RT of ANT.

Table 1: Demographic and clinical informationa

T2DM (n = 58)
Healthy

Controls (n = 58) Statistics P
Demographics

Age (yr) 56.09 � 8.16 54.66 � 7.03 t � 1.012 .314
Sex (M/F) 34:24 35:23 �2 � 0.036 .850
Education level (yr) 11.72 � 3.31 11.07 � 2.64 t � 1.178 .241

Clinical information
Disease duration (mo) 91.25 � 69.81 – – –
BMI (kg/m2) 25.57 � 2.19 24.64 � 2.99 t � 1.915 .058
Systolic BP (mm Hg) 130 (110–170) 122.5 (100–170) z � �1.713 .087
Diastolic BP (mm Hg) 80 (60–100) 80 (60–100) z � �1.015 .310
FBG (mmol/L) 8.06 � 2.81 5.13 � 0.65 t � 7.717 �.001
HbA1c (%) 8.35 � 2.10 5.56 � 0.33 t � 10.020 �.001
HbA1c (mmol/mol) 67.76 � 22.87 37.31 � 3.62 t � 10.013 �.001
Total cholesterol (mmol/L) 5.06 � 1.35 5.39 � 0.91 t � �1.541 .126
Triglycerides (mmol/L) 1.66 (0.49–8.03) 1.24 (0.46–7.35) z � �1.698 .090
HDL (mmol/L) 1.15 � 0.27 1.27 � 0.31 t � �2.167 .032
LDL (mmol/L) 3.17 � 0.93 3.47 � 0.85 t � �1.799 .075

Note:—FBG indicates fasting blood glucose; HDL, high-density lipoprotein; LDL, low-density lipoprotein; BP, blood
pressure; BMI, body mass index.
a Data distributed normally or non-normally are presented as mean � SD or median (range).

Table 2: Cognitive informationa

T2DM (n = 58) Healthy Controls (n = 58) Statistics P
MMSE score 29.21 � 0.89 29.50 � 0.94 t � �1.720 .088
RT of ANT (ms) 536.53 � 71.31 566.51 � 92.09 t � �1.911 .059
ACC of ANT (%) 98.65 � 1.83 97.89 � 4.49 t � 1.157 .250
RPEP (%) 0.07 � 0.02 0.08 � 0.02 t � �1.908 .059
SAS 32.19 � 6.16 30.71 � 5.24 t � 1.397 .165
SDS 34.09 � 7.79 31.64 � 7.07 t � 1.772 .079
Long-term memory 10.75 � 2.65 11.04 � 2.85 t � �0.555 .580
Short-term memory 47.14 � 9.25 48.69 � 9.29 t � �0.879 .381
Forward Digit Span 8.25 � 1.50 8.18 � 1.26 t � 0.258 .797
Backward Digit Span 5.07 � 1.45 5.13 � 1.07 t � �0.230 .818
TMT-A (s) 61.65 � 25.54 58.15 � 27.60 t � 0.686 .494

Note:—ACC of ANT indicates the accuracy rate of Attention Network Test; RPEP, the percentage of the preservative
response error; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating Depressive Scale; TMT-A, Trail Making Test A; MMSE,
Mini-Mental State Examination.
a Data are presented as mean � SD.
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Comparison between DTI and DKI
In our study, the intergroup differences detected by DTI mostly

overlapped those revealed by DKI, and increased MD in rPF_

WM, left prefrontal white matter, and right superior temporal

white matter and both increased MD and decreased MK in the

splenium of the CC and the pons could only be detected by using

DKI (Fig 3). Moreover, our results were partially consistent with

those in the previous DTI studies on T2DM in which decreased

FA and/or increased MD of the prefrontal WM,7-9 the temporal

WM,7 the CC,10,12 and the lEC12 were observed in patients with

T2DM compared with controls. Our patients with T2DM also

had decreased MK and increased MD values in the pons, which

were not reported in previous DTI studies.7-13 These results dem-

onstrated that DKI is reliable for identifying T2DM-related WM

microstructural abnormalities and can provide additional infor-

mation on WM microstructural abnormalities. DKI is superior to

DTI because diffusion metrics obtained from DTI are calculated

on the basis of the assumption of Gaussian diffusion of water

molecules,15 whereas non-Gaussian diffusion is known to be sub-

stantial.16 Due to the inclusion of non-Gaussian effects, the DKI-

derived estimates of the diffusion metrics are generally more ac-

curate than those obtained with conventional DTI.18 In addition

to the differences in imaging methods, the variation of subjects

enrolled in the studies may also lead to the inconsistency of the

results. The patients with T2DM in our study did not have T2DM-

related complications (retinopathy, peripheral neuropathy, or

nephropathy) and showed no significant intergroup difference in

cognitive performance relative to the healthy controls. In con-

trast, patients with T2DM enrolled in several previous stud-

ies10,12,13 had slightly or significantly worse cognitive functions,

which may contribute to the results of more global differences in

their studies compared with ours.

Altered Diffusion and Kurtosis Metrics in Patients with
T2DM
FA and MD are the primary diffusion metrics that reflect overall

WM health, maturation, and organization.30 In addition to these

primary diffusion metrics, AD (reflecting axon integrity) and RD

(reflecting myelin sheath integrity) are of great importance in

understanding the underlying physiology.31 Decreased FA values

are presumably based on predominantly increased RD8,13 or both

increased RD and AD.10 Thus, our finding of decreased FA was

most probably driven by a significantly increased RD, indicating

that the impairment of WM integrity was possibly a result of de-

myelination according to the study of Song et al.32 In addition, the

increased MD values driven by the increased AD and RD, which

are partly consistent with results in a previous DTI study,10 may

reflect the expansion of extracellular space due to the degenera-

tion of fibers or edema.33 Additionally, the decreased MK was

attributed to both the decrease in RK and AK in patients with

T2DM compared with controls. Kurtosis values quantify the de-

gree of diffusion restriction or tissue complexity,34 and the re-

duced MK value may indicate reduced tissue heterogeneity, which

could be attributed to microstructural

impairment such as the thinner packing

of axons and fiber bundles, lower axonal

membrane permeability (reflected as re-

duced RK), decreased microstructural

complexity, or cell structure deficits

along the axial direction of WM fibers

(reflected as reduced AK).

On the basis of the voxel-based anal-

ysis, we observed decreased FA in the

rPF_WM and the splenium of the CC and

increased MD in bilateral prefrontal

WM, the right superior temporal white

matter, the lEC, the splenium of the CC,

and the pons in patients with T2DM.

Additionally, decreased MK, RK, and

FIG 1. WM regions showed significant differences in DKI metrics be-
tween patients with T2DM and controls. The regions with decreased
FA (upper row), increased MD (middle row), and decreased MK (lower
row) in patients with T2DM were overlapped on the FA template.
Color bars represent the t values of intergroup comparisons.

Table 3: Brain regions showing significant voxel-based intergroup differences in DKI metrics

Structure Name Metrics
Cluster

Voxel No. Peak t Value

MNI Coordinates

X Y Z
Splenium of CC FA 184 �4.679 �2 �34 8
rPF_WM FA 78 �4.483 30 26 20
Superior rPF_WM MD 204 5.094 10 36 36
Middle rPF_WM MD 521 5.077 14 52 10
Inferior rPF_WM MD 90 3.900 38 42 �2
lPF_WM MD 80 4.372 �46 32 26
rST_WM MD 189 4.608 34 0 �22
Splenium of CC MD 75 3.882 �2 �38 8
lEC MD 261 5.068 �32 12 �2
Pons MD 133 4.487 �6 �28 �42
Splenium of CC MK 172 �4.427 0 �32 14
Pons MK 150 �4.659 �6 �28 �42

Note:—lPF_WM indicates left prefrontal white matter; MNI, Montreal Neurological Institute; rST_WM, right superior
temporal white matter.
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AK values were also detected in the splenium of the CC and the

pons of patients with T2DM compared with controls. To date,

several studies have suggested various WM impairments in pa-
tients with T2DM. For example, Yau et al7 suggested that patients
with T2DM had significantly lower FA in the frontal and temporal
WM compared with controls. A remarkable decrease in FA and an
increase in MD were also mainly located in the frontal cortex.8,9

Compelling evidence acquired from a variety of structural and
functional MR imaging studies demonstrated that the prefrontal
cortex has an important role in increased cognitive function.35

Given the important role of the prefrontal WM in transferring

information between the prefrontal cor-
tex and other brain regions, the micro-
structural changes in the prefrontal WM
may lead to cognitive impairment.

The CC plays an important role in
interhemispheric functional integra-
tion. The loss of WM connectivity and
regionally specific atrophy of the CC are
observed in patients with Alzheimer dis-
ease and mild cognitive impairment,36

indicating that CC abnormalities may be
related to the cognitive deficits. The ex-
ternal capsule is a route for cholinergic
fibers from the basal forebrain to the
temporal cortex, transmitting auditory
and polymodal sensory information. As
reported, the external capsule is crucial
for cognition, including memory and
executive function.37 All of these results
demonstrate that T2DM impacts WM
integrity. Moreover, the disease dura-
tion rather than HbA1c is related to the
MD, AD, and RD values of the superior
rPF_WM in patients with T2DM,
which may indicate that T2DM may
have a cumulative effect on the WM mi-
crostructural damage. This positive cor-
relation between disease duration and
diffusion metrics in patients with T2DM
was also reported in a previous DTI
study.8

Recently, disease duration was also
cited as an important contributing fac-
tor for developing diabetic peripheral
neuropathy or cardiovascular auto-
nomic neuropathy in patients with
T2DM.38,39 Additionally, there were sig-
nificant correlations between the FA/RD
of the superior rPF_WM and the RT of
ANT, indicating that patients with
T2DM with lower WM integrity have
worse behavioral performance. Al-
though no abnormal cognitive func-
tions were detected in our patients with
T2DM compared with healthy controls,
these findings make it plausible to pos-
tulate that the T2DM-related cognitive

decline would occur with an increase in disease duration. In ad-

dition, it is possible that the neuropsychological tests used in our

study were not sensitive enough to detect subtle cognitive impair-
ment. In our study, there were no significant correlations between
the diffusion/kurtosis metrics and HbA1c in patients with T2DM,
which is consistent with findings in previous DTI studies.8

Among these studies,7-14 only 2 reported a significant11 or trend
correlation10 between the altered diffusion metrics and HbA1c.
Although the patients included in the studies of Reijmer et al10

and Hoogenboom et al11 and our study were all free from any
T2DM-related complications, the duration of the T2DM group is

Table 4: Intergroup differences of the AD and RD values that contributed to the altered FA
valuesa

T2DM (n = 58) Healthy Controls (n = 58) F P
rPF_WM

AD, �10�5 mm2/s 111.10 � 4.83 111.79 � 4.63 0.967 .328
RD, �10�5 mm2/s 82.06 � 5.48 78.84 � 4.71 12.095 .001

Splenium of CC
AD, �10�5 mm2/s 288.14 � 26.33 270.95 � 33.14 8.490 .004
RD, �10�5 mm2/s 179.24 � 36.37 151.55 � 41.77 13.321 �.001

a Data are presented as mean � SD. The intergroup comparisons were performed with ANCOVA adjusted for age, sex,
and years of education.

Table 5: Intergroup differences of the AD and RD values that contributed to the altered
MD valuesa

T2DM (n = 58) Healthy Controls (n = 58) F P
Superior rPF_WM

AD, �10�5 mm2/s 111.06 � 6.52 105.23 � 4.25 31.431 �.001
RD, �10�5 mm2/s 93.28 � 6.41 87.75 � 4.49 28.488 �.001

Middle rPF_WM
AD, �10�5 mm2/s 113.59 � 6.04 108.52 � 3.48 31.472 �.001
RD, �10�5 mm2/s 90.12 � 6.39 85.27 � 3.53 27.982 �.001

Inferior rPF_WM
AD, �10�5 mm2/s 116.85 � 5.98 112.19 � 5.53 18.548 �.001
RD, �10�5 mm2/s 84.53 � 5.95 81.24 � 4.38 10.752 .001

lPF_WM
AD, �10�5 mm2/s 121.75 � 10.54 114.50 � 6.62 19.725 �.001
RD, �10�5 mm2/s 107.47 � 11.40 98.84 � 7.44 23.252 �.001

rST_WM
AD, �10�5 mm2/s 127.10 � 10.59 119.03 � 6.38 22.413 �.001
RD, �10�5 mm2/s 102.70 � 10.25 94.47 � 5.85 25.394 �.001

Splenium of CC
AD, �10�5 mm2/s 269.21 � 20.44 255.20 � 24.27 9.865 .002
RD, �10�5 mm2/s 152.25 � 32.11 127.36 � 32.84 15.805 �.001

lEC
AD, �10�5 mm2/s 122.54 � 7.42 117.14 � 4.84 21.495 �.001
RD, �10�5 mm2/s 92.85 � 8.70 86.36 � 6.14 22.007 �.001

Pons
AD, �10�5 mm2/s 222.11 � 27.07 201.58 � 26.15 18.416 �.001
RD, �10�5 mm2/s 177.25 � 27.60 157.84 � 24.38 17.237 �.001

Note:—lPF_WM indicates left prefrontal white matter; rST_WM, right superior temporal white matter.
a Data are presented as mean � SD. The intergroup comparisons were performed with ANCOVA adjusted for age, sex,
and years of education.

Table 6: Intergroup differences of the AK and RK values that contributed to the altered MK
valuesa

T2DM (n = 58) Healthy Controls (n = 58) F P
Splenium of CC

AK, �10�5 mm2/s 46.10 � 2.39 47.90 � 3.16 11.249 .001
RK, �10�5 mm2/s 112.35 � 22.24 131.37 � 26.62 16.883 �.001

Pons
AK, �10�5 mm2/s 66.02 � 6.19 71.75 � 8.09 18.289 �.001
RK, �10�5 mm2/s 83.59 � 8.98 90.75 � 8.84 17.912 �.001

a Data are presented as mean � SD. The intergroup comparisons were performed with ANCOVA adjusted for age, sex,
and years of education.
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longer in the studies of Reijmer et al and Hoogenboom et al com-
pared with our study, which may be an indirect factor contribut-
ing to correlations between the altered diffusion metrics and
HbA1c. Thus, the current HbA1c may not be the best predictor of

brain health. Additional studies are needed to investigate the ef-
fects of long-term glucose control on the diffusion/kurtosis
metrics.

Altered WM integrity of the pons was detected in our patients
with T2DM, which was not reported in previous DTI studies.7-12

The locus coeruleus is located in the pons40 and is related to nu-
merous functions via its widespread projections to cortical and
subcortical regions.41 Previously, Clewett et al42 provided human
evidence that functional connectivity exists between the locus
coeruleus and the dorsolateral prefrontal cortex. In the current
study, patients with T2DM had decreased MK (driven by de-
creased AK and RK) and increased MD (driven by increased AD
and RD) in the pons, which reflected reduced tissue heterogeneity
in this area. Our results suggest that DKI-based metrics may be
more sensitive to the change in complex WM microstructures of
the pons and that the clinical significance of WM microstructure
change in the pons in patients with T2DM is worthy of further
study.

With the ROI-based analysis, we observed no significant
differences in both primary DKI parameter values (FA, MD,
and MK) and cognitive assessments between the patients with
T2DM with and without insulin injection, which may, to some
extent, reflect the use of insulin having no effect on our re-
ported results. In addition, there is no knowledge of how oral
antidiabetic drugs may affect the DTI/DKI indices to date7-13;
thus, the medication-related impact on the results should be a
focus of future studies.

Limitations
Several limitations should be acknowledged. First, our study is

limited by its cross-sectional design, and further longitudinal

studies are of great importance in investigating the clinical values

FIG 2. Correlations between DKI parameters and clinical/cognitive variables in the patients with T2DM and controls. A, Correlation between
decreased FA in the rPF_WM and RT of ANT. B, Correlation between increased RD in rPF_WM and RT of ANT. C, Correlation between increased
MD in the superior rPF_WM and disease duration. D, Correlation between increased AD in the superior rPF_WM and disease duration. E,
Correlation between increased RD in the superior rPF_WM and disease duration.

FIG 3. WM regions that showed significant differences in DKI metrics
(red) and DTI metrics (blue) between patients with T2DM and controls
were overlapped on the FA template. Green represents the overlapped
region of the results of the DKI and the DTI between patients with T2DM
and controls.
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of DKI for predicting longitudinal cognitive decline. Second, al-

though we attempted to maintain sample consistency by control-

ling for complications and hypoglycemia, variations in disease

duration and treatment methods remained; these variations

should be noted as a limitation.

CONCLUSIONS
To the best of our knowledge, this is the first DKI study on pa-

tients with T2DM. With both diffusion and kurtosis metrics, DKI

can provide additional information about WM microstructural

abnormalities in patients with T2DM. Our results demonstrated

that WM microstructural abnormalities occur before cognitive

decline in patients with T2DM; the correlations between the

FA/RD of the rPF_WM and the RT of ANT have suggested that

WM microstructural alterations may be used as a neuroimaging

marker for predicting the early cognitive impairment in patients

with T2DM.
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Hippocampal Atrophy Is Associated with Altered
Hippocampus–Posterior Cingulate Cortex Connectivity in

Mesial Temporal Lobe Epilepsy with Hippocampal Sclerosis
X Y.C. Shih, X C.E. Tseng, X F.-H. Lin, X H.H. Liou, and X W.Y.I. Tseng

ABSTRACT

BACKGROUND AND PURPOSE: Unilateral mesial temporal lobe epilepsy and hippocampal sclerosis have structural and functional
abnormalities in the mesial temporal regions. To gain insight into the pathophysiology of the epileptic network in mesial temporal lobe
epilepsy with hippocampal sclerosis, we aimed to clarify the relationships between hippocampal atrophy and the altered connection
between the hippocampus and the posterior cingulate cortex in patients with mesial temporal lobe epilepsy with hippocampal sclerosis.

MATERIALS AND METHODS: Fifteen patients with left mesial temporal lobe epilepsy with hippocampal sclerosis and 15 healthy controls
were included in the study. Multicontrast MR imaging, including high-resolution T1WI, diffusion spectrum imaging, and resting-state fMRI,
was performed to measure the hippocampal volume, structural connectivity of the inferior cingulum bundle, and intrinsic functional
connectivity between the hippocampus and the posterior cingulate cortex, respectively.

RESULTS: Compared with controls, patients had decreased left hippocampal volume (volume ratio of the hippocampus and controls,
0.366% � 0.029%; patients, 0.277% � 0.063%, corrected P � .002), structural connectivity of the bilateral inferior cingulum bundle
(generalized fractional anisotropy, left: controls, 0.234 � 0.020; patients, 0.193 � 0.022, corrected P � .0001, right: controls, 0.226 � 0.022;
patients, 0.208 � 0.017, corrected P � .047), and intrinsic functional connectivity between the left hippocampus and the left posterior
cingulate cortex (averaged z-value: controls, 0.314 � 0.152; patients, 0.166 � 0.062). The left hippocampal volume correlated with structural
connectivity positively (standardized � � 0.864, P � .001), but it had little correlation with intrinsic functional connectivity (standardized
� � �0.329, P � .113). On the contralesional side, the hippocampal volume did not show any significant correlation with structural
connectivity or intrinsic functional connectivity (F2,12 � 0.284, P � .757, R2 � 0.045).

CONCLUSIONS: In left mesial temporal lobe epilepsy with hippocampal sclerosis, the left inferior cingulum bundle undergoes degener-
ation in tandem with the left hippocampal volume, whereas intrinsic functional connectivity seems to react by compensating the loss of
connectivity. Such insight might be helpful in understanding the development of the epileptic network in left mesial temporal lobe
epilepsy with hippocampal sclerosis.

