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* 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.
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THE PROVEN LEADER
The STAR™ Tumor Ablation System is the proven leader in  

spine RF ablation with thousands of patients treated.

STAR Clinical Studies Demonstrate1-4:
• Fast, durable pain relief
• Rapid improvement in mobility and quality of life
• Reduction or discontinuation of pain medication
• Site-specific ablation zones and real time temperature monitoring
• May be combined with radiation and/or chemotherapy

Steerable and 
navigational RF 
ablation instrument

SpineSTAR® delivers 
RF energy directly  
to the tumor

Tumor is 
debulked

Dual thermocouples 
for active temperature 
monitoring on a single 
instrument

lDual therm
for activ
mon
in

D l th

Merit.com/star 

Indications for Use: The STAR™ Tumor Ablation System is indicated for palliative treatment in spinal procedures by ablation of metastatic malignant lesions in a vertebral 
body. As with most surgical procedures, there are risks associated with the STAR procedure, including serious complications. For complete information regarding risks, 
contraindications, warnings, precautions, and adverse events please review the System’s Instructions for Use. 

References  
1 Pain Physician 2014 Jul-Aug; 17(4):317-27   2 Radiology 2014 Oct; 273 (1): 261-7   3 J. Vasc Interv Radiol 2015; 18: 573-581   4 Pain Physician 2015; 18: 573-581 
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Ischemic Stroke  
and Carotid Artery  
Disease Solutions

Neurovascular 
Malformation 

Solutions

For more information or a product demonstration,
contact your local MicroVention representative:
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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.
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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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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. 





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
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Synthetic MRI in multiple sclerosis
Quantifying intracranial plaque permeability
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AJNR AMERICAN JOURNAL OF NEURORADIOLOGY
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.
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PERSPECTIVES

Title: Lynx Rufus. Although not as rare as the Florida panther, Florida bobcats are still both elusive and beautiful. This one was eyeing a migrating merganser when I walked
out the back door of my office in Bradenton, Florida! I barely had time to click a shutter before it was gone . . . vanished into the undergrowth. Lucky shot! Dedicated to
Alisa Gean, MD, Catwoman.

John H. Rees, Chief, Neuroradiology, Partners Imaging Center, Bradenton, Florida
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PRACTICE GUIDELINE

Intracranial Vessel Wall MRI: Principles and Expert Consensus
Recommendations of the American Society of Neuroradiology

X D.M. Mandell, X M. Mossa-Basha, X Y. Qiao, X C.P. Hess, X F. Hui, X C. Matouk, X M.H. Johnson, X M.J.A.P. Daemen,
X A. Vossough, X M. Edjlali, X D. Saloner, X S.A. Ansari, X B.A. Wasserman, and X D.J. Mikulis, on behalf of the Vessel Wall Imaging

Study Group of the American Society of Neuroradiology

ABSTRACT
SUMMARY: Intracranial vessel wall MR imaging is an adjunct to conventional angiographic imaging with CTA, MRA, or DSA. The technique
has multiple potential uses in the context of ischemic stroke and intracranial hemorrhage. There remain gaps in our understanding of
intracranial vessel wall MR imaging findings and research is ongoing, but the technique is already used on a clinical basis at many centers.
This article, on behalf of the Vessel Wall Imaging Study Group of the American Society of Neuroradiology, provides expert consensus
recommendations for current clinical practice.

ABBREVIATIONS: RCVS � reversible cerebral vasoconstriction syndrome; VW-MR imaging � vessel wall MR imaging

Conventional techniques for imaging the intracranial arteries

are CTA, MRA, and DSA. These techniques reveal abnormal-

ities of the vessel lumen, but they can fail to fully characterize

disease that resides within the vessel wall. There has been growing

interest in direct visualization of the vessel wall with high-resolu-

tion intracranial vessel wall MR imaging (VW-MR imaging). This

technique is now used on a clinical basis at many centers.

In 2012, the American Society of Neuroradiology formed a

multidisciplinary study group to support the development and

clinical implementation of VW-MR imaging. This article, on be-

half of the study group, reviews the principles of intracranial

VW-MR imaging and provides consensus recommendations for

clinical practice. We make these recommendations with the rec-

ognition that there remain considerable gaps in knowledge and

that research is ongoing.

TECHNICAL IMPLEMENTATION
The American Society of Neuroradiology Vessel Wall Imaging

Study Group is working with MR imaging vendors to promote the

development and dissemination of commercial pulse sequences

that are optimized for intracranial VW-MR imaging. Until such

sequences are widely available, it is possible to adjust the scan

parameters of existing sequences and obtain vessel wall images of

sufficient quality for clinical use. Selection of sequences and scan

parameters for VW-MR imaging is highly dependent on the par-

ticular scanner hardware and software available at a center. The

technical sections that follow provide general recommendations

on the development of an intracranial VW-MR imaging protocol,

and we are also launching a dynamic document (via the American

Society of Neuroradiology Web site) through which experienced

centers can describe their MR imaging systems and the specific

pulse sequences and scan parameters that they have found useful.

The principal technical requirements for intracranial VW-MR

imaging are the following: 1) high spatial resolution, 2) multipla-

nar 2D acquisitions or 3D acquisitions, 3) multiple tissue weight-

ings, and 4) suppression of signal in luminal blood and CSF.

Spatial Resolution
The normal middle cerebral artery and basilar artery wall thick-

ness is 0.2– 0.3 mm, which is approximately one-tenth of the lu-

minal diameter1 and smaller than the VW-MR imaging voxel di-

mensions currently achievable. However, it is possible to image

the intracranial arterial wall because the wall generates detectable

MR imaging signal and one can suppress the MR imaging signal
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arising from neighboring blood and CSF within the voxel. In ad-

dition, vessel wall disease often results in wall thickening, which

increases its conspicuity.

The higher signal-to-noise ratio at 3T than at 1.5T is advanta-

geous for intracranial VW-MR imaging and, in many cases, nec-

essary. At 3T with a 2D sequence, a voxel size of 2.0 � 0.4 � 0.4

mm provides a reasonable balance between spatial resolution and

signal-to-noise ratio, with a scan duration of approximately 5–7

minutes for a 2- to 4-cm-thick section of tissue (Fig 1A). At 3T

with a 3D sequence, a voxel size of 0.5 mm isotropic is a reason-

able starting point (Fig 1B), and it is possible to cover the circle of

Willis and second-/third-order branches in 7–10 minutes. Most

experienced centers are using isotropic voxel dimensions in the

0.4- to 0.7-mm range for 3D acquisitions. Ongoing advances in

MR imaging technology, including higher magnetic field

strength,2 may enable further increases in spatial resolution and

image quality.3

Multiplanar 2D or 3D Acquisitions
Accurate interpretation of VW-MR imaging requires visualiza-

tion of the vessel wall in both short- and long-axis planes. One

option is to use 2D sequences multiple times in orthogonal planes,

focusing on the particular vessels of interest. A limitation of this

approach is that most intracranial arteries are curved rather than

straight and vessel obliquity and curvature can result in partial

volume averaging effects,4 which confound the appearance of the

arterial wall. Another option is to use a 3D (volumetric) sequence

and then reformat the isotropic data for viewing in multiple 2D

planes. The 3D approach reduces total

scan time and provides more flexibility

because any imaged vessel can be viewed

in any reformatted plane. However, some

groups have found that current 2D se-

quences provide better image quality

when imaging is targeted to a particular

vessel of interest. An optimal VW-MR

imaging protocol may include both 2D

and 3D sequences.

Multiple Tissue Weightings
Time-of-flight MRA is mainly used to

characterize luminal abnormality and act

as a localizer for subsequent vessel wall

sequences. Low-velocity flow can cause

intravascular signal loss on time-of-flight

MRA, so in patients who have pro-

nounced luminal narrowing or dilation, it

is helpful to add a gadolinium-bolus MRA

to accurately define the contour of the lu-

men (ie, the boundary between the lumen

and wall). Most examinations require a

T1-weighted vessel wall sequence before

and after intravenous gadolinium con-

trast. It is possible to use a proton-

density–weighted sequence instead of a

T1-weighted sequence because the for-

mer provides higher SNR. The disadvan-

tages of proton-density weighting are that

contrast enhancement may be less conspicuous and CSF signal

intensity can approach vessel wall intensity. A T2-weighted

VW-MR imaging sequence is often helpful. Fat suppression is

necessary for VW-MR imaging of the external carotid artery

branches in the scalp (eg, in patients with suspected temporal

arteritis) but is generally not needed for intracranial VW-MR

imaging.

Suppression of MR Imaging Signal in Blood and CSF
MR imaging characterization of the vessel wall requires suppres-

sion of MR imaging signal arising from luminal blood and CSF

(or brain parenchyma for a vessel residing adjacent to the brain)

(Fig 1C, -D). Blood-suppression techniques usually exploit the

condition of blood flowing and the vessel wall being stationary.

Other techniques for blood suppression rely on the particular

longitudinal relaxation time (T1) of blood, but these techniques

usually have some dependence on flow as well. The most common

methods of blood-signal suppression are the following:

Spin-Echo. Luminal spins that experience the section-selective

90° radiofrequency pulse but flow out of the imaging section be-

fore the section-selective 180° pulse do not yield signal, resulting

in blood-signal suppression.5

Spatial Presaturation (Saturation Band). A spatially selective pulse

tips a thick slab of spins on either side of the imaging section into

the transverse plane, and then a spoiling gradient dephases this

transverse magnetization.5 The dephased spins flow into the imag-

ing section, where they are exposed to an excitation pulse, but they

FIG 1. Technical implementation of VW-MR imaging. Comparison of a coronal 2D T1-weighted
FLAIR VW-MR imaging sequence (A) and a 3D proton-density–weighted variable flip angle re-
focusing pulse, fast spin-echo VW-MR imaging sequence (B) in a healthy subject. Insets show
magnified images of the carotid terminations with arrows pointing to the arterial wall. Com-
parison of a standard contrast-enhanced T1-weighted spin-echo sequence (C) and an optimized
contrast-enhanced T1-weighted VW-MR imaging sequence (D) shows how blood suppression is
needed to reveal an enhancing atherosclerotic plaque (arrow) in the left MCA M1 segment.
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are not able to regain phase in the transverse plane until they have

undergone longitudinal relaxation, so they do not yield signal.

Double Inversion Recovery Preparation. This technique exploits

both the flow and T1 properties of blood to suppress its signal.6 A

180° non-section-selective pulse inverts all spins. A section-selec-

tive 180° pulse, applied immediately after the first pulse, flips the

imaging-section magnetization so it is realigned with the main

magnetic field. There is then a time delay (TI), which allows in-

flowing inverted spins to relax to their null point; and at the ex-

pected null point for blood, another pulse is applied to generate an

echo for readout. Only the stationary spins in the imaging section

return signal. A disadvantage of the technique is that the time

needed for spins to reach the null point lengthens the scan time,

making it challenging to cover vessels of interest with sufficient

spatial resolution for intracranial VW-MR imaging.

3D Sequences
The most commonly used 3D sequences for intracranial VW-MR

imaging are the variable flip angle refocusing pulse, fast spin-echo

sequences7 with brand names such as VISTA (volume isotropic

turbo spin-echo acquisition; Philips Healthcare, Best, the Nether-

lands), SPACE (sampling perfection with application-optimized

contrasts by using different flip angle evolutions; Siemens, Erlangen,

Germany), and Cube (GE Healthcare, Milwaukee, Wisconsin).

These sequences have very long echo trains, a potential source of

imaging blurring from decay of transverse magnetization between

the start and end of the readout. These sequences minimize this blur-

ring by varying the flip angle over the length of the echo train to

maintain relatively stable signal.

Blood suppression techniques used with 2D sequences are gener-

ally less effective with 3D sequences. For example, spatial presatura-

tion requires that spins in the imaging volume are replaced with in-

flowing suppressed spins, but this is unlikely to occur for the entirety

of a large 3D imaging slab. However, other mechanisms can generate

adequate blood suppression with 3D sequences. An important

mechanism is intravoxel dephasing: Luminal blood contains spins

traveling at varying velocities (eg, due to laminar flow). Between the

time of excitation and readout, these spins move through the mag-

netic field gradients at different rates, resulting in intravoxel phase

dispersion with signal loss.8 One may further exploit the intravoxel

dephasing effect by adding so-called diffusion-sensitizing gradient

preparation to the 3D sequences.9,10 This approach is similar to dif-

fusion-weighted imaging, but the b-values are orders of magnitude

lower, so the sequence suppresses bulk flow rather than molecular

diffusion. Several centers have reported the details of how they opti-

mized commercially available 3D sequences for intracranial VW-MR

imaging.11,12

Peripheral Pulse Gating
Most centers are currently performing intracranial VW-MR imaging

without peripheral pulse gating. Pulse gating is potentially useful for

VW-MR imaging of dilated intracranial arteries or large aneurysms

in which gating to the point of maximum flow in the vessel may

reduce the artifacts associated with slow flow and improve blood

suppression.

Monitored Versus Unmonitored
When using 2D sequences, some groups monitor the examination

and select the sequences and scan planes that will optimally show the

vessels of interest. When using 3D sequences, monitoring is less crit-

ical but still sometimes helpful to determine coverage and select

sequences.

SITUATIONS IN WHICH INTRACRANIAL VW-MR
IMAGING IS LIKELY A USEFUL ADJUNCT TO
CONVENTIONAL IMAGING
To Differentiate between Intracranial Atherosclerotic
Plaque, Vasculitis, Reversible Cerebral Vasoconstriction
Syndrome, Arterial Dissection, and Other Causes of
Intracranial Arterial Narrowing

Atherosclerotic Plaque. Atherosclerotic plaque is composed of

lipids, thrombotic substances (platelets and fibrin), cellular ma-

terial, and connective tissue matrix. Plaque progression is often

associated with the development of a well-defined region of lipid

accumulation (“lipid core”) within the plaque, a fibromuscular

layer (“fibrous cap”) separating the lipid from the arterial lumen,

and intraplaque hemorrhage.13-15

VW-MR imaging of intracranial atherosclerotic plaque typi-

cally demonstrates arterial wall thickening, which eccentrically

(nonuniformly) involves the circumference of the arterial wall.

The component of the plaque adjacent to the lumen is often hy-

perintense on T2-weighted images, and it may enhance (as dis-

cussed below), whereas the adjacent component is often hypoin-

tense on T2-weighted images and nonenhancing (Fig 2F).16-22

There is sometimes a third thin layer in the periphery of the

plaque that enhances. This layered appearance of intracranial ath-

erosclerotic plaque correlates with the VW-MR imaging appear-

ance of carotid atherosclerotic plaque, and carotid endarterec-

tomy specimens have shown that the enhancing layer adjacent to

the lumen represents fibrous cap, the nonenhancing layer adja-

cent to this represents lipid core, and the peripheral thin rim of

enhancement is due to increased vasa vasorum in the adventitia of

the artery.23-25 Not every intracranial atherosclerotic plaque dem-

onstrates all of these components on VW-MR imaging; for exam-

ple, some plaques simply have the appearance of an eccentric

homogeneously enhancing “lump” in the arterial wall. In addi-

tion, as we will discuss, not every intracranial plaque enhances.

The hypointensity-isointensity on T1- and T2-weighted im-

ages in the lipid core of atherosclerotic plaque differs from the MR

imaging appearance of lipids in other tissues, such as subcutane-

ous fat, which is hyperintense on T1-weighted and T2-weighted

fast spin-echo sequences. Two main factors likely account for this

difference. First, even in relatively lipid-rich atherosclerotic

plaque, the main contributor to MR signal is water protons and

not lipid.23 Second, the lipid in atherosclerotic plaque is mainly

cholesterol and cholesteryl esters, which do not result in the same

T1 shortening as extravascular lipid, which is composed mainly of

triglycerides.26

Vasculitis. Visualization of the wall of the smaller intracranial

vessels is beyond the spatial resolution and SNR limits of current

VW-MR imaging. However, CNS vasculitis often involves larger

intracranial arteries that are amenable to wall imaging.
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VW-MR imaging often demonstrates smooth, homogeneous,

concentric arterial wall thickening and enhancement in patients

with CNS vasculitis (Fig 2A–E), in comparison with the typical

nonconcentric (and often heterogeneous) wall abnormality of

atherosclerotic plaque (Fig 2F).19,27,28 However, subsequent ex-

perience has shown that vasculitis sometimes also results in ec-

centric wall abnormality.29 The additional vessel wall features of

atherosclerotic plaque on T1-, T2-, and enhanced sequences can

be helpful for distinguishing between vasculitis and plaque.

Presumably, arterial wall enhancement in patients with CNS

vasculitis is due to increased permeability of the endothelium with

contrast leakage from the lumen into the arterial wall. Vasa vaso-

rum–related contrast leakage is a potential alternative mechanism

of wall enhancement, and dilated neovessels have been demon-

strated within the extracranial arterial wall of patients with Ta-

kayasu arteritis.30,31

Reversible Cerebral Vasoconstriction Syndrome. Early discrim-

ination between reversible cerebral vasoconstriction syndrome

(RCVS) and its principal differential, vasculitis, is important:

RCVS is treated with observation or calcium channel blockers,

whereas vasculitis is treated with steroids and immunosuppres-

sive drugs.

VW-MR imaging may enable prospective differentiation be-

tween vasculitis and vasoconstriction.32 Both disorders result in

arterial wall thickening, but the vessel wall in RCVS is typically

nonenhancing (or mildly enhancing) compared with the typical

intense wall enhancement in active vasc-
ulitis.29,32,33 Arterial wall thickening with
a lack of wall enhancement is consistent
with the pathology of transient vasocon-
striction. In vasospastic arteries, smooth-
muscle cells shorten in length with in-
creased overlap among cells, resulting in
nearly a 500% increase in wall thickness
for a 60% luminal narrowing.32,34 Lack of
arterial wall enhancement is concordant
with the limited histopathologic data in
RCVS, showing an absence of arterial wall
inflammation.32,35,36 We have seen some
individual cases that appear to be RCVS
with more than minimal wall enhance-
ment, so we recommend caution in rely-
ing strongly on VW-MR imaging dis-
crimination between RCVS and vasculitis
until this approach is validated in a larger
study. Some study group members have
also observed a crenelated appearance of
arterial wall thickening in RCVS.

Moyamoya Disease. Initial VW-MR im-

aging studies of small numbers of patients

with Moyamoya disease found a lack of

arterial wall thickening and enhance-

ment19,37; and a study found a smaller

outer diameter of the vessel wall, less ec-

centricity of wall thickening, and less wall

enhancement in patients with Moyamoya

disease compared with atherosclerotic

plaque.38 Atherosclerotic plaque may undergo negative remodel-

ing with reduction of the outer diameter of the vessel, but this

seems to differ from Moyamoya disease, in which the MCA trunk

is not visible at all in some cases, the so-called “vanishing MCA.”39

These VW-MR imaging findings are consistent with histopatho-

logic studies showing thinning of the arterial media and a paucity

of inflammatory cells in the vessel wall of patients with Moyamoya

disease.40 However, a subsequent study41 found a considerably

higher frequency of concentric internal carotid and middle cere-

bral artery wall enhancement in patients diagnosed with Moya-

moya disease and, perhaps surprisingly, no difference in vessel

wall enhancement between early and late angiographic stages of

the disease. Further research is needed to resolve the discordance

among studies. It will remain important to accurately differenti-

ate between Moyamoya disease and the multitude of other causes

of narrowing at the carotid terminus.

Radiation-Induced Arteriopathy. There is limited experience

with the VW-MR imaging appearance of radiation-induced intra-

cranial arteriopathy. A study37 of 5 patients with radiation-in-

duced narrowing of the intracranial internal carotid arteries

found circumferential arterial wall thickening and enhancement

in all cases. Follow-up MR imaging 2 years later demonstrated

persistence of the enhancement.