ABBREVIATIONS: DSI � diffusion spectrum imaging; GFA � generalized fractional anisotropy; HS � hippocampal sclerosis; HV � hippocampal volume; iCB �
inferior cingulum bundle; iFC � intrinsic functional connectivity; MTLE � mesial temporal lobe epilepsy; PCC � posterior cingulate cortex; SC � structural connectivity

Unilateral mesial temporal lobe epilepsy (MTLE) is a common

type of refractory focal epilepsy in which hippocampal scle-

rosis (HS) is the most frequent pathologic finding. Gray matter

atrophy associated with MTLE and HS (MTLE�HS) involves the

hippocampus and brain regions outside the mesial temporal

lobe.1,2 The atrophied GM constitutes a network of regions that

are structurally and functionally connected to the epileptogenic

mesial temporal region.3 Evidence has indicated that an epileptic

network consists of both atrophied GM regions2-4 and epilepticReceived June 2, 2016; accepted after revision October 17.
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seizure-spreading pathways.1 Elucidation of altered structural

and functional pathways with respect to atrophied GM can pro-

vide insight into the pathophysiology of epileptic network devel-

opment, which might help in identifying biomarkers for the clin-

ical diagnosis and treatment of unilateral MTLE�HS.5

The connection between the hippocampus or parahippocam-

pus and the posterior cingulate cortex (PCC) is an afferent path-

way of the hippocampus in the Papez circuit, which is altered in

MTLE.6 Kubota et al7 used corticocortical-evoked potentials to

investigate the connectivity between the hippocampus and the

PCC in unilateral MTLE. They reported that prominent cortico-

cortical-evoked potential responses were elicited in the hip-

pocampus under PCC stimulation and suggested that electrical

stimulation was directly transmitted from the PCC to the hip-

pocampus through a white matter tract.7 The inferior cingulum

bundle (iCB) is a WM tract projecting from the PCC to the hip-

pocampus or parahippocampus and the entorhinal cortex.8 A

DTI study reported decreased structural connectivity (SC) of the iCB

in patients with unilateral MTLE�HS.8 These and the findings of

Kubota et al indicated that the iCB might be a structural pathway

transmitting epileptiform discharges into the epileptic network.

Intrinsic functional connectivity (iFC) between brain regions

represents the synchronization of blood oxygenation level– de-

pendent signal fluctuations in MR imaging during the resting

state.9 The resting-state fMRI studies have shown decreased iFC

between the epileptogenic hippocampus and the PCC in patients

with unilateral MTLE�HS, suggesting that this functional metric

represents an altered functional pathway of the epileptic net-

work.10,11 Taken together, hippocampus-PCC connectivity (both

structural and functional) is a potential pathway of the epileptic

network in unilateral MTLE�HS.

Bernasconi et al12 reported that volume loss in the hippocam-

pus was related to epilepsy duration in patients with unilateral

MTLE�HS.12 Moreover, on the basis of previous human13 and

animal studies,14 they speculated that the progression of hip-

pocampal atrophy leads to the development of an epileptogenic

network and aggravates repeated seizures. Therefore, the elucida-

tion of altered structural and functional pathways with respect to

hippocampal atrophy can provide insight into the pathophysiol-

ogy of the epileptic network in MTLE�HS. However, to date, few

studies have investigated this relationship.

Therefore, in the present study, we investigated the relation-

ship between hippocampal atrophy and hippocampus-PCC con-

nectivity in unilateral MTLE�HS. We hypothesized that SC and

iFC are altered in patients with unilateral MTLE�HS and that the

altered connectivity is associated with hippocampal atrophy,

which reflects the pathophysiology of the epileptic network.

We used multicontrast MR imaging examinations, including

high-resolution T1WI, diffusion spectrum imaging (DSI), and

resting-state fMRI to measure the hippocampal volume (HV),

SC of the iCB, and iFC between the hippocampus and the PCC,

respectively.

MATERIALS AND METHODS
Participants
Fifteen patients (mean age, 36.87 � 8.79 years) with left

MTLE�HS and 15 healthy controls (mean age, 36.33 � 8.73

years) were recruited for the study. The study was approved by the

National Taiwan University Hospital research ethics committee,

and all participants provided informed consent before entering

the study. The demographics of the participants and detailed cri-

teria for participant recruitment are listed in the Table and the

On-line Appendix, respectively.

Data Acquisition
All participants underwent MR imaging examinations on a 3T

MR imaging system (Tim Trio; Siemens, Erlangen, Germany)

with a 32-channel phased array head coil. The MR imaging exam-

inations included T1WI, DSI, and resting-state fMRI. T1WI was

performed by using a 3D magnetization-prepared rapid acquisi-

tion of gradient echo sequence with the following parameters:

TR/TE � 2000/3 ms, flip angle � 9°, FOV � 256 � 192 � 208

mm3, and acquisition matrix � 256 � 192 � 208. DSI was per-

formed by using a pulsed gradient spin-echo diffusion EPI se-

quence with a twice-refocused balanced echo and the following

parameters: TR/TE � 9600/130 ms, flip angle � 90°, FOV �

200 � 200 mm2, acquisition matrix � 80 � 80 � 56, and section

thickness � 2.5 mm. A total of 102 diffusion-encoding gradients

were applied by using the maximum diffusion sensitivity of 4000

s/mm2. These encoding gradients corresponded to grid points

filled within the half sphere of the q-space with a radius of 3 units.15

We performed resting-state fMRI by using 2D gradient-echo EPI

with the following parameters: TR/TE � 2000/24 ms, flip angle �

90°, FOV � 256 � 256 mm2, acquisition matrix � 64 � 64 � 34,

section thickness � 3 mm, and 180 volumes per run.

Data Analysis
The MR imaging procedures and statistical analyses are presented

in Fig 1. The volume ratio of the hippocampus (HV/whole-brain

volume) was calculated to evaluate the degree of hippocampal

atrophy. The whole-brain volume and HV calculations were per-

formed by using FreeSurfer 5.0 software (http://surfer.nmr.mgh.

harvard.edu). The details of the analysis procedures have been

described elsewhere.16 Neuroanatomic labels were automatically

assigned to each voxel on the basis of probabilistic information

estimated from a manually labeled training set. The HV was ob-

tained in each hemisphere.

We used DSI to evaluate accurate tractography of the iCB be-

cause of its ability to resolve crossing fibers,17 and we used tract-

specific analysis to measure the microstructural integrity along

the iCB to index SC. Within each voxel, the 102 samples within the

Demographic data of patients with left MTLE�HS and healthy
controls

Left
MTLE+HS

(n = 15)
Controls
(n = 15)

Age (mean) (yr) 36.87 � 8.79 36.33 � 8.73
Sex (male/female) 9:6 8:7
Handedness (left/right) 0/15 0/15
Epilepsy duration (mean) (yr) 23.47 � 10.58 –
Onset age (mean) (yr) 13.4 � 7.11 –
Seizure type: (No.) –

SPS 1
CPS 13
CPS with secondary generalization 1

Note:—CPS indicates complex partial seizure; SPS, simple partial seizure.
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half sphere of the q-space were projected to fill the other half

sphere, and 8 corners outside the sphere were filled with zeros.

Fourier transform was performed on the q-space signal to obtain

the diffusion probability density function.17 The orientation dis-

tribution function was obtained by computing the second mo-

ment of the probability density function along each of the 362

radial directions in 6-fold tessellated icosahedrons. To quantify

the microstructural integrity, we computed generalized frac-

tional anisotropy (GFA), an index equivalent to fractional an-

isotropy in DTI,18,19 for each voxel by using the following for-

mula: (SD of the Orientation Distribution Function)/(Root

Mean Square of the Orientation Distribution Function).20 The

decomposition of the orientation distribution function was

performed to determine local tract directions in each voxel,21

which were then used for the diffusion tractography of the iCB.

The mean GFA of the left or right iCB was calculated to indi-

cate SC between the hippocampus and the PCC. We performed

a template-based tract-specific analysis based on the local tract

direction and GFA maps derived from DSI data by using DSI

Studio (http://dsi-studio.labsolver.org/). The detailed proce-

dure of tracking the iCB is described in the On-line Figure.

The Data Processing Assistant for Resting-State fMRI (DPARSF;

http://www.rfmri.org/DPARSF) was used to analyze resting-state

fMRI data.22 The detailed procedures of data preprocessing have

been described elsewhere.22 The preprocessed data were then fil-

tered by using a bandpass filter (0.01– 0.08 Hz). Finally, nuisance

regression was performed to correct the polynomial trend, 6 rigid-

body parameters, head-motion scrubbing (power of framewise

displacement), and WM and CSF mean signals. We performed

seed-based analysis to obtain whole-brain iFC maps by placing a

FIG 1. The pipeline of MR imaging and statistical analyses. Multicontrast MR imaging examinations including T1WI, DSI, and resting-state fMRI
were performed to measure HV and SC of the iCB and iFC between the hippocampus and the PCC, respectively. A linear regression model was
used to evaluate the correlation of HV with SC and iFC indices, where Y is the volume ratio of the hippocampus and X1 and X2 are the SC and
iFC of the HP-PCC connection, respectively. HP indicates hippocampus; rsfMR, resting-state fMRI.
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spheric seed (r � 6 mm) covering the bilateral PCC.23 We com-

puted iFC maps by using voxelwise Pearson correlation coeffi-

cients between the time course of each voxel and the averaged

time course of the predefined PCC seed. Furthermore, iFC maps

were transformed into Z-maps by using Fisher Z-transform. We

used 2-sample t tests to conduct voxelwise group comparison

with Z-maps between patients with left MTLE�HS and healthy

controls. Moreover, we used the spheric ROIs with the radius of 8

mm centered at peak coordinates to extract z-values. The aver-

aged z-values of the spheric ROIs in the hippocampus indicated

the iFC between the hippocampus and the PCC.

Statistical analyses were performed by using SPSS, Version 20

(IBM, Armonk, New York). A Mann-Whitney U test was used for

comparing age, volume ratio of the hippocampus, and SC be-

tween the hippocampus and the PCC (mean GFA of the iCB)

between groups. In addition, we performed a Benjamini-Hoch-

berg correction to address the issue of multiple testing. A linear

regression model was used to investigate the relationship between

the HV and SC and the iFC indices between the hippocampus and

the PCC in patients.

RESULTS
Comparison between Groups
Healthy controls and patients were well-matched in age (t(28) �

0.167, P � .869), sex, and handedness (Table). Compared with

healthy controls, patients had a significant decrease in the volume

ratio of the left hippocampus (controls, 0.366% � 0.029%; pa-

tients, 0.277% � 0.063%; Benjamini-Hochberg– corrected P �

.002) and no significant difference in the volume ratio of the right

hippocampus (controls, 0.387% � 0.041%; patients, 0.389% �

0.039%; P � .775). In both the left and right iCBs, the mean GFA

was significantly lower in patients than in healthy controls (left

iCB: controls, 0.234 � 0.020; patients, 0.193 � 0.022; Benjamini-

Hochberg– corrected P � .0001; right iCB: controls, 0.226 �

0.022; patients, 0.208 � 0.017; Benjamini-Hochberg– corrected

P � .047).

The group comparison of iFC maps (Z-maps) revealed 2 peak

coordinates in the left hippocampus, indicating decreased iFC

between the left hippocampus and the PCC (On-line Table); this

was defined by a higher contrast in healthy controls than in pa-

tients (peak 1: T � 2.84, small-volume– corrected24 P � .004;

peak 2: T � 2.39, small-volume– corrected P � .012). Moreover, 2

peak coordinates were observed in the right hippocampus, indi-

cating increased iFC between the right hippocampus and the

PCC; this was defined by a higher contrast in patients than in

healthy controls (peak 3: T � 2.01, small-volume– corrected P �

.027; peak 4: T � 1.91, small-volume– corrected P � .028). The

averaged z-values of the spheric ROIs in the left hippocampus

were 0.314 � 0.152 and 0.166 � 0.062 in healthy controls and

patients, respectively, whereas those in the right were 0.200 �

0.130 and 0.291 � 0.091 in healthy controls and patients,

respectively.

Relationship between the HV and Hippocampus-PCC SC
and iFC Indices in Patients
In patients’ left hemispheres, the overall regression model was

significant (F2,12 � 12.656, P � .001, R2 � 0.678). The regression

model revealed that 62.6% (adjusted R2 � 0.626) of the volume

ratio of the left hippocampus was explained by the mean GFA of

the left iCB and the averaged z-value of the left hippocampus. As

presented in Fig 2A, the mean GFA of the left iCB positively cor-

related with the volume ratio of the left hippocampus (� � 0.025,

standardized � � 0.840, P � .0004). The averaged z-value of the

left hippocampus negatively correlated with the volume ratio of

the left hippocampus (� � �0.005, standardized � � �0.509,

P � .013, Fig 2B). In patients’ right hemispheres, the regression

model was not significant (F2,12 � 0.284, P � .757, R2 � 0.045).

Both the mean GFA of the right iCB and averaged z-value of the

right hippocampus did not significantly correlate with the volume

ratio of the right hippocampus (Fig 2C, -D). We found a potential

outlier in 1 patient whose averaged z-value of the left hippocam-

pus was larger than 2.5 times the SD. After we removed the outlier,

the overall regression model was still significant in the left hemi-

sphere (F2,12 � 10.212, P � .003, R2 � 0.650, adjusted R2 �

0.586). The correlation was significant between the mean GFA of

the left iCB and the volume ratio of the left hippocampus (� �

0.024, standardized � � 0.864, P � .001); however, the correla-

tion was no longer significant between the averaged z-value and

the volume ratio of the left hippocampus (� � �0.004, standard-

ized � � �0.329, P � .113).

DISCUSSION
To the best of our knowledge, this is the first study elucidating the

relationship between hippocampal atrophy and structural and

functional connectivity in patients with left MTLE�HS. We ob-

served that the regression model used was highly significant, even

though a potential outlier of data was removed from the model

estimation. Specifically, left HV positively correlated with the

mean GFA of the left iCB, but it did not correlate with the left iFC.

Compared with controls, the HV, SC, and iFC indices were sig-

nificantly decreased on the lesion side of patients. As discussed

below, the association between the HV and its connection to the

PCC allowed us to explore the pathophysiology of the epileptic

network in unilateral MTLE�HS.

We observed a significant positive correlation between the left

HV and the mean GFA of the left iCB in patients with left

MTLE�HS (Fig 2A). Two mechanisms could explain this rela-

tionship: First, the iCB may be disrupted because of the excito-

toxic effect caused by the spreading of epileptogenic activity

through the Papez circuit.25,26 The sclerotic hippocampus may

generate epileptic activity and spread it through the Papez circuit

to multiple epileptogenic regions, such as the mammillary body,

thalamus, entorhinal cortex, and cingulate gyrus. The iCB is as-

sumed to receive antegrade epileptic activity from secondary

epileptogenic regions and to propagate it back to the hip-

pocampus. Using DTI, Scanlon et al27 demonstrated a positive

correlation between the HV and fractional anisotropy in the mid-

dle cingulum bundle in patients with unilateral MTLE�HS. Our

study further confirmed the correlation in the iCB on the lesion

side. Another possible mechanism is that hippocampal cellular

death caused by HS may affect the extrahippocampal WM, result-

ing in the axonal degeneration of the iCB.28 This interpretation is

based on an assumption that the iCB directly connects to the

hippocampus. Kubota et al7 used corticocortical-evoked poten-
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tials for electrical stimulation studies and reported that hip-

pocampal stimulation induced a prominent response in the PCC

and, conversely, that the hippocampus was elicited by PCC stim-

ulation in patients with unilateral MTLE. Moreover, on the basis

of corticocortical-evoked potentials, they speculated strong func-

tional connectivity between the hippocampus and the PCC

through the iCB. Therefore, hippocampal cellular death caused by

HS following epileptogenesis might directly degrade the SC of the

iCB.

Recent DTI studies have reported inconsistent results on the

relationship between GM atrophy and impaired hippocampal

WM structure in patients with unilateral MTLE�HS.3,29 Ellmore

et al29 reported that the number of hippocampal fibers derived

from probabilistic tractography positively correlated with the HV.

Bonilha et al3 investigated the relationship between the mean

fractional anisotropy or mean diffusivity of perihippocampal fi-

bers and the GM density of several brain regions in unilateral

MTLE�HS; they did not find correlations between the HV and

diffusion properties (fractional anisotropy and mean diffusivity)

of perihippocampal fibers. With the advantage of DSI in resolving

crossing fibers, we used tract-specific analysis to calculate the SC

of the iCB and observed strong coupling with hippocampal atro-

phy in left MTLE�HS.

We observed decreased mean GFA of the left iCB in patients

with left MTLE�HS. Our finding is similar to that of a previous

DTI study on unilateral MTLE�HS.8 In addition to the left iCB,

decreased fractional anisotropy was observed in the right iCB in

patients with left MTLE�HS,8 which is consistent with our re-

sults. Their findings and ours support the idea that the SC of the

bilateral iCB is altered in unilateral MTLE�HS; this alteration

suggests that unilateral MTLE�HS is an extensive network dis-

ease.30 Moreover, we did not observe a significant relationship

between the right HV and mean GFA of the right iCB. According

to our results, the right HV of patients was comparable with that

of controls. Therefore, the mean GFA of the right iCB might be

decreased in patients because of the excitotoxic injury caused by

seizure spread.25,26

We found decreased iFC between the left hippocampus and

the left PCC in patients with left MTLE�HS (On-line Table). Our

results are consistent with those of previous studies that reported

decreased iFC between the PCC and the epileptogenic hippocam-

pus or mesial temporal lobe in patients with left MTLE�HS.10,31

In addition, we observed increased iFC on the right side in the

same group of patients (On-line Table). Bettus et al32 investigated

iFC between the hippocampus and other limbic structures on the

healthy side in a group of patients with unilateral MTLE32; they

reported increased iFC between the right hippocampus and the

right temporal pole and right amygdala in patients with left

MTLE. Their and our results suggest that increased iFC of the

contralesional hippocampus is a compensatory response to de-

creased hippocampal connectivity on the lesion side.

Unlike strong coupling between the left HV and the mean GFA

of the left iCB found in patients, the left HV showed little corre-

lation with left iFC, especially after removal of an outlier (Fig 2B).

FIG 2. Relationships between HV and hippocampus-PCC SC and iFC indices in patients. We found a significant relationship between the volume
ratio of the hippocampus (x-axis) and the mean GFA of the iCB (y-axis) (A) and between the volume ratio of the hippocampus (x-axis) and
averaged z-value of the hippocampus (y-axis) (B) in the left hemisphere in patients with left MTLE�HS, whereas there were no correlations in
the right hemisphere (C and D).
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A study hypothesized that increased hippocampal activation or

connectivity in patients with hippocampal injury might be a com-

pensatory response relying on brain plasticity or an abnormal

brain function reflecting pathologic changes.33 In the same vein,

our negative findings may imply dynamic changes of iFC in re-

sponse to hippocampal atrophy or iCB degeneration. The left iFC

in patients being generally decreased implies a decompensated,

rather than compensated, status of iFC.

This study has some limitations. First, although we investi-

gated the relationship between hippocampal atrophy and im-

paired hippocampus-PCC connectivity, the cross-sectional study

design precludes us from determining a causal relationship.

Second, the sample size in this study was relatively small. We

included a small cohort of patients with unilateral MTLE who

had only a left atrophic hippocampus. to reduce the influence

of the heterogeneity within the populations of patients with

MTLE�HS.34,35 The strict inclusion criteria of subject selec-

tion limited our sample size. Nonetheless, our findings still

remained significant after adjusting for multiple tests. Third,

considering differences in the epileptogenic and neurophysio-

logic processes between left and right MTLE�HS,36 our results

might not be applicable to right, bilateral, or other subtypes of

MTLE�HS.