Arterial Dissection. Intracranial arterial dissection most often oc-

curs as an extension of cervical vertebral artery dissection. How-

FIG 2. VW-MR imaging to differentiate among causes of intracranial arterial stenosis when
angiography findings are inconclusive. This patient had multiple recent infarcts in the pons. MR
angiogram (A) demonstrates short segments of mild narrowing of the distal basilar artery (ar-
rowheads) and left superior cerebellar and posterior cerebral arteries (arrows). Axial T1-
weighted VW-MR imaging before (B) and after (C) intravenous contrast injection shows smooth
concentric enhancement of the basilar artery wall (arrow). VW-MR imaging before (D) and after
(E) contrast injection shows similar enhancement of the left posterior cerebral artery wall
(arrow). The vessel wall appearance is consistent with the final diagnosis, which was primary CNS
vasculitis. For comparison, coronal contrast-enhanced T1-weighted VW-MR imaging (F) in a
different patient shows characteristic features of an atherosclerotic plaque: eccentric arterial
wall thickening with a contrast-enhancing fibrous cap (long white arrow) and peripheral non-
enhancing plaque (black arrow). A short white arrow points to the arterial lumen.

AJNR Am J Neuroradiol 38:218 –29 Feb 2017 www.ajnr.org 221



ever, it can also occur as an extension of cervical internal carotid

artery dissection or as an isolated intracranial abnormality.

VW-MR imaging features of intracranial arterial dissection

include a curvilinear hyperintensity on T2-weighted images (in-

timal flap) separating the true lumen from the false lumen and

eccentric arterial wall thickening with the signal characteristics of

blood (intramural hematoma) (Fig 3).42 A VW-MR imaging

study43 of 67 patients with intracranial arterial dissection sus-

pected on CTA, MRA, or DSA found an intimal flap on luminal

imaging in 16% of patients and on VW-MR imaging in 42%.

VW-MR imaging demonstrated intramural hematoma in 61% of

patients, with 83% of the visible hematomas evident on T1-

weighted images and 59% evident on T2-weighted images. The

vessel wall abnormality had a layered appearance on contrast-

enhanced T1-weighted images, with enhancement along the lu-

minal and peripheral margins of the artery wall in 51% of patients.

Intramural hematoma is often diagnosed on the basis of hy-

perintensity on T1-weighted images, but similar to other kinds of

intracranial hemorrhage, the signal characteristics of intramural

blood evolve with time.44,45 Among 7 patients with intracranial

vertebral-basilar dissection, no patient had vessel wall hyperin-

tensity on T1-weighted VW-MR imaging within a week of symp-

tom onset, but 5 patients had hyperintensity in a subsequent

week.46 T2*-weighted or susceptibility-

weighted MR imaging is also sometimes

useful for the diagnosis of dissection. The

deoxygenation of blood that makes it

conspicuous on these sequences occurs

earlier than the conversion from deoxy-

hemoglobin to methemoglobin required

for intramural hematoma to become hy-

perintense on a T1-weighted sequence.47

The evolution of blood products is

also complicated by the dynamic nature

of dissection itself, which can be stable,

progressive, or resolving. Intracranial ar-

terial dissection with VW-MR imaging

evidence of intramural hematoma is more

likely to progress than dissection without

hematoma.48

To Identify Symptomatic,
Nonstenotic Disease of the
Intracranial Arteries
In 15 patients with an acute lacunar in-

farct, normal angiography findings, and

no other apparent cause of stroke,

VW-MR imaging demonstrated enhanc-

ing atherosclerotic plaque in the supply-

ing (middle cerebral or basilar) artery in 9

(60%) patients.49 Similar studies have

shown VW-MR imaging evidence of ath-

erosclerotic plaque in the supplying artery

of 52% of patients with MCA territory la-

cunar infarcts and 42% of patients with

pontine infarcts, but normal MRA find-

ings.50,51 A VW-MR imaging study52 that

assessed the prevalence of MCA plaque

both ipsilateral and contralateral to lenticulostriate territory in-

farcts in patients who had normal MRA findings found a similar

prevalence (46% and 45%, respectively) bilaterally. This latter

study did not report whether there was a difference in contrast

enhancement between the plaques ipsilateral versus contralateral

to the infarction. Figure 3 demonstrates VW-MR imaging identi-

fication of a culprit plaque when angiographic findings are nor-

mal. Study group members have also found that VW-MR imaging

can help diagnose cases of CNS vasculitis and arterial dissection

with minimal arterial luminal abnormality. Figure 4 demon-

strates VW-MR imaging diagnosis of symptomatic intracranial

arterial dissection in the context of a CTA considered equivocal

for luminal narrowing.

SITUATIONS IN WHICH INTRACRANIAL VW-MR
IMAGING IS POSSIBLY A USEFUL ADJUNCT TO
CONVENTIONAL IMAGING
To Determine the Location of Atherosclerotic Plaque
Relative to Branch Artery Ostia, to Diagnose Stroke
Etiology, and to Assess Risk of Angioplasty
In the coronary circulation, atherosclerotic plaque most often de-

velops in the arterial wall opposite a branch artery ostium.53 Sim-

ilarly, intracranial VW-MR imaging has shown that MCA plaque

FIG 3. VW-MR imaging to identify symptomatic, nonstenotic intracranial atherosclerotic
plaque. A 52-year-old man with a previous transient ischemic attack attributable to the right
middle cerebral artery territory presented with an acute infarct (A) in the same vascular terri-
tory. Cardiac work-up, CT angiography of the head and neck and DSA (B and C) and cervical
carotid VW-MR imaging failed to identify a cause of the stroke. Sagittal-oblique contrast-
enhanced T1-weighted VW-MR imaging of the supraclinoid segment of the right ICA (D) shows
eccentric arterial wall thickening (arrows) with enhancement (dotted arrow) in the more luminal
aspect of the thickening, consistent with the fibrous cap of a recently symptomatic plaque.
Sagittal-oblique T2-weighted VW-MR imaging (E) shows T2 prolongation (arrow) in the more
luminal aspect of the thickening and T2 shortening peripherally, consistent with the fibrous cap
and lipid core of atherosclerotic plaque, respectively. The arterial wall thickening without lumi-
nal narrowing is so-called positive remodeling of the vessel wall.
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is more common in the ventral (45%) or inferior (32%) parts of

the wall than in the superior (14%) or dorsal (9%) parts where

branches arise,54,55 and basilar artery plaque is more common in

the ventral part of the wall, which is opposite the origins of the

branches.56 However, some atherosclerotic plaque does arise

close to ostia, and VW-MR imaging has confirmed that indeed

MCA plaque with associated infarction has more superior wall

involvement than plaque without infarction (24% versus 7%).54

Angioplasty can generate a “snow plow” effect, in which ath-

eromatous material is pushed from the treated artery into a

branch. In the coronary circulation, location of atherosclerotic

plaque close to a branch ostium increases the risk of branch oc-

clusion following angioplasty and stent placement.57 By deter-

mining the location of intracranial atherosclerotic plaque relative

to branch ostia in individual patients, VW-MR imaging may be

useful when estimating the risk of intracranial angioplasty.58

To Assess Atherosclerotic Plaque Activity
Higher risk intracranial atherosclerotic plaque shares pathologic

features with higher risk carotid plaque.59 Several imaging fea-

tures may indicate higher-risk plaque.

Plaque Thickness and Surface Irregularity. Most VW-MR imag-

ing studies20,21 suggest that symptomatic intracranial plaque is

thicker than asymptomatic plaque, though some60 have found no

significant relationship. A study of 14 patients with symptomatic

MCA stenosis and 16 patients with asymptomatic stenosis found

plaque surface irregularity (discontinuity of the plaque luminal

surface margin) in 71% of symptomatic patients but in only 19%

of asymptomatic patients (P � .008).61

Vessel Wall Remodeling. Atherosclerotic plaque often results in

outward bulging of the outer surface of the artery.62 This has been

called compensatory enlargement (“adaptive remodeling” or

“positive remodeling”) because it can lessen the luminal narrow-

ing caused by the plaque. In the coronary arteries, positive remod-

eling is more common in plaques that contain hemorrhage and

inflammation63; this feature suggests that positive remodeling is

an indicator of higher risk vessel wall pathology. Other plaques are

associated with reduction of the outer diameter of the artery

(“negative remodeling”),64 and this may reflect a fibrotic healing

response. Most VW-MR imaging studies20,61 have found that

MCA remodeling was (on average) outward in symptomatic

plaques and inward in asymptomatic plaques, though some stud-

ies16 have found no significant difference. Microembolic signals

on transcranial Doppler sonography were more common in pa-

tients with MCA atherosclerotic plaque with VW-MR imaging

evidence of positive remodeling,65 consistent with the idea that

positive remodeling is characteristic of the higher risk plaque that

produces thromboembolism.

Intraplaque Hemorrhage. A postmortem study of MCA athero-

sclerosis found intraplaque hemorrhage in 30% of plaques asso-

ciated with an infarct compared with 15% of plaques not associ-

ated with an infarct (P � .07).66 A VW-MR imaging study of 107

adults with �70% MCA stenosis found that T1 shortening

(thought to indicate intraplaque hemorrhage) was more common

in symptomatic than in asymptomatic plaque (20% versus 2%,

P � .01).66 Another study reported a higher prevalence of intra-

plaque T1 shortening in symptomatic-versus-asymptomatic

MCA plaques (27% versus 0%, P � .002).60 In a research context,

a signal intensity of �150% of the signal intensity of adjacent gray

matter60 or scalp muscle66 on a T1-weighted sequence has been

used as a criterion for defining intraplaque hemorrhage. Several

study group members have observed a much lower prevalence of

intracranial intraplaque hemorrhage than the values reported in

the literature, possibly due to different patient populations or

timing of the scans relative to symptom onset.

Plaque Enhancement. Contrast enhancement of carotid bulb

atherosclerotic plaque occurs preferentially in the fibrous cap and

FIG 4. VW-MR imaging to diagnose intracranial arterial dissection with minimal luminal narrowing. A 57-year-old man presented to the
emergency department with severe headache and neck pain for 1 week. 3D rendering of a CTA shows smooth narrowing of the intradural
segment of the right vertebral artery (A, arrows). This angiographic appearance was considered most likely within the range of normal because
the vertebral artery is commonly narrower beyond the posterior inferior cerebellar artery origin, but a bit equivocal. Coronal (B) and axial (C)
nonenhanced T1-weighted VW-MR imaging shows eccentric intense hyperintensity (B and C, arrows) in the wall of the right vertebral artery,
consistent with recent arterial dissection.
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adventitia (though sometimes in the middle of the plaque) and is

a marker of inflammation and neovascularization.25,67-69 A post-

mortem study59 found that neovascularity in MCA atheroscle-

rotic plaque was associated with ipsilateral infarction. VW-MR

imaging studies19,70,71 have shown that intracranial plaque en-

hancement is associated with recent infarction in the territory of

the plaque.

A study of the temporal characteristics of intracranial plaque

enhancement found strong enhancement within 1 month of isch-

emic stroke and reduced enhancement several months later.72

Another study73 found no difference in enhancement when com-

paring patients with acute stroke versus those with stroke any time

in the preceding 3 months, which is not inconsistent with the

former study, which found that enhancement did not lessen until

a few months after the acute event.

In some intracranial plaques, one can identify the enhanc-

ing fibrous cap and enhancing adventitia as distinct layers on

either side of an intervening nonenhancing layer, but (possibly

due to the limited spatial resolution of VW-MR imaging rela-

tive to the size of intracranial plaques) plaques often appear to

enhance diffusely or not at all.

To Assess Vasculitis Activity
A small number of published cases29 and the broader experience of

the study group suggest that there may be a discordance between

intracranial VW-MR imaging findings and the clinical impression of

vasculitis disease activity. This is consistent with extracranial

VW-MR imaging observations. An extracranial VW-MR imaging

study of 24 patients with Takayasu arteritis found arterial wall edema

(hyperintensity on T2-weighted images) in 94% of VW-MR imaging

examinations performed in patients with clinically active disease and

in 56% of examinations performed in those without clinically active

disease.74 There was also greater wall enhancement in those with

clinically active disease. The high prevalence of wall edema in patients

without clinically active disease may not be misleading though: In a

different study, biopsy specimens revealed histopathologic evidence

of active vasculitis in 44% of patients with Takayasu arteritis who had

no clinical evidence of active disease.75 Similarly, a study found new

stenotic lesions on serial angiography in 61% of patients who were in

clinical remission.76

The effects of treatment on inflammatory VW-MR imaging find-

ings are potentially important. Intracranial VW-MR imaging data

are lacking, but the sensitivity of extracranial VW-MR imaging for

the diagnosis of temporal arteritis was lower in patients who were

imaged �2 days after starting corticosteroid treatment.77

To Select an Intracranial Target for Biopsy in Suspected
CNS Vasculitis
Extracranial VW-MR imaging has been used to identify an in-

flamed segment of the superficial temporal artery and guide arte-

rial biopsy to diagnose giant cell arteritis.78 There is a lack of

high-quality data on the sensitivity and specificity of brain (or

leptomeningeal) biopsy for the diagnosis of CNS vasculitis. How-

ever, CNS vasculitis can be spatially heterogeneous, and false-

negative biopsies occur. Study group members have found that

VW-MR imaging is a potential means of identifying a peripherally

located inflamed vessel to target for biopsy.

To Determine Which Aneurysm Has Ruptured in Patients
with Acute Subarachnoid Hemorrhage and Multiple
Aneurysms
There has been more experience with intracranial VW-MR im-

aging in the context of ischemic stroke than subarachnoid

hemorrhage. However, preliminary results suggest that

VW-MR imaging may be a useful technique for evaluating pa-

tients with intracranial aneurysms. An initial study79 used a 2D

double inversion recovery VW-MR imaging sequence at 1.5T

with a voxel size of 0.5 � 0.6 � 0.3 mm to image the wall of

saccular aneurysms, and there have been subsequent studies of

the berry aneurysm wall at 3T and 7T.80

A VW-MR imaging study81 of 5 patients with aneurysmal sub-

arachnoid hemorrhage found that all ruptured aneurysms dem-

onstrated thick peripheral enhancement. Three patients in this

series had multiple aneurysms, and the unruptured aneurysms

did not enhance. A subsequent study82 confirmed these findings

in a larger sample size: There was aneurysm wall enhancement in

16/17 ruptured aneurysms; enhancement in 5/5 unruptured

aneurysms that had changed in morphology compared with a

previous angiogram; and enhancement in 6/9 symptomatic un-

ruptured aneurysms; but wall enhancement in only 22/77 unrup-

FIG 5. VW-MR imaging to evaluate vascular disease activity. MR angiogram demonstrates a saccular aneurysm at the tip of the basilar artery (A) and a
saccular aneurysm at the right posterior communicating artery origin (C). Coronal contrast-enhanced T1-weighted VW-MR imaging shows no enhance-
ment of the basilar artery aneurysm wall (B, arrow) but intense enhancement of the posterior communicating artery aneurysm wall (D, arrow). Axial
T2-weighted FLAIR image (E, arrow) demonstrates a hematoma centered around the enhancing aneurysm, consistent with the preliminary research
studies, suggesting that symptomatic and ruptured aneurysms have wall enhancement much more commonly than asymptomatic saccular aneurysms.

224 Mandell Feb 2017 www.ajnr.org



tured, asymptomatic, stable aneurysms. Another study10 had sim-

ilar results. Figure 5 provides an example of VW-MR imaging in a

patient with 2 aneurysms, 1 unruptured and 1 ruptured.

There has also been interest in using VW-MR imaging to de-

termine the source of hemorrhage in patients with angiogram-

negative non-perimesencephalic subarachnoid hemorrhage,83

but no evidence yet of utility.

SITUATIONS IN WHICH INTRACRANIAL VW-MR
IMAGING IS CURRENTLY IN THE DOMAIN OF
RESEARCH
To Predict Future Behavior of Unruptured Intracranial
Saccular Aneurysms
A study of human aneurysm tissue found diffuse invasion of mac-

rophages and leukocytes into the vessel wall of ruptured aneu-

rysms but few inflammatory cells in the wall of unruptured

aneurysms.84,85 These inflammatory

changes were already present shortly after

the rupture and were not more pro-

nounced when there was greater time be-

tween aneurysm rupture and surgical ex-

cision, suggesting that aneurysm wall

inflammation might precede rupture

rather than occur as a result of rupture.84

If aneurysm wall inflammation is an im-

portant factor in aneurysm growth and

rupture, then vessel wall enhancement

may be a marker of rupture risk. How-

ever, prospective longitudinal studies are

needed to prove that this is correct.

There is also interest in measuring an-
eurysm wall thickness to predict rupture
risk. However, berry aneurysm wall thick-
ness is approximately 0.02– 0.5 mm,86

leading to overestimation of wall thick-
ness from the partial volume effects that
will occur at the spatial resolutions cur-
rently achievable.87 It is not yet possible to
accurately measure berry aneurysm wall
thickness by using VW-MR imaging.

IMPORTANT PITFALLS
Accurate diagnosis by using VW-MR im-

aging is critically dependent on both an

adequate imaging technique and inter-

pretive experience. When either of these is

lacking, normal variations are easily mis-

interpreted as disease.

Slow Flow
Most VW-MR imaging techniques rely on

blood flow to achieve blood-signal suppres-

sion. Blood flow is often laminar, with lower

velocity closer to the vessel wall. Incomplete

signal suppression in the periphery of the

lumen can mimic vessel wall thickening

and/or wall enhancement (Fig 6A, -B). Fac-

tors predisposing to these artifacts include

recirculating or slow flow within an aneurysm, low velocity flow in a

dilated artery, and retrograde filling of a branch artery via leptomen-

ingeal collaterals when there is proximal arterial occlusion.88

Vasa Vasorum
The walls of major extracranial arteries receive blood supply

through the vasa vasorum, a network of small vessels within the

outer aspect of the vessel wall itself. Intracranial vessels in children

lack a vasa vasorum.89 However, with increasing age and with

atherosclerotic risk factors, extracranial vasa vasorum can extend

into the proximal intracranial segments of the internal carotid

and vertebral arteries.90 In patients with a variety of intracranial

arterial diseases, a vasa vasorum can also develop distant from the

extracranial vasa vasorum, with supply from nearby intracranial

arteries.91 A vasa vasorum can cause concentric arterial wall thick-

ening and enhancement,92 which mimic vasculitis (Fig 6C).

FIG 6. Common VW-MR imaging pitfalls. Case 1 (A and B) shows how slow flow can mimic
arterial wall disease. Axial nonenhanced T1-weighted VW-MR imaging (A) demonstrates a
crescent (arrow) of intermediate-to-hyperintense signal at the periphery of the basilar
artery, suggestive of arterial wall thickening from dissection or atherosclerotic plaque. A
corresponding image from a gadolinium-enhanced MRA (B) shows that the crescent of
apparent arterial wall thickening fills with contrast and therefore represents a dilated basilar
artery lumen rather than the arterial wall. Case 2 (C) shows how vasa vasorum can mimic
vasculitis. Coronal contrast-enhanced T1-weighted VW-MR imaging shows a focal athero-
sclerotic plaque (white arrow) of the basilar artery, but also more diffuse smooth concen-
tric enhancement of the vertebral (black arrows) and basilar artery walls, which has an
appearance similar to that of vasculitis. The diffuse enhancement is consistent with in-
creased intracranial vasa vasorum in this patient who has strong atherosclerotic risk factors.
Case 3 (D) shows how a normal vein residing close to an artery can mimic arterial wall
disease, such as enhancing atherosclerotic plaque. Axial contrast-enhanced T1-weighted
VW-MR imaging shows a vein (arrow) adjacent to the left middle cerebral artery.
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Veins
An enhancing vein located adjacent to an artery can mimic arte-

rial wall enhancement (Fig 6D). It is usually possible to avoid this

by careful examination of VW-MR imaging in multiple planes

and comparison with MR angiography.

Effects of Thromboembolism and Thrombectomy on the
Arterial Wall
Does thromboembolism itself injure the arterial wall and

change the appearance of the wall? Does mechanical throm-

bectomy alter the appearance of the wall? These issues were

explored in a VW-MR imaging study of 16 patients imaged

within days of acute intracranial arterial occlusion.93 The cause

of stroke was an extracranial source of thromboembolism in

most cases, and the intracranial arteries had fully recanalized at

the time of VW-MR imaging in most cases. The study found

that mechanical thrombectomy results in concentric intracra-

nial arterial wall thickening and enhancement, potentially

mimicking the VW-MR imaging appearance of primary arteri-

tis. A similar arterial wall abnormality was observed in patients

treated with medical therapy alone, but it was less common in

this group.

RECOMMENDATIONS FOR CLINICAL PRACTICE
Intracranial VW-MR Imaging Is Likely a Useful Adjunct to
Conventional Imaging

1) To differentiate among causes of intracranial arterial nar-

rowing such as intracranial atherosclerotic plaque, vasculitis, re-

versible cerebral vasoconstriction syndrome, and arterial

dissection.

2) To identify symptomatic, nonstenotic disease of the intra-

cranial arteries.

Intracranial VW-MR Imaging Is Possibly a Useful Adjunct
to Conventional Imaging

1) To determine the location of atherosclerotic plaque relative

to branch artery ostia.

2) To assess atherosclerotic plaque activity.

3) To assess vasculitis activity.

4) To select an intracranial target for biopsy in suspected CNS

vasculitis.

5) To determine which aneurysm has ruptured in patients

with acute subarachnoid hemorrhage and multiple aneurysms.

Intracranial VW-MR Imaging Is Currently in the Domain
of Research

1) To predict future behavior of unruptured intracranial sac-

cular aneurysms.

Technical Implementation
1) Use pulse sequences that provide sufficient spatial resolu-

tion, black blood, and preferably black CSF.

2) Use 2D sequences in short- and long-axis planes through

the vessels of interest, and/or 3D sequences with isotropic voxel

dimensions and multiplanar reformatting.

3) Modify the VW-MR protocol in response to the particular

clinical indication. Protocols will often include a time-of-flight

MRA of the circle of Willis, T1-weighted (or proton-density–

weighted) vessel wall sequences before and after intravenous ad-

ministration of gadolinium, and T2-weighted sequences. Con-

sider adding a gadolinium-bolus MRA, particularly if there is

severe arterial narrowing or arterial dilation.

4) Recognize that the true performance capabilities of MR

images are often unclear and important characteristics such as

spatial resolution depend on multiple factors and not simply

voxel size. Therefore, quantitative measurements (such as ves-

sel wall thickness) should be validated against calibration stan-

dards by using phantom testing.

Interpretation
1) Interpret VW-MR imaging using the fundamental princi-

ples of radiologic interpretation used in other body tissues. Con-

firm vessel wall findings in multiple planes and preferably with

multiple tissue weightings, and combine information from all

available sequences to determine whether there is vessel wall

thickening or enhancement. This assessment requires accurate

determination of the inner and outer boundaries of the vessel wall

by direct comparison of T1-, T2-, and contrast-enhanced T1-

weighted images and MRA source images. For accurate interpre-

tation, it is critical to harmonize observed abnormalities across all

sequences.

2) Recognize common pitfalls such as age-related vasa vaso-

rum enhancement in the large intracranial arteries near the skull

base, slow flow mimicking arterial wall thickening or enhance-

ment, normally enhancing veins that are commonly seen close to

arteries, and the effects of therapy on the vessel wall.

3) Always seek knowledge of the broader clinical context of the

VW-MR imaging.

4) Communicate VW-MR imaging results to referring physi-

cians along with the appreciation that certain VW-MR imaging

findings are well-studied but others (which may still be impor-

tant) are not yet fully validated.
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ABSTRACT

BACKGROUND AND PURPOSE: Many scientific journals use double-blind peer review to minimize potential reviewer bias concerning
publication recommendations. However, because neuroradiology is a relatively small subspecialty, this process may be limited by prior
knowledge of the authors’ work or associated institutions. We sought to investigate the efficacy of reviewer blinding and determine the
impact that unblinding may have on manuscript acceptance.

MATERIALS AND METHODS: For manuscripts submitted to the American Journal of Neuroradiology (AJNR) from January through June
2015, reviewers completed a brief anonymous questionnaire after submitting their evaluations, assessing whether they were familiar with
the research or had knowledge of the authors or institutions from which the work originated.

RESULTS: The response rate for 1079 questionnaires was 98.8%; 12.9% of reviewers knew or suspected that they knew authors, and 15.3%
knew or suspected that they knew the associated institutions. Reviewers correctly identified the authors in 90.3% of cases and correctly
stated the institutions in 86.8% of cases. Unblinding resulted from self-citation in 34.1% for both authorship and institutions. The accep-
tance rate when reviewers knew or suspected that they knew the authors was 57/137 (41.6%) and 262/929 (28.2%) when reviewers did not.
The acceptance rate when reviewers knew or suspected that they knew the institutions was 60/163 (36.8%) and 259/903 (28.7%) when they
did not. The Fisher exact test showed that author (P � .038) and institution (P � .039) familiarity was associated with greater manuscript
acceptance.

CONCLUSIONS: While the AJNR process of double-blind peer review minimizes reviewer bias, perceived knowledge of the author and
institution is associated with a higher rate of manuscript acceptance.

Although peer review has been characterized as the “center-

piece of the modern scientific review process”1 and is a fun-

damental step in the publication of scientific research, the integ-

rity of blinding in the peer review of neuroradiology manuscripts

has not been studied. Critical appraisal and review by experts in

one’s chosen field of study is considered a rigorous form of rec-

ognition and is an important means of communication among

scientific community members.2,3 Peer-reviewed publication also

serves as a measure of academic productivity that strongly influ-

ences academic career advancement.4,5 Ideally, this process is

based on scientific merit and research quality. However, several

studies have revealed biases that may affect the integrity of the

peer-review process related to author characteristics, such as na-

tionality, language, prestige, and sex.6-12

Double-blind peer review, a system in which both reviewers’

and authors’ identities are hidden, is used by many medical jour-

nals to protect authors from potential reviewer bias concerning

publication recommendations.13 It has been argued that true

blinding is difficult to accomplish,14 with empiric studies demon-

strating that reviewers can successfully identify authors as often

as 25%–50% of the time in both biomedical and social science

journals.15-21 Although the American Journal of Neuroradiology

(AJNR) uses a double-blind peer review system, its efficacy has

not yet been examined. This issue is important because the sub-

specialty of neuroradiology consists of a relatively small number

of physicians. The small size of this physician community and the

limited number of neuroradiology professional scientific meet-

ings in which preliminary research findings are discussed mean

that reviewers may have knowledge of research findings described
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in a manuscript assigned to them or knowledge of the manuscript

authors. Peer reviewers’ knowledge of author and/or institution

identity may positively or negatively influence the content, qual-

ity, and final review recommendations. Thus, we sought to inves-

tigate the frequency with which perceived unblinding occurs and

whether unblinding has an effect on manuscript acceptance. We

hypothesized that perceived identification of the authors of a

manuscript or related institutions would be associated with

higher acceptance rates and that geographic residence of the re-

viewers or authors could independently affect the probability of

manuscript acceptance.

MATERIALS AND METHODS
All manuscript reviewers submitting evaluations for AJNR from

January 2015 to June 2015 were asked to answer a brief question-

naire using the electronic Manuscript Central system interface

(Table 1). To evaluate the efficacy of blinding, the reviewers’ ques-

tionnaire replicated items from a study by Jagsi et al.21 Reviewers

were asked whether they thought they could identify any of the

principal authors or institutions from which the work originated.

Possible responses for both of these questions included, “I know I

could,” “I suspect I could,” or “I do not think I could identify any

of the authors.” Reviewers who thought or suspected that they

knew the principal author of the manuscript and/or the institu-

tions from which the manuscript originated were prompted to

specify the suspected authors and/or institutions. Response accu-

racy was assessed by the AJNR editorial staff and then coded.

Many reviewers who entered responses also provided some expla-

nation of their knowledge of the authors and institutions of origin

of a manuscript. Instances of self-citation were calculated from

these explanations. The final question asked reviewers whether

they were familiar with the research findings discussed in the

manuscript before their review. Possible responses to this ques-

tion included “yes,” “no,” or “not sure.”

To assess potential geographic influences on manuscript dis-

position, we recorded ZIP/country codes of the corresponding

authors and reviewers and coded them by using the following

regions: Northeast United States, Southeast United States, Mid-

west United States, Mountain States United States, West Coast

United States, North America (other than the United States),

South America, Europe, Asia excluding China, China, Africa, and

Australia. The regions of the corresponding authors and reviewers

were treated as independent variables to investigate the effects of

geography on the acceptance rate.

Data Analysis
To determine the effect of author or institution perceived un-

blinding on manuscript disposition, we organized data as 2 � 2

contingency tables, with author unblinding (yes/no) and manu-

script acceptance (yes/no) as factors. We used the Fisher exact test

for count data to examine the relationship among the variables.

To determine the effect of author or reviewer location on man-

uscript disposition, we organized data as 12 � 2 contingency ta-

bles, with author or reviewer location and manuscript acceptance

(yes/no) as factors. We used the Fisher exact test for count data to

examine the relationship among the variables.

RESULTS
The response rate for the 1079 questionnaires offered to reviewers

was 98.8%. Of the 1066 responses, 137 (12.9%) knew or suspected

that they knew the principal author of the manuscript and 163

(15.3%) reviewers knew or suspected that they knew the institu-

tion from which the work originated. Of the 154 reviewers sus-

pecting that they had knowledge of the manuscript authors, 139

(90.3%) correctly identified the authors of the submitted manu-

scripts. Of the 159 reviewers who stated that they knew the insti-

tution from which the work originated, 138 (86.8%) were correct.

From the pool of reviewers who provided explanations for their

suspected knowledge of authors and institutions of origin, un-

blinding resulted from self-citation in 34.1% of occurrences for

both authorship and institutions.

The rate of acceptance when reviewers knew or suspected that

they knew the authors was 57/137 (41.6%), and the rate of accep-

tance when reviewers did not identify the authors was 262/929

(28.2%). With a 2-sided Fisher exact test for count data, the null

hypothesis that there was no association between perceived un-

blinding of the author and the rate of acceptance of the manu-

script was rejected (P � .038; odds ratio � 1.45; 95% confidence

interval, 1.016 –2.059) (Table 2 and Fig 1A). An odds ratio of 1.45

measures the higher odds of the manuscript being accepted if

perceived author unblinding occurs.

The rate of acceptance when reviewers knew or suspected that

they knew the institutions from which the work originated was

Table 1: AJNR reviewer questionnaire
Questionnaire

1) Can you identify the principal authors of manuscript reviewed?
A) I know I could.
B) I suspect I could.
C) I do not think I could.

2) Can you identify the institutions from which the reviewed
work originates?

A) I know I could.
B) I suspect I could.
C) I do not think I could.

3) Can you identify either the authors or institutions?
A) I know I could.
B) I suspect I could.
C) I do not think I could.

4) If you answered A or B for the above question, please enter
the suspected author, institution, or both.

5) Were you familiar with the research findings before review?
A) Yes
B) No
C) Not sure

Table 2: Contingency table showing manuscript counts and
percentages for the relationship between manuscript disposition
and author or institution unblinding in cell percentagesa

Manuscript Accepted

No Yes
Author unblinded

No 635 (59.6%) 254 (23.9%)
Yes 112 (10.5%) 65 (6.10%)

Institution unblinded
No 634 (59.5%) 254 (23.8%)
Yes 113 (10.6%) 65 (6.10%)

a Both author and institution unblinding are associated with a greater chance of
manuscript acceptance.
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60/163 (36.8%), and the rate of acceptance when reviewers did

not believe they knew the institution from which the work origi-

nated was 259/903 (28.7%).

With a 2-sided Fisher exact test, the null hypothesis that there

was no association between perceived unblinding of the institu-

tion and the manuscript acceptance rate was rejected (P � .039;

odds ratio � 1.44; 95% confidence interval, 1.006 –2.037) (Table

3 and Fig 1B).

With a 2-sided Fisher exact test, the null hypothesis that there

was no association between perceived author unblinding and per-

ceived institution unblinding was rejected (P � .0001, odds

ratio � 6920).

To examine whether the manuscript acceptance rate was de-

pendent on reviewers guessing correctly, we used a 2-sided Fisher

exact test with the null hypothesis that there was no association

between correctly guessing and manuscript acceptance. The re-

sulting odds ratio was 0.46 (P � .18).

With a 2-sided Fisher exact test, the null hypothesis that there

was no association between the corresponding author’s geo-

graphic location and manuscript acceptance was rejected. Corre-

sponding authors from the Southeast United States, Midwest

United States, and West Coast United States were more likely to

have a manuscript accepted, and corresponding authors from the

Midwest United States were also less likely to have a manuscript

rejected (P � .0001). Authors from Asia and China were less likely

to have manuscripts accepted and were

more likely to have manuscripts rejected

(Fig 2A).

With a 2-sided Fisher exact test, the

null hypothesis that there was no associ-

ation between reviewer geographic loca-

tion and manuscript acceptance was re-

jected. Reviewers from the Midwest

were more likely to accept a manuscript,

and reviewers from Asia were less likely

to accept and more likely to reject a

manuscript (P � .0035) (Fig 2B).

The rate of AJNR manuscript accep-

tance during the 6-month study period

was 29.9%. This acceptance rate was

consistent with journal acceptance rates

during a longer period, including 2013

(21.3%), 2014 (23.6%), and 2015

(28.2%).

Across the United States, we observed

strong geographic variation in reviewer

and author density (Fig 3). Regional density was similar for

authors and reviewers, with a strong association between the

locations of authors and reviewers. These patterns appear to be

related to the regional density of diagnostic radiologists reported

by the Centers for Medicare and Medicaid Services (https://www.

cms.gov/research-statistics-data-and-systems/statistics-trends-

and-reports/medicare-provider-charge-data/physician-and-other-

supplier.html).

DISCUSSION
Scientific progress depends on both the dissemination of ideas
and their rigorous critique. Despite concerns about bias in the
peer review process, most researchers still believe that double-
blind peer review is essential for the appraisal of claims of new
knowledge and effective communication with the scientific com-
munity,22,23 motivating the research community to grapple with
the question of how to improve the existing review processes.

In a single-blind review process, the reviewers’ identities are
concealed from the author, but author identity is revealed to re-
viewers. While this is a commonly used model for peer review in
the scientific community, double-blind peer review is perceived as
more objective and fair.22 Its perceived benefits include protec-
tion of authors from potential reviewer bias and enabling review-
ers to be forthright in their manuscript critiques without fear of
interpersonal or political conflicts.22,23 To test these assumptions,
we examined the incidence of perceived manuscript unblinding,
examining the relationship between reviewers’ perceived knowl-
edge of principal authors and institutions of manuscripts submit-
ted to AJNR and their likelihood of acceptance.

Although the incidence of perceived unblinding in our study
was relatively low compared with findings from studies evaluating
its incidence in other journals,15-21 when perceived author or in-
stitution unblinding occurred, there was higher likelihood of
manuscript acceptance.

A number of possible mechanisms could explain our results.
Reviewers could feel compelled to accept the work of a known and
respected investigator. Alternatively, it may be difficult to blind

FIG 1. Mosaic plots graphically displaying data from 2 � 2 contingency tables. A, Unblinding of
the author is associated with a higher rate of manuscript acceptance. B, Unblinding of the insti-
tution is associated with a higher rate of manuscript acceptance. There are 4 cells, and the area of
each cell represents the frequency of each of the 4 unique combinations of variable levels. The
“standardized residual” is the residual divided by its SD. Therefore, the standardized residual
rating represents the degree to which the 2 categorical variables are independent of each other,
in units of SD. Colors represent the deviation in each cell from those expected from the null
hypothesis that the 2 variables are not associated, with the color intensity indicating the degree
of “surprise” associated with rejection of the null hypothesis (http://www.r-tutor.com/elementary-
statistics/simple-linear-regression/standardized-residual).

Table 3: Contingency table showing manuscript counts and
percentages for the relationship between manuscript disposition
and author or institution unblinding in row percentagesa

Manuscript Accepted

No Yes
Author unblinded

No 635 (71.4%) 254 (28.6%) 100%
Yes 112 (63.3%) 65 (36.7%) 100%

Institution unblinded
No 634 (71.4%) 254 (28.6%) 100%
Yes 113 (63.5%) 65 (36.5%) 100%

a Both author and institution unblinding are associated with a greater chance of
manuscript acceptance.

232 O’Connor Feb 2017 www.ajnr.org

https://www.cms.gov/research-statistics-data-and-systems/statistics-trends-and-reports/medicare-provider-charge-data/physician-and-other-supplier.html
https://www.cms.gov/research-statistics-data-and-systems/statistics-trends-and-reports/medicare-provider-charge-data/physician-and-other-supplier.html
https://www.cms.gov/research-statistics-data-and-systems/statistics-trends-and-reports/medicare-provider-charge-data/physician-and-other-supplier.html
https://www.cms.gov/research-statistics-data-and-systems/statistics-trends-and-reports/medicare-provider-charge-data/physician-and-other-supplier.html
http://www.r-tutor.com/elementary-statistics/simple-linear-regression/standardized-residual
http://www.r-tutor.com/elementary-statistics/simple-linear-regression/standardized-residual


reviewers to authors with longer research histories and more pub-
lications or who may have a history of submitting higher quality
manuscripts. Dissociating the effects of manuscript quality from
author and institution name recognition could be difficult with-
out amassing more observations than were available for this study
because we would need to accrue enough instances of high man-
uscript quality and low author or institution recognition to allow
accurate estimates of these effects. An explanation of the interna-
tional author effects may be that investigators whose first lan-
guage is not English or who have not spent time in Western coun-
tries may not have written English skills commensurate with the
challenges inherent in scientific writing, leading to lower per-
ceived quality of the associated work.

While AJNR maintains a policy of author anonymity, we
found that authors either forgot or intentionally failed to elimi-
nate mention of institutions, affiliations, or previous work in
34.1% of instances of perceived unblinding. Other studies have
also cited self-referencing patterns as a frequent source of un-
blinding.24 It may be possible to increase authors’ compliance
with the policy on author anonymity by having journal staff re-
move self-citations in the manuscript before sending it out for
review. Instructions for authors should also emphasize avoiding
the use of the first person in their writing. For example, phrases
such as “we have shown that” should be replaced with “Jones et al
have shown that.”25 It has been recommended that authors avoid
the use of 3 or more references from the same individual and

avoid citations that are “in press,” be-
cause these typically reflect work by the
same author or institution.25 In the lat-
ter case, reviewers may not have access
to these unpublished references. These
tasks might increase the workload for
journal administrative staff. However,
such additional effort may decrease the
authors’ vulnerability to potential re-
viewer bias and may also improve the
quality of the reviews.26,27

In some instances of unblinding, a
reviewer may have previously reviewed
the manuscript as a submission to a dif-
ferent journal before AJNR received it
because there is a small pool of experts
available for certain specialized topics.
In a study evaluating factors that influ-
ence successful blinding, it was found
that in 3 medical journals with a long-
standing policy of blinding author iden-
tity, reviewers who spent more time in

FIG 2. Mosaic plots graphically displaying data from 12 � 2 contingency tables. A, Author location
is associated with a differential rate of manuscript acceptance. In the United States, with the
exception of the northeast and mountain states, manuscripts are accepted at a higher rate.
Manuscripts from Asia and China have a lower-than-expected acceptance rate. B, Reviewer
location is associated with a differential rate of manuscript acceptance. Reviewers from the
Midwest are more likely to accept a manuscript than would be expected, and reviewers from Asia
are more likely to reject manuscripts. The area of each cell represents the frequency of each of
the unique combinations of variable levels. The “standardized residual” is the residual divided by
its SD. Therefore, the standardized residual rating represents the degree to which the 2 categoric
variables are independent of each other, in units of SD (http://www.r-tutor.com/elementary-
statistics/simple-linear-regression/standardized-residual).