CONCLUSIONS
We performed multicontrast MR imaging examinations and

demonstrated that patients with left MTLE�HS had decreased

HV, SC, and iFC indices on the lesion side. The left HV was pos-

itively correlated with SC, but not iFC. Such findings reflect the

development of a degenerative fiber pathway with functional re-

activity in an epileptic network. Such insight might be helpful in

understanding the pathophysiology of the epileptic network.
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Arterial Spin-Labeling to Discriminate Pediatric Cervicofacial
Soft-Tissue Vascular Anomalies

X G. Boulouis, X V. Dangouloff-Ros, X O. Boccara, X N. Garabedian, X V. Soupre, X A. Picard, X V. Couloigner, X N. Boddaert,
X O. Naggara, and X F. Brunelle

ABSTRACT

BACKGROUND AND PURPOSE: Differentiating major subtypes of cervicofacial vascular lesions is crucial for appropriate management.
The aim of our study was to evaluate the performance of an MR imaging arterial spin-labeling perfusion sequence in discriminating
pediatric cervicofacial soft-tissue vascular anomalies.

MATERIALS AND METHODS: We conducted a retrospective analysis of data from a prospectively maintained registry including pediatric
patients at a tertiary pediatric center between January 2012 and January 2014. We included pediatric patients with a final diagnosis of
soft-tissue vascular anomalies and an MR imaging, including an arterial spin-labeling sequence at presentation. We performed an analysis
of lesion perfusion, blinded to clinical data, by using concurrent spiral 3D pseudocontinuous arterial spin-labeling (1.5T magnet; spiral
matrix, 512 � 8 mm; postlabeling delay, 1025 ms). Lesional flow was recorded with calibrated intralesional ROIs. Perfusion characteristics
were compared among lesion subtypes with the Mood Median test.

RESULTS: Among 840 patients screened, 46 matched the inclusion criteria and were included (median age, 1.45 years; interquartile range, 0.4–5.1
years; 27 females). Hemangiomas, including infantile hemangiomas (n � 18 patients) and noninvoluting (n � 2) and rapidly involuting (n � 1)
congenital types, demonstrated marked hyperperfusion (median flow, 436 mL/min/100 g; interquartile range, 212.5–603 mL/min/100 g), signifi-
cantly higher than that of lymphatic malformations (median, 22.5 mL/min/100 g; interquartile range, 16–60 mL/min/100 g; P � .001) or venous
malformations (median, 25 mL/min/100 g; interquartile range, 15–66.5 mL/min/100 g; P � .003).

CONCLUSIONS: MR imaging arterial spin-labeling is a valuable tool for the assessment of soft-tissue vascular anomaly hemodynamics and
for the classification of major lesion subtypes.

ABBREVIATIONS: ASL � arterial spin-labeling; HI � infantile hemangioma; IQR � interquartile range; NICH � noninvoluting congenital hemangioma; RICH �
rapidly involuting congenital hemangioma; STVA � soft-tissue vascular anomaly

Soft-tissue vascular anomalies (STVAs) include vascular tu-

mors and vascular malformations; they can involve any part of

the body and can be responsible for non negligible morbidity.1

Vascular lesions represent the first cause of soft-tissue tumors and

pseudotumors in children.2 The International Society for the

Study of Vascular Anomalies has classified these lesions in a

framework of consistent nomenclature, last updated in April

2014.3 This nomenclature is based on a body of clinical, biologic,

pathologic, genetic, and imaging data. In this classification, per-

fusion characteristics play a central role in lesion definition3;

therefore, any technique allowing local blood perfusion measure-

ment is of critical importance for the diagnostic work-up.4,5 In

this behavior-based lesion classification, vascular anomalies are

divided into vascular tumors, which include hemangiomas (be-

nign tumor subgroup) and vascular malformations, which in-

clude lymphatic and venous lesions (locally aggressive or border-

line subgroup). Differentiating these major subtypes of vascular

lesions is crucial for appropriate management.

The sonographic appearance and flow pattern on Doppler ex-

aminations are the most commonly available diagnostic tests to

classify STVAs in most centers; however, their use for cervicofa-

cial STVAs can be challenging. Intracranial extensions are obvi-
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ously out of reach when the fontanels are closed, and the extent of

the lesions can be underestimated when assessed solely by ultra-

sound, especially when they are embedded or hidden by bony

structures.5

MR imaging has emerged as a key complementary exami-

nation for these complex or deep vascular lesions2,5,6 or when

examination of the brain is mandated by potential lesion asso-

ciations.2,6,7 In such situations, contrast medium injection

may be required to assess the enhancement pattern of the le-

sion.8 However, besides needing a venous access, contrast en-

hancement is not a direct reflection of STVA perfusion and

only captures contrast medium leakage in the extravascular

space.9 Conversely, arterial spin-labeling (ASL) is an MR im-

aging technique that allows quantitative measurement of tissue

perfusion by using magnetically labeled blood, therefore with-

out any contrast medium injection.10 Accumulating evidence

has demonstrated the reliability of ASL in evaluating regional

perfusion and its utility in the diagnostic work-up of vascular

anomalies.10-13 Of particular interest in pediatric patients,

waiving the need for contrast injection, ASL is an interesting

asset for the diagnosis of STVAs in this population.

The aim of our study was to retrospectively assess the potential

value of the ASL sequence for the characterization of cervicofacial

soft-tissue vascular anomalies in children.

MATERIALS AND METHODS
Study Population
The study population was derived from a prospective longitudinal

cohort of consecutive children referred to Necker Children’s Hos-

pital, a tertiary care pediatric hospital, between January 2012 and

January 2014. Our STVA registry is a prospectively implemented

data base collecting demographic, clinical, imaging, and treat-

ment data of consecutive patients with STVAs admitted at our

institution. The initial clinical examination was performed by

experienced pediatric dermatologists, and all cases were dis-

cussed at a pediatric multidisciplinary meeting, including head

and neck surgeons, pediatric radiologists, and interventional

neuroradiologists.

This data base was retrospectively queried to identify patients

matching the following inclusion criteria: 1) children between

birth and 18 years of age; 2) those with cervicofacial STVAs (de-

fined by clinical examination, ultrasound examination, CT an-

giography, or venography); and 3) patients who had undergone

an MR imaging ASL sequence during their initial diagnostic

work-up before any treatment or biopsy.

Final diagnosis was obtained prospectively for each patient

from the conclusions of our multidisciplinary symposium,

which included pediatric dermatologists, radiologists, and sur-

geons, on the basis of the clinical-imaging features and evolu-

tion of the lesion and the pathologic examination findings,

when available.

Test Method

MR Imaging Acquisition. An ASL perfusion sequence was ac-

quired by using a 1.5T MR imaging scanner (Signa HDxt; GE

Healthcare, Milwaukee, Wisconsin) and consisted of a concur-

rent spiral 3D pseudocontinuous ASL (12-channel head coil; 3D

volume with a 4-mm section thickness; number of excitations, 3;

axial partitions, 80; FOV, 240 � 240; acquisition matrix, 4 mm3;

spiral arms in each 3D partition, 8; points per arm, 512; TE, 10.5

ms; TR, 4428 ms; postlabeling delay, 1025 ms; flip angle, 155°). All

patients underwent a routine MR imaging examination, includ-

ing T1 and T2 sequences (including fat saturation when needed);

additional sequences were performed at the discretion of the

attending radiologist (contrast medium injection, dynamic

injection).

MR Imaging Analysis. Regional flow measurements (in millili-

ters/100 g/minute) were obtained by using an optimized dedi-

cated in-house postprocessing software on Advantage Windows

workstations (GE Healthcare), as previously described.14 Quanti-

tative measurements were performed in consensus by 2 trained

pediatric radiologists (F.B., V.D.-R.), blinded to clinical data. Le-

sional flow was measured in spheric calibrated ROIs of variable

sizes according to the STVA size (mean, 50 mm2), positioned in

the center of the lesion, with care being taken to avoid partial

volume averaging from adjacent tissues.

A third reader (O.N.) performed quantitative measurements

independently to allow the calculation of interrater agreement

statistics.

Ethics
The study conformed to generally accepted scientific principles

and to ethical standards of research and was approved by an ad-

visory opinion of the Ethics Committee (Comité de Protection

des Personnes Ile de France III, AC051) at Necker Children’s Hos-

pital. The manuscript was prepared in accordance with Strength-

ening the Reporting of Observational Studies in Epidemiology

Table 1: Population characteristicsa

Variable Value
Age at diagnosis (yr) 1.45 (0.4–5.1)
Age categories (yr)

0–1 17 (37%)
1–5 18 (39.1%)
Older than 5 11 (23.9%)

Female sex 27 (58.7%)
Localization

Head 41 (89.1%)
Neck 5 (10.9%)

Precise location
Cheek 5 (10.9%)
Submental region 5 (10.9%)
Eyelid 4 (8.7%)
Parotid gland 4 (8.7%)
Scalp 4 (8.7%)
Lip 3 (6.5%)
Multiple 3 (6.5%)
Other 7 (15.2%)

ISSVA subtypes
Hemangioma 21 (45%)
Infantile hemangioma 18 (39.1%)
NICH 2 (4.3%)
RICH 1 (2.2%)
Lymphatic malformation 10 (21.7%)
Common venous malformation 9 (19.6%)
Other (hamartoma, AVF, AVM) 3 (6.7%)

Total No. of patients in study 46

Note:—ISSVA indicates International Society for the Study of Vascular Anomalies.
a Values are expressed as absolute number (percentage of total) or median (IQR).
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guidelines (http://www.equator-network.org/reporting-guidelines/

strobe/).

Statistical Methods
Values are expressed as mean � SD or median/interquartile range

(IQR), as appropriate. For the comparison of flow measurements, the

Mood Median test was used due to the unequal variance of samples.

We performed interrater measures by using pair-wise correla-

tions (Pearson product-moment correlation of each pair), com-

paring mean ASL values of the initial consensus reading with

those performed independently by a third reader.

RESULTS
Among 840 pediatric patients screened for eligibility, 75 in the

registry had undergone an ASL sequence at presentation, 49 of

whom had a final diagnosis of cervicofacial STVA. Among these

49 patients, the ASL sequence was not interpretable in 3 cases due

to kinetic artifacts. The remaining 46 patients were included in the

study. Demographic and clinical characteristics of the study pop-

ulation are described in Table 1. The ASL perfusion characteristics

in milliliters/100 g/minute of the 3 most frequent lesional sub-

types of STVA are summarized in Fig 1 and Table 2.

Interobserver agreement was excellent for the measurement of

ASL perfusion (pair-wise correlation, 0.94; 95% CI, 0.90 – 0.97).

Hemangiomas
Lesion characteristics are detailed in Table 2.

Infantile Hemangioma. For infantile hemangiomas (HIs), the

median age was 2.9 months; there were 11 girls and 7 boys. Seven

FIG 1. Illustrative cases of blood flow differences in major subtypes of STVA. Blood flow measured with ASL helps distinguish vascular anomalies.
A–C, T2, T1, and ASL sequence blood flow maps. 1) Right intra- and periorbital hemangioma in a 6-month-old boy. ASL flow map demonstrates
major lesional hyperperfusion (blood flow � 477 mL/100 g/min). 2) Intraorbital venous malformation of a 14-month-old boy with low blood flow
(67 mL/min/100 g). 3) Intraosseous cystic lymphangioma of a 13-month-old girl with a low blood flow (45 mL/min/100 g).
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HIs (39%) were located in the orbital region. In all cases in which

gadolinium injection was performed, the hemangiomas were

massively and homogeneously enhanced. All HIs presented with

an increased ASL tissue flow. The median perfusion value was 491

mL/100 g/min (IQR, 290 – 622 mL/100 g/min) with a range be-

tween 100 and 880 mL/100 g/min.

Rapidly and Noninvoluting Congenital Hemangioma. Two pa-

tients (6.1 and 8.2 years of age, respectively) had noninvoluting

congenital hemangioma (NICH), and 1 patient (0 years) had rap-

idly involuting congenital hemangioma (RICH). After contrast

injection, all 3 lesions enhanced massively. They presented with

increased ASL-measured flow (median, 196 mL/100 g/min; IQR,

126 – 424 mL/100 g/min).

Overall, ASL showed a marked perfusion increase in all hem-

angiomas (HI, NICH, and RICH), with a median perfusion value

of 477 mL/100 g/min (IQR, 212.5– 603 mL/100 g/min).

Venous Malformations
For venous malformations, the median

age was 4.6 years (range, 1.2–11years).

There were 7 girls and 2 boys. All venous

malformations presented with typical

MR imaging features: isointense on T1

and moderately hyperintense on T2 fat-

saturated sequences, with multiple small

hypointense nodules representing focal

nodular thromboses, precursors of phle-

boliths (uncalcified or soft phleboliths).

The median flow was very low in all le-

sions (25 mL/min/100 g; IQR, 15– 66.5

mL/min/100 g).

Lymphatic Malformations
For lymphatic malformations, the me-

dian age was 2.65 years (range, 8 months

to 11.5 years). There were 5 girls and 5

boys. One patient (10%) presented with

a fluid/fluid level. None of the lesions

presented with enhanced perfusion

(median flow, 22.5 mL/100 g/min; IQR,

16 – 60 mL/min/100 g).

Other Lesion Subtypes
Both AVMs and AVFs demonstrated in-

creased intralesional perfusion (respec-

tively, 779 and 451 mL/100 g/min), and

none of the remaining lesions (namely, 1

hamartoma and 2 capillary lymphatic

malformations) showed measurable in-

creased perfusion (data not shown).

Lesion Subtype Comparisons
Hemangiomas, including NICH and

RICH, presented with significantly higher

flows than lymphatic (P � .0001) or ve-

nous malformations (P � .003). There

was no significant difference between lym-

phatic and venous malformations (Fig 2).

DISCUSSION
We demonstrated that the ASL sequence, through its ability to quan-

titatively measure lesional flow, helps discriminate major subtypes of

STVAs. In addition to providing increased lesion conspicuity, the

ASL sequence is an excellent tool for refining the diagnosis. In our

cohort, ASL was able to characterize an increased perfusion in all

hemodynamically active lesions (HI, RICH, NICH, AVM, and AVF)

and the absence of any measurable increase of perfusion in the others

(lymphatic malformation, venous malformation, and hamartoma)

and thus provided decisive help in making the diagnosis. This differ-

ence reached statistical significance when we compared the most fre-

quent lesion subtypes (infantile hemangioma, lymphatic malforma-

tion, and venous malformation).

These findings provide strong support for the use of the ASL

sequence in pediatric patients with STVAs. To date, the role of

ASL in the diagnostic work-up of cervicofacial regions has been

FIG 2. Comparison of major STVA subtypes by using ASL blood flow maps. ASL blood flow values
are plotted and labeled median on a 0- to 1000-mL/100 g/min base 10 logarithmic scale; error bars
represent interquartile range. IH indicates infantile hemagioma; RICH and NICH indicate rapidly
and noninvoluting congenital hemangioma.

Table 2: Summary of baseline clinical and imaging characteristics by diagnostic category in
major lesion subtypesa

Variable
Hemangiomas

(n = 21)
Common Venous

Malformations (n = 9)
Common Lymphatic

Malformations (n = 10)
Age (yr) 1.46 (0.1–8.2) 4.6 (1.2–11) 2.65 (0.7–11.5)
Female sex 12 (57) 7 (78) 5 (50)
Median ASL flow 477 (212–603) 25 (15–66.5) 22.5 (16–60)
T1 signal Iso: 15 (88) Iso: 9 (100) Iso: 6 (75)
T2 signal Hyper: 19 (95) Hyper: 9 (100) Hyper: 10 (100)

Note:—Iso indicates isointense; Hyper, hyperintense.
a Values are expressed as absolute number (percentage of column total) or as mean (range) or median (25th–75th
percentiles).
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examined in only a handful of studies.15-17 Our systematic ap-

proach sheds light on the diagnostic possibilities of ASL in pedi-

atric cervicofacial soft-tissue lesions.

Whereas vascular anomalies in children are commonly diag-

nosed by a combination of clinical examination and ultrasound

Doppler findings, CT or MR imaging is often used to solve am-

biguous cases or when an extended work-up is needed before

treatment (nonexhaustively for osseous, complex, or intracranial

lesions). MR imaging, in particular, has emerged as a key comple-

mentary tool in this setting.5 Several studies have reported the use

of dynamic contrast-enhanced sequences to characterize soft-

tissue vascular anomalies,8,18-20 emphasizing the paramount im-

portance of the analysis of the hemodynamics of these lesions.21

The present exploratory pilot study demonstrates the ability of the

ASL sequence to discriminate infantile hemangiomas from ve-

nous and lymphatic malformations. Moreover, in view of its abil-

ity to quantitatively measure perfusion changes, the ASL sequence

also has potential implications for patient follow-up during or

after treatment. The blood flow response during or after treat-

ment could easily be assessed by using ASL, but further longitu-

dinal studies will be needed to examine its usefulness in this

context.

Caution is needed regarding the interpretation of our results

and those of future studies. ASL measures tissue perfusion—that

is, the volume of blood that crosses the sample per minute per

100 g of tissue weight. On the other hand, gadolinium contrast

accumulation in the extravascular space and intravascular signal

change are responsible for enhancement; hence, the “enhance-

ment” that is seen in structural T1-weighted MR imaging after

gadolinium infusion is distinct from tissue perfusion characteris-

tics captured by the ASL sequence. Thus, the terms “hyperper-

fused” and “enhancing” must not be considered interchangeable.

Additionally, the presence of arteriovenous shunts might induce a

bias in the perfusion measure because blood is diverted from tis-

sue into the venous side and the diverted labeled blood is not

taken into account for the flow measurement. The effect of this

technical caveat most certainly accounts for the unexpected—

albeit not significant and derived from a very small number of

observations—relatively lower perfusion of AVM in our sample

compared with HIs. This limitation could be addressed in the

future by using multidelay pseudocontinuous ASL, which allows

the characterization of blood pools with variable speeds.22

Our study has some limitations. The first is its retrospective

design and the associated biases. Also, given the absence of nor-

malized atlas values for soft-tissue lesion flow alteration measure-

ments, we chose to compare the most frequent lesions and could

not assess the relative perfusion with adjacent healthy soft tissues.

Given the wide variety of STVAs, it was not possible to establish a

control group for flow comparison. Finally, even if STVAs were

classified in our sample by using a careful and systematic diagnos-

tic approach, our criterion standard for the final diagnosis was

based on the conclusions of a multidisciplinary symposium (and

not a biopsy in most cases). Thus, we did not compare the diag-

nostic capacities of ASL with those of conventional noncontrast

sequences (T1- and T2-weighted) because the final diagnosis was

not made on those sequences alone but on a body of clinical-

imaging data. Furthermore, a degree of bias in the classification

cannot be ruled out because ASL (qualitatively high or low) may,

in some instances, have been used as an additional argument for

lesion classification.

CONCLUSIONS
This study of 46 children with a cervicofacial vascular anomaly

demonstrates the potential role of ASL in discriminating major

vascular lesion subtypes and assessing the hemodynamics of

STVAs. In view of its ability to quantitatively measure lesional

flow, ASL could be a useful tool for the follow-up of patients with

hemodynamically active STVAs who are under treatment. Fur-

ther studies will be needed to test this hypothesis.
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ORIGINAL RESEARCH
PEDIATRICS

Structural Connectivity Analysis in Children with Segmental
Callosal Agenesis

X M. Severino, X D. Tortora, X B. Toselli, X S. Uccella, X M. Traverso, X G. Morana, X V. Capra, X E. Veneselli, X M.M. Fato, and
X A. Rossi

ABSTRACT

BACKGROUND AND PURPOSE: Segmental callosal agenesis is characterized by the absence of the intermediate callosal portion. We
aimed to evaluate the structural connectivity of segmental callosal agenesis by using constrained spherical deconvolution tractography
and connectome analysis.