FIG 3. Reviewer locations for accepted and rejected manuscripts, while highly associated, are not distributed uniformly across the United
States. This density distribution follows the distribution of diagnostic radiologists.
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research were less likely to be successfully blinded.28 While using
reviewers with less research and reviewing experience increased
the success of blinding by journals, it is uncertain how this strategy
affects review quality. One study showed that younger age, lower
academic rank, employment at a strong academic institution,
knowledge of the editor, and previous referee experience are re-
viewer characteristics associated with higher quality reviews.27,29

Higher review quality has also been shown to be associated with
reviewers with training in epidemiology and statistics.30 Another
study has shown that younger and more experienced referees tend
to provide stricter assessments of manuscript quality than more
senior or less experienced colleagues.31 It has also been shown
that authors and editors perceived no difference in the quality
of blinded and unblinded reviews.16,20,32

Peer review is intended to improve the publication process by
helping editors select high-quality articles that are appropriate for
the journal. It is also intended to improve the written presentation
of the articles selected for publication.33 Double-blind peer review
is designed to protect both authors and reviewers. Our study
shows that the double-blind peer review process used at AJNR
effectively maintains double anonymity in most instances.

At a time when the millennial generation is joining the medical
and scientific community, the possibility of an open or hybrid
review system could be considered.34 In an open system, scientists
post their articles on dedicated Web sites to undergo a review
process in which authors and reviewers are known to each
other.22,35 After nominated referees and other interested scien-
tists post their comments regarding the work, the disposition for
publication is determined. Proponents of this system argue that it
increases transparency, incentivizes reviewers to be constructive
in their critiques, and expedites the publication process.22,35 The
British Journal of Psychiatry conducted a randomized controlled
trial of open peer review, in which referees were asked to sign their
reviews. Not only did most referees agree to sign their reviews,
but the signed review quality was higher and more courteous
than anonymized reviews. Signed reviews also took longer to
complete.36

When the British Medical Journal conducted a randomized
trial of referees revealing their identity to authors in the peer re-
view process, there were no effects on editors’ ratings of the qual-
ity of the reviews provided or on manuscript disposition or the
time taken to review. There was, however, a likelihood of referees
declining to review.32 Some journals that have tried an open re-
view system have had less favorable results. For example, when
Nature tried an open peer review system in 2006, only a small
proportion of authors opted to participate in the open system,
and of authors who did participate, few received technically sub-
stantive comments.37 Currently, most journals are reluctant to
adopt such a system because it can increase the time to final dis-
position, result in several article versions that may be confusing,
may be associated with reviews of lesser quality than those from
invited reviewers, and have fewer valuable reviews.13

A hybrid review system in which only selected articles undergo
the open peer review process may provide the scientific commu-
nity with exposure to this process before making a determination
about its general viability. Nevertheless, whether an open or hy-
brid review system would be better for AJNR than the current
double-blind peer review system is an open question because the

current system is largely effective in minimizing potential biases

against authors.

An editor takes responsibility for the quality of advice on the

disposition of manuscripts. A judicious editor can prevent many

of the abuses that a more open review system is intended to pre-

vent, such as hostile comments, unsubstantiated criticisms, and

delay of competitors’ manuscripts.38 We believe that scientific

evaluation of the peer review process is of value to scientific jour-

nals because it will support them in maintaining the credibility of

the publication process and demonstrating commitment to im-

proving the process when needed. In addition, government agen-

cies have taken interest in the peer review process during the past

decade, emphasizing the importance of maintaining confidenti-

ality,39 improving the integrity of the prepublication process, and

encouraging research groups to optimize their review systems.34

Perhaps there could be more emphasis in the AJNR editorial pro-

cess on the authors’ responsibility to maintain anonymity. For

example, instead of stating “our previous work,” authors could be

encouraged to say that “previous studies have shown.”

Study Limitations
In this study, reviewers’ experience with the manuscript blinding

process was studied during a 6-month period. Sampling the re-

view process for a longer time and allowing assessment of chang-

ing reviewer pool effects are needed for generalization of our find-

ings. Also, some geographic regions had relatively few associated

authors or reviewers; this feature limits the strength of the infer-

ences that can be drawn from these data. Our study was observa-

tional rather than experimental in design, due to the need for

AJNR to uphold its policy of anonymity to authors and reviewers.

While a randomized experimental design would allow equal

numbers of blinded and unblinded reviews, reviewers’ knowledge

of whether they had been placed in the unblinded or blinded

groups could bias their assessment of the manuscripts and influ-

ence the acceptance rate in ways that would be difficult to deter-

mine. Highly cited or well-published authors are more likely to

submit high-quality manuscripts with an associated high likeli-

hood of acceptance, and manuscripts from these authors are more

likely to be recognized. Our study did not attempt to assess the

confounding effects of manuscript quality, a potentially impor-

tant factor influencing manuscript acceptance. Although it is pos-

sible that perceived unblinding and manuscript quality both in-

fluenced acceptances rates, further studies will be needed to

isolate these effects. Finally, although our results are derived from

sampling manuscripts in the relatively small field of neuroradiol-

ogy, larger studies may allow generalization to a broader range of

biomedical research.

CONCLUSIONS
The process of double-blind peer review used by AJNR is largely

effective in minimizing reviewer bias. However, perceived un-

blinding of authors or institutions is associated with a higher rate

of manuscript acceptance. There is also an association between

author or reviewer geographic location and manuscript accep-

tance. Our results should motivate further study of double-blind

peer review with a larger sample for a longer period.
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COMMENTARY

Glass Half Full

In this issue, O’Connor and colleagues1 report a study on the

efficacy of double-blind peer review in the American Journal of

Neuroradiology (AJNR). They found that 12.7% of reviewers

thought or suspected that they knew the authors’ identities. Most

of the time when the reviewers thought they knew, they did—

some 90% chose correctly. Several questions and interesting

points are raised by this article:

1) Does this mean peer review doesn’t work and that double-

blind peer review is going away in AJNR? No.

Keep in mind that approximately 87% of the time, the blind

held. Being a glass-half-full person, and knowing firsthand the

incredible variety of manuscripts and writing styles that we en-

counter, that number seems a remarkably good data point. The

literature attests to the overall high quality of the blinding process

as it is applied in the AJNR, with previous publications reporting

the blind can be broken 25%– 46% of the time.2,3 The AJNR cur-

rently has the lowest rate of unblinding in the literature.

2) When the blind is broken, does it harm the author’s chance

of having the manuscript accepted? Interestingly, this would seem

to increase the chance of publication. There may be bias involved,

but the bias helps the author. This effect has also been previously

reported in that proportionally fewer manuscripts are published

when there is no idea of the author’s identity versus knowing the

identity.3,4 Perhaps the confounding aspect of the unblinding is

that the well-known authors are well known for a very good rea-

son, such as consistently producing good science.

3) As pointed out in the article, some of the onus is on us as the

editors and staff to correctly modify the incoming articles to make

them more neutral, where possible. Some of the onus, however, is

on the author to write in a neutral style that does not include

obvious self-citation or specific identifying information. You are

proud of your previous work, and that work may have formed the

basis for your current research, but keep the concept of double-

blind review in your mind as the manuscript is written.

Sometimes, it is not possible to adequately blind the manu-

script without gutting the manuscript of the necessary back-

ground information the reviewer will need to make an informed

decision. The following are a few examples we have encountered

in the past few months (scrubbed and sanitized to protect the

innocent). How would you deal with these cases?

● Referencing a previously published patient cohort to either

report a subset analysis or to reference the cohort demographics,

inclusion criteria, outcome measures, etc.

● Use of prior publication conclusions to justify the current

manuscript (eg, a recent study of X showed differences in Y, which

we evaluated in this study of Z).

● Data from the previous intervention X have been reported.

● This study is part of the XYZ Foundation study into imaging of Q.

● Intervention X is the standard management of Q at our

institution.

● We have used the XYZ sequence as previously performed by Q.

● A population-based study of XYZ imaging located in the

Kingdom of Latveria. (Gold star if you recognize this location

without a search engine.)

As O’Connor et al1 concluded, “the double-blind peer review

process used at AJNR effectively maintains double anonymity in

most instances.” We will continue to strive for better blinding on

the editorial side, and with you on the author side, that is a realistic

goal. To paraphrase Winston Churchill’s democracy quote: Dou-

ble-blind peer review is the worst form of review, except all the

others that have been tried.
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ORIGINAL RESEARCH
ADULT BRAIN

Utility of a Multiparametric Quantitative MRI Model That
Assesses Myelin and Edema for Evaluating Plaques, Periplaque

White Matter, and Normal-Appearing White Matter in Patients
with Multiple Sclerosis: A Feasibility Study

X A. Hagiwara, X M. Hori, X K. Yokoyama, X M.Y. Takemura, X C. Andica, X K.K. Kumamaru, X M. Nakazawa, X N. Takano,
X H. Kawasaki, X S. Sato, X N. Hamasaki, X A. Kunimatsu, and X S. Aoki

ABSTRACT

BACKGROUND AND PURPOSE: T1 and T2 values and proton density can now be quantified on the basis of a single MR acquisition. The
myelin and edema in a voxel can also be estimated from these values. The purpose of this study was to evaluate a multiparametric
quantitative MR imaging model that assesses myelin and edema for characterizing plaques, periplaque white matter, and normal-appearing
white matter in patients with MS.

MATERIALS AND METHODS: We examined 3T quantitative MR imaging data from 21 patients with MS. The myelin partial volume, excess
parenchymal water partial volume, the inverse of T1 and transverse T2 relaxation times (R1, R2), and proton density were compared among
plaques, periplaque white matter, and normal-appearing white matter.

RESULTS: All metrics differed significantly across the 3 groups (P � .001). Those in plaques differed most from those in normal-appearing
white matter. The percentage changes of the metrics in plaques and periplaque white matter relative to normal-appearing white matter
were significantly more different from zero for myelin partial volume (mean, �61.59 � 20.28% [plaque relative to normal-appearing white
matter], and mean, �10.51 � 11.41% [periplaque white matter relative to normal-appearing white matter]), and excess parenchymal water
partial volume (13.82 � 103 � 49.47 � 103% and 51.33 � 102 � 155.31 � 102%) than for R1 (�35.23 � 13.93% and �6.08 � 8.66%), R2 (�21.06 �

11.39% and �4.79 � 6.79%), and proton density (23.37 � 10.30% and 3.37 � 4.24%).

CONCLUSIONS: Multiparametric quantitative MR imaging captures white matter damage in MS. Myelin partial volume and excess
parenchymal water partial volume are more sensitive to the MS disease process than R1, R2, and proton density.

ABBREVIATIONS: EDSS � Expanded Disability Status Scale; NAWM � normal-appearing white matter; PD � proton density; PWM � periplaque white matter;
VCL � cellular partial volume; VEPW � excess parenchymal water partial volume; VFW � free water partial volume; VMY � myelin partial volume; %BPVEPW � the
percentage of excess parenchymal water volume in brain parenchyma; %BPVMY � the percentage of myelin volume in brain parenchyma; QRAPMASTER � quantifi-
cation of relaxation times and proton density by multiecho acquisition of a saturation-recovery using turbo spin-echo readout; R1 and R2 � inverse of T1 and transverse
T2 relaxation times

MS is an inflammatory demyelinating disorder of the central

nervous system, which mainly affects young adults. MR im-

aging plays a major role in the diagnosis and surveillance of pa-

tients with MS for initial and follow-up detection of focal cerebral

lesions.1 In addition to conventional MR imaging techniques in-

cluding T2-weighted imaging, quantitative MR imaging tech-

niques enable characterization of MS lesions and detection of oth-

erwise hidden abnormalities in normal-appearing white matter

(NAWM).2,3 Moreover, diffusion tensor imaging and q-space im-

aging reveal abnormalities of white matter at the periphery of

visible plaques on conventional MR images (periplaque white

matter [PWM]) and NAWM4,5: The fractional anisotropy and

apparent diffusion coefficient measured by diffusion tensor im-

aging and root mean square displacement measured by q-space

imaging were worst in plaques, and in PWM, worse than in

NAWM.

A recently developed MR imaging quantification pulse se-
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quence, QRAPMASTER (quantification of relaxation times and

proton density by multiecho acquisition of a saturation-recovery

using turbo spin-echo readout), has made it possible to quantify

longitudinal T1 and transverse T2 relaxation times, their inverses

R1 and R2, and proton density (PD) in a single acquisition in a

clinically acceptable time.6 A phantom study has shown that these

measurements are sufficiently accurate and reproducible for use

in clinical practice.7 Several studies have also shown the validity of

this sequence in evaluating diseases such as metastatic brain tu-

mors8 and Sturge-Weber syndrome,9,10 in addition to MS.11 Even

though the synthetic FLAIR image has lower image quality than

the conventional FLAIR image, synthetic MR imaging overall has

been shown to have comparable diagnostic power with conven-

tional MR imaging for MS, while additionally offering fast and

robust volumetry.11 By using the QRAPMASTER pulse sequence,

the R1, R2, and PD values of plaques, NAWM, and diffusely ab-

normal white matter of patients with MS were shown to be differ-

ent from those of white matter in healthy controls.12 Further-

more, the myelin partial volume (VMY) and excess parenchymal

water partial volume (VEPW) can now be estimated from R1, R2,

and PD,13 to indicate the quantities of myelin and edema, respec-

tively, in the brain. In the pathologic brain, a decrease in VMY

indicating myelin loss or an increase in VEPW indicating edema

will occur in this model. This model postulates 4 partial volume

compartments: VMY, the cellular partial volume (VCL), the free

water partial volume (VFW), and VEPW. The model assumes that

each compartment has its own R1, R2, and PD values and that the

relaxation behaviors of all 4 compartments contribute to the ef-

fective R1, R2, and PD values of an acquisition voxel. VMY con-

tains myelin water and myelin macromolecules. VCL contains

intracellular water, extracellular water, and nonmyelin macro-

molecules. Myelin water is trapped between myelin sheaths and

has a much shorter T2 relaxation time than intracellular and ex-

tracellular water. The commonly calculated myelin water fraction

corresponds to PD in the VMY. The proportional relation between

myelin water fraction and myelin content has been validated by

histopathology.14,15 VEPW, or edema, adds water to the VCL. Be-

cause no distinction can be made between excess water and the

already present water in the VCL, the magnetization exchange rate

between VEPW and VCL is assumed to be infinitely high. VMY and

VEPW may reflect the disease burden of patients with MS more

specifically than R1, R2, and PD.

The aim of this study was to evaluate this multiparametric quan-

titative MR imaging model that assesses myelin and edema for char-

acterizing plaques, PWM, and NAWM in patients with MS.

MATERIALS AND METHODS
Study Participants
The present study was approved by the institutional review board

of Juntendo University Hospital, Japan. Given its retrospective

nature, written informed consent was waived. All patient infor-

mation was anonymized and de-identified before analysis. Data

from 36 consecutive patients with MS who underwent quantita-

tive MR imaging from April 2015 through November 2015 were

retrospectively reviewed. These patients were diagnosed accord-

ing to standard criteria.1,16,17 Of the 36 patients, 15 had diffusely

abnormal white matter18 and were excluded from the study be-

cause it was difficult to adequately evaluate MS focal lesions in

these patients. Therefore, 21 patients (4 males and 17 females;

mean age, 38.3 years; age range, 16 – 61 years) were included in the

analysis. Of these, 18 had relapsing-remitting MS and 3 had clin-

ically isolated syndrome. The mean score on the Expanded Dis-

ability Status Scale (EDSS)19 at image acquisition was 0.8 (range,

0 – 6.0), and the mean disease duration was 7.1 � 4.8 years. With

the exception of 1 plaque in 1 patient, no new lesion was detected

on conventional MR imaging since the last ones obtained at least

4 months earlier. All patients were clinically stable for at least 6

months, except 1 who presumably had optic neuritis 2 months

before MR imaging but showed no new lesion on conventional

MR imaging.

MR Imaging
All MR imaging sequences were performed on a 3T scanner (Dis-

covery MR750w; GE Healthcare, Milwaukee, Wisconsin) with a

12-channel head coil. All patients underwent quantitative axial

MR imaging and conventional axial T1-weighted inversion recov-

ery, T2-weighted, and FLAIR imaging.

Quantitative MR imaging was performed by using the 2D axial

QRAPMASTER pulse sequence.6 This pulse sequence is a multi-

section, multiecho, multisaturation delay method of saturation-

recovery acquisition by a turbo spin-echo readout, with which

images are obtained by different combinations of TE and saturation

delay time. In this study, 2 sets of TE values and 4 sets of delay time

values were used to generate 8 real images and 8 imaginary

images in 1 section to quantify longitudinal T1 and transverse

T2 relaxation times as well as the PD. The TE values used were

16.9 and 84.5 ms, and the delay time was set as defined by the

manufacturer (SyntheticMR, Linköping, Sweden). The param-

eters used for quantitative MR imaging were as follows: FOV,

240 � 240 mm; matrix, 320 � 320; echo-train length, 10; band-

width, 31.25 kHz; section thickness/gap, 4.0/1.0 mm; number

of sections, 30.

On the basis of the assumption that R1, R2, and PD values of

VMY, VEPW, VCL, and VFW all contribute to the effective R1, R2,

and PD in a voxel, a model was created to estimate partial volumes

of these 4 compartments by running Bloch equations and setting

up a cost function in a spatially normalized and averaged brain

from a group of 20 healthy controls described by Warntjes et al.13

Using this model, we created VMY and VEPW maps from R1, R2,

and PD maps. This procedure was automatically performed by

SyMRI software (Version 8.0; SyntheticMR). The R1, R2, and PD

maps were then used to create synthetic MR images. Conven-

tional T1-weighted inversion recovery images were obtained by

using the following parameters: TR, 3294 ms; TE, 18 ms; TI, 908

ms; FOV, 240 � 216 mm; matrix, 352 � 256; echo-train length, 8;

section thickness/gap, 4.0/1.0 mm; number of sections, 30. T2-

weighted images were obtained by using TR, 4500 ms; TE, 111 ms;

FOV, 240 � 240 mm; matrix, 512 � 512; echo-train length, 24;

section thickness/gap, 4.0/1.0 mm; number of sections, 30. FLAIR

images were obtained by using TR, 9000 ms; TE, 124 ms; TI, 2472

ms; FOV, 240 � 240 mm; matrix, 320 � 224; echo-train length,

16; section thickness/gap, 4.0/1.0 mm; number of sections, 30.

Conventional MR images were obtained at the same sections as

the quantitative MR images.
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Image Analysis
Synthetic T2-weighted images and maps of VMY, VEPW, R1, R2,

and PD were created from raw quantification data by the SyMRI

software on a commercial personal computer and converted to

DICOM files (Fig 1). Synthetic T2-weighted images were pro-

duced by using the following parameters: TR, 4500 ms; TE, 100

ms. These data were then analyzed by OsiriX Imaging Software,

Version 7.0.3 (http:// www.osirix-viewer.com). ROIs were drawn

on plaques, PWM, and NAWM on synthetic T2-weighted images.

A plaque was defined as an area of abnormally high intensity, �5

mm, on a T2-weighted image; PWM was defined as a normal-

intensity white-matter area closest to a plaque; and NAWM was

defined as a normal-intensity area contralateral to a plaque.4,5 An

experienced neuroradiologist (A.H.) used conventional and syn-

thetic images to confirm 135 plaques, which were then analyzed.

A single investigator (M.N.), blinded to the clinical information,

manually placed ROIs on T2-weighted images. A freehand ROI

was drawn to encircle a plaque, after which up to 4 ROIs, approx-

imately half the size of the initial ROI, were placed on the PWM of

that plaque (Fig 2). The PWM ROIs were placed so that adjacent

ROIs were approximately 90° apart to form a circle that sur-

FIG 1. Representative images of a 27-year-old woman with multiple
sclerosis. Panels show a synthetic T2-weighted image (A), a conventional
T2-weighted image (B), and maps of myelin partial volume (C), excess
parenchymal water partial volume (D), R1 (E), R2 (F), and PD (G). Two
plaques are shown by arrows on the T2-weighted images (A and B). On
the VEPW map (D), the periphery of the plaque adjacent to the trigone of
the right ventricle (arrow) is visible but the one adjacent to the anterior
horn of the left ventricle is not. The VEPW of this invisible plaque was very
low but still higher than that of NAWM. The red intracranial outline is
displayed for visual guidance in tissue images (C and D).

FIG 2. Magnified images of Fig 1A. The upper 2 panels show the same
synthetic T2-weighted image without (A) or with (B) placement of
ROIs. An ROI (black arrow) was drawn on a plaque adjacent to the left
anterior horn, and 3 ROIs (arrowheads) were placed on periplaque
white matter to encircle the plaque. The fourth ROI on PWM was
discarded because it overlapped the CSF. The ROI of the plaque was
copied and pasted onto the contralateral normal-appearing white
matter (white arrow). These ROIs were then copied and pasted onto
each quantification map. A map of the corresponding myelin partial
volume (C) is shown as an example.
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rounded the plaque. A PWM ROI that overlapped CSF, gray mat-

ter, or other plaques was removed. Consequently, 128 PWM ROIs

were discarded on this basis. The mean ROI size was 44.82 �

29.12 mm2 for a plaque and 21.19 � 12.59 mm2 for PWM. The

ROI of a plaque was copied and pasted onto the contralateral

NAWM. Finally, these ROIs were copied and pasted onto the

maps of VMY, VEPW, R1, R2, and PD in the same patient, and the

mean value of each ROI was recorded. The percentages of myelin

and excess parenchymal water volume in brain parenchyma

(%BPVMY and %BPVEPW) were also calculated on SyMRI soft-

ware and recorded.

Statistical Analysis
Statistical analysis was conducted with the software package R,

Version 3.2.1 (http://www.R-project.org/). Not all data were nor-

mally distributed; therefore, we used the Steel-Dwass test, which is

a nonparametric test for multiple comparisons, to compare the

values of VMY, VEPW, R1, R2, and PD among plaques, PWM, and

NAWM. The percentage change of plaques or PWM relative to

NAWM was also calculated and compared among different met-

rics (ie, VMY, VEPW, R1, R2, and PD). The sign of this percentage

change for VMY, R1, and R2 was inverted for statistical analysis

because overall, the values of these metrics were higher in NAWM

than in plaques or PWM. EDSS and disease duration were corre-

lated with %BPVMY and %BPVEPW by using the Spearman rank

order correlation coefficient. A 2-sided P value � .05 was consid-

ered significant.

RESULTS
The results of ROI analysis and comparisons among plaques,

PWM, and NAWM are shown in Table 1. All VMY, VEPW, R1, R2,

and PD values differed significantly among plaques, PWM, and

NAWM. VMY was lower in plaques and PWM than in NAWM,

with plaques showing the lowest value; VEPW was higher in

plaques and PWM than in NAWM, with plaques showing the

highest value; R1 was lower in plaques and PWM than in NAWM,

with plaques showing the lowest value; R2 was lower in plaques

and PWM than in NAWM, with plaques showing the lowest val-

ue; and PD was higher in plaques and PWM than in NAWM, with

plaques showing the highest value.

The percentage changes of VMY, VEPW, R1, R2, and PD in

plaques and PWM relative to NAWM are shown in Table 2. Those

of VEPW in plaques and PWM relative to NAWM were signifi-

cantly more different from zero than those of VMY, R1, R2, and

PD; those of VMY in plaques and PWM relative to NAWM were

significantly more different from zero than those of R1, R2, and

PD.

To confirm the accuracy of the evaluation, the experienced

neuroradiologist (A.H.) randomly selected 5 patients with 24

plaques and performed an ROI analysis for VMY in the same man-

ner. The interobserver reproducibility was measured between the

2 observers (M.N. and A.H.): interclass correlation coefficient for

plaques, 0.86 (95% CI, 0.71– 0.94); interclass correlation coeffi-

cient for PWM, 0.81 (95% CI, 0.62– 0.91); interclass correlation

coefficient for NAWM, 0.83 (95% CI, 0.64 – 0.92).

Significant correlations with EDSS and disease duration were

not found with %BPVMY and %BPVEPW (EDSS versus %BPVMY,

P � .463; EDSS versus %BPVEPW, P � .758; disease duration

versus %BPVMY, P � .99; and disease duration versus %BPVEPW,

P � .488).

DISCUSSION
The result of lower R1, lower R2, and higher PD in plaques than in

NAWM is consistent with the results of a previous report.12 Our

report is the first to show that these measurements in PWM take

values between plaques and NAWM. The finding that abnormal

measurements extended beyond plaques agrees with previous

studies of histology,20,21 MR spectroscopy,22 and MR diffusion

metrics.4,5 The MS disease process extends beyond the borders of

visible plaques on conventional T2-weighted images.4 Specifi-

cally, histologic studies have shown that Wallerian degeneration

and retrograde degeneration of the cell body occur around demy-

elinating plaques.23,24 The fact that axonal degeneration causes

myelin degradation25 suggests that demyelination in plaques

leads to reduced VMY in PWM. Another explanation for de-

creased VMY in PWM can be found in the natural history of MS

plaque evolution and regression. An MS plaque enlarges and re-

gresses in a concentric manner around a small vein.26 Therefore,

partial remyelination without gliosis in PWM after regression of

an MS plaque may lead to decreased VMY, even after once hyper-

intense PWM on the T2-weighted image

has already been normalized.

In this study, VEPW, which reflects

the amount of edema, was higher in

plaques and PWM than in NAWM. It

has been shown that the aquaporin 4

gene is upregulated in PWM and even

Table 1: Descriptive values of plaques, periplaque white matter, and normal-appearing
white mattera

VMY (%) VEPW (%) R1 (s−1) R2 (s−1) PD (%)
Plaques 12.59 � 6.66 5.82 � 4.75 0.90 � 0.20 10.88 � 1.41 78.86 � 6.35
PWM 29.29 � 3.73 2.31 � 2.38 1.31 � 0.13 13.14 � 0.77 68.09 � 2.49
NAWM 32.88 � 3.12 0.92 � 1.90 1.40 � 0.08 13.85 � 0.97 63.97 � 2.07

a Values are mean � SD. P � .001 for all metrics among each tissue type.

Table 2: Percentage changes of VMY, VEPW, R1, R2, and PD in plaques and periplaque white matter relative to normal-appearing white
mattera

VMY (%) VEPW (%) R1 (%) R2 (%) PD (%)
Plaques �61.59 � 20.28b 13.82 � 103 � 49.47 � 103b �35.23 � 13.93b �21.06 � 11.39b 23.37 � 10.30b

PWM �10.51 � 11.41c 51.33 � 102 � 155.31 � 102c �6.08 � 8.66c �4.79 � 6.79c 3.37 � 4.24b

a Values are mean � SD. Of the 135 ROIs, 39 were discarded after calculating the percentage change of VEPW relative to NAWM because the VEPW of these ROIs was equivalent
to zero in NAWM.
b P � .001 in the percentage change for plaques relative to NAWM for comparison between each pair of metrics, except between R2 and PD (P � .31). Statistical analysis was
performed for absolute values.
c P � .001 in the percentage change for PWM relative to NAWM between VEPW and other metrics, and between VMY and R2 or PD, P � .05 between VMY and R1, and P � .05
between R2 and R1 (.31) or PD (.30). Statistical analysis was performed for absolute values.
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more in plaques.21 It is suggested that this upregulation is for

protecting damaged tissue from disturbed water balance. Our re-

sult of elevated VEPW in these regions supports this speculation.

Because MR spectroscopy results suggest that acute lesions are

more edematous than chronic lesions,27 VEPW in a plaque may

predict the acute status of a lesion (ie, its enhancement). Visual

inspection of Fig 1D (arrow) reminds us of a ring-pattern en-

hancement with the VEPW for a plaque higher in its periphery than

in its center. Given that blood-brain barrier disruption and edema

formation are correlated phenomena,28 a higher VEPW may sug-

gest the existence of blood-brain barrier disruption. Although R1,

R2, and PD are good predictors of lesion enhancement,29 the

combination of VMY and VEPW may be a better predictor because

it provides a more specific description of a lesion. This conjecture

was not validated here because almost all lesions investigated were

chronic and no contrast medium was used. In this study, VMY and

VEPW were more sensitive in showing abnormalities in plaques

and PWM than R1, R2, and PD. Therefore, VMY and VEPW are

potentially more sensitive biomarkers of the disease process than

R1, R2, and PD, especially in patients with MS.

Radiologic-pathologic correlations of plaques, diffusely ab-

normal white matter, and NAWM have been well-established,

with axonal loss and decreased myelin density most severe in

plaques and more severe in diffusely abnormal white matter than

in NAWM.18 Even though PWM has been investigated radiolog-

ically4,5 and pathologically21 so far, currently no study has corre-

lated the normal-appearing PWM on T2-weighted images with

histology. Alterations of astrocyte functions in PWM have been

demonstrated, which are accompanied by low-grade inflamma-

tion and a progressive loss of myelin without sufficient remyeli-

nation.21 Future study should investigate normal-appearing

PWM on T2-weighted images histologically, which we investi-

gated by multiparametric MR imaging in this study.

No significant correlations with EDSS and disease duration

were found with %BPVMY and %BPVEPW in this study. The cor-

relation between the myelin water fraction, which is the PD of

VMY investigated in this study, of NAWM and EDSS has been

shown in primary-progressive MS30 but not in relapsing-remit-

ting MS so far.31 These investigations suggest that the myelin

content in the NAWM of the severe progressive form of MS (ie,

primary-progressive MS) correlates more with EDSS than that

of the less progressive form (ie, relapsing-remitting MS),

which was investigated in this study. This conjecture should be

validated in a larger study that includes both subtypes of pa-

tients with MS and uses a single method of measuring myelin

water fraction or VMY.

There are a number of potential limitations to our study. First,

our study included a small number of patients and did not include

healthy controls. Second, the age and disease burdens of the pa-

tients varied widely; consequently, the specific pathology of

plaques, PWM, and NAWM may have been diverse. This problem

could be resolved in the future by studying a large population

stratified by age and disease burden. Third, the multiparametric

model used in this study was trained only for healthy brains. It

needs validation in several studies, including our current one,

and further refinement for patients with brain diseases. Last,

although the multiparametric quantitative MR imaging model

used in this study represented the amount of myelin by VMY,

axonal status was not specifically investigated. The axonal vol-

ume fraction can now be estimated from neurite orientation

dispersion and density imaging and the myelin volume frac-

tion.32,33 Therefore, the axonal volume fraction will be com-

bined with the myelin partial volume to further clarify the MS

disease process in a future study.

CONCLUSIONS
VMY, VEPW, R1, R2, and PD were more abnormal in plaques and

PWM than in NAWM, with plaques showing the most abnormal

values. VMY and VEPW were more sensitive to the MS disease

process than R1, R2, and PD. VMY and VEPW are useful estimators

of disease burden in patients with MS.
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ORIGINAL RESEARCH
ADULT BRAIN

Quantifying Intracranial Plaque Permeability with Dynamic
Contrast-Enhanced MRI: A Pilot Study

X P. Vakil, X A.H. Elmokadem, X F.H. Syed, X C.G. Cantrell, X F.H. Dehkordi, X T.J. Carroll, and X S.A. Ansari

ABSTRACT

BACKGROUND AND PURPOSE: Intracranial atherosclerotic disease plaque hyperintensity and/or gadolinium contrast enhancement
have been studied as imaging biomarkers of acutely symptomatic ischemic presentations using single static MR imaging measurements.
However, the value in modeling the dynamics of intracranial plaque permeability has yet to be evaluated. The purpose of this study was
to use dynamic contrast-enhanced MR imaging to quantify the contrast permeability of intracranial atherosclerotic disease plaques in
symptomatic patients and to compare these parameters against existing markers of plaque volatility using black-blood MR imaging pulse
sequences.

MATERIALS AND METHODS: We performed a prospective study of contrast uptake dynamics in the major intracranial vessels proximal and
immediately distal to the circle of Willis using dynamic contrast-enhanced MR imaging, specifically in patients with symptomatic intracranial
atherosclerotic disease. Using the Modified Tofts model, we extracted the volume transfer constant (Ktrans) and fractional plasma volume (Vp)
parameters from plaque-enhancement curves. Using regression analyses, we compared these parameters against time from symptom onset as
well as intraplaque hyperintensity and postcontrast enhancement derived from T1 SPACE, a black-blood MR vessel wall imaging sequence.

RESULTS: We completed analysis in 10 patients presenting with symptomatic intracranial atherosclerotic disease. Ktrans and Vp measure-
ments were higher in plaques versus healthy white matter and similar or less than values in the choroid plexus. Only Ktrans correlated
significantly with time from symptom onset (P � .02). Dynamic contrast-enhanced MR imaging parameters were not found to correlate
significantly with intraplaque enhancement or intraplaque hyperintensity (P � .4 and P � .17, respectively).

CONCLUSIONS: Elevated Ktrans and Vp values found in intracranial atherosclerotic disease plaques versus healthy white matter suggest
that dynamic contrast-enhanced MR imaging is a feasible technique for studying vessel wall and plaque characteristics in the proximal
intracranial vasculature. Significant correlations between Ktrans and symptom onset, which were not observed on T1 SPACE– derived
metrics, suggest that Ktrans may be an independent imaging biomarker of acute and symptom-associated pathologic changes in intracranial
atherosclerotic disease plaques.

ABBREVIATIONS: BBMRI � black-blood MRI; DCE � dynamic contrast-enhanced; GRE � gradient recalled-echo; ICAD � intracranial atherosclerotic disease; IPE �
intraplaque enhancement; IPH � intraplaque hyperintensity; Ktrans � volume transfer constant; NAWM � normal-appearing white matter; SPACE � sampling
perfection with application-optimized contrasts by using different flip angle evolution; SI � signal intensity; VL � extracellular extravascular space; Vp � fractional
plasma volume

Stroke is the third leading cause of death in the United States,

with an incidence of approximately 800,000 per year. Intra-

cranial atherosclerotic disease (ICAD) is responsible for approx-

imately 7%–10% of these patients; however, the risk of recurrent

stroke in this population approaches nearly 12%–25% over 1–2

years, despite aggressive medical management including anti-

Received April 4, 2016; accepted after revision August 22.

From the College of Medicine (P.V.), University of Illinois, Chicago, Illinois; Depart-
ments of Radiology (P.V., A.H.E., F.S., C.G.C., T.J.C., S.A.A.), Biomedical Engineering
(P.V., C.G.C., T.J.C.), and Neurology and Neurological Surgery (S.A.A.), Northwestern
University, Chicago, Illinois; and Department of Economics and Decision Sciences
(F.H.D.), Western Illinois University, Macomb, Illinois.

This work was supported by the following grants: American Heart Association
13GRNT17340018 and 14GRNT20380798 (Principal Investigators: S.A. Ansari and
T.J. Carroll); PRE20380810 (Principal Investigator: C.G. Cantrell); National Institutes
of Health 1R21HL130969 (Principal Investigator: S.A. Ansari); 1R01NS089926 and
1R21EB017928 (Principal Investigator: T.J. Carroll).

Paper previously presented in part at: Annual Meeting of the European Congress
of Radiology, March 2– 6, 2016; Vienna, Austria and Annual Meeting of the Ameri-
can Society of Neuroradiology, May 23–26, 2016; Washington, DC. The abstract
was published in Insights Imaging 2016;7:162. doi:10.1007/s13244-016-0475-8

Please address correspondence to Sameer A. Ansari, MD, PhD, Departments of
Radiology, Neurology, and Neurological Surgery, Northwestern University, Fein-
berg School of Medicine, 676 N St. Clair St, Suite 800, Chicago, IL 60611-2927;
e-mail: s-ansari@northwestern.edu

Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A4998

AJNR Am J Neuroradiol 38:243– 49 Feb 2017 www.ajnr.org 243

http://orcid.org/0000-0002-3862-2185
http://orcid.org/0000-0001-5119-9548
http://orcid.org/0000-0002-9048-2538
http://orcid.org/0000-0003-0559-8681
http://orcid.org/0000-0002-0990-2436
http://orcid.org/0000-0002-5149-8377
http://orcid.org/0000-0001-8176-4616


platelet or antithrombotic medications.1,2 ICAD risk assessment

for ischemic complications based on a simple degree of luminal

narrowing (percentage stenosis) is imprecise, with complex pa-

thology at the level of the plaque and/or downstream vascular

distribution. Several groups have proposed improving patient

risk stratification and plaque characterization by using black-

blood MR imaging (BBMRI) with high (submillimeter) spatial

and contrast resolution to directly analyze the intracranial vessel

wall and atherosclerotic plaque.3-6 Swartz et al3 initially reported

contrast enhancement of symptomatic ICAD plaques with 3T

high-resolution BBMRI; later in a small cohort, they demon-

strated qualitatively decreasing enhancement of symptomatic

plaques from acute/subacute-to-chronic phases, suggesting

plaque inflammation and transient destabilization as an etiology

for thromboembolic complications.4

While ICAD plaque enhancement has been shown to be highly

associated with recent cerebrovascular ischemic events, its speci-

ficity remains uncertain. Using postcontrast BBMRI, Qiao et al7

reported observing intracranial plaque enhancement in both cul-

prit (the most stenotic lesion upstream from an ischemic event)

and nonculprit lesions in patients with cerebrovascular events.

Skarpathiotakis et al4 reported “strong” ICAD plaque enhance-

ment on postcontrast BBMRI, even 4 months after stroke presen-

tation, and “mild” enhancement as much as 1 year later.

The concept of introducing additional quantitative MR imag-

ing parameters by using dynamic contrast-enhanced (DCE) MR

imaging to measure adventitial contrast uptake rates, represented

by the volume transfer constant (Ktrans), was first introduced by

Kerwin et al8 in patients with carotid atherosclerotic disease re-

quiring surgical endarterectomy. These parameters were found to

correlate with macrophage infiltration (inflammation) and neo-

vasculature on subsequent histopathologic analysis.8-10 In a sep-

arate cohort, Dong et al11 demonstrated that intensive medical

management with lipid therapy coincided with a significant de-

crease in the measured Ktrans of carotid artery atherosclerosis. In

fact, Ktrans measurements decreased in intervals and responded to

medical management with anticholesterolemic (statin) medica-

tions during 1 year of therapy, suggesting correlative reduction in

neovascularization and/or inflammation, plaque stabilization,

and even regression.11

These plaque perfusion parameters may provide information

that is also correlated to intracranial plaque inflammation, indic-

ative of both ischemic stroke risk and sensitivity to pharmacologic

therapies. Chen et al12 demonstrated neovascularization in MCA

plaques in a postmortem study, suggesting applicability of DCE

kinetic modeling to the intracranial vasculature; however, to date,

no study has examined the dynamic characteristics of intracranial

vessel walls or ICAD plaques using DCE-MR imaging. In this pilot

study, we investigated the feasibility of modeling plaque perfusion

parameters, fractional plasma volume (Vp), and Ktrans, using

DCE-MR imaging in patients with symptomatic ICAD. We hy-

pothesized that kinetic modeling of the intracranial vessel wall

and plaque provide quantitative biomarkers sensitive to time

from symptom onset of ICAD, independent of relative T1 signal

hyperintensity and post-gadolinium enhancement values as ob-

served on BBMRI.

MATERIALS AND METHODS
Patient Recruitment
Institutional review board approval was obtained for a prospec-

tive, Health Insurance Portability and Accountability Act– com-

pliant study of symptomatic patients presenting with ischemic

stroke or transient ischemic attack secondary to ICAD with

�50% stenosis and plaques involving the internal carotid artery,

A1-A2 anterior cerebral, M1-M2 middle cerebral, and P1-P2 pos-

terior cerebral arteries, or basilar artery (Table 1). When attribut-

able to the downstream vascular distribution of a single ICAD

plaque, “ischemic stroke” was defined as hyperintensity findings

on DWI and “TIA” was defined as neurologic deficits that re-

solved in �24 hours. Patients were identified and recruited for

this study at Northwestern University from March 2013 to May

2015, after receiving a standard clinical head and neck MRI/MRA

evaluation, including 3D TOF and DWI sequences. Patients pro-

vided consent based on a willingness to participate in a longitudi-

nal study and the ability to undergo a research MR imaging ex-

amination within 30 days of the ischemic event.

Recruited patients underwent high-resolution, vessel wall im-

aging with 3T BBMRI of the intracranial vasculature. In addition,

the ICAD stenosis was evaluated with DCE-MR imaging for the

purpose of kinetic modeling of permeability (or contrast uptake)

into the plaque. Major patient exclusion criteria included com-

plete vessel occlusions, gross patient motion artifacts, susceptibil-

ity artifacts from implants, �50% stenosis of the cervical vascu-

lature or tandem intracranial stenoses (via MRA/CTA or carotid

Doppler sonography), cardioembolic risk profile including atrial

fibrillation, and standard contraindications to MR imaging (pace-

maker, claustrophobia, pregnancy, contrast allergy, or renal in-

sufficiency). We further studied patient demographics, athero-

sclerotic risk factors, relevant medical management, and clinical

presentations using Northwestern University’s electronic medical

records.