MATERIALS AND METHODS: We reviewed the clinical-radiologic features of 8 patients (5 males; mean age, 3.9 years). Spherical decon-
volution and probabilistic tractography were performed on diffusion data. Structural connectivity analysis, including summary network
metrics, modularity analysis, and network consistency measures, was applied in 5 patients and 10 age-/sex-matched controls.

RESULTS: We identified 3 subtypes based on the position of the hippocampal commissure: beneath the anterior callosal remnant in 3
patients (type I), beneath the posterior callosal remnant in 3 patients (type II), and between the anterior and posterior callosal remnants in
2 patients (type III). In all patients, the agenetic segment corresponded to fibers projecting to the parietal lobe, and segmental Probst
bundles were found at that level. Ectopic callosal bundles were identified in 3 patients. Topology analysis revealed reduced global
connectivity in patients compared with controls. The network topology of segmental callosal agenesis was more variable across
patients than that of the control connectomes. Modularity analysis revealed disruption of the structural core organization in the
patients.

CONCLUSIONS: Three malformative subtypes of segmental callosal agenesis were identified. Even the absence of a small callosal
segment may impact global brain connectivity and modularity organization. The presence of ectopic callosal bundles may explain the
greater interindividual variation in the connectomes of patients with segmental callosal agenesis.

ABBREVIATIONS: ACC � agenesis of the corpus callosum; HC � hippocampal commissure; PVC � partial virtual callosotomy; segACC � segmental agenesis of the
corpus callosum

Segmental agenesis of the corpus callosum (segACC) is a pecu-

liar form of partial callosal agenesis (ACC) characterized by

the absence of the central portion of the corpus callosum with

disconnection between the anterior corpus callosum and the sp-

lenium.1,2 On conventional imaging, the anterior and posterior

segments appear, respectively, as genual and splenial remnants,

while the intermediate segment is a thin lamina, usually corre-

sponding to the hippocampal commissure.2 These features were

traditionally considered the result of an early destructive insult

during central nervous system development. Indeed, for many

years, the prevailing theory held that the corpus callosum devel-

oped in an anterior-to-posterior direction, starting with the genu,

followed by the body, splenium, and finally the rostrum.3 Accord-

ing to this model, segACC can only be explained by an acquired

disruptive event occurring after corpus callosum development

has been completed. On the other hand, segACC has been de-

scribed in siblings and in patients with no evidence of cerebral

lesions, suggesting a malformative rather than acquired origin.1

Moreover, new theories on the bicentric origin of the corpus cal-

losum have further supported the malformative hypothesis.2

Nevertheless, little is still known about the structural connectivity

pattern and clinical-genetic phenotypes associated with this rare

callosal malformation.

In past years, there has been increasing interest in the applica-

tion of advanced diffusion MR imaging techniques for in vivo
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investigation of callosal malformations. In particular, diffusion

tensor imaging has offered the first clues about structural white

matter organization in patients with ACC, showing the connec-

tivity pattern of Probst bundles and revealing the presence of

aberrant heterotopic callosal tracts in partial ACC.4,5 High-

angular-resolution DWI and probabilistic tractography, tak-

ing into account multiple fiber orientations in the same voxel,

have then improved the reconstruction of WM bundles, dem-

onstrating the wide variability of callosal connections in partial

ACC.6 More recently, a further step in DWI postprocessing

associated with the application of graph analysis techniques,

the so-called “structural connectome,” has enabled exploring

the connectivity of WM networks of the human brain.7,8 This

approach models the brain as a graph represented by a collec-

tion of nodes, corresponding to cortical and subcortical re-

gions and their WM connections (edges). Several topologic

metrics and properties may be defined to characterize the

global and regional organization of brain networks.7,8 The

structural connectivity framework has greatly improved

the characterization of WM abnormalities in patients with

ACC, revealing different patterns of global and local connec-

tivity and greater interindividual variation of brain network

organization compared with healthy subjects.9-11

In this study, we aimed to characterize the structural features

of segACC by using constrained spherical deconvolution and

probabilistic tractography and to describe the associated clinical

and genetic phenotypes in 8 children with this rare malformation.

Moreover, to determine the impact of segACC on large-scale

brain networks, we compared network topologic properties re-

lated to integration and segregation among children with this

malformation relative to healthy controls, and we applied net-

work-based statistics to quantify connectivity differences. In par-

ticular, we hypothesized that the absence of the central callosal

portion reduces the long-range global connectivity and increases

the short-range local connectivity in patients with segACC. Sec-

ond, we expected to find increased variability of node degree spa-

tial distribution and correlation strengths in patients with

segACC compared with controls. Finally, we postulated that the

modular organization of the segACC brain is different compared

with healthy controls.

MATERIALS AND METHODS
Subjects
This was a single-center retrospective case-control study, per-

formed with Gaslini Institute review board approval and parental

written informed consent. We reviewed the MR imaging studies,

clinical information, and genetic data of 8 children consecutively

diagnosed with segACC between 2010 and 2015 (5 males; mean

age at MR imaging, 3.9 years; range, 22 days to 5.11 years). Con-

nectome analysis was performed in the 5 patients with segACC

older than 2 years of age, because no major reorganization of

structural modules is usually observed after this age.12 We se-

lected 10 age-/sex-matched controls who underwent brain MR

imaging with DTI for transient febrile convulsion, minor trauma,

or headaches; all had normal brain anatomy, psychomotor devel-

opment, and neurologic examination.

Imaging Acquisition
MR imaging was performed on a 1.5T scanner with an 8-channel

head coil and included 3-mm-thick axial T2WI, FLAIR, and DWI;

3-mm-thick coronal T2WI; sagittal 0.6-mm-thick 3D driven

equilibrium; and 3D turbo field echo T1WI. DWI data were col-

lected along 34 noncollinear directions by using an axial single-

shot spin-echo echo-planar sequence, with b-values of 0 and

1000s/mm2, TR � 9203 ms, TE � 71 ms, section thickness � 2

mm, FOV � 240 � 240 mm, matrix size � 128 � 128. Uncoop-

erative patients were sedated during the examinations.

Data Preprocessing
The FMRIB Diffusion Toolbox 3.0 (http://fsl.fmrib.ox.ac.uk/fsl/

fslwiki/FDT) was used to correct DWI raw data for motion arti-

facts and eddy current distortion and to calculate the tensor and

DTI metrics maps. Subsequently, we used the FMRIB Linear Im-

age Registration Tool (FLIRT; http://www.fmrib.ox.ac.uk/) to

perform linear registration between the reference B0 images and

3D-T1WI. Nonbrain tissue was removed by using the MRtrix3

package (https://github.com/MRtrix3/mrtrix3).

Probabilistic Tractography
Constrained spherical deconvolution and probabilistic tractogra-

phy were performed on the preprocessed diffusion-weighted im-

ages by using the MRtrix3 package.13 For each subject, a whole-

brain tractography consisting of 3 million streamlines was

generated, by using the anatomically constrained tractography

framework.14 The seeds used for generating streamlines were dis-

tributed uniformly in the gray/white matter interface. The tracto-

grams were filtered by using the spherical deconvolution–in-

formed filtering of tractograms, and the final result consisted of

1.5 million streamlines for each subject.15

Fiber segmentation was performed by using TrackVis 0.5.1

(www.trackvis.org) with a manually drawn multi-ROI approach,

following the callosal fiber segmentation method described by

Wahl et al6 (On-line Fig 1). Qualitative analysis was performed by

2 pediatric neuroradiologists with 20 and 8 years of experience,

respectively, who evaluated the anatomic course of reconstructed

tracts on superimposed 3D-T1WI and the presence of other brain

anomalies.

Cortical Parcellation and Connectivity Matrix
Construction
The 3D-T1WI was automatically segmented by using FreeSurfer

5.1.0 (http://surfer.nmr.mgh.harvard.edu/) in 84 regions (68 cor-

tical and 16 subcortical), representing the network nodes used as

seeds for connectome construction.16 To compare the structural

connectivity studies of patients and controls, we modified the

virtual callosotomy approach used by Owen et al,9 simulating the

segACC in each matched control (partial virtual callosotomy

[PVC]). In particular, in MRtrix3, we placed a manually drawn

exclusion mask on the midsagittal plane over the exact callosal

segment corresponding to the patient’s agenetic callosum por-

tion. The size and shape of the mask varied for each pair of

matched controls on the basis of the specific type of segACC,

effectively removing only the streamlines passing through the cor-

responding agenetic callosal segment.
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The connectome edges were calculated by using probabilistic

tractography performed with MRtrix3. The tracking results of

each of the seeds were masked by each of the other 83 regions,

referred to as targets, to obtain a connection strength between

each seed and target pair, with the total number of streamlines

connecting 2 regions as the connection strength. The 84 � 84

connection matrices were symmetric about the diagonal, and the

matrix diagonal was set to zero. The connection strength was then

divided by the sum of voxels in the seed and target regions to

account for differences in volumes between various cortical and

subcortical regions.

Individual and consensus connectomes were created for the 3

groups of subjects: patients with segACC, controls with PVC, and

controls without PVC. In particular, we thresholded each individ-

ual connectome to remove the weakest connections, setting to

zero all connection strengths that were �0.5% of the maximum

strength.9 The individual connectomes were then binarized set-

ting to 1 all the nonzero connections. For each group, a consensus

connectome was obtained by averaging the thresholded matrices

of all subjects in the group; subsequently, all connections that

were present in �75% of the subjects in the group were removed

from the group’s consensus matrix. The consensus matrices were

then binarized by setting to 1 all the nonzero connections.

Network Analysis
For topology analysis, we calculated measures of structural segre-

gation (clustering coefficient, transitivity, local efficiency, and

modularity) and integration (mean degree, characteristic path

length, mean normalized betweenness, global efficiency, and cost)

for the binarized individual and consensus connectomes of sub-

jects with segACC and PVC and controls, with the Brain Connec-

tivity Toolbox (https://sites.google.com/site/bctnet).

In each group, hub nodes were separately identified for indi-

vidual and consensus connectomes. A node in a single network

(individual or consensus) was marked as a hub if its degree was 1

SD higher than the mean degree of its network. To test the hy-

pothesis that the segACC brain has higher within-group variabil-

ity compared with controls, we assessed the spatial distribution of

node degree by transforming the degrees of the 84 nodes in each

connectome into a vector and by using the correlation coefficient

in a pair-wise fashion between all individuals in each group.9 To

measure network similarity, we calculated the connection

strength correlation coefficient between each individual connec-

tome and its group consensus connectome, as well as between

every pair of individual connectomes in each group.9

Modularity and mean participation coefficient (quantifying the

diversity of intermodular connections) were calculated for each par-

titioning of the consensus and individual connectome.8 To evaluate

the stability of modular assignment, we computed the mean Hubert-

Rand Index for each of the 3 groups: 1) between the modular assign-

ment for each of the individual connectomes and the assignment for

the consensus connectome, and 2) pair-wise between the modular

assignments for the individual connectomes (Matlab R2015b; Math-

Works, Natick, Massachusetts).9 The Hubert-Rand index is an ad-

justment of the Rand index (measuring the similarity of 2 partitions

of a dataset) that takes into account the probability of both agreement

and disagreement between partitions.17

To subdivide the networks into nonoverlapping modules, we

applied the Louvain community detection algorithm with an it-

erative fine-tuning method by using the function provided by the

Brain Connectivity Toolbox. The iterations were stopped when

the modularity value did not change between steps.

Network-based statistics was performed to evaluate the differ-

ences in subnetworks between patients and PVC controls.18 The

statistical model included a design matrix of 5 patients and 10

controls. We used a contrast vector (1, �1) to test for an increase

of subnetwork connectivity in controls compared with patients,

and a contrast vector (�1, 1) to test for the opposite hypothesis. A

t test was applied to assess the statistical significance of between-

group comparisons of the network metrics. For each metric, the

data labels were randomly reassigned between the 2 groups and t

values were computed for each relabeling. A total of 5000 permu-

tations were performed to estimate the null distribution, and as-

sociations with t � 3 were analyzed by network-based statistics. A

family-wise error rate– corrected significance level of P � .01 was

used.

Statistics
To assess the statistical significance of between-group compari-

sons of the network metrics and the measures of connectome

variability, we used a nonparametric permutation testing proce-

dure. For each metric, the data labels were randomly reassigned

between the 2 groups and t values were computed for each rela-

beling, for a total of 5000 permutations. P values were calculated

on the basis of the distribution of t values obtained from the per-

mutations and were adjusted for multiple comparisons with a

false-discovery rate correction. Statistical significance was set at

P � .05. Data were analyzed by using SPSS Statistics for Mac 21.0

(IBM, Armonk, New York).

RESULTS
Clinical, genetic, and neuroradiologic characteristics of patients

with segACC are described in On-line Table 1. On conventional

imaging, in most patients (7/8; 87.5%), the agenetic segment cor-

responded to the posterior callosal body and the splenium was

hypoplastic. In 1 patient (1/8; 12.5%), the anterior callosal body

was additionally involved. Probst bundles were noted in all pa-

tients (8/8; 100%) at the level of the agenetic callosal segment on

coronal images. The anterior commissure was hypoplastic in 4

cases (4/8; 50%). A colpocephalic appearance of the lateral ven-

tricle was evident in 3 patients (3/8, 34.5%).

On constrained spherical deconvolution tractography, no cal-

losal fiber tracts were detectable at the level of the thin lamina

corresponding to the agenetic segment. Three malformative sub-

types were identified on the basis of the relationship of the hip-

pocampal commissure (HC) with the callosal remnants (Fig 1 and

On-line Fig 2): The HC lay beneath the anterior callosal remnant

in 3 patients (segACC type I), while in 3 other patients, it was

attached to the posterior callosal remnant (segACC type II). Fi-

nally, in 2 patients, the intermediate segment of the commissural

plate was made of green-coded longitudinal bundles correspond-

ing to the fornices joined in the midline, forming the HC (segACC

type III).

According to the projection areas, the intermediate agenetic
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segment corresponded to fibers projecting to the parietal lobe in

all patients with segACC and healthy controls after PVC. The

hypoplastic posterior callosal remnants consistently connected

the occipitotemporal lobes, while the anterior remnants always

connected the frontal lobes, including the frontal associative re-

gions and, in all except 1 case, the motor areas. In the 3 patients

with segACC-type I, the anterior callosal remnants also contained

splenial fibers connecting the occipitoparietal lobes. Segmental

Probst bundles corresponding to the agenetic callosal segment

were confirmed in all patients. These bundles merged anteriorly

with the ventral callosal remnant and extended posteriorly to the

parietal lobes. Callosal ectopic bundles were identified in 3

patients.

Network Analysis
Table 1 reports the topology metrics of consensus and individual

connectomes. Patients with SegACC had less integrated structural

connectivity compared with those with PVC and controls. No

FIG 1. The 3 subtypes of segmental agenesis of the corpus callosum: SegACC type I in a 2-year-old girl (patient 3, A–D), segACC type II in a 5.4-year-old
boy with Klippel-Feil syndrome (patient 5, E–H), and segACC type III in a 5.7-year-old boy with septo-optic dysplasia (patient 6, I–L). Midline sagittal T2WI
driven equilibrium (A, E, and I) and corresponding fractional anisotropy color directional maps fused with 3D-T1WI (B, F, and J) reveal the focal absence
of the posterior part of the callosal body in all patients. Hypoplasia of the anterior commissure may be associated, as shown in patient 3 (A and B,
arrowhead) and patient 6 (I and J, arrowhead). Note the presence of a green-coded longitudinal bundle located in the inferior part of the anterior
callosal segment, corresponding to an ectopic callosal bundle in patient 5 (F, empty arrow). Coronal fractional anisotropy color directional maps fused
with 3D-T1WI (C, G, and K) demonstrate Probst bundles, with variable thickness, at the level of agenetic callosal segments in the 3 patients (arrows).
Tractographic reconstructions of callosal fibers overlaid on T1WI (D, H, and L) show the homotopic callosal connections in the 3 patients. D, In segACC
type I, the anterior callosal remnant contains fibers connecting the anterior frontal, posterior frontal, and parietal lobes, while the posterior callosal
segment contains fibers connecting the parieto-occipitotemporal lobes. In segACC types II (H) and III (L), the anterior callosal segments exclusively
contain frontal callosal fibers, while the posterior callosal remnants contain fibers connecting the parieto-occipitotemporal lobes. In segACC type III (L),
the intermediate segment of the commissural plate is made of green-coded bundles, corresponding to the fornices joined in the midline, forming the
hippocampal commissure. The callosal fibers are colored according to their projections to specific lobar areas (ie, light blue for anterior frontal callosal
fibers, orange for posterior frontal callosal fibers, green for parietal callosal fibers, and violet for occipitotemporal callosal fibers).

Table 1: Network metrics of consensus and individual connectomes
Consensus Connectomes Individual Connectomes (Mean) (SD) P Values

Control PVC SegACC Control PVC SegACC
SegACC

vs Control
SegACC
vs PVC

Assortativity 0.03 �0.02 0.02 �0.02 (0.03) �0.05 (0.03) �0.02 (0.04) .815 .379
Global efficiency 0.45 0.42 0.38 0.54 (0.02) 0.52 (0.02) 0.48 (0.03) .005a .024a

Mean local efficiency 0.69 0.70 0.71 0.77 (0.02) 0.77 (0.02) 0.75 (0.04) .553 .597
Mean normalized betweenness 0.02 0.02 0.03 0.01 (0.00) 0.02 (0.00) 0.02 (0.00) .001a .031a

Characteristic path length 2.63 2.83 3.36 2.13 (0.09) 2.24 (0.13) 2.42 (0.12) .002a .021a

Transitivity 0.38 0.40 0.40 0.45 (0.02) 0.46 (0.02) 0.46 (0.04) .555 .904
Mean clustering coefficient 0.49 0.51 0.53 0.56 (0.03) 0.57 (0.03) 0.57 (0.04) .905 .929
Mean degree 8.64 8.17 7.31 14.71 (1.27) 13.66 (1.33) 12.02 (1.62) .005a .054
Cost 0.21 0.20 0.18 0.35 (0.03) 0.33 (0.03) 0.29 (0.04) .005a .054

a Significant.
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significant differences in the segregation metrics were found

among patients with segACC and PVC and controls.

On-line Figs 3 and 4 show the hubs found respectively for the

consensus and individual connectomes. The analysis of within-

group variability revealed that the spatial distribution of node

degrees was significantly more variable in segACC, as demon-

strated by a lower mean correlation coefficient (r � 0.634 �

0.089), compared with both controls (r � 0.735 � 0.052) and

subjects with PVC (r � 0.729 � 0.066) at P � .05.

There were no differences in the connection strength correla-

tion coefficients between the consensus network and each indi-

vidual network, indicating that the consensus connectomes rep-

resented individuals in their group to approximately the same

extent. Conversely, the interindividual variability of the segACC

connectome was greater than that of the control and PVC con-

nectomes, as shown by a significantly lower consistency between

individual networks (P � .05, On-line Table 2).

The mean and SD of modularity-related metrics are pro-

vided in Table 2. Six modules were identified in the consensus

network of controls and those with PVC, while only 5 were

found in patients with segACC, due to disruption of the mod-

ule corresponding to the structural core (Fig 2 and On-line

Tables 3–5).

Network-based statistics identified 3 subnetworks of de-

creased connectivity in patients compared with controls (Fig 3

and Table 3).