Table 1: Patient demographicsa

Characteristics Value
Age (mean) (yr) 58.9 � 10
Sex

Male 6
Female 4

Active smoker 3
Alcohol 2
Antiplatelets 9
Statins 8
Hypertension 5
Diabetes mellitus 6
Dyslipidemia 5
Atrial fibrillation 0
Coronary artery disease 1
Neurologic symptoms 10
Imaging data

DWI� 9
Watershed 4
Perforator 4
Both 1

Vessel
MCA 8
PCA 1
ICA 1

Note:—PCA indicates posterior cerebral artery.
a Data are numbers unless otherwise indicated.
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Imaging Protocol
All patients enrolled in our study were scanned on 3T (Magnetom

Trio or Skyra; Siemens, Erlangen, Germany) MR imaging scan-

ners. A 3D TOF MRA sequence was repeated to localize the ICAD

plaque in the vessel of interest. The DCE-MR imaging volume was

placed to cover the entire segment of the diseased intracranial

vessel (Fig 1) with the axis of the vessel aligning with the through-

plane direction and in-plane images containing perpendicular

vessel cross-sections. Plaque permeability was measured with a

standard DCE-MR imaging protocol using a multiphase 3D gra-

dient recalled-echo (GRE)-based pulse sequence. Dynamic volu-

metric T1-weighted images were acquired approximately every 35

seconds following contrast injection for approximately 10 min-

utes with the following parameters: flip angle � 10°, TR/TE �

8.7/1.3 ms, matrix � 384 � 384, FOV � 190 –220 mm, and 12

partitions placed to cover the plaque, resulting in voxel dimen-

sions of 0.5 � 0.5 � 2.0 mm. A single dose (0.1 mmol/kg) of

T1-shortening gadolinium contrast (gadopentetate dimeglu-

mine, Magnevist; Bayer HealthCare Pharmaceuticals, Wayne,

New Jersey) was injected at a rate of 4 mL/s during the DCE

acquisition. Precontrast T1 values (T10) of the tissue were deter-

mined using a multi-flip angle routine (� � 5°, 15°, 25°, 45°) to fit

the spoiled gradient-echo signal equation:13,14

1) S��	 � A sin �
1 � exp�
TR/T10	

1 � cos � exp�
TR/T10	
.

3D isotropic, high-resolution BBMRI was performed with T1-

weighted TSE sequences, acquired before and immediately after

the DCE acquisition (ie, within 20 minutes of the gadolinium

injection). A 3D variable flip angle TSE (T1 sampling perfection

with application-optimized contrasts by using different flip angle

evolution [SPACE]; Siemens) pulse sequence5,15 was performed

before and after contrast injection with the following parameters:

FOV � 165 mm, TR/TE � 800/22 ms, integrated parallel acqui-

sition technique factor � 2, 104 partitions, bandwidth � 372

Hz/pixel, turbo factor � 30, scan time � 8 minutes, voxel vol-

ume � 0.5 � 0.5 � 0.6 mm.

Permeability Modeling
The permeability-limited Modified Tofts Model16 quantifies the

kinetics of a tracer leaking through a semipermeable membrane

with the following relationship:

2) C�t	 � Ktrans�
0

t

e
Kep�t � �	Cp�t	 d� � Vp Cp�t	,

with Ktrans dictating the tracer transfer rate from the intravascular

into the extracellular extravascular space (VL) with units of min-

ute
1; Kep � Ktrans/VL in units of minute
1 describing the ratio of

the transfer rate (Ktrans) to the fractional volume of tracer in the

VL; Cp(t), the intravascular tracer concentration; and Vp, the frac-

tional plasma volume for each voxel. C(t) is measured adjacent to

the patent lumen of the stenotic vessel wall. A Levenberg-Mar-

quardt algorithm was implemented in-house by using a commer-

cially available software prototyping package (Matlab, Version

2014; MathWorks, Natick, Massachusetts) to find the Ktrans, VL,

and Vp in Equation 2 that best fit the measured signal C(t). Ac-

quisition of the enhancement curve peak is required for an accu-

rate measurement of VL and may require imaging times greater

than 10 minutes. While VL may be related to plaque enhance-

ment, it does not affect the wash-in phase of the enhancement

curve17; thus, we restricted our analysis to Ktrans and Vp values as

in prior kinetic modeling analyses.7,9

FIG 1. Vessel wall imaging data in a 63-year-old man with symp-
tomatic severe left MCA stenosis resulting in perforator thrombo-
embolic infarcts as seen on 3D TOF MRA MIP and DWI (A). 3D
BBMRI with postcontrast T1 SPACE imaging demonstrates plaque
enhancement in an axial and coronal cross-sections of the MCA
(B). A manual ROI isolates the enhancing plaque on the postcon-
trast T1 SPACE image (C, right, yellow ROI on the plaque inset).
Kinetic modeling of contrast uptake into the plaque was per-
formed by using DCE-MR imaging in the coregistered plaque ROI,
and Ktrans values were calculated in each voxel (C, left). Normal
control values were calculated in a region of normal white matter
(red dotted ROI in C). The mean enhancement signal (white dia-
monds) and fitted Tofts curve (yellow) are shown from the plaque
ROI (D). Note the difference in enhancement relative to healthy
brain tissue (D, red ROI and red curve/squares).
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Data Analysis and Imaging Evaluation
Both DCE and T1 SPACE images were evaluated as a postprocessing

step by separate, independent operators who were blinded to both

clinical history and the results of complementary image analysis.

T1 SPACE images were analyzed on a Leonardo workstation

(Siemens) by a neuroradiologist with �10 years’ experience

(A.H.E). Measurements included relative postgadolinium plaque

enhancement between pre- and postcontrast imaging, referred to

as intraplaque enhancement (IPE), as well as the presence of pre-

contrast signal intensity (SI), referred to as intraplaque hyperin-

tensity (IPH). ROIs were drawn in one section at the site of maximal

vessel stenosis, and the mean SI was recorded. ROIs were matched in

size and location in the precontrast T1 SPACE dataset. IPE was

calculated as SIpost 
 SIpre / SIpre. Both SIpost and SIpre were first

normalized to the SI of normal-appearing white matter

(NAWM). IPH was measured as the ratio of precontrast plaque SI

to extraocular muscle SI.

DCE images were motion-corrected by using the Statistical

Parametric Mapping (SPM8 (http://www.fil.ion.ucl.ac.uk/spm/

software/spm12) software package in Matlab (R2014a). The ROI

for contrast kinetic analysis was matched as closely as possible to

the ROI used for IPE analysis by first coregistering the T1 SPACE

postcontrast ROI volumes to DCE-MR imaging volumes and

then applying pixel-by-pixel DCE modeling in the section con-

taining maximal plaque enhancement on the coregistered T1

SPACE image. ROIs were drawn in Matlab by a trained operator

with �10 years’ experience (P.V.). We evaluated the permeability

of the choroid plexus and NAWM18-20 in the same patients to

provide an internal reference for our plaque contrast kinetic

parameters.

Statistical Analysis
We compared quantitative DCE-MR imaging parameters in

plaques against the aforementioned independent controls (white

matter and choroid plexus) and neuroanatomic structures with dif-

ferential permeability characteristics.18,19,21-23 Mean values were

compared by using a Student t test with statistical significance de-

fined at the 5% level (P � .05).

A linear regression analysis was preformed to compare DCE
parameters (Ktrans and Vp) as well as IPH and IPE ratios with the
time from symptom onset (in days). Time from symptom onset
was calculated as the number of days until DCE and T1 SPACE
MR imaging studies were performed at our research institution.
This analysis was conducted to evaluate the difference in associa-
tivity with time between the 2 imaging markers.

Finally, DCE parameters were compared with IPH and IPE
ratios in all plaques by using linear regression to evaluate their
interdependent relationships. All statistical analyses were con-
ducted by using built-in statistical software in Matlab. Confidence
intervals were set at 95%, and statistical significance was defined
at the 5% level (P � .05).

RESULTS
We evaluated 10 consecutive symptomatic patients (6 men, 4

women; mean age, 58.9 years; range, 39 –70 years) with ICAD

plaques by using DCE and TI SPACE MR imaging. Patient demo-

graphics, comorbid atherosclerotic risk factors, relevant medical

management, and clinical presentations are summarized in Table

1. In addition, 14 other patients were recruited for scanning but

were excluded from this study: 2 with documented complete ves-

sel occlusions in the plaque ROI, 3 with nondiagnostic imaging

due to patient motion artifacts, and 9 with confounding tandem

or distal plaques in the vessel of interest.

We found a broad-range of Ktrans and Vp values in ICAD plaques

(Table 2). In our cohort, mean plaque Ktrans was 0.31 � 0.14 min-

utes
1, ranging from 0.11 to 0.53 minutes
1. A Student t test found

that plaque Ktrans was significantly smaller than the uptake rates in

the choroid plexus (mean, 0.47 minutes
1; P � .0037) and larger

than values measured in NAWM (mean,

0.0031 minutes
1; P � 2.3E-06). Similarly,

average plaque Vp was 18.3% � 10.2%;

range, 5%–40%, and it was significantly

smaller than the mean values found in the

choroid plexus (mean, 44%; P � 6.8E-06)

and larger than mean values measured in

NAWM (mean, 1.9%; P � 9.4E-05) (Fig 2).

Linear regression modeling of DCE

plaque permeability parameters and T1

SPACE IPH and IPE ratios demonstrated

that Ktrans was most associated with time

from symptom onset in days (r2 � 0.46,

P � .03), but vascular fraction Vp (r2 �

0.12, P � .3), IPH (r2 � 0.07, P � .47),

and IPE (r2 � 0.005, P � .95) ratios did

not correlate significantly (Fig 3).

FIG 2. Ktrans and Vp values are shown for ICAD plaques and compared against the paired choroid
plexus and NAWM measured in the same subjects. Both mean plaque Ktrans and Vp values were
diverse and significantly different from choroid plexus and healthy white matter values (see text
for relevant P values).

Table 2: Quantitative imaging findings
Subject Ktrans (min−1) Vp (%) IPE (%) IPH (%)
1 0.53 20 230 84
2 0.12 24 131 58
3 0.11 5 181 8
4 0.24 20 159 38
5 0.20 9 215 46
6 0.39 11 123 80
7 0.28 16 99 89
8 0.33 40 294 25
9 0.45 12 226 32
10 0.41 26 175 82
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DCE and T1 SPACE parameters did not correlate significantly

with one another: Ktrans versus IPE (r2 � 0.101, P � .4); Ktrans

versus IPH (r2 � 0.221, P � .17); Vp versus IPE (r2 � 0.16, P �

.3); and Vp versus IPH (r2 � 0.007, P � .818). This finding is

illustrated in Fig 4, which shows representative imaging in 2

patients, with 226% versus 122% IPE ratios. In contrast, de-

spite this nearly 2-fold difference in IPE between the cases,

Ktrans levels remained consistently high at 0.39 minutes
1 and

0.45 minutes
1, respectively.

DISCUSSION
In this pilot study, we demonstrated the feasibility of kinetic mod-
eling of contrast uptake in ICAD plaques. Enhancement curve
shapes and Ktrans/Vp values were consistent with literature values
reported in DCE studies on extracranial carotid plaques8,10 and
intermediate to values found in the healthy white matter
(NAWM) and the choroid plexus. Furthermore, we found that
DCE permeability parameters showed little correlation to IPE and

IPH values derived from T1 SPACE imaging and demonstrated

greater correlation with time from symptom onset. Our findings

suggest that contrast kinetics modeled by DCE-MR imaging al-

lows intracranial plaque characterization that differs from pre-

and postcontrast plaque signal or enhancement seen with static

vessel wall imaging protocols using BBMRI.

The strong relationship between Ktrans and time from symp-

tom onset may be evidence of the correlation of contrast kinetics

to acute pathophysiologic changes occurring after the destabiliza-

tion of intracranial plaques and thromboembolic conversion.

Our data did not demonstrate similar temporal correlation with

respect to IPE or IPH, consistent with recent intracranial vessel

wall imaging studies that showed persistent and strong en-

hancement in ICAD plaques as much as

6 months after symptom onset. Addi-

tional studies that follow symptomatic

and asymptomatic plaques longitudi-

nally will be essential to establishing

whether contrast uptake rates into the

vessel wall provide a more specific and

acute measure of plaque stability than

static measures of pre- and postcontrast

signal or enhancement.

Studies by Kerwin et al8 have shown

that DCE-MR imaging can provide a sur-

rogate measure of plaque inflammation

by visualizing the rate of intercompart-

mental exchange of contrast from the ex-

tracranial carotid vaso vasorum into the

adjacent extracellular extravascular

spaces within an atherosclerotic lesion.

These rates, modeled as Ktrans, correlated

with macrophage infiltration and per-

centage neovascularization on histo-

pathologic analysis. Increasing evidence

indicates the role of neovascularization,

ruptured thrombogenic lipid core, intra-

plaque hemorrhage, and recruitment of

inflammatory cells (macrophages) in the

progression and rupture of carotid atherosclerotic plaques, anal-

ogous to the coronary literature.24-26 An analogous relationship

of high intracranial plaque Ktrans values to intracranial plaque

destabilization and thromboembolic complications can be postu-

lated. Although intracranial vessel wall pathology may have sim-

ilar responses to progressing atherosclerotic disease, the non-

pathologic absence of the vaso vasorum and an external elastic

lamina in the intracranial vasculature may result in different

pathophysiologic responses and hence contrast kinetics in symp-

tomatic ICAD.

Despite inflammation leading to acute instability of an ICAD

plaque, existing data on plaque Ktrans values with associated neo-

vascularization and macrophage infiltration are derived from ca-

rotid endarterectomy studies with histopathologic confirmation.

Because these studies are not feasible in ICAD except in postmor-

tem specimens, an alternative approach may be to correlate

plaque Ktrans values against GRE T2*- or T2 SPACE-weighted

imaging of intracranial plaque following ferumoxytol infusion.

Hasan et al27 demonstrated early uptake (24 hours) of superpara-

magnetic iron oxide nanoparticles (ferumoxytol) as a marker of

macrophage infiltration in the vessel walls of cerebral aneurysms.

These studies demonstrated associations with early intracranial

aneurysm rupture, increased inflammatory mediators (cyclooxy-

genase-2, microsomal prostaglandin E2 synthase-1), and macro-

phages on histopathologic immunostaining.

Because atherosclerosis is an inflammatory process, transient

identification of acute inflammation/plaque enhancement, rate of

contrast permeability, intraplaque hemorrhage, and macrophage

infiltration (potentially early ferumoxytol uptake) may serve as

FIG 3. Linear regression analysis demonstrates that Ktrans and Vp measured on DCE-MR imaging
are more correlated (r2 and P values) to time from symptom onset than intraplaque contrast
enhancement and precontrast hyperintensity measured on T1 SPACE imaging. Ktrans is the most
associated and significant in its correlation (r2 � 0.46 and P � .03).
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MR imaging markers to characterize and grade the acute vulner-

ability of these lesions to thromboembolic/perforator ischemic

complications. Even chronic progressing intracranial stenoses

may be exacerbated by episodes of plaque inflammation and, in a

setting of poor collaterals, could also predispose to hypoperfu-

sion-related ischemic complications irrespective of plaque insta-

bility. Differentiating these mechanisms of stroke in ICAD may

modulate treatment of symptomatic ICAD in the future, whereby

angioplasty/stent placement could be advocated, delayed, or con-

traindicated in favor of antiplatelets, anticoagulants, statins, or

novel anti-inflammatory therapies.

Our study has several limitations. First, this pilot study in-

cluded a relatively small sample size and no longitudinal follow-

up, both of which should be addressed in subsequent studies.

Additionally, the patient population was limited to subjects with

symptomatic ICAD plaques with �50% stenosis. Examining

asymptomatic plaques and less stenotic

lesions, stenoses, which may not be easily

characterized by Ktrans, will be an impor-

tant subject for future research. Further-

more, the inability to image the plateau

and washout phase of plaque contrast

prevents accurate estimation of VL. How-

ever, this scenario does not preclude accu-

rate measurement of Ktrans from the

wash-in phase of the curve because VL

does not affect it. Finally, our model of

Ktrans contrast permeability into the in-

tracranial plaque from the intravascular

space to the extracellular extravascular

space may be prone to variable mecha-

nisms. Although neovascularization in

pathologic ICAD may be a primary mode

for plaque permeability/enhancement,

passive diffusion from the intraluminal

space across a compromised fibrous cap

cannot be excluded, and these processes

may vary across a spectrum of intracranial

plaques.

CONCLUSIONS
We present the results of a prospective pi-

lot study examining the feasibility of ki-

netic modeling of contrast uptake in

ICAD. We demonstrate elevated and vari-

able permeability in symptomatic athero-

sclerotic plaques (Ktrans and Vp) less than

levels observed in the choroid plexus

where an absence of the blood-brain bar-

rier allows intercompartmental tracer ex-

change. We also found that plaque per-

meability is more associated with the time

from symptom onset than IPE or IPH ra-

tios as measured on BBMRI via T1 SPACE

vessel wall imaging. Coupled with the fact

that neither Ktrans nor Vp strongly correlated with IPE or IPH,

these findings suggest that permeability modeling of plaque con-

trast kinetics may provide a new imaging biomarker for ICAD

plaque instability.
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ORIGINAL RESEARCH
ADULT BRAIN

Measurement of Cortical Thickness and Volume of Subcortical
Structures in Multiple Sclerosis: Agreement between 2D

Spin-Echo and 3D MPRAGE T1-Weighted Images
X A. Vidal-Jordana, X D. Pareto, X J. Sastre-Garriga, X C. Auger, X E. Ciampi, X X. Montalban, and X A. Rovira

ABSTRACT

BACKGROUND AND PURPOSE: Gray matter pathology is known to occur in multiple sclerosis and is related to disease outcomes.
FreeSurfer and the FMRIB Integrated Registration and Segmentation Tool (FIRST) have been developed for measuring cortical and
subcortical gray matter in 3D-gradient-echo T1-weighted images. Unfortunately, most historical MS cohorts do not have 3D-gradient-
echo, but 2D-spin-echo images instead. We aimed to evaluate whether cortical thickness and the volume of subcortical structures
measured with FreeSurfer and FIRST could be reliably measured in 2D-spin-echo images and to investigate the strength and direction of
clinicoradiologic correlations.

MATERIALS AND METHODS: Thirty-eight patients with MS and 2D-spin-echo and 3D-gradient-echo T1-weighted images obtained at the
same time were analyzed by using FreeSurfer and FIRST. The intraclass correlation coefficient between the estimates was obtained.
Correlation coefficients were used to investigate clinicoradiologic associations.

RESULTS: Subcortical volumes obtained with both FreeSurfer and FIRST showed good agreement between 2D-spin-echo and 3D-gradient-echo
images, with 68.8%–76.2% of the structures having either a substantial or almost perfect agreement. Nevertheless, with FIRST with 2D-spin-echo,
18% of patients had mis-segmentation. Cortical thickness had the lowest intraclass correlation coefficient values, with only 1 structure (1.4%) having
substantial agreement. Disease duration and the Expanded Disability Status Scale showed a moderate correlation with most of the subcortical
structures measured with 3D-gradient-echo images, but some correlations lost significance with 2D-spin-echo images, especially with FIRST.

CONCLUSIONS: Cortical thickness estimates with FreeSurfer on 2D-spin-echo images are inaccurate. Subcortical volume estimates obtained
with FreeSurfer and FIRST on 2D-spin-echo images seem to be reliable, with acceptable clinicoradiologic correlations for FreeSurfer.