DISCUSSION
ACC is a highly heterogeneous condition that may result from

disruption of several developmental stages, from early midline

telencephalic patterning to neuronal specification and axonal

pathfinding.2,19 This study further supports the hypothesis that

segACC is a malformation rather than an acquired condition.1,2

Indeed, in the cases here described, no signs of congenital or ac-

quired conditions preventing commissuration, such as encepha-

lomalacia, interhemispheric cysts, or lipomas, were noted. More-

over, although we did not identify a specific genetic phenotype

associated with segACC, 2 patients had chromosomal aberrations

traditionally related to callosal malformations, such as 1p36 dele-

tion and 8p duplication.19 In addition, clinical-radiologic features

Table 2: Modularity metrics of individual connectomes

Control (Mean)
(SD)

PVC (Mean)
(SD)

SegACC (Mean)
(SD)

P Values

SegACC
vs Control

SegACC
vs PVC

Modularity 0.38 (0.02) 0.41 (0.03) 0.44 (0.03) .002a .151
Mean participation coefficient 0.39 (0.05) 0.31 (0.07) 0.28 (0.04) .003a .335
Mean Hubert-Rand Index (vs consensus) 0.53 (0.05) 0.54 (0.08) 0.58 (0.09) .311 .394
Mean Hubert-Rand Index (vs individual) 0.63 (0.03) 0.61 (0.06) 0.68 (0.02) .009a .017a

a Significant.

FIG 2. Module assignments for the consensus connectomes. Topology analysis of network modules reveals 5 modules for the control and
partial virtual callosotomy groups and 4 modules for patients with segACC. Modules 3 and 4 largely consist of frontal nodes, while modules 1 and
2 are more posterior. Note that module 5, corresponding to the “structural core” of the network, is not present in the segACC consensus
connectome. The 82 nodes are plotted with a circle colored according to the community to which it was assigned (see the legend). For the
complete list of the regions included in each module, refer to On-line Tables 3–5.
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of septo-optic dysplasia and Klippel-Feil syndrome were noted in

2 other patients.

Notably, the constrained spherical deconvolution tractogra-

phy data on the interhemispheric connections of these patients

provided further insight into the embryogenesis of segACC. Re-

cent data on callosal formation have suggested that at about ges-

tational weeks 12–13, the first pioneer axons from the cingulate

cortex cross the commissural plate in 2 separate loci, correspond-

ing to the anterior commissure and HC, and then fuse to form the

complete corpus callosum.20-25 This

complex process is guided by 3 special-

ized glial structures at the corticoseptal

boundary: the glial sling forming a

bridge between the hemispheres and

guiding the anterior callosal fibers across

the midline, associated with the indu-

sium griseum glia above and the glial

wedge below.23,25 Moreover, several

guidance factors (both attractive and re-

pulsive), cell adhesion molecules, growth

factors, intracellular signaling molecules,

and transcription factors, are involved in

this delicate developmental phase.22 Fail-

ure in any one of these steps might ex-

plain complete agenesis or incomplete

formation of the corpus callosum.

Hence, at least hypotheses may be for-

mulated regarding the origin of segACC:

1) The callosal projecting neurons cor-

responding to the agenetic segment did

not develop; 2) all callosal projecting
neurons are preserved as well as the
corresponding homotopic interhemi-

spheric connections, and the malforma-

tion results from an isolated defect of fu-
sion of the 2 callosal segments; or 3) the callosal projecting
neurons corresponding to the intermediate agenetic segment are

preserved, but there is an additional axonal guidance defect re-

routing these callosal fibers in other directions with loss of homo-

topic interhemispheric connections. In this study, we found that

the agenetic segment most commonly corresponded to the poste-

rior part of the callosal body, resulting in a loss of homotopic

interhemispheric fibers projecting to the parietal lobes. At this

level, we consistently identified segmental Probst bundles rerout-

FIG 3. Subnetworks with decreased connectivity in patients with SegACC compared with controls with partial virtual callosotomy. Networks
1 and 3 are prevalently intrahemispheric and involve the temporoinsular and nuclear regions, while network 2 is interhemispheric and connects
the frontal lobes and right cingulum.

Table 3: Subnetworks with decreased connectivity in patients with SegACC compared with
controls with partial virtual callosotomy

Node 1 Node 2 t Test Value P Value
Network 1

L inferoparietal L lingual 6.24 .001
L lingual L middle temporal 5.89
L paracentral L postcentral 5.89
L hippocampus L middle temporal 4.16
L paracentral L amygdala 3.61
L inferoparietal L postcentral 3.61
L paracentral L middle temporal 3.53
L pallidum L medio-orbitofrontal 3.53
L paracentral R hippocampus 3.53
L hippocampus L thalamus proper 3.53
L middle occipital L medio-orbitofrontal 3.53
L putamen L pallidum 3.18
L paracentral L medio-orbitofrontal 3.18

Network 2
L superior frontal R rostral middle frontal 3.53 .009
R posterior cingulate R rostral anterior cingulate 3.53
R isthmus cingulate R rostral anterior cingulate 3.53
L rostral middle frontal R rostral middle frontal 3.18
R rostral anterior cingulate R rostral middle frontal 3.18

Network 3
R lingual R insula 3.61 .01
R middle temporal R lingual 3.61
R middle temporal R temporal pole 3.53
R middle occipital R insula 3.18

Note:—R indicates right; L, left.
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ing the parietal projecting fibers. Moreover, we also noted heter-

otopic commissural tracts in 3 patients. These findings lend sup-

port to the third hypothesis: Axonal guidance defects likely play a

role in this malformation.

Most interesting, we identified 3 types of segACC, character-

ized by different positions of the HC and connectivity patterns of

the anterior remnants. In particular, when the HC lay at the level

of the intermediate agenetic segment (segACC type III) or be-

neath the posterior callosal remnant (segACC type II), the defect

of fusion between the callosal segments lay anterior to the HC and

the anterior callosal segments exclusively connected the frontal

lobes. On the other hand, when the HC lay beneath the anterior

callosal remnant (segACC type I), the defect of fusion was located

posterior to the HC and the anterior callosal remnant also con-

tained splenial fibers connecting the parieto-occipital lobes.

These findings confirm the close embryologic relationship of the

splenium with the HC, as shown by studies on mouse embryos

revealing that pioneer splenial axons cross the midline, fasciculat-

ing along and between the hippocampal axons at the dorsal edge

of the HC.23 However, on the basis of current embryologic theo-

ries, we could not explain why the agenetic segment was located

posterior to the HC in patients with segACC type I. In fact, the

fusion between the anterior, sling-derived callosum and the HC-

associated splenium has been hypothesized to occur just anterior

to the HC24; however, this theory remains to be proved2 and

might indeed represent an oversimplification of a more complex

mechanism in which other as-yet-unidentified factors could play

a role, generating variability in the mode and location of fusion

between the 2 callosal segments and thereby justifying the differ-

ent patterns in our series. Future genetic studies and mouse mod-

els of segACC are needed to provide further insight regarding this

unsolved question.

Finally, we used a structural connectome framework to assess

WM connectivity in patients with segACC. In particular, we hy-

pothesized that the absence of a relatively small portion of the

corpus callosum, corresponding to parietal commissural fibers,

could have an impact on the global and local connectivity of these

patients. Indeed, recent works on structural connectivity in adults

and children with ACC have shown that the absence of long-range

interhemispheric callosal fibers results in a reduction of informa-

tion transmission and integration between the cerebral hemi-

spheres.9-11 Additionally, an increase of local connectivity, indi-

cating a more segregated network organization, has been

observed in these subjects,9,10 likely reflecting the profound rear-

rangement of cortical and subcortical connectivity within the ce-

rebral hemispheres due to the formation of pre- and postnatal

structural compensatory mechanisms, such as the Probst bun-

dles.9,11 The topology analysis in our study partially confirmed

this hypothesis even in patients with segACC, showing a less inte-

grated structural connectivity, with reduced global efficiency, and

increased path length and mean normalized betweenness.

On the other hand, no significant differences in the segrega-

tion metrics were found among segACC patients and controls,

differently from the high-functioning adults with ACC studied by

Owen et al,9 suggesting that local connectivity is not increased.

Taken together, these findings may indicate that loss of parietal

commissural fibers in segACC results in a reduction of interhemi-

spheric information integration, but the compensatory WM re-

wiring mechanisms, represented by segmental Probst bundles

and heterotopic callosal connections, are insufficient to circum-

vent the absence of direct interhemispheric callosal connections.

In other words, while the integration decreases in segACC, a po-

tentially compensatory increase of segregation, supporting higher

order cognition and specialized processing within densely inter-

connected brain sub-networks,7,8 does not occur. This interpre-

tation is supported by the results of the network-based statistics

analysis in patients with segACC showing decreased connectivity

in 3 subnetworks mostly related to cognitive, language, and mem-

ory functions and by the presence of psychomotor delay in all our

patients. Indeed, even if deficits in higher order cognition and

social skills have been described in subjects with isolated ACC,

their global intelligence quotient may fall within normal limits.25

Conversely, patients with partial ACC more often present a

greater degree of developmental delay or cognitive impairment,

with a worse neurologic prognosis.25 Therefore, we hypothesize

that a distinct anatomic connectivity substrate may contribute to

the different neurocognitive profiles and neurologic prognosis of

patients with partial ACC compared with neurotypical individu-

als with complete ACC. However, because the small sample size of

this study is underpowered to detect subtler effects on the segre-

gation metrics, larger scale investigations are needed to draw firm

conclusions regarding the potential role of these connectome pat-

terns as endophenotypes in patients with complete and partial

ACC.

The second step of our analysis demonstrated that the struc-

tural connectivity of segACC subjects was also different from that

of normally developing controls based on local changes in brain

regions that normally serve as connectional hubs.12 In particular,

both in the consensus and individual analyses, the cortical and

subcortical hubs demoted or promoted from their statuses were

different in the segACC group compared with the PVC group,

indicating that network topology reorganization in segACC may

not be explained by only the exclusion of callosal fibers from the

normal brain.9 Moreover, as recently described both in adults and

fetuses with ACC,9,11 we found an increased connectome variabil-

ity in segACC, with increased variability in the spatial distribution

of node degree and in correlation strengths in patients compared

with controls. There are several anatomic substrates for this in-

creased variability, including transient aberrant WM connections

during fetal life,11 the connection variability of Probst bundles,5

the thickening of phylogenetically older commissures,2 the alter-

native tracts through the ventral forebrain and the dorsal mid-

brain midline,26 and the heterotopic interhemispheric tracts.5

Most interesting, in this study, we identified aberrant commis-

sural tracts in 3 patients with segACC. The first aberrant tracts

connecting heterotopic cortical regions in subjects with partial

ACC, the “sigmoid aberrant bundles,” were described by Tovar-

Moll et al in 2007.5 These S-shaped fascicles typically connected 1

frontal lobe with the contralateral parietal lobe. Later, Wahl et al6

demonstrated the wide variability and complexity of heterotopic

callosal connections in partial ACC. The functional role of these

miswired fibers, however, is a matter for speculation because a

direct approach to their functional performance is not available.

These heterotopic callosal connections being found in patients
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with developmental delay and cognitive impairment,5 as in the

present study, seems to point to a maladaptive rather than com-

pensatory function.

The last part of our analysis focused on the modular organiza-

tion of segACC consensus networks. Indeed, different modules

have been described in patients with ACC compared with healthy

controls.9,10 Accordingly, we found a lower number of modules

and a higher Hubert-Rand Index in patients with segACC com-

pared with those with PVC and controls. These findings suggest

that neural plasticity in segACC reorganizes structural connectiv-

ity in a more stereotyped manner, with loss of a distinct posterior

medial module corresponding to the network structural core. The

structural core of the human brain comprises regions of the cortex

that are highly connected and highly central.27 In particular, por-

tions of posterior medial cortex, such as the posterior cingulate

cortex, the precuneus, and the lateral and medial parietal cortex,

are key core components known to be highly activated at rest in

the default mode network. Therefore, it has been suggested that

the structural core may have a central role in integrating informa-

tion across functionally segregated brain regions.27 Owen et al9

demonstrated a weakened structural core in adults with ACC as-

sociated with reduced connectivity between regions of the cingu-

late cortex. Most interesting, the focal absence of callosal fibers

connecting the parietal lobes in segACC may also lead to disrup-

tion of the structural core, therefore contributing to the impair-

ment of large-scale brain dynamics in these patients.

The present study has several limitations, including the small

sample size and the suboptimal DWI data acquired on a 1.5T

scanner with diffusion gradients along 34 noncollinear directions

and a b-value of 1000 s/mm2. Indeed, for constrained spherical

deconvolution approaches, higher b-values and more diffusion

gradient directions are suggested.28 On the other hand, our results

are consistent with those in previous structural connectivity stud-

ies on ACC.9-11 Moreover, the feasibility of both constrained

spherical deconvolution tractography and the structural connec-

tome based on suboptimal DWI raw data has been recently dem-

onstrated.10,11,29 Finally, the relatively high interindividual varia-

tion of the interhemispheric connections due to the presence of

ectopic callosal bundles in the patient group may have hampered

the quantitative comparison of topologic metrics between graphs.

However, to address this problem, we created consensus connec-

tomes, in which all connections present in �75% of subjects are

removed from the group’s consensus matrix; this step smoothed

out individual variation and allowed comparison of graph met-

rics. Future larger scale investigations performed with better DWI

acquisition schemes on 3T scanners are awaited to confirm our

observations.

CONCLUSIONS
We have further characterized the imaging and clinical pheno-

types of segACC, describing 3 malformation subtypes and provid-

ing further insight on commissural development in these patients.

Moreover, we demonstrated that even the absence of a small cal-

losal segment may impact global brain connectivity and modular-

ity organization of brain networks. Additionally, the presence of

ectopic callosal bundles may explain the greater interindividual

variation of segACC connectomes. Although direct structural

connectivity does not appear to be a strict determinant of func-

tional connectivity in healthy brains, disruption of large-scale net-

work organization may be the anatomic substrate of neurocogni-

tive dysfunction in children with segACC.
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ORIGINAL RESEARCH
SPINE

Multivariate Analysis of MRI Biomarkers for Predicting
Neurologic Impairment in Cervical Spinal Cord Injury

X J. Haefeli, X M.C. Mabray, X W.D. Whetstone, X S.S. Dhall, X J.Z. Pan, X P. Upadhyayula, X G.T. Manley, X J.C. Bresnahan,
X M.S. Beattie, X A.R. Ferguson, and X J.F. Talbott

ABSTRACT

BACKGROUND AND PURPOSE: Acute markers of spinal cord injury are essential for both diagnostic and prognostic purposes. The goal
of this study was to assess the relationship between early MR imaging biomarkers after acute cervical spinal cord injury and to evaluate
their predictive validity of neurologic impairment.

MATERIALS AND METHODS: We performed a retrospective cohort study of 95 patients with acute spinal cord injury and preoperative
MR imaging within 24 hours of injury. The American Spinal Injury Association Impairment Scale was used as our primary outcome measure
to define neurologic impairment. We assessed several MR imaging features of injury, including axial grade (Brain and Spinal Injury Center
score), sagittal grade, length of injury, maximum canal compromise, and maximum spinal cord compression. Data-driven nonlinear principal
component analysis was followed by correlation and optimal-scaled multiple variable regression to predict neurologic impairment.

RESULTS: Nonlinear principal component analysis identified 2 clusters of MR imaging variables related to 1) measures of intrinsic cord
signal abnormality and 2) measures of extrinsic cord compression. Neurologic impairment was best accounted for by MR imaging measures
of intrinsic cord signal abnormality, with axial grade representing the most accurate predictor of short-term impairment, even when
correcting for surgical decompression and degree of cord compression.

CONCLUSIONS: This study demonstrates the utility of applying nonlinear principal component analysis for defining the relationship
between MR imaging biomarkers in a complex clinical syndrome of cervical spinal cord injury. Of the assessed imaging biomarkers, the
intrinsic measures of cord signal abnormality were most predictive of neurologic impairment in acute spinal cord injury, highlighting the
value of axial T2 MR imaging.

ABBREVIATIONS: AIS � American Spinal Injury Association Impairment Scale; BASIC � Brain and Spinal Injury Center; MCC � maximum canal compromise;
MSCC � maximum spinal cord compression; NL-PCA � nonlinear principal component analysis; PC � principal component; SCI � spinal cord injury

Early biomarkers of spinal cord injury (SCI) are essential during

the acute phase of injury, a time when crucial management deci-

sions are made and a period of great prognostic anxiety for patients

and families.1-3 As emerging experimental therapies translate to the

clinic, early biomarkers will also be important for patient selection

and monitoring in clinical trials. Multiple potential MR imaging bio-

markers exist to evaluate acute SCI.1,4-20 These measures primarily

focus on the sagittal imaging plane, examining factors such as length

of T2-hyperintense signal within the cord, whether abnormal signal

is confined or spans multiple vertebral levels, presence of hemor-

rhage, and secondary markers of cord injury such as spinal cord com-

pression and spinal canal compromise.1,5-22 The internal structure of

the spinal cord, with predominantly longitudinally oriented WM

tracts, suggests that the axial injury extent and WM sparing should

also be strong predictors of outcome. This concept has been demon-

strated in preclinical studies and recently in human studies introduc-
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ing an axial scoring system known as the Brain and Spinal Injury

Center (BASIC) score.4,23-30 However, until now, it has been unclear

how the axial grading relates to other imaging biomarkers of the

sagittal plane and extrinsic compression measures.

The various MR imaging–based metrics have been shown to be

reproducible, and all have some individual degree of predictive va-

lidity for clinical outcome.1,4-20 Here, we evaluated the relationships

of these MR imaging metrics to each other and to neurologic impair-

ment. We applied a data-driven tool, nonlinear principal component

analysis (NL-PCA), to understand the relationship between different

MR imaging biomarkers and assess their ability to predict neurologic

impairment. NL-PCA detects statistical patterns, incorporating mul-

tiple variables independent of their scale and decomposing them into

a smaller set representing multidimensional clusters of variables

(principal components [PCs]) that covary.31,32 We then used non-

linear regression approaches to benchmark different MR imaging

assessments against each other for predicting neurologic impairment

at discharge. We hypothesized that MR imaging measures of acute

cervical SCI would group together as a coherent multivariate PC

ensemble and that distinct PCs (PC1, PC2, etc) would predict neu-

rologic impairment. We intended 1) to provide insight into relation-

ships between early MR imaging biomarkers after acute cervical SCI

and 2) to provide an evaluation of the predictive validity of each

individual measure of neurologic impairment.

MATERIALS AND METHODS
Study Cohort
This study was HIPAA and institutional review board compliant.

We performed a retrospective cohort study of patients with acute

blunt cervical SCI evaluated at a Level I trauma center (Zucker-

berg San Francisco General Hospital) from 2005 to 2014. Inclu-

sion criteria were 1) blunt acute cervical SCI, 2) age �18 years, 3)

presurgical cervical spine MR imaging performed within 24 hours

after injury, and 4) documented American Spinal Injury Associ-

ation Impairment Scale (AIS) at both admission and discharge.

Exclusion criteria were 1) penetrating SCI, 2) surgical decompres-

sion and/or fusion before MR imaging, 3) MR imaging that was

too degraded by motion or other artifact such that images were

nondiagnostic, and 4) preexisting surgical hardware. Of 212 pa-

tients initially identified, 95 patients met all inclusion and exclu-

sion criteria and were included in the study. The data collected

included sex and age, AIS at admission and discharge (as docu-

mented in the chart and performed by appropriately trained

physiatrists and neurosurgeons), hours to MR imaging from time

of injury, days to discharge, and whether surgical decompression

of the cervical spine was performed before discharge. Fifty-two of

the 95 patients included in this study were included in a cohort

of patients as part of a previously published study.4 This prior,

smaller study involved initial development and interrater reliabil-

ity testing of the BASIC score, whereas the current study tests multi-

ple MR imaging grading schemes against each other, and against

neurologic outcome, by using multivariate statistical analysis.

MR Imaging
All MR imaging examinations were acquired on the same 1.5T Gen-

esis Signa scanner (GE Healthcare, Milwaukee, Wisconsin). We as-

sessed sagittal T2 FSE, sagittal T1, and axial T2 FSE sequences per-

formed as part of our routine imaging protocol, with these sequences

not substantially changing over the study interval. Additional se-

quences performed as part of our trauma imaging protocol were not

evaluated. Sequences were performed with the following parameters

(presented as mean � standard deviation from 10 randomly selected

examinations): 1) for axial T2 FSE through the entire cervical spine:

TR, 3798 ms � 586 ms; TE, 102 ms � 6 ms; section thickness, 3 ms;

echo-train length, 17 � 3.4; in-plane FOV, � 160 � 160 mm with a

512�512 matrix for nominal in-plane resolution of 0.31 mm2; 2) for

sagittal T2 FSE: TR, 3585 ms � 563 ms; TE, 105 ms � 5 ms; section

thickness, 3 mm; echo-train length, 17.1 � 3; in-plane FOV, 200 �

200 mm; and 3) for sagittal T1: TR, 528 ms�103 ms; TE, 16 ms�1.3

ms; section thickness, 3 mm; echo-train length, 2.6 � 0.8; and in-

plane FOV, 200 � 200 mm with a 512 � 512 matrix for nominal

in-plane resolution of 0.39 mm2.

Image Analysis
A neuroradiology fellow (M.C.M.) and attending physician (J.F.T.)

performed consensus MR imaging ratings for all metrics while

blinded to clinical outcome. The interrater reliability and BASIC

axial MR imaging grading have been previously described as fol-

lows4,30: grade 0, no cord signal abnormality; grade 1, T2 hyper-

intensity confined to GM; grade 2, intramedullary T2 hyperinten-

sity extends beyond expected gray matter margins to involve

spinal white matter, but does not involve entire transverse extent

of the spinal cord; grade 3, T2 hyperintensity involving GM and

some but not all of WM; grade 4, T2 hyperintensity involving the

entire axial plane of the spinal cord; grade 5, grade 3 injury with

the addition of foci of T2 hypointensity consistent with hemor-

rhage. Sagittal grading was assigned as previously described: grade

1, no spinal cord signal abnormality; grade 2, single-level T2 hy-

perintensity; grade 3, �1 vertebral level T2 signal hyperintensity;

grade 4, T2 signal hyperintensity with areas of hypointensity rep-

resenting hemorrhage.1,19 The greatest length (mm) of injury on

sagittal T2 was measured as described in the National Institutes of

Health/National Institute of Neurologic Disorders and Stroke SCI

common data elements version 1.0.3 Maximum canal compro-

mise (MCC) and maximum spinal cord compression (MSCC)

assessed midsagittal images by dividing the anteroposterior diam-

eter of the canal (on sagittal T1 for MCC) and the anteroposterior

diameter of spinal cord (on sagittal T2 for MSCC) by the average

of the canal or spinal cord above and below as previously

described.8,15,16,22

Multidimensional Analysis Workflow and
Statistical Analysis
NL-PCA assessed the relationship among MR imaging measures

by incorporating pattern detection with optimal-scaling transforma-

tions to accommodate nonparametric, ordinal, and nonlinear rela-

tionships that are common in clinical assessment tools such as MR

imaging scoring by a radiologist.33,34 Established decision rules de-

fined the final dimensionality: Kaiser rule criterion of eigenvalue �1

and Cattell rule (ie, scree plot).33-36 Validity of MR imaging and PC

scores for predicting AIS at discharge involved linear mixed model,

Spearman rank correlation, and an optimal-scaled regression.

Receiver operating characteristic curves assessed sensitivity

and specificity of MR imaging measures for predicting AIS at

AJNR Am J Neuroradiol 38:648 –55 Mar 2017 www.ajnr.org 649



discharge by using a sliding scale (ie, AIS A versus B, C, D, E; AIS

A, B versus C, D, E; AIS A, B, C versus D, E; and AIS A, B, C, D

versus E), resulting in 4 separate receiver operating characteristic

curves. In addition, we completed a supplementary analysis where

we compared adjacent groups. Because of the low number of pa-

tients in the AIS B subgroup (n � 3), AIS A and B were grouped

together as a motor complete group. We compared the areas un-

der the curve of the different MR imaging biomarkers.

In a next step, we used discriminant function analysis to

assess within the BASIC measure the optimal combination of

scores to discriminate the different AIS groups. BASIC score

was recoded as: 1) a simple lesion/no lesion score (BASIC 0 �

no lesion, and BASIC 1– 4 � any lesion) and 2) into a 3-point

scale merging BASIC score subcategories 1–3 into 1 category.

All MR imaging variables and the 2 recoded BASIC score vari-

ables were fed into a discriminant function analysis test for

discrimination of AIS at discharge.

Statistical significance for all tests was

set at � � .05. All statistical analyses

were performed in SPSS v.23 (IBM,

Armonk, New York). Syndromic plots

for the PC loadings were generated

in custom-designed software in R

(http://www.r-project.org/).37

RESULTS
Patient characteristics are listed in Table

1. MR imaging measurements are out-

lined in Table 2 and Fig 1. The relation-

ships between the BASIC score and AIS

at discharge are listed in Table 3. NL-

PCA demonstrated all imaging parame-

ters loaded highly on PC1. PC2 discrim-

inated MR imaging measures, with only

MSCC and MCC showing high loadings

(On-line Fig 1A). Statistical decision

rules pruned the initial 5-dimensional

NL-PCA solution to 2 dimensions (On-

line Fig 1B). The optimal-scaled trans-

formation matrix revealed a high corre-

lation between the lesion length, sagittal

grade, and the BASIC score and, to a

lesser extent, between the compression

variables (MSCC and MCC) (Fig 2A).

The loading patterns of the 2-dimen-

sional NL-PCA solution are displayed

in Fig 2B. PC1–2 accounted for 88.6%

of the total variance in the dataset (PC1,

58.6%; PC2, 30%). All imaging variables

loaded highly on PC1. Variance ex-

plained by PC1 represents convergence

across all MR imaging variables. In con-

trast, PC2 mainly captures compression

variables MSCC and MCC, representing

divergence of the MR imaging variables

of intrinsic cord signal abnormality.

In Fig 2C, individual PC scores are

projected into PC1 and PC2 space, with

each patient color-coded by AIS change
and by AIS grade at discharge. Patients
with higher scores on the PC1 axes have
worse AIS at discharge. Confirming this,

FIG 1. MR imaging-based metrics. A and B, Sagittal T2-weighted MR imagings of the cervical spine
of patients with acute SCI were used to measure the length of T2 signal hyperintensity in mm (A,
white line) and to calculate MSCC (B, 1 � {di/[(da � db)/2]} � 100%). di indicates distance of the
spinal cord at the injury site; db, one segment below the injury site; da, one segment above the
injury site. C, Sagittal T1-weighted image of the cervical spine demonstrating how we used this
sequence to measure MCC (1 � {Di/[(Da � Db)/2]} � 100%). Di indicates distance of the spinal
canal at the injury site; Db, one segment below the injury site; Da, one segment above the injury
site. D, The axial T2-weighted MR imaging of the cervical spine at the level of the epicenter of
injury was used to define the BASIC score. Areas of macroscopic T2-hypointense hemorrhage are
surrounded by hyperintense edema with no normal cord signal, consistent with BASIC grade 4.
BASIC axial grade cartoons are depicted in the lower panel. E, Shows cartoons of the sagittal
grading system. Sag indicates sagittal.

Table 1: Patient characteristicsa

Age 57.91 � 18.15
Sex (M, F) 67, 28
AIS at admission A � 26, B � 9, C � 18, D � 42
AIS at discharge A � 17, B � 3, C � 15, D � 41, E � 19
Time to MRI (hours) 6.97 � 5.15
Time to discharge (days) 25.15 � 35.31
Surgical decompression Yes � 63, No � 32

a Values expressed as N or mean � SD.

Table 2: MRI scoring schemes
BASIC Ordinal 0–4: 0 � normal; 1 � GM only; 2 � some WM; 3 � all WM

in plane; 4 � with hemorrhage
Sagittal grade Ordinal 1–4: 1 � normal; 2 � less than a VB; 3 � longer than 1 VB;

4 � with hemorrhage
Longitudinal extent of

T2 signal abnormality
Numeric �mm	

MCC Numeric MCC % � 1 � {Di/[(Da � Db)/2]} � 100%;
D � canal widtha

MSCC Numeric MSCC % � 1 � {di/[(da � db)/2]} � 100%;
d � spinal cord widtha

Note:—VB indicates vertebral body.
a See Fig 1 for further description.
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a linear mixed model revealed that PC1, but not PC2, significantly
predicted AIS at discharge (PC1: F � 33.79, P 
 .001; PC2: F �
2.11, P � .086).

To compare predictive validity of PC1 and PC2 versus univar-
iate MR imaging measures, we applied univariate nonparametric
Spearman rank correlations for prediction of AIS at discharge
(Table 4 and Fig 3). Based on Spearman rank correlation, vari-
ables of intrinsic cord signal abnormality (lesion length, sagittal

grade, BASIC score) and both PC1 and PC2 predicted AIS at dis-
charge. Neither MSCC nor MCC significantly correlated with AIS at
discharge. Lesion length (� � �0.66), sagittal grade (� � �0.70),
BASIC score (� � �0.85), and PC1 (� � �0.69) all negatively cor-
related with AIS at discharge, whereas PC2 showed a weak positive
correlation with AIS at discharge (� � 0.22).

We used optimal-scaled regression to benchmark the predic-
tive validity of MR imaging measures against each other. An ad-
vantage of the optimal-scaled regression is that it takes into ac-
count different analysis levels (ordinal versus continuous) in a
single model. PC scores were not included in this analysis because
of multicollinearity. BASIC was the only significant predictor of
AIS at discharge (P 
 .01).

We next benchmarked how individual MR imaging measures
perform in predicting AIS at discharge compared with AIS at ad-
mission. Not surprisingly, AIS at admission showed a strong pos-
itive correlation with AIS at discharge by Spearman rank correla-

tion (� � 0.82, P 
 .01). Optimal-
scaling regression revealed that BASIC
score and AIS at admission were the only
significant predictors of AIS at discharge
(both P 
 .01) (On-line Table 1).

We were concerned that BASIC pre-
diction of AIS at discharge may be con-
founded by the decision to perform sur-
gical decompression, which could also
influence outcome. To test this, we per-
formed 2 additional waves of analysis.
First, we tested whether BASIC score sig-
nificantly predicted the decision to per-
form surgical decompression by using a
generalized linear model. BASIC score
significantly predicted surgical decom-
pression decision-making (Wald �2 �
9.00, P � .003). To test whether this con-
founded BASIC’s predictive validity for
AIS at discharge, we reran the general-
ized linear model with an interaction
term, testing whether BASIC and surgi-
cal decompression were statistically en-
tangled. This analysis maintained the
significant predictive main effect of BA-
SIC on AIS (Wald �2 � 34.92, P 
 .001).
Furthermore, undergoing decompres-
sion surgery was not a significant predic-
tor of AIS at discharge (Wald �2 � 0.17,
P � .68), nor was there a significant in-
teraction between BASIC and decom-
pression surgery (Wald �2 � 1.58, P �
.66). Similarly, we wanted to assess if
BASIC significantly predicts AIS at dis-
charge after correcting for MSCC. Using
the same analysis tools, the predictive
validity of BASIC was maintained (F �
30.69, P 
 .001), and there was no inter-
action effect between AIS at discharge
and MSCC (F � 0.79, P � .53).

The sensitivity and specificity (re-
ceiver operating characteristic and area
under the curve) of the MR imaging

FIG 2. Results of the 2-dimensional NL-PCA. A, Heat map of the optimal-scaled transformation
matrix of all MR imaging measures included in the NL-PCA. The matrix indicates all bivariate
cross-correlations: yellow indicates a positive relationship and orange indicates a negative rela-
tionship. B, 2-dimensional NL-PCA solution. PCs reflect the clustered variance shared by the MR
imaging measures and are represented by a convex triangle. The arrow gauge and the intensity of
the color (red indicates a positive relationship and blue indicates a negative relationship) show the
magnitude (ie, loading weights) of the correlation between each MR imaging measure and the PC.
C, Bi-plots of individual patients (n � 95) in the 2-dimensional space described by PC1 and PC2. In
the top left corner, the extracted bi-plot is displayed. In the left graph, the same bi-plot is
color-coded by AIS change (ie, AIS change from admission to discharge) and is color-coded in the
right graph by AIS at discharge. PCA indicates principal component analysis.

Table 3: BASIC score in relation to AIS at dischargea

AIS A AIS B AIS C AIS D AIS E
Total

Patients
BASIC 0 1 (7.7) 12 (92.3) 13
BASIC 1 12 (70.6) 5 (29.4) 17
BASIC 2 1 (2.6) 10 (25.6) 26 (66.7) 2 (5.1) 39
BASIC 3 7 (43.8) 2 (12.5) 5 (31.3) 2 (12.5) 16
BASIC 4 10 (100) 10

a Data presented as no. of patients (%).
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measures in predicting AIS at discharge are shown in Fig 4 (AIS
sliding scale). Supporting previous analysis, the length, sagittal
grade, and BASIC score predicted AIS at discharge, with their
areas under the curve statistically superior to random guessing
(Table 5). BASIC consistently had the highest area under the
curve in comparison with the other MR imaging measures. In a
supplementary analysis, we tested how well the MR imaging mea-
sures can discern adjacent AIS categories. The results are shown in
On-line Table 2. Similar to the sliding scale results, BASIC consis-
tently had the highest area under the curve for distinguishing both
severe and mild AIS categories in comparison with the other MR
imaging measures.

Finally, to assess discriminative value score subcategories, we
applied a linear discriminant function analysis. This supervised
pattern detection approach discovers the optimal combination of
scores to discriminate the different AIS groups. The full BASIC
score had the largest absolute correlation with the canonical dis-
criminant function for AIS, suggesting that the full 5-point BASIC
score performs better than truncated scoring schemes (0.962).
The full BASIC score outperformed both the simple dichotomous
score (lesion versus no lesion, with BASIC 0 � no lesion and
BASIC 1– 4 � any lesion; 0.388) and a 3-point scale merging
BASIC score subcategories 1–3 into 1 category (BASIC 0 � no
lesion, BASIC 1–3 � nonhemorrhagic lesion, BASIC 4 � hemor-

rhagic lesion; 0.639). A second discrim-
inant function analysis included only
patients with a BASIC score of 1–3 (ie,
those patients with nonhemorrhagic in-
tramedullary T2 signal abnormality) to
define the prognostic value of BASIC in
this specific subpopulation. BASIC had
the largest absolute correlation with the
discriminative function (0.991), fol-
lowed by the length of the lesion (0.416).

DISCUSSION
We applied data-driven multivariate an-

alytic techniques to evaluate how multi-

ple MR imaging– derived metrics relate

to each other and to short-term impair-

ment when applied to a group of 95 pa-

tients with acute blunt cervical SCI. We

identified 2 principal components (PC1

and PC2) that explained 88.6% of the

total variance in the dataset. Measures of

intrinsic spinal cord signal abnormality

had the highest positive loading on PC1,

whereas measures of extrinsic cord com-

pression had more modest positive

loading. Both the BASIC score and sag-

ittal grade had greater correlation with

outcome than PC1, whereas BASIC

score was the only univariate MR imag-

ing measure to correlate with outcome

when correcting for differences in data

measurement scales. The present results

support the prognostic relevance of the

BASIC score compared with other MR

imaging measures of SCI.
Although all imaging variables loaded positively on PC1, PC2

was more discriminatory in nature, segregating structural mea-

sures of compression from variables reflecting intrinsic cord sig-

nal abnormality. PC2 had a weakly positive correlation with AIS

(� � 0.22, P � .03), whereas measures of extrinsic compression

had no significant correlation with outcome. These findings dem-

onstrate the discriminant validity of NL-PCA and highlight the

split between MR imaging measures of intrinsic cord signal ab-

normality and structural measures of compression.30 Structural

measures of compression thus have a complex relationship with

outcome. The present data do not necessarily conflict with prior

work examining the predictive validity of MSCC in acute

SCI.8,15,16,21,22 Miyanji and colleagues8 showed that MSCC was a

key predictor of neurologic recovery after traumatic SCI. In that

study, outcome for patients with SCI was dichotomized into com-

plete and incomplete categories, whereas we have used the more

granular 5-point AIS grading scale. In addition, after correcting

for baseline neurologic status, only intrinsic measures of SCI sig-

nificantly correlated with neurologic recovery, findings consistent

with the present results.8

Receiver operating characteristic analysis confirmed that of

the imaging variables examined, the BASIC score was the most

accurate for predicting short-term impairment. We were con-

FIG 3. Multivariate (PCs) and univariate prediction of AIS at discharge. A, PC1 was negatively
correlated with AIS at discharge, and PC2 showed a weak positive correlation. B, The length of the
lesion, the sagittal grade, and the BASIC score showed a negative correlation with AIS at dis-
charge. Note that because of the ordinal scale of the BASIC score and the sagittal grade, some
subjects coincide on the same value. The number of subjects within each sphere is represented by
the size of the spheres. Only scatterplots of the statistically significant correlations between the
MR imaging measures and AIS at discharge are displayed.

Table 4: Predicting AIS at discharge—Spearman rank correlation and optimal scaling
regression results

Spearman Correlation Optimal Scaling Regression

� �2 P Value Zero-Order Partial Part P Value
Length �0.66 0.44 
.01 �0.65 �0.11 �0.05 .50
Sagittal grade �0.70 0.49 
.01 �0.69 0.36 0.18 .10
BASIC score �0.85 0.72 
.01 �0.87 �0.75 �0.50 
.01
MCC �0.20 0.04 .05 �0.24 0.02 0.01 .90
MSCC �0.14 0.02 .18 �0.20 �0.08 �0.04 .62
PC1 �0.69 0.48 
.01
PC2 0.22 0.05 .03
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cerned that other factors may confound the prognostic validity of

the BASIC score. For example, the decision to perform surgical

decompression may be influenced by the presence and pattern of

signal abnormality in the spinal cord, which could influence out-

come.38-40 In addition, the extent of

spinal cord compression with associ-

ated cord deformation may potentially

confound BASIC grading. Our analy-

sis confirms that the predictive validity

of the BASIC score was maintained af-

ter correcting for potential interac-

tions from surgical decompression

and spinal cord compression.

Prior studies suggest MR imaging is

most accurate at predicting outcomes

when patients have evidence for very

mild (normal cord signal) or very se-

vere (intramedullary hemorrhage) in-

jury.1,6,7,10,13,14,20 In contrast, tremen-

dous variability in clinical outcomes has

been described in the setting of inter-

mediate degrees of injury.1 To specifi-

cally evaluate MR imaging measures

and outcomes in this subgroup of pa-

tients from our cohort, we applied dis-

criminant function analysis to patients

with a BASIC score of 1–3 (patients

with nonhemorrhagic intramedullary

T2 signal hyperintensity; n � 72).

Even in this subpopulation, the BASIC

score had a very high absolute correla-

tion with the discriminant function

(0.991), followed by the length of the

lesion (0.416). Therefore, the prognostic capabilities of the

BASIC score are not simply attributable to the ease of progno-

sis at the ends of the injury severity spectrum.

Limitations of our study primarily relate to the retrospective,

single-institution study design. We are actively pursuing this sub-

ject further in a prospective fashion with longer clinical follow-up

at multiple time points and more detailed outcome measures.

Our technique was designed to look at the relationships of the

various imaging metrics to each other and to clinical outcome (AIS

at discharge). Although we believe that the current study is adequate

for investigating these relationships, we realize that there are changes

in neurologic impairment expected over a longer time course. In

addition, in a future prospective study, more detailed outcome mea-

sures need to be included to more comprehensively capture neuro-

logic function.