ABBREVIATIONS: 3D-GE � 3D gradient-echo; 2D-SE � 2D spin-echo; EDSS � Expanded Disability Status Scale; FIRST � FMRIB Integrated Registration and
Segmentation Tool; ICC � intraclass correlation coefficient; TIV � total intracranial volume

Gray matter pathology in patients with multiple sclerosis is

present from the very early stages of the disease and has been

related to long-term disability.1,2 Therefore, in recent years, re-

search has focused on obtaining accurate markers of GM damage,

and different software packages have been developed or opti-

mized for measuring it in MS. FreeSurfer software (http://surfer.

nmr.mgh.harvard.edu)3,4 allows automatic calculation of cortical

thickness and the volume of subcortical GM structures by using

3D T1-weighted images. Briefly, the image-processing pipeline

includes Talairach transformation of the 3D T1-weighted images

and segmentation of the subcortical white matter and deep GM

structures, relying on the gray and white matter boundaries and

pial surfaces. The FMRIB Integrated Registration and Segmenta-

tion Tool (FIRST; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST)

software package5 automatically segments subcortical GM struc-

tures also on the basis of 3D T1-weighted images. Briefly, FIRST is

a model-based segmentation and registration program that uses

shape and appearance models constructed from manually seg-

mented images. On the basis of the learned models, FIRST searches

through linear combinations of shape modes of variation for the

most probable shape instance, given the observed intensities in the

3D T1-weighted input images. Both software packages have been

shown to be accurate and reproducible.6-11

The study of cortical pathology in patients with MS by using
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FreeSurfer has shown cortical thinning in patients with MS com-

pared with healthy controls,12,13 which has been related to lesion

volume, disease duration, disability,12 and cognitive impair-

ment.14 Also, cortical thinning of the superior frontal gyrus, thal-

amus, and cerebellum significantly predicted conversion to MS in

patients presenting with clinically isolated syndromes,15 and

global cortical thinning for 6 years was significantly associated

with a more aggressive disease evolution.16 The volume of deep

GM structures (measured with both FreeSurfer and FIRST) has

also been shown to be lower in patients with MS compared with

healthy controls,17-19 and it has been related to different clinical

disease outcomes such as fatigue,20 cognitive impairment,17-19,21

disability,19 and walking function.22

Both FreeSurfer and FIRST have been optimized for 3D T1-

weighted gradient-echo images that incorporate a magnetization-

prepared inversion pulse that increases the T1-weighting.23 Un-

fortunately, for most of the historical MS cohorts with long-term

clinical and radiologic follow-up, only 2D spin-echo (2D-SE) T1-

weighted images were acquired, a sequence that does not provide

an optimal contrast between gray and white matter, particularly

when acquired with high-field magnets.24 The objectives of this

work were the following: 1) to evaluate whether cortical thickness

and subcortical volumes obtained with FreeSurfer could be reli-

ably measured with 2D-SE T1-weighted images by using as the

criterion standard the same measures obtained with 3D gradient-

echo (3D-GE) T1-weighted sequences, 2) to investigate whether

subcortical volumes obtained with FIRST could be reliably mea-

sured in 2D-SE T1-weighted images by using as the criterion stan-

dard the same measures obtained with 3D-GE T1-weighted images,

and 3) to assess whether the correlations between clinical outcomes

and subcortical normalized volumes obtained with 3D-GE and

2D-SE T1-weighted images had a similar strength and direction.

MATERIALS AND METHODS
Patients with relapsing-remitting MS with 2D-SE and 3D-GE T1-

weighted images obtained at the same time were included in the

analysis. Clinical and demographic data at the moment of MR

imaging acquisition were recorded.

MR Imaging Acquisition and Analysis
All MR images were acquired on a 1.5T scanner (Magnetom Sym-

phony; Siemens, Erlangen, Germany) with a standard head coil.

The scanning protocol included 2 precontrast T1-weighted scans:

a 3D magnetization-prepared rapid acquistion of gradient echo

(TR/TE/TI, 2700/4.88/850 ms; voxel size, 1 � 1�1.2 mm3; matrix

size, 224 � 256 � 144; flip angle, 10°; receiver bandwidth, 130 Hz;

averages, 1; acquisition time, 10 minutes) and a 2D-SE sequence

(TR/TE, 450/17 ms; voxel size, 0.98 � 0.98 � 3 mm3; matrix size,

192 � 256 � 46; section gap, 0; receiver bandwidth, 130 Hz;

averages, 2; acquisition time, 2 minutes 52 seconds). Both se-

quences covered the whole brain. FreeSurfer software3,4 (release

Version 5.1.0) was used to obtain cortical thickness and volumes

of subcortical structures in all 2D-SE and 3D-GE sequences (Fig

1). Ninety-one GM structures (70 cortical and 21 subcortical)

were obtained and used for 2D-SE versus 3D-GE reliability assess-

ment. Cortical parcellation was also grouped into a categoric vari-

able by medial or lateral structures. The estimated total intracra-

nial volume, a measure obtained with FreeSurfer, was used to

FIG 1. FreeSurfer and FIRST outputs from 3D-GE and 2D-SE T1-weighted images. The 2D-SE and 3D-GE T1-weighted image inputs for the same
patient (A and E, respectively), the cortical parcellation and subcortical segmentation obtained with FreeSurfer for each input (B and F), and the
subcortical segmentation overlaid onto the original T1-weighted images obtained with FIRST for each input (C, D, G, and H) are shown.
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normalize the volume of subcortical structures as follows: raw

subcortical structure volume/estimated total intracranial volume.

FIRST software,5 part of the FMRIB Software Library (FSL; http://

www.fmrib.ox.ac.uk/fsl),25 was used to obtain volumes of 15 sub-

cortical structures in all 2D-SE and 3D-GE sequences (Fig 1).

Because FIRST does not provide a measure of total intracranial vol-

ume (TIV), this was calculated by obtaining the matrix determinant

of each scan (by using the avscale utility of the FMRIB Linear Image

Registration Tool [FLIRT; http://www.fmrib.ox.ac.uk],26,27 part of

the FSL) and applying the following formula: (FIRST template

volume/matrix determinant) � 1000. Normalized subcortical

volume was then calculated as follows: raw subcortical struc-

ture volume/TIV.

Statistical Analysis
We used the SPSS program (IBM, Armonk, New York) to analyze

clinical and demographic data. To assess reliability, we calculated

the intraclass correlation coefficient (ICC) between the values ob-

tained with 2D-SE and 3D-GE. ICC estimates of agreement were

categorized as the following: slight (0.01– 0.20), fair (0.21– 0.40),

moderate (0.41– 0.60), substantial (0.61– 0.80), and almost per-

fect agreement (0.81–1.0). Cortical thickness measures were

grouped into lateral-versus-medial structures, and 2-tailed �2

tests were used for group comparison. Parametric and nonpara-

metric correlation coefficients were used as appropriate to inves-

tigate associations between clinicodemographic data and normal-

ized subcortical volume data. Because this was an exploratory

study, correction for multiple comparisons was not performed.

Statistical significance was set at P � .05.

RESULTS
Thirty-eight patients were included in the study. Twenty-three

patients (60.5%) were women, with a mean age of 36.5 � 8.8

years, a mean disease duration of 10.5 � 7.2 years, and a median

Expanded Disability Status Scale (EDSS) score of 4 (range, 1– 6).

FreeSurfer Reliability Assessment
Cortical thickness measurements had the lowest ICC values, with

40% and 42.9% of the structures having a moderate or fair agree-

ment, respectively. Only 1 structure (the right superior temporal

gyrus) had a substantial agreement, and no structures had an al-

most perfect agreement (Table 1). Cortical thickness measure-

ments of lateral structures had a higher proportion of moderate

ICC estimates than medial structures (58.3% versus 15.6%, P �

.002). For most cortical structures (except for some right and left

frontal lobe structures: frontal pole, rostral middle frontal, medial

orbitofrontal, and pars triangularis) thickness values were under-

estimated with 2D-SE sequences. Estimates of subcortical vol-

umes showed a better agreement between 2D-SE and 3D-GE

images, with 76.2% of the structures having either a substantial

or almost perfect agreement compared with only 1.4% in the

cortical structures (P � .001). The highest ICC values for sub-

cortical volume estimates included relevant structures for MS

pathology such as the thalamus, pallidum, caudate, brain stem,

and putamen (Table 2). No clear pattern of over- or underes-

timation when using 2D-SE sequences was seen for subcortical

structures.

FIRST Reliability Assessment
With 2D-SE images, a registration error leading to a mis-segmen-

tation occurred in 7 of 38 patients (18%) compared with none

when 3D-GE images were used. Nevertheless, measurement of

subcortical volumes from the studies that went through segmen-

tation and registration showed a good agreement between 2D-SE

and 3D-GE images, with 68.8% of the structures having either a

substantial or almost perfect agreement (Table 2). Again, no clear

pattern of over- or underestimation when using 2D-SE sequences

was seen for subcortical structures.

Clinicoradiologic Correlations
Using normalized subcortical volume estimates obtained with

FreeSurfer, we found the following: 1) Age did not correlate with

any of the subcortical structures measured with both 3D-GE and

2D-SE images, and 2) disease duration and disability as measured

with the Expanded Disability Status Scale showed a significant

moderate correlation with most of the subcortical structures mea-

sured with both 3D-GE and 2D-SE images; however, when we

used 2D-SE images, some correlations lost statistical significance

(Table 3). Using normalized subcortical volume measures ob-

Table 1: Intraclass correlation coefficients for 2D-SE and 3D-GE
cortical thickness estimates using FreeSurfera

Structure ICC Structure ICC
None �0.81 L supramarginal 0.395
R superior temporal 0.663 R parahippocampal 0.393
R temporal pole 0.605 L inferior parietal 0.391
L superior temporal 0.59 L superior frontal 0.363
R inferior temporal 0.589 R lateral orbitofrontal 0.35
R superior parietal 0.58 R postcentral 0.343
L superior parietal 0.54 R isthmus cingulate 0.342
L inferior temporal 0.519 L precuneus 0.334
L fusiform 0.512 L precentral 0.329
R rostral middle frontal 0.508 R insula 0.328
R inferior parietal 0.503 L temporal pole 0.327
L lingual 0.501 L isthmus cingulate 0.325
L pars orbitalis 0.489 R entorhinal 0.324
R frontal pole 0.483 L parahippocampal 0.322
L middle temporal 0.481 R lateral occipital 0.319
R mean thickness 0.479 L transverse temporal 0.305
L caudal middle frontal 0.476 L lateral occipital 0.299
L pars triangularis 0.473 L entorhinal 0.293
L pars opercularis 0.465 R posterior cingulate 0.281
R pars opercularis 0.465 R caudal anterior cingulate 0.274
R caudal middle frontal 0.462 L pericalcarine 0.265
R fusiform 0.46 L posterior cingulate 0.251
R middle temporal 0.442 R medial orbitofrontal 0.248
R precuneus 0.439 L bankssts 0.223
L mean thickness 0.438 R pericalcarine 0.199
L rostral middle frontal 0.431 L paracentral 0.179
R supramarginal 0.431 L frontal pole 0.177
R pars orbitalis 0.429 R lingual 0.16
R precentral 0.428 R paracentral 0.159
L lateral orbitofrontal 0.418 R rostral anterior cingulate 0.156
L cuneus 0.409 L insula 0.128
R superior frontal 0.405 L rostral anterior cingulate 0.12
R pars triangularis 0.402 L medial orbitofrontal 0.103
L postcentral 0.401 R transverse temporal 0.04
R bankssts 0.399 L caudal anterior cingulate 0.016
R cuneus 0.399

Note:—L indicates left; R, right; bankssts, banks of the superior temporal sulcus.
a ICCs for 2D-SE and 3D-GE cortical thickness estimates using FreeSurfer are shown.
The ICC values are grouped in 5 categories. Zero percent of the structures had almost
perfect agreement, 1.4% had substantial agreement, 40% had a moderate agreement,
42.9% had fair agreement, and 15.7% had slight agreement.
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tained with FIRST, we found the following: 1) Age did not corre-

late with any of the subcortical structures measured with both

3D-GE and 2D-SE images, and 2) disease duration and EDSS

scores showed a significant moderate correlation with most of the

subcortical structures measured with 3D-GE images, while almost

all correlations were nonsignificant if estimates from 2D-SE im-

ages were used (Table 4).

DISCUSSION
Brain volume loss, as measured with different postprocessing

software packages, is known to occur in patients with MS, and it is

clinically meaningful because it has been related to long-term mo-

tor and cognitive disability outcomes.2,18,28 Historical MR imag-

ing data from MS cohorts, with long-term follow-up that would

provide relevant clinical information, do not include 3D heavily

T1-weighted images (such as MPRAGE) but conventional 2D-SE

T1-weighted images instead. Thus, reliability assessment of segmen-

tation techniques in 2D-SE T1-weighted images may be of interest

for these cohorts. As far as we are aware, this is the first time that

FreeSurfer software has been evaluated by using 2D-SE T1-weighted

images and that clinical correlations by using 3D-GE and 2D-SE im-

ages processed with FIRST and FreeSurfer have been compared.

Cortical thickness estimates by using FreeSurfer software have

been previously evaluated and have been demonstrated to be a

robust and reproducible measure, except when different field

strengths were used.6-8 All studies performed to date have used 3D

T1-weighted sequences. In this study, we found that measure-

ment of cortical thickness with 2D-SE images yields inaccurate

and unreliable results, with ICC values below 0.6 for almost all

structures; this finding was especially notable when medial struc-

tures were evaluated. Pulse sequence, voxel geometry, and parallel

imaging do not seem to influence cortical thickness measure-

ments.6-8 Although FreeSurfer segmentation does not rely on

voxel intensity histograms, the different gray-white matter con-

trast in 2D-SE compared with 3D-GE T1-weighted images (Fig 1)

could partially explain this result. The contrast-to-noise ratio was

calculated in a small subset sample (n � 10; data not shown). The

mean contrast-to-noise ratio between gray and white matter was

10.1 in the 2D-SE sequence and 19.7 in the 3D-GE. There are

fundamental differences between contrast behaviors of spin-echo

and gradient-echo sequences, especially when this last sequence

is obtained with a magnetization-prepared inversion pulse.23

This magnetization-prepared inversion pulse produces a

strong T1-weighting in the image, resulting in an excellent

gray-white matter contrast compared with the standard 2D-SE

Table 2: Intraclass correlation coefficients for 2D-SE and 3D-GE
subcortical volume estimates using FreeSurfer and FIRSTa

FreeSurfer Software FIRST Software

Structure ICC Structure ICC
Estimated TIV 0.942 R caudate 0.914
Subcortical gray volume 0.93 L caudate 0.899
R thalamus 0.903 L hippocampus 0.864
Brain stem 0.865 R thalamus 0.85
L putamen 0.861 L putamen 0.826
L caudate 0.833 R putamen 0.815
R putamen 0.82 R hippocampus 0.814
L ventral diencephalon 0.801 Brain stem 0.784
R ventral diencephalon 0.765 L pallidum 0.781
R pallidum 0.762 L thalamus 0.773
R caudate 0.743 R pallidum 0.605
L thalamus 0.737 R amygdala 0.456
L pallidum 0.71 L amygdala 0.406
R accumbens 0.694 L accumbens 0.25
R hippocampus 0.654 TIVb 0.175
R cerebellum cortex 0.616 R accumbens 0.009
L cerebellum cortex 0.579
L hippocampus 0.568
L accumbens 0.511
R amygdala 0.397
L amygdala 0.321

Note:—L indicates left; R, right.
a The ICCs for 2D-SE and 3D-GE subcortical volume estimates using FreeSurfer and
FIRST are shown. The ICC values are grouped in 5 categories: 33.3% and 43.8% of the
structures with an almost perfect agreement using FreeSurfer and FIRST respectively,
42.9% and 25% of the structures with a substantial agreement using FreeSurfer and
FIRST respectively, 14.3% and 12.5% of the structures with a moderate agreement
using FreeSurfer and FIRST respectively, 9.5% and 6.25% of the structures with a fair
agreement using FreeSurfer and FIRST respectively, and 0% and 12.5% of the struc-
tures with a slight agreement using FreeSurfer and FIRST respectively.
b FIRST total intracranial volume was calculated with the following formula: (FIRST
template volume/matrix determinant) � 1000.

Table 3: Clinicoradiologic correlation using 3D-GE and 2D-SE normalized subcortical structure values obtained with FreeSurfer software

Subcortical
Structure

FreeSurfer 3D-GE FreeSurfer 2D-SE

Disease Duration EDSS Disease Duration EDSS

r P � P r P � P
Brain stem �0.258 .123 �0.408a .012a �0.143 .400 �0.545a �.001a

L thalamus �0.249 .137 �0.268 .109 �0.301 .070 �0.313b .059b

L caudate �0.304b .068b �0.285b .088b �0.316b .057b �0.283 .090
L putamen �0.443a .006a �0.494a .002a �0.466a .004a �0.510a .001a

L pallidum �0.489a .002a �0.409a .012a �0.315b .057b �0.404a .013a

L hippocampus �0.191 .256 �0.122 .472 �0.144 .397 �0.085 .615
L amygdala �0.083 .627 �0.335a .043a 0.001 .997 �0.141 .404
L accumbens �0.332a .045a �0.418a .010a �0.358a .030a �0.096 .571
R thalamus �0.409a .012a �0.402a .014a �0.386a .018a �0.376a .022a

R caudate �0.455a .005a �0.365a .02a �0.29b .074b �0.230 .171
R putamen �0.505a .001a �0.490a .002a �0.472a .003a �0.494a .002a

R pallidum �0.459a .004a �0.395a .016a �0.220 .192 �0.28b .093b

R hippocampus �0.262 .118 �0.302b .069b �0.238 .157 �0.220 .190
R amygdala �0.181 .285 �0.294b .077b �0.183 .279 �0.323b .051b

R accumbens �0.330a .046a �0.416a .011a �0.215 .202 �0.216 .199

Note:—r indicates the Pearson correlation coefficient; �, the Spearman correlation coefficient; L, left; R, right.
a Significant correlations.
b Trend toward a significant correlation.
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images, facilitating morphologic evaluation and gray-white

matter tissue segmentation.

The section thickness of the 2 sequences was quite different

(1.2 mm3 for the 3D-GE sequence versus 3 mm3 for the 2D-SE

sequence). This greater thickness in the 2D-SE sequences could

probably have influenced the volumetric measures obtained with

both software, since section thickness has already been demon-

strated to play a role when estimating lesion volumes in patients

with MS.29 We are aware that visual inspection of intermediate

outputs to exclude MR images with segmentation errors could

have improved our reliability results30; however, this improve-

ment would probably have been at the expense of introducing

operator-derived biases. Furthermore, correcting cortical thick-

ness segmentation errors (specially in 2D-SE T1-weighted im-

ages) would have been a very laborious and time-consuming task

and very difficult to apply in future research involving a large

number of patients. Thus, we decided to analyze the data obtained

with FreeSurfer without adding control points to correct for top-

ographic errors.

In this study, subcortical volume estimates of T1-weighted

images by using both FreeSurfer and FIRST had a good 2D-SE

versus 3D-GE reliability, with most of the ICC values being

greater than 0.6. Subcortical GM volumes are estimated in both

packages with a registration atlas– based technique (both by using

the same atlas), a technique that is robust and insensitive to image

contrast. We found that the amygdala and accumbens had the

lowest ICC values, similar to descriptions in the literature for

test-retest reliability assessment of 3D-GE subcortical segmenta-

tions by using FIRST software.9,10,31 These structures are among

the smallest; therefore, smaller volume differences may represent

a higher percentage of error. The high ICC values obtained in our

study for most of the subcortical structures using FIRST are in

agreement with the only study performed to date that evaluated

the performance of FIRST in 2D-SE T1-weighted images compared

with 3D-GE T1-weighted images.31 Also, we found segmentation

errors in up to 18% of 2D-SE images, similar to what had been de-

scribed in that work.31 These mis-segmentations were not corrected

because we did not focus on improving 2D-SE FIRST segmentation

but on analyzing the performance of FIRST in these sequences in an

automated fashion.

The main reason to study the performance of both packages in

2D-SE T1-weighted images was to test whether we could obtain

measures that could be used to investigate clinical associations.

Therefore, we assessed whether the subcortical normalized esti-

mates obtained with 3D-GE and 2D-SE T1-weighted images by

using the 2 packages were similarly associated with demographic

and disease outcomes. Significant moderate correlations were ob-

tained by using 3D-GE images, with relevant clinical outcomes

such as disease duration and disability (measured with EDSS).

However, by using 2D-SE scans, only normalized FreeSurfer esti-

mates were significantly associated with clinical outcomes. This

result could be partly explained because of the low ICC value of

the TIV estimate between 2D-SE and 3D-GE T1-weighted images

obtained by using FIRST (Table 2). Unlike FreeSurfer, FIRST does

not provide a TIV estimate, and we calculated it by dividing the

FIRST template volume (a fixed number of 1948.105) by the ma-

trix determinant. Although both sequences covered the whole

brain, the head coverage of the 2D-SE T1-weighted images is usu-

ally lower than the 3D template used in FSL, covering a lesser

portion of the scalp and lower part of the brain stem (Fig 1). Thus,

it is possible that the template volume used to calculate TIV does

not match well enough for 2D-SE T1-weighted images.

We are aware that using FSL SIENAX software (http://fsl.

fmrib.ox.ac.uk/fsl/fslwiki/SIENA)25 to calculate TIV may have

been a better approach. However, we wanted to evaluate whether

robust volume measures could be obtained with 2D-SE T1-

weighted images by using a single package and without using im-

age-processing options in the volumetric analysis (ie, the ade-

quate threshold) that could introduce biases. Nevertheless, to

confirm our interpretation, we used SIENAX software to calculate

the normalized brain volume from 2D-SE and 3D-GE sequences

in a small subset sample (n � 15, data not shown). The ICC value

of the normalized brain volume estimate between 2D-SE and

3D-GE T1-weighted images was 0.85 (almost perfect agreement),

and most of the associations between subcortical normalized es-

timates and disease outcomes obtained by using 3D-GE se-

Table 4: Clinicoradiologic correlation using 3D-GE and 2D-SE normalized subcortical structure values obtained with FIRST software

Subcortical
Structure

FIRST 3D-GE FIRST 2D-SE

Disease Duration EDSS Disease Duration EDSS

r P � P r P � P
Brain stem �0.133 .433 �0.160 .345 0.079 .674 �0.150 .420
L thalamus �0.424a .009a �0.226 .170 0.053 .777 0.080 .671
L caudate �0.410a .012a �0.302b .069b �0.297 .105 �0.065 .728
L putamen �0.383a .019a �0.364a .027a �0.056 .767 �0.262 .154
L pallidum �0.308b .063b �0.430a .008a �0.073 .696 �0.002 .991
L hippocampus �0.429a .008a �0.170 .313 �0.226 .222 �0.083 .658
L amygdala �0.276b .098b �0.029 .864 0.195 .294 0.230 .213
L accumbens �0.234 .164 �0.30b .071b 0.384a .033a 0.023 .901
R thalamus �0.496a .002a �0.235 .162 �0.022 .905 �0.092 .621
R caudate �0.501a .002a �0.270a .106a �0.419a .019a �0.188 .310
R putamen �0.406a .013a �0.454a .005a �0.043 .817 �0.286 .119
R pallidum �0.288b .08b �0.36b .029b �0.005 .980 0.013 .945
R hippocampus �0.384a .019a �0.002 .988 �0.082 .662 �0.064 .731
R amygdala �0.253 .131 0.046 .785 0.027 .887 0.331 .069
R accumbens �0.316b .057b �0.322 .052 0.233 .208 �0.014 .941

Note:—L indicates left; R, right; r, the Pearson correlation coefficient; �, the Spearman correlation coefficient.
a Significant correlations.
b Trend toward a significant correlation.
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quences remained significant when using 2D-SE sequences. These

results reinforce our hypothesis that the poor clinicoradiologic

correlations seen with 2D-SE sequences are most probably due to

a bad TIV estimation when using the avscale tool.

There are some limitations to our study. First, it was con-

ducted with 2D-SE and 3D-GE T1-weighted images used in clin-

ical practice with particular acquisition parameters. It is possible

that a better optimized 2D-SE sequence obtained with a higher

field scanner would have produced better segmentation results.

Therefore, our results should be extrapolated with caution when

using different 2D sequences. Second, a voxel-by-voxel compari-

son of the binary masks would have provided relevant informa-

tion regarding whether the software included the same image

points in both sequences. Unfortunately, 2D-SE and 3D-GE

FIRST outputs have different resolutions; therefore, an accurate

comparison of the binary masks could not be performed. Never-

theless, we believe this issue does not diminish the relevance of our

results because a visual inspection of the outputs was performed to

ensure that the FIRST software was correctly measuring subcortical

structures in both sequences. Finally, a test-retest variability study

with 2D-SE images would have provided more detailed information

regarding reliability. Unfortunately, as stated before, the images used

for this study were obtained in a clinical practice setting, with specific

schedules, and test-retest studies are lacking.

CONCLUSIONS
We have demonstrated the following: 1) Measurement of cortical

thickness with FreeSurfer with 2D-SE T1-weighted images is

not accurate enough; 2) measurement of subcortical volumes

with FreeSurfer and FIRST in 2D-SE images produces accept-

able results; but 3) when we used normalized subcortical vol-

umes of 2D-SE images for clinical correlations, FreeSurfer per-

formed better than FIRST. Therefore, FreeSurfer should be

preferred if normalized subcortical volume measures are to be

used in transversal correlations with clinical and demographic

variables but should not be used to measure cortical thickness

in 2D-SE images.
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Synthetic MRI in the Detection of Multiple Sclerosis Plaques
X A. Hagiwara, X M. Hori, X K. Yokoyama, X M.Y. Takemura, X C. Andica, X T. Tabata, X K. Kamagata, X M. Suzuki,

X K.K. Kumamaru, X M. Nakazawa, X N. Takano, X H. Kawasaki, X N. Hamasaki, X A. Kunimatsu, and X S. Aoki

ABSTRACT

BACKGROUND AND PURPOSE: Synthetic MR imaging enables the creation of various contrast-weighted images including double
inversion recovery and phase-sensitive inversion recovery from a single MR imaging quantification scan. Here, we assessed whether
synthetic MR imaging is suitable for detecting MS plaques.

MATERIALS AND METHODS: Quantitative and conventional MR imaging data on 12 patients with MS were retrospectively analyzed.
Synthetic T2-weighted, FLAIR, double inversion recovery, and phase-sensitive inversion recovery images were produced after quantifica-
tion of T1 and T2 values and proton density. Double inversion recovery images were optimized for each patient by adjusting the TI. The
number of visible plaques was determined by a radiologist for a set of these 4 types of synthetic MR images and a set of conventional
T1-weighted inversion recovery, T2-weighted, and FLAIR images. Conventional 3D double inversion recovery and other available images
were used as the criterion standard. The total acquisition time of synthetic MR imaging was 7 minutes 12 seconds and that of conventional
MR imaging was 6 minutes 29 seconds The lesion-to-WM contrast and lesion-to-WM contrast-to-noise ratio were calculated and
compared between synthetic and conventional double inversion recovery images.

RESULTS: The total plaques detected by synthetic and conventional MR images were 157 and 139, respectively (P � .014). The lesion-
to-WM contrast and contrast-to-noise ratio on synthetic double inversion recovery images were superior to those on conventional
double inversion recovery images (P � .001 and � 0.001, respectively).

CONCLUSIONS: Synthetic MR imaging enabled detection of more MS plaques than conventional MR imaging in a comparable acquisition
time. The contrast for MS plaques on synthetic double inversion recovery images was better than on conventional double inversion
recovery images.

ABBREVIATIONS: CNR � contrast-to-noise ratio; DIR � double inversion recovery; PD � proton density; PSIR � phase-sensitive inversion recovery; QRAPMASTER �
quantification of relaxation times and proton density by multiecho acquisition of saturation recovery with TSE readout; SI � signal intensity; T1IR � T1-weighted
inversion recovery

MS is a CNS demyelination disorder that usually strikes

young adults. MR imaging serves an important role in MS

diagnosis and surveillance via the detection and follow-up of focal

and diffuse CNS lesions. Monitoring new or enlarging MS plaques

is suitable for following disease activity when evaluating treat-

ment effects.1 The number of lesions detected early in the disease

process is associated with future relapse, disability accumulation,

or cognitive deficits.2 Several reports have shown the utility of

double inversion recovery (DIR) and phase-sensitive inversion

recovery (PSIR) images for detecting MS plaques, especially in

intracortical or mixed WM-GM areas.3-6 Relative to FLAIR and

T2-weighted images, DIR suppresses WM and CSF signals,

thereby increasing the conspicuity of lesions in both GM and

WM.7 PSIR is a T1-weighted inversion recovery (T1IR) sequence

with phase-sensitive reconstruction that provides a greater dy-

namic range of signal intensity (SI) and higher tissue contrast than
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conventional T1IR sequences by additively combining positive

and negative longitudinal magnetization.8 However, the addi-

tional acquisition time required has hindered the clinical use of

DIR and PSIR images.

Synthetic MR imaging enables the production of images with

almost any contrast-weighting, including DIR and PSIR, by vir-

tually adjusting the TR, TE, and TI after quantifying the longitu-

dinal T1 and transverse T2 relaxation times and the proton den-

sity (PD).9,10 Quantification of relaxation times and proton

density by multiecho acquisition of saturation recovery with TSE

readout (QRAPMASTER), an MR imaging quantification pulse

sequence, was recently introduced into the clinical setting and has

greatly shortened the time required for quantifying these param-

eters.11 A recent phantom study revealed that T1, T2, and PD

measurements made with the QRAPMASTER pulse sequence

were sufficiently accurate and reproducible.12 Synthetic MR im-

aging of the brain generates images inferior in quality but compa-

rable in diagnostic power with those acquired by conventional

MR imaging.13 Synthetic MR imaging is reported to be useful in

evaluating brain metastases14 and Sturge-Weber syndrome.15,16

Moreover, some reports have demonstrated the utility of syn-

thetic MR imaging in evaluating patients with MS.17-19 How-

ever, the added value of synthetic PSIR and DIR to detect MS

plaques remains to be examined. The research described above

suggests that generating PSIR and DIR images in addition to

T2-weighted and FLAIR images may boost the detectability of

MS plaques by MR imaging.

Here, we assessed the usefulness of synthetic MR imaging,

which enables creation of any contrast-weighted images in-

cluding PSIR and DIR, for detecting focal MS plaques by com-

paring images obtained from synthetic and conventional MR

imaging.

MATERIALS AND METHODS
Study Participants
The study was approved by the institutional review board of Jun-

tendo University Hospital, Tokyo, Japan. Given its retrospective

nature, written informed consent was not required. Data from 22

consecutive patients with MS who had undergone quantitative

and conventional MR imaging from August 2015 through No-

vember 2015 were retrospectively reviewed. These patients were

diagnosed according to standard criteria.20-22 Of the 22 patients,

10 had diffusely abnormal white matter23 and were excluded from

the study because the number of plaques was difficult to count

accurately. Therefore, data from 12 patients (1 male and 11 fe-

males; mean age, 35.5 years; age range, 16 –50 years) were evalu-

ated. Of the 12 patients, 10 had relapsing-remitting MS and 2 had

clinically isolated syndrome. The median score on the Expanded

Disability Status Scale24 at imaging was zero (range, 0 –3.0), and

the mean disease duration was 6.2 � 5.1 years.

MR Imaging
For all patients, MR imaging was performed on a 3T scanner

(Discovery MR750w; GE Healthcare, Milwaukee, Wisconsin)

with a 12-channel head coil. All patients underwent quantitative

2D axial imaging and conventional 2D axial T1IR, T2-weighted,

FLAIR, and 3D sagittal DIR imaging.

Quantitative MR imaging was performed by using the 2D axial

QRAPMASTER pulse sequence.11 This is a multisection, multi-

echo, multisaturation delay saturation-recovery turbo spin-echo

acquisition method in which images are collected for different

combinations of TEs and saturation delay times. At our institu-

tion, 2 TEs and 4 delay times were used to generate 8 real images

and 8 imaginary ones, which were then used to quantify longitu-

dinal T1 and transverse T2 relaxation times and the PD. The TEs

used were 16.9 and 84.5 ms, and the delay time was set as defined

by the manufacturer of SyMRI software (SyntheticMR, Linköping,

Sweden). The parameters used for quantitative MR imaging were

as follows: FOV, 240 � 240 mm; matrix, 320 � 320; echo-train

length, 10; bandwidth, 31.25 kHz; section thickness/gap, 4.0 mm/

1.0 mm; and sections, 30. The data acquired at each section were

used to produce T1, T2, and PD maps, which were then used to

calculate the synthetic MR images. Quantification map acquisi-

tion and raw data processing were performed with SyMRI soft-

ware (Version 8.0; SyntheticMR).

The parameters used to produce synthetic T2-weighted im-

ages were TR, 4500 ms; and TE, 100 ms. Those used to generate

FLAIR images were TR, 15,000 ms; TE, 100 ms; and TI, 2900 ms.

Finally, those used to obtain PSIR images were TR, 6000 ms; TE,

15 ms; and TI, 500 ms. The parameters for DIR image synthesis,

which were optimized for each patient, are shown in the following

section.

The parameters used to obtain conventional T1IR images were

the following: TR, 3294 ms; TE, 18 ms; TI, 908 ms; FOV, 240 �

216 mm; matrix, 352 � 256; echo-train length, 8; section thick-

ness/gap, 4 mm/1 mm; and sections, 30. Those used to obtain

T2-weighted images were the following: TR, 4500 ms; TE, 111 ms;

FOV, 240 � 240 mm; matrix, 512 � 512; echo-train length, 24;

section thickness/gap, 4 mm/1 mm; and sections, 30. Those used

to obtain FLAIR images were the following: TR, 9000 ms; TE, 124

ms; FOV, 240 � 240 mm; matrix, 320 � 224; echo-train length,

16; section thickness/gap, 4 mm/1 mm; and sections, 30. Finally,

those used to produce 3D sagittal DIR images were the following:

TR, 7000 ms; TE, 90 ms; first TI, 2892 ms; second TI, 546 ms;

FOV, 256 � 256 mm; matrix, 192 � 192; echo-train length, 160;

section thickness, 1.0 mm; and sections, 160. The first TI was

defined as the interval between the first 180° inversion pulse and the

90° excitation pulse. The second TI was defined as the interval be-

tween the second 180° inversion pulse and the 90° excitation pulse.

The acquisition time was 7 minutes 12 seconds for quantita-

tive MR imaging, 1 minute 50 seconds for conventional T1IR, 2

minutes 6 seconds for conventional T2-weighted, 2 minutes 33

seconds for conventional FLAIR, and 6 minutes 15 seconds for

conventional 3D DIR images. These images were saved as

DICOM files and analyzed with OsiriX Imaging Software, Version

7.0 (http:// www.osirix-viewer.com) on a personal computer.

Synthetic DIR Optimization
The parameters for creating synthetic DIR images were optimized

for each patient by adjusting the second TI to intensify the con-

trast between MS plaques and WM (Fig 1). All other parameters

were the same for each patient, as follows: TR, 15,000 ms; TE, 100

ms; and first TI (TI1), 3750 ms. The second TI (TI2) was selected

to suppress the WM and CSF signals while maximizing the GM
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signal, in accordance with the method of Gabr et al.25 This proce-

dure was accomplished by minimizing the following expression:

SIWM � SICSF

SIGM
,

where SIWM, SICSF, and SIGM denote the signal intensities (SIs) of

WM, CSF, and GM, respectively. For each tissue type, we mea-

sured T1, T2, and PD on SyMRI software to estimate the SI by

using the following expression, modified from the work of Red-

path and Smith26:

SI � PD�1 � 2exp��TI2 / T1	 � 2exp
��TI1 � TI2	 / T1�

� exp��TR / T1	
2exp�TE / 2T1	 � 1���exp��TE / T2		.

Here, T1, T2, and PD of each tissue type were averaged from

the following ROIs (3 � 3 voxels, corresponding to 2.25 � 2.25

mm2): CSF, bilaterally in the anterior horns of the lateral ventri-

cles; GM, bilaterally in the thalamus, occipital cortex, and frontal

cortex; and WM, in the corpus callosum— one in the genu and

another in the splenium—and bilaterally in the centrum semi-

ovale. The second TI of each image fell in the range of 460 – 480 ms

after optimization of the synthetic DIR images for each patient.

Image Analysis

Qualitative Analysis of Conventional and Synthetic Images. An

experienced neuroradiologist (K.K.), blinded to the clinical infor-

mation, individually counted the number of lesions in the syn-

thetic and conventional image sets, which were shown in random

order in 1 session. One synthetic image set included T2-weighted,

FLAIR, DIR, and PSIR images for each patient (Fig 2). One con-

ventional image set included T2-weighted, FLAIR, and T1IR im-

ages. Lesions at least 3 mm in diameter were counted. To confirm

the accuracy of lesion counts, an experienced neuroradiologist

(M.S.) also independently conducted MR imaging evaluations of

the same imaging datasets. Conventional 3D DIR images and all

other images were used as criterion standards by an experienced

neuroradiologist (A.H.) to determine whether a counted lesion

was a true- or false-positive and to classify the lesion according to

its location as an infratentorial, deep GM, periventricular WM,

deep WM, juxtacortical WM, or mixed WM-GM lesion. If a lesion

was detected only on the conventional image set or the synthetic

image set but not on conventional 3D DIR images, we defined it as

a false-positive.

Quantitative Analysis of Conventional and Synthetic DIR Images.
The lesion-to-WM contrast and the contrast-to-noise ratio

(CNR) were among the indices used to quantify synthetic and

conventional DIR images. To assess image quality, we also analyzed

the GM-to-WM contrast, GM-to-CSF contrast, and CNR. To match

the section thickness between synthetic and conventional DIR im-

ages, we reconstructed conventional 2D axial DIR images (thickness,

4 mm; gap, 1 mm) from conventional 3D DIR sagittal images.

ROI analyses were performed on synthetic and conventional

DIR images by a single investigator (M.N.) blinded to the clinical

information. For the quantitative analysis, the signal intensities of

the MS lesions and corresponding WM were measured by ROI

analyses and their mean values were recorded. A circular ROI that

covered almost the entire lesion was placed on each MS plaque

that measured �5 mm in diameter. The ROI was then copied and

pasted on the corresponding WM (Fig 3). For a supratentorial

lesion, the corresponding WM was defined as the normal-appear-

ing WM contralateral to that lesion. For an infratentorial lesion, it

was defined as the normal-appearing WM in the brain stem in the

same section.

In synthetic MR imaging, the SI of the surrounding air is set to

zero. Hence, the median SD of the SIs of the following 12 ROIs, all

of which were 2.4 � 2.4 mm2, was defined as the noise for each

patient: ROIs in the CSF (bilaterally in the anterior horns of the

lateral ventricles), in the GM (bilaterally in the thalamus, occipital

cortex, and frontal cortex), and in the WM (in the corpus callo-

sum— one in the genu and another in the splenium—and bilat-

erally in the centrum semiovale). This approach was a modified

version of the method used by Blystad et al.13

To assess the effect of optimizing WM signal suppression on

the image quality of DIR images, we compared the SI of GM

(SIGM) with the SIs of WM (SIWM) and CSF (SICSF). SIGM, SIWM,

and SICSF were obtained by averaging the values of the 6, 4, and 2

regions above, respectively, for each patient.

FIG 1. An example of DIR optimization. A DIR image with a second TI of 460 ms (A) (as determined according to the equations in the main text)
shows better delineation of MS plaques than a DIR image with a second TI of 360 ms (B) or 560 ms (C).
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The lesion-to-WM contrast was defined as the difference be-

tween the mean SI of a lesion and that of the corresponding WM

divided by the SI of the corresponding WM. The lesion-to-WM

CNR was defined as the difference between the SI of a lesion and

that of the corresponding WM divided by the noise of each se-

quence. The GM-to-WM and GM-to-CSF contrasts and CNRs

were calculated likewise.

Statistical Analysis
Statistics were computed by using the free software R, Version

3.2.1 (R statistical and computing software; http://www.r-project.

org/). Because none of the datasets were normally distributed, we

used the nonparametric