CONCLUSIONS
This study demonstrates the utility of applying NL-PCA for

defining the relationship between MR imaging biomarkers in a

complex clinical syndrome of cervical SCI. Independent, pro-

spective studies are needed to validate our conclusion that in-

trinsic measures of spinal cord pathology on acute MR imag-

ing, particularly the BASIC score, best predict neurologic

impairment in acute SCI compared with measures of extrinsic

compression. This analytic pipeline is suited for future patient-

level investigation and is amenable to inclusion of emerging

potential biomarkers. Multidimensional approaches may also

be useful for future prospective validation of imaging metrics

FIG 4. Receiver operating characteristic curves for the different MR imaging measures. The
curves show the sensitivity and specificity of the different measures to predict AIS at discharge.
AIS at discharge was dichotomized by using a sliding scale, resulting in 4 separate receiver oper-
ating characteristic curves (AIS A versus B, C, D, E; AIS A, B versus C, D, E; AIS A, B, C versus D, E; and
AIS A, B, C, D versus E). The diagonal gray line represents a reference line that corresponds to
random guessing. The further the receiver operating characteristic curves are located to the top
left corner, the higher is the sensitivity and specificity of the measure in predicting the dichoto-
mized AIS at discharge.

Table 5: Receiver operating characteristic analysis results
AUC P Value 95% CI

AIS A vs. B, C, D, E
Length 0.88 
.01 0.80–0.96
Sagittal grade 0.88 
.01 0.79–0.97
BASIC score 0.98 
.01 0.95–1.00
MCC 0.66 .039 0.50–0.82
MSCC 0.66 .036 0.51–0.81

AIS A, B vs. C, D, E
Length 0.90 
.01 0.83–0.97
Sagittal grade 0.86 
.01 0.77–0.94
BASIC score 0.96 
.01 0.92–1.00
MCC 0.65 .05 0.50–0.79
MSCC 0.64 .06 0.49–0.79

AIS A, B, C vs. D, E
Length 0.81 
.01 0.72–0.89
Sagittal grade 0.80 
.01 0.71–0.89
BASIC score 0.91 
.01 0.85–0.97
MCC 0.55 .44 0.43–0.67
MSCC 0.52 .71 0.40–0.65

AIS A, B, C, D vs. E
Length 0.88 
.01 0.77–0.99
Sagittal grade 0.88 
.01 0.79–0.98
BASIC score 0.93 
.01 0.86–0.99
MCC 0.66 .03 0.52–0.80
MSCC 0.59 .21 0.45–0.74

Note:—AUC indicates area under the curve.
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derived from advanced quantitative techniques such as

DTI, which are under active investigation for spinal cord

pathology.26,41-43
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BRIEF/TECHNICAL REPORT
SPINE

Benchmarking Lumbar Puncture Fluoroscopy Time during
Fellowship Training

X H. Yang, X K. Schaffer, X L. Liu, X M. Mahesh, and X D.M. Yousem

ABSTRACT
SUMMARY: We sought to establish a guide for identifying fellowship competency in performing fluoroscopically guided lumbar punc-
tures. With a linear mixed-effects model, we compared the fluoroscopy time between the first and last 3 months of neuroradiology
training. During 7 years, 55 fellows performed 1142 and 861 lumbar punctures in the first and last quarters of training. A target fluoroscopy
time of 0.26 minutes, the upper 95% confidence interval, can serve as a fellowship benchmark for successfully achieving competence in
fluoroscopically guided lumbar punctures.

ABBREVIATIONS: FGLP � fluoroscopically guided lumbar puncture; FT � fluoroscopy time

Fluoroscopically guided lumbar puncture (FGLP) is often re-

quested in radiology departments when “blind” attempts fail

by clinicians. Under the guidance of fluoroscopy, one can visual-

ize real-time bony anatomic landmarks and targets, leading to

improved accuracy of needle placement for lumbar puncture in

such difficult situations. However, both patients and operators

are exposed to ionizing radiation during this procedure.1 The risk

from radiation exposure accumulates during one’s lifetime.2 A

Sentinel Event Alert published by the Joint Commission in 2011

recommended that one attempt to reduce the radiation dose to

“as low as reasonably achievable (ALARA)” without sacrificing

patient care.3

Both the American Board of Radiology and the Accreditation

Council for Graduate Medical Education have listed FGLP as an

essential competency for radiology residents and neuroradiology

fellows. The American College of Radiology encourages recording

the fluoroscopy time (FT) during lumbar punctures and compar-

ing it with benchmarks.4 The Radiological Society of North

America competency initiative encourages setting parameters for

proficiency in procedures. To our knowledge, FT benchmarks

have not been established for neuroradiology fellows performing

FGLP. We conducted this retrospective study to establish FT

benchmark data for proficiency assessment during a 1-year neu-

roradiology fellowship program.

MATERIALS AND METHODS
This study was performed with institutional review board ap-

proval and was Health Insurance Portability and Accountability

Act compliant. We retrospectively identified first-year neuroradi-

ology fellows who performed fluoroscopically guided lumbar

punctures in the neuroradiology division of Johns Hopkins Med-

ical Institution between 2009 and 2016. All lumbar punctures

were performed on an Arcadis Orbic C-Arm fluoroscopic unit

(Siemens, Erlangen, Germany) for guidance and were performed

in the first year of the neuroradiology fellowship program.

Three lectures (“Radiation Safety,” “Spine Procedures,” and

“Degenerative Spine Disease”) on fluoroscopic techniques were

given to the first-year fellows in the first 2 months of their fellow-

ship. The fellows were scheduled on weekly rotations for spine

procedures, including lumbar punctures and myelography; there

were usually 8 first-year fellows per year. This meant that during

their first rotation through the spine service, they likely had not

completed all 3 educational presentations on lumbar puncture

techniques.

Each procedure was monitored in the room by neuroradiol-

ogy faculty who provided helpful hints and instructions on im-

proving the procedure technique; fellows do not perform the pro-

cedures unattended. The fluoroscopy time at the end of the

procedure was displayed on the screen of the C-arm system. No

spot films were obtained for the lumbar punctures. One senior

technologist recorded the fluoroscopy time for each procedure in

a logbook. We collected the fluoroscopy time of each lumbar
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puncture in the first 3 months (July, August, and September of the

first year of fellowship) and last 3 months of the fellowship (April,

May, and June of the same academic year [July–June]) for each

neuroradiology fellow. The fluoroscopy times had been recorded

for all such procedures from July 2009 to June 2016, the time

course for this retrospective study. The fluoroscopy times were

not recorded before July 2009. No cervical C1–2 punctures were

included.

The fluoroscopy time was analyzed as a continuous variable.

The median with interquartile range and mean with 95% confi-

dence interval were reported. A linear mixed-effects model was

used to estimate the average fluoroscopy time at the first and the

last quarters of fellowship adjusted for the year of ending the

fellowship (2010 –2016), the total number of cases performed by

each fellow, and within-fellow variation. The distribution of flu-

oroscopy time was highly skewed; therefore, log-transformed val-

ues were used for statistical tests and modeling. The estimated

mean and 95% CI then were converted to the original scale (in

minutes) for presentation. Statistical significance was defined at

P � .05. All analyses were performed by using STATA (StataCorp,

College Station, Texas).

RESULTS
During the 7-year period, 55 neuroradiology fellows performed

1142 lumbar punctures in their first 3 months of fellowship and

861 procedures in their last 3 months of fellowship. Seven fellows

did not have data for either the first or the last 3 months of fellow-

ship, and 3 fellows had performed only 1 procedure in 1 time-

frame. These 10 fellows were excluded from the comparison anal-

yses. The variation between the quarters may reflect the influence

of senior residents requesting neuroradiology rotations at the end

of the academic year who also had week-long rotations on the

spine service (but whose data were not included).

We surveyed the indications for 1 month of the study and

found that 49/70 lumbar punctures were performed to instill che-

motherapy and withdraw CSF; 8, for suspected high or low intra-

cranial pressure; 5, to exclude meningitis; 4, for multiple sclerosis

evaluation; 3, for afebrile change in mental status; and 1, for

neuropathy.

The average number of procedures performed per fellow in

the first and the last 3 months of the fellowship was 19 (median;

interquartile range, 14 –25) and 18 (median; interquartile range,

10 –25), respectively. The median of fluoroscopy time was 0.29

minutes (interquartile range, 0.18 – 0.46 minutes) for the first 3

months of fellowship and 0.22 minutes (interquartile range,

0.14 – 0.36 minutes) for the last 3 months of fellowship (Fig 1).

The estimated overall mean fluoroscopy time was 0.31 min-

utes (95% CI, 0.28 – 0.33 minutes) at the beginning of training

and 0.24 minutes (95% CI, 0.22– 0.26 minutes) at the end of train-

ing. There was a 22.1% reduction in fluoroscopy time when com-

paring the first and last quarters of the fellowship (P � .001). The

total number of cases performed by each fellow was not signifi-

cantly associated with the fluoroscopy time reduction (P � .088),

though the trend showed that the more cases performed, the

shorter was the fluoroscopy time. Most (34 of 45, 75.6%) fellows

showed a reduction in fluoroscopy time from the first 3 months to

the last 3 months of the fellowship (Table).

DISCUSSION
This study provides benchmarks for neuroradiology trainees per-

forming FGLP in programs that have similar volumes of cases. We

believe that at the end of training, based on data we have from a

large number of fellows during several years, a mean target of

�0.26 minutes (16 seconds) of FT should be used to establish that

the fellow has gained expertise in that technique. This value for the

end of the fellows’ practice, on average, represents the upper 95%

confidence interval from our dataset. We acknowledge that on the

basis of body habitus and the degree of spinal stenosis, any indi-

vidual case may take longer or shorter time, but our FT value may

be applied to the mean value of several FGLPs performed by a

fellow, to assess competency.

Overall, our data show a 22.1% reduction in fluoroscopy time

when comparing the first and last quarters of the fellowship for 7

years, indicating the improvement of the operators’ expertise
FIG 1. Comparison of fluoroscopy time for FGLP in the first and the
last 3 months of the fellowship.

Average level and reduction of FT in early and later fellowship, adjusting for the total number of cases performed by each fellow

Year
No. of

Fellows
FT in Early Fellowship
(Mean) (95% CI) (min)

FT in Late Fellowship
(Mean) (95% CI) (min) Reduction

Percentage of
Reductiona

No. of
Improved (%)

2009–10 6 0.40 (0.33–0.49) 0.31 (0.26–0.38) 0.09 28.8 4 (66.7)
2010–11 9 0.35 (0.29–0.44) 0.27 (0.21–0.34) 0.08 25.1 7 (77.8)
2011–12 5 0.27 (0.23–0.32) 0.21 (0.17–0.25) 0.06 19.9 3 (60.0)
2012–13 7 0.28 (0.23–0.33) 0.21 (0.18–0.26) 0.06 20.4 4 (57.1)
2013–14 6 0.39 (0.34–0.44) 0.30 (0.27–0.34) 0.09 27.8 6 (100.0)
2014–15 6 0.24 (0.19–0.29) 0.18 (0.15–0.22) 0.05 18.1 4 (66.7)
2015–16 6 0.25 (0.21–0.30) 0.19 (0.16–0.23) 0.06 18.7 6 (100.0)
Total 45 0.31 (0.28–0.33) 0.24 (0.22–0.26)b 0.07 22.1 34 (75.6)

a The percentage of reduction was based on the log-transformed value.
b There was a significant difference between early and late fellowship (P � .05).
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through training and experience. The data also demonstrate a

trend showing that the more cases performed, the shorter was the

fluoroscopy time. Our model showed that for every 2 additional

cases performed, there was a 0.01-minute reduction in fluoros-

copy time (P � .088). This non-statistically significant association

may be caused by a similar number of cases performed by each

fellow during the 1-year fellowship.

The initial value of 0.33 minutes (20 seconds of FT) at the

upper 95% confidence interval at the beginning of fellowship

could represent what one might hope a graduating resident could

achieve. The bias herein is that these are residents who are enter-

ing neuroradiology fellowships who may have more interest and

proficiency in FGLP. This circumstance may explain why the ini-

tial FT of our fellows was substantively shorter than that reported

by Boddu et al5 for residents and fellows for a normal body mass

index (mean, 0.48 minutes; 95% CI, 0.40 – 0.56 minutes). Boddu

et al noted that the fluoroscopy time of fellows was significantly

lower than that of residents (P � .03). This is the only other study

that has looked at FT times for FGLP, to our knowledge.

Proper training of radiologists was reported to have effects on

the reduction of fluoroscopy time in different procedures. Lim

et al6 reported that the fluoroscopy time for voiding cystoure-

thrography of pediatric radiology fellows was shorter than that of

senior radiology residents. A statistically significant training effect

(P � .05) was demonstrated by Stuart et al7when performing

uterine artery embolization during a 1-year radiology fellowship

training. Some programs across the country have begun to empha-

size the training of radiology residents in fluoroscopically guided

lumbar puncture. A simulation-based fluoroscopically guided lum-

bar puncture curriculum, including a 1-hour lecture and hands-on

training with a lumbar spine phantom, was reported to improve res-

idents’ procedure efficiency.8 The mean fluoroscopy times for the

retrospective resident group and the prospective group were 1.09 �

0.65 minutes and 0.87 � 0.68 minutes, respectively. These values are

approximately 2.5 times higher than those at the beginning and end

of fellowship training in our study, respectively.

Fluoroscopy time is one of the most widely reported as a dose

metric for fluoroscopic procedures. For interventional proce-

dures, fluoroscopy time alone is not a representative dose descrip-

tor because these procedures often include digital runs (digital

subtraction angiography) or spot films; however, for lumbar

punctures, there are no spot films or digital runs performed.

Thus, fluoroscopy time becomes the key dose metric. A number of

dose-optimization strategies9 can be applied to reduce the dose to

patients and personnel: They include the use of pulse fluoroscopy

and collimating the radiation field to the area of interest, and

using the last image or last series hold features to avoid unneces-

sary exposure, especially in a teaching environment. In addition,

education and training of fluoroscopists play a role in reducing

the radiation dose to patients. Our study demonstrates the impor-

tance of training and experience, which leads to reducing the

patient dose. For our study purpose, we only compared the fluo-

roscopy time as representative of the operator’s experience.

The study is limited by the exclusion of data points from 10

fellows who did not perform sufficient lumbar punctures in the

study periods examined. We do not know the patient character-

istics that may influence the fluoroscopy time such as body habi-

tus or significant degenerative changes. We did not record needle

lengths or indications as part of our data. We believe the daily

FGLP volume of our service is reflective of programs with large

fellowships. Of 15 programs that responded to an e-mail survey

on the topic, the averages (2.3 FGLPs per day) were slightly lower

than our average of 3.8 per day but the range was between zero

(CT-directed only) and 5.

CONCLUSIONS
We established a target mean FT value of 0.26 minutes as one of

the criteria of proficiency for fellows for FGLP. Proper training of

operators on fluoroscopically guided procedures will reduce the

radiation exposure for personnel and patients.
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MEMORIAL

David O. Davis

David Oliver Davis, MD, Past President of the American Soci-

ety of Neuroradiology (ASNR), died at his home in McLean,

Virginia, on November 29, 2016, after a long battle with Parkin-

son disease. The son of Oliver and Marie (Collignon) Davis, he

was born on June 25, 1933, in Danville, Illinois. As a teenager, he

was an accomplished hunter, played on the football team, and

graduated first in his class at Schlarman High School. He received

his undergraduate education at the University of Illinois, Cham-

paign-Urbana, graduating in 1954. Subsequently, he graduated

from St. Louis University School of Medicine in 1958. He and his

high school sweetheart, Agnes Layden, began a 61-year marriage

in Hoopeston, Illinois, on December 26, 1955.

After an internship at the US Public Health Service Hospital in

Staten Island and a radiology residency at Columbia Presbyterian

Medical Center in New York, he then served a 2-year neuroradi-

ology fellowship with Juan Taveras at the Neurological Institute

and remained on the staff. In 1965, when Taveras assumed the

Chairmanship of Radiology at the Edward Mallinckrodt Institute

of Radiology at Washington University, he invited Davis to ac-

company him as Director of Neuroradiology. At Mallinckrodt, he

established an excellent fellowship program, earned great respect

from the Departments of Neurology and Neurosurgery, began

significant investigations, and built friendships with neuroradi-

ologists around the country, particularly with Hans Newton at the

University of California, San Francisco.

Dave left St. Louis to join the Department of Radiology at the

University of Utah and eventually moved to George Washington

University, where he was Director of Neuroradiology and subse-

quently Professor and Chairman of the Department of Radiology.

The Davis family lived in the Watergate Apartments for 22 years.

His 5 daughters ran a wildly successful hot dog stand in front of

the Watergate for 4 summers in the 1970s. Agnes launched a suc-

cessful real estate enterprise, not only in the DC area but also on

Captiva Island in Florida.

A wag once said, “The public memory is six weeks.” For this

reason, Dave’s many contributions to the ASNR and to organized

radiology certainly deserve recounting. While he was a Past Pres-

ident of ASNR, his most important service to the society was as a

“senior statesman,” representing the Society as it pursued some of

its most important issues during the turbulent years from 1980 to

2000. Facing the Society in those years were competition from non-

fellowship-trained radiologists and other physicians to interpret neu-

roradiology studies and the question of whether neuroradiologists

should train non-neuroradiologists in the performance of cerebral

angiography and interventional neuroradiology. These issues re-

sulted in a push to create a Certificate of Added Qualification (CAQ)

in neuroradiology. This met with considerable opposition within the

ASNR, within organized radiology, within various specialty-certify-

ing boards, and the American Hospital Association.

Dr Davis was a major activist in lobbying for the CAQ in neu-

roradiology. Time after time, he presented what was an unpopular

argument before the Society, at the Radiology Summit, and before

a hostile American Board of Radiology, but his diplomacy and

personal integrity were major factors in achieving that goal. De-

spite his unpopular cause, he was elected to the Board of Chan-

cellors of the American College of Radiology and was an effective

voice for neuroradiology in that body. Being respected as a radi-

ologist and being personally well-liked were major factors in the

success of the ASNR in establishing a CAQ.

The fledgling American Journal of Neuroradiology (AJNR) was

originally owned and published by the American Roentgen Ray

Society (ARRS). As a member of the Executive Council of the

ARRS, he was an important liaison between the ARRS and the

AJNR. As Chair of the ASNR Publications Committee, he handled

the delicate negotiations between the ARRS and the ASNR, which

resulted in the successful venture of the AJNR into self-publica-

tion. He also oversaw the subsequent development of the Journal

with his wise fiscal and managerial expertise.

In my years on the Executive Committee and as Editor-in-

Chief of AJNR, whenever a thorny issue of turf arose, the decision

was usually to “let Dave handle it.” He never refused a mandate,

often accepting challenges in which he differed with the views of

the Society, but which he pursued because he felt they would

benefit the Society and improve patient care.

There is a devoted cadre of ASNR members who trained under

Dave. They recall his devotion to developing our specialty in its early

days with innovations such as the “Davis rake” and the “Davis nee-

dle.” He was a stickler for impeccable radiographic technique and

safe performance of invasive procedures. No matter where he prac-

ticed, clinicians sought his opinion above those of all others because

of his astute observations and his innovative ideas and because he

delivered them all with confidence and a fine sense of humor.

There were few members of ASNR with greater personal and

professional respect than Dave. He would never seek an honor,

and his curriculum vitae was pried from him with great resistance to

nominate him for the ASNR Gold Medal, which was awarded to him

in 2002. Beginning in 2000, illness crept up insidiously, and George

Washington University awarded him emeritus status in 2010.

Devoted to his family, he instilled in his 5 daughters a love of

travel. He treated them and their children to serious tennis les-

sons, skiing, and road trips throughout the Western United States

and taught them to throw a football with a perfect spiral. Nineteen

grandchildren arrived between 1987 and 2001. Many grandkids

only knew that Grandpa was “ill” with what was eventually diag-

ASNR Founding President Juan M. Taveras (left) with David O. Davis.
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nosed as Parkinson disease. Nevertheless, he and Agnes took

nearly the “whole pack” (27) on family vacations, touring Ireland

in 2006 and Nicaragua in 2012, and annually hosted the family in

Captiva at Christmas time.

In May 2015, Dave and Agnes moved into assisted living in

McLean, Virginia, where Dr Davis died on November 29, 2016. A

mass of Christian burial was celebrated at Holy Trinity Catholic

Church in Georgetown, where 4 of his 5 daughters had been mar-

ried. Before the mass, Dr Michael Newman, his friend and per-

sonal physician eulogized Dave as “A Midwesterner with a huge

presence who … held himself to the highest of standards and ex-

pected no less from others…. He was smart, very smart and intu-

itive whether interviewing someone to recruit, mulling over a

clinical problem, or designing a research project with a ‘why not?’

approach. He was a leader at George Washington Medical Center

and a leader in professional societies and organizations of Radi-

ology and Neuroradiology. His manner was direct, honest, and

supportive often by using sardonic wit to make a point. He was

always respectful and, when appropriate, critical in an instructive

manner and never demeaning.”

Neuroradiology has lost a leader whose impact on the specialty

will be felt for many years. Those of us fortunate enough to have

known him personally have lost a wonderful friend.

M. Huckman
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LETTERS

Regarding “Computer-Extracted Texture Features to
Distinguish Cerebral Radionecrosis from Recurrent Brain

Tumors on Multiparametric MRI: A Feasibility Study”

We read with great interest the recently published article by

Tiwari et al1 regarding automated radiomic features for

distinguishing radiation necrosis and recurrent tumor. Because

our neuro-oncologists and neurosurgeons frequently ask us to

make this distinction for clinical management, we find this sub-

ject deserving of attention.

However, we found that the authors’ provided limitations in

the “Discussion” did not acknowledge several important points

that we believe should be addressed. First, the 2 neuroradiologists

performed their interpretations without standard-of-care imag-

ing; contrast-enhanced T1-weighted imaging was absent in 5/15

patients, and T2-weighted imaging was absent in 8/15 patients.

Furthermore, other routine imaging sequences such as diffusion-

weighted imaging, which can be helpful particularly with bevaci-

zumab therapy, were not available to the radiologists. Second, the

neuroradiologists were not allowed to view prior imaging, includ-

ing pretreatment, postoperative, and the most recent prior im-

ages, which is also below the current standard of care. Third, no

MR perfusion was performed. At both of our institutions with

high-volume brain tumor centers and at many other academic

centers, this is considered routine for differentiating tumor recur-

rence from treatment-related change. In our experience and in the

literature,2-5 dynamic contrast-enhanced MR perfusion is reli-

able, reproducible, and only adds a short time to the examination.

No published data exist to support the authors’ suggestion that

including MR perfusion increases cost or diminishes cost-effec-

tiveness. Finally, FDG-PET was not performed, which again is

often used to confirm cases that remain equivocal by MR

imaging.6

We were further surprised that the authors included mixed

pathologies in their small test sample: Four of the 15 cases were

metastases. It is known that T2 hyperintensity in metastases re-

flects vasogenic edema, whereas in gliomas, it may reflect a com-

bination of nonenhancing tumor and treatment change. Because

the computer algorithm and neuroradiologists were basing their

interpretations primarily on the T2 FLAIR sequence, it is inappro-

priate for these 2 entities to be considered together.

Finally, we would be interested to hear the authors’ basis for

their suggestion that radiomics is more readily available than ad-

vanced imaging because it is our impression that the opposite is

true by a wide margin when considering the availability of human

(computer scientists, computational biologists, physicists), hard-

ware (servers, workstations), and software (non-FDA-approved,

nonstandardized analysis tools) resources.

We believe that the authors’ conclusion that “radiomic fea-

tures may provide complementary diagnostic information on

routine MR imaging sequences,” while probably correct, is not

supported by their limited data, and further work is required to

prove the utility of radiomics in addition to the current standard

of care.

Unfortunately, social media outlets have taken the next step in

reporting headings such as “Neuroradiologists Beaten by Com-

puter at Making a Key Diagnostic Distinction on MR Imaging”

(http://www.healthimaging.com/topics/advanced-visualization/

neuroradiologists-beaten-computer-making-key-diagnostic-

distinction-mri; HealthImaging link included in the American

College of Radiology Daily News Scan). Furthermore, the Twitter

statement of the American Society of Neuroradiology7 that “com-

puter program outperforms #neurorads at differentiating radia-

tion necrosis from recurrent tumor on MR imaging” is unsub-

stantiated given the evidence and is counterproductive to the

advancement of neuroradiology as a field. One of the concerns

among bright medical students in choosing radiology versus an-

other field is that the work radiologists do is threatened by com-

puters, and such judgments erroneously support that narrative.

We agree with the authors that further study is needed to de-

termine whether there is an MR imaging texture “signature” for

radiation necrosis, and we applaud the authors’ effort in pushing

this research forward. We look forward to future research and

discussion.
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REPLY:

We thank Dr. Schweitzer and colleagues for their interest in our

recent article, “Computer-Extracted Texture Features to Dis-

tinguish Cerebral Radionecrosis from Recurrent Brain Tumors on

Multiparametric MRI: A Feasibility Study,” and their feedback and

also thank the editor for the opportunity to address the concerns

raised.

First and foremost, we must clarify that the preliminary nature

of the data is emphasized in the title itself, where the study is

identified as “A Feasibility Study.” The study was not meant to be

a head-to-head comparison of “standard of care” neuroradiology

versus machine performance. Our conclusions were limited to

suggesting that radiomic features may provide complementary

diagnostic information on routine MR imaging to distinguish ra-

dionecrosis from tumor recurrence.

We absolutely agree that the readings were not conducted as

“standard of care.” In most cases, research protocols differ from

“standard of care.” As an example, RECIST (Response Evaluation

Criteria in Solid Tumors) 1.1,1 the international reference stan-

dard of response assessment, limits the number of lesions to be

tracked on serial scans to 5, even in patients with dozens of lesions.

Similarly, in RANO (Response Assessment in Neuro-Oncology)

criteria,2 a single bidimensional measurement of the area of en-

hancement is the central feature tracked serially, with a 50% de-

crease in area constituting a partial response. When it comes to

research, deviation from “standard of care” is indeed standard.

Just as the expert readers in our study were not provided access

to prior imaging and a full complement of pulse sequences, the

radiomics machine classifier was not provided this information.3

Our experiments were designed to ensure a “fair” comparison

between the radiomics classifier and the diagnostic reads by 2

expert readers. Our aim was to demonstrate that the radiomics

classifier was able to pull out information from the posttreatment

scans, features that may not be discernible or understood through

visual analysis by readers. The higher accuracy suggests that the

radiomics classifier can serve as a useful adjunct to the human

reader in future machine-assisted decision-support studies for

this problem.

Regarding the concern regarding mixed pathologies (both pri-

mary and metastatic cases), it should be noted that the disparity

between accuracy was entirely related to the assessment of pri-

mary tumors. The addition of metastases to the study had no

impact on the disparity between “man and machine.”

We also agree with Dr. Schweitzer et al that advanced imaging

has much to offer. In point of fact, in a pilot study of 28 cases

evaluated with FDG-PET-MR imaging incorporating perfusion,

both the sensitivity and specificity of PET-MR imaging was

100%.4 The success of this pilot study notwithstanding, there are

obvious advantages to maximizing the yield of existing scan data

rather than carrying out additional imaging due to cost savings

and better quality of life for the patient. There are several FDA-

approved examples of decision-support solutions that use routine

MR imaging scans, including products from Riverain, GE Health-

care, and iCAD, being used by radiologists in clinical decision-

making for different oncology applications (eg, breast, prostate,

and colon cancer). Further, contrary to the comments on diffi-

culty in computation by using radiomics, our analysis did not

require any advanced high-performance server or workstation

and was run on a standard machine (Core i7 processor, 16 GB

RAM) with off-the-shelf hardware. The computational analysis

took less than a minute per study to render diagnosis.

Lastly, Dr. Schweitzer et al expressed concerns about bright

medical students choosing other medical fields over radiology. It

is indeed unfortunate that our paper has been used as the basis for

sensationalist journalism. In the early days of MR imaging, be-

cause the technique did not depend on ionizing radiation, a back-

ground in radiation biology was not needed to administer it to

patients. As a result, there was a fear among radiologists that they

would lose control of the technique. The joke was that the acro-

nym “NMR” stood for “No More Radiologists.” A few years later,

once “NMR” was replaced with the name “MR imaging,” it was

joked that the acronym stood for “More Radiologist Income.”

Joking aside, the key was that radiologists did not attempt to dis-

credit the new technique, but mastered it instead.

In his recent commentary on our article5 entitled “Am I about

to Lose My Job?!”, Dr. Andrei Holodny states, “. . . working with

computers, rather than some apocalyptical struggle against them,

will lead to optimal results for the patients we serve.”

The era of “computer-assisted diagnosis” is upon us. Running

and hiding from it would be the greatest disservice to young radi-

ologists. The key to not being replaced by the machines is to be the

one using the machines.
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LETTERS

Comment on “Computer-Extracted Texture Features to
Distinguish Cerebral Radionecrosis from Recurrent Brain

Tumors on Multiparametric MRI: A Feasibility Study”

We have read with great interest the article published by Ti-

wari et al, “Computer-Extracted Texture Features to Dis-

tinguish Cerebral Radionecrosis from Recurrent Brain Tumors

on Multiparametric MRI: A Feasibility Study.”1

In their article, they refer to our work regarding brain metas-

tasis differentiation from radionecrosis.2 They mention that our

results may have been affected by the classifier being contami-

nated by sections from the same patient being used in both the

training and testing sets during classification.

As stated in our article, 115 lesions from 73 patients were an-

alyzed.2 There were more lesions than patients because some of

the patients showed 2 or 3 lesions in different brain regions. For

each lesion, only the MR imaging section depicting the most solid

component was used for analysis. Therefore, only 1 section per

lesion was used for classification and training, while testing sets

were independent. These latter statements were probably misin-

terpreted by Tiwari et al1 regarding our methodology.
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REPLY:

We thank Larroza and colleagues for their interest in our

article “Computer-Extracted Texture Features to Distin-

guish Cerebral Radionecrosis from Recurrent Brain Tumors on

Multiparametric MRI: A Feasibility Study.”1

We are responding to the following comment by Larroza and

colleagues in their letter: “Our results may have been affected by

the classifier being contaminated by sections from the same pa-

tient being used in both the training and testing sets during

classification.”

Our understanding of the analysis in the article by Larroza

et al2 was that it was done on a lesion basis. The study comprised

115 lesions from 73 unique patient studies, with some patients

having �1 lesion in different regions of the brain. Specifically, as

mentioned in Larroza et al, the authors merged training and test

sets and performed repeated training/test splits 100 times, holding

70% in training and then averaging the area under the curve val-

ues on test sets.

After we read the article by Larroza et al,2 it was not clear

whether lesions from the same patient appeared simultaneously

in the training and test sets. This could bias analysis because ad-

jacent MR imaging sections tend to be highly correlated; thus, the

features extracted (albeit from 2 different lesions from the same

patient) might also be correlated. Thus, for a patient, including

features from one lesion in training and features from another

lesion in the test set within the same iteration of cross-validation

may lead to overfitting3 and may yield unreliable results. It is not

clear that patient-specific separation across lesions was ensured

during their cross-validation analysis.
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LETTERS

Regarding “Uremic Encephalopathy: MR Imaging Findings and
Clinical Correlation”

We thank Kim et al1 for their article on the MR imaging of

uremic encephalopathy (UE) in correlation with clinical

findings. On a cursory read, the article presents a unique concept:

When one reviews an MR imaging study and sees the lentiform

fork sign (LFS), consider UE. However, more detailed analysis of

the article questions the process used to reach this conclusion.

The LFS was initially described by Kumar and Goyal in 2010.2

When they tried to identify an imaging finding specific to UE, a

single patient was identified with LFS, uremia, and metabolic ac-

idosis. A subsequently performed literature search found that pa-

tients with metabolic acidosis from multiple etiologies also exhibited

this sign.

The conclusion of this article sought to shift this association

between the LFS and metabolic acidosis to UE. Nine of the 10

patients examined demonstrated the LFS, only 1 of whom dem-

onstrated metabolic acidosis via arterial blood gas. However, only

5 patients in the study had arterial blood gas data, and it is unclear

whether the samples were obtained before or after dialysis. The

timing of arterial blood gas testing in relation to the MR imaging

would be critical for determining whether MR imaging findings

had any correlation with metabolic acidosis.

Chronic renal failure (CRF) and metabolic acidosis are

strongly associated.3 Approximately 80% of patients with a glo-

merular filtration rate of �20 have metabolic acidosis, as well as

most patients on dialysis. This finding suggests that most of the

patients were, at some time, acidotic; Kumar and Goyal2 reasoned

that being acidotic might result in the LFS with normal blood pH.

Although it is feasible that routine dialysis might mitigate the

degree of metabolic acidosis, the markedly elevated creatinine levels

suggest that the patients in this study had not been dialyzed recently.

This suggestion, too, is confusing because the article stated that the

patients with CRF “regularly received hemodialysis,” which should

preclude uremia and, therefore, uremic encephalopathy.

Other details briefly mentioned warrant further elaboration. The

article states that 1 patient was “subsequently identified and added to

the study.” There is no discussion of why this patient was not identi-

fied initially. Of the 10 patients, 1 had acute renal failure. He may have

been excluded if the first search was restricted to chronic renal failure,

but the reasoning behind his eventual inclusion is unclear because he

was the only patient not to demonstrate the LFS in the study.

In the “Materials and Methods,” the sequences obtained on the

1.5T and 3T magnets are described. There is no mention of FLAIR or

gradient recalled-echo/SWI sequences on the 1.5T magnet or which

patient was scanned on which magnet. This omission has implica-

tions for the subsequent “Discussion”: When the central variant pos-

terior reversible encephalopathy syndrome (PRES) was mentioned,

microhemorrhages on SWI were noted as one of a few key distin-

guishing features. Of note, the cited article describing central variant

PRES found microhemorrhages in 2 of the 4 patients with SWI se-

quences available, a less strong association than the article implies.4

In the “Results,” when describing the imaging findings of the 9

patients with chronic renal failure, the authors stated that in-

creased signal on apparent diffusion coefficient maps in the basal

ganglia was seen consistent with vasogenic edema. Four of 9 pa-

tients had increased signal intensity on diffusion-weighted imag-

ing without restricted diffusion, 2 showed restricted diffusion,

and 5 had normal signal on DWI, a total of 11 patients, 2 more

than the study population. If all study patients showed the LFS,

how could the DWI signal be normal in 5 patients? Could the

authors clarify? Because only 4 of 10 patients had follow-up im-

aging after hemodialysis and the authors did not include the 2

patients with restricted diffusion on the initial study, any conclusion

about the reversibility of imaging finding should be viewed with cau-

tion. The authors further stated that DWI changes did not correlate

with serum creatinine levels between the 2 groups of 4 and 5 patients,

but they did not specify what these 2 subgroups were, if restricted

diffusion was only seen in 2 patients. Toward the end of the “Discus-

sion,” the authors stated that 3/9 patients who underwent DWI

showed cytotoxic edema in the globus pallidus; this is very confusing

for the readers because the numbers do not match.

If only 2/10 patients had cortical involvement on T2 and

FLAIR images and these 2 patients were markedly hypertensive, it

is unclear how one can conclude that cortical involvement is a

distinct subset of findings in UE.

In the “Discussion,” there is mention of diabetes possibly be-

ing implicated in the LFS in the presence of UE, a relationship that

has been noted previously by Kumar and Goyal.2 This article1

stated that 7 of the 9 patients with the LFS had diabetes. However,

diabetes is the most common cause of renal failure, and all thehttp://dx.doi.org/10.3174/ajnr.A5058
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patients with CRF, including 2 with hypertension, demonstrated

the LFS. This finding would seem to suggest that all causes of CRF,

not just diabetes, are associated.

The article concludes with the statement that the LFS is reliable

in the early diagnosis of UE; this conclusion implies some degree

of specificity. However, the sensitivity and specificity of the LFS

for UE were not determined. It is also unclear how it helped in the

“early” diagnosis. Until there is a better understanding of the

pathophysiology underlying the imaging findings, it may be more

prudent to use the LFS as originally described—to alert clinicians

to potential metabolic acidosis.
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REPLY:

We thank Dr Das and colleagues for their interest in our

article and their comments.

In our article,1 we tried to evaluate the specific MR imaging

findings in patients with clinically diagnosed uremic encephalop-

athy. Therefore, we enrolled 9 of 10 patients with chronic renal

failure (CRF) and the lentiform fork sign (LFS) on brain MR

imaging and 1 patient with acute renal failure (ARF) without the

LFS. In 9 patients with CRF, despite regular hemodialysis (3 times

a week in all patients), the various neurologic symptoms devel-

oped between regular hemodialysis sessions and the LFS was

shown on brain MR imaging. Thus, they were included. One pa-

tient with ARF was first clinically diagnosed with uremic enceph-

alopathy and then was included in the study, though there was no

LFS on brain MR imaging. In our article, we suggested that the

expansile T2 high signal intensity of the bilateral basal ganglia

(LFS) may be a reliable finding of uremic encephalopathy.

Before brain MR imaging for a diagnosis and then additional

intensive hemodialysis as a treatment for uremic encephalopathy,

6 of 10 patients underwent arterial blood gas analysis and only 2 of

them showed metabolic acidosis (1 with CRF and 1 with ARF). As

Dr Das and colleagues have suggested, there may be a relationship

between the LFS and metabolic acidosis in patients with underly-

ing CRF, but we did not find a specific one. In addition, regular

hemodialysis may not always prevent various neurologic compli-

cations, including uremic encephalopathy from uremia.

Nine patients showed the LFS on T2WI or FLAIR. However,

unfortunately, FLAIR was not available in 3/3 patients imaged

with a 1.5T scanner and 2/7 patients imaged with a 3T scanner. In

general, 9 patients with CRF and the LFS showed diffusely in-

creased signal intensity (n � 4) and normal signal intensity (n �

5) in the basal ganglia on DWI, but 3 of 9 patients showed focal

restricted diffusion in the globus pallidus or putamen—that is,

various patterns of cytotoxic or vasogenic edema may be present

in patients with uremic encephalopathy. Thus, the LFS on T2WI

does not mean increased signal intensity on DWI in all patients.

Renal failure may be attributed to uremic encephalopathy and

posterior reversible encephalopathy syndrome (PRES). In addi-

tion to the pathophysiologic findings such as vascular autoregu-

latory dysfunction,2 imaging findings may overlap between PRES

and uremic encephalopathy. Also, as PRES can be divided into 2

types, the cortical or subcortical type and the central variant type,

uremic encephalopathy can be divided into 3 patterns according

to the involved area: basal ganglia, cortical or subcoritcal area, and

white matter. Considering the clinical condition and imaging

findings, we classified the 2 patients showing cortical and basal

ganglia involvement as having uremic encephalopathy. As Dr Das

and colleagues have suggested, SWI is helpful for detecting micro-

hemorrhage in some conditions such as PRES and is more sensi-

tive than the gradient recalled-echo (GRE) sequence of 1.5T and

3T scanners. However, in our study only GRE sequence was avail-

able in 2/3 patients with a 1.5T scanner and 4/7 patients with a 3T

scanner, and we did not find any microhemorrhages related to

uremic encephalopathy.

Many various etiologies may play an important role in CRF,

but diabetes mellitus–related CRF may be related to the LFS in the

patients with uremic encephalopathy, especially Asian individu-

als, considering previous studies3-7 as well as our study.

Once again, although we did not verify the sensitivity or spec-

ificity of the LFS due to the small number and selection bias in our

study, it is important to consider the relationship between uremic

encephalopathy and LFS in patients with CRF or ARF.
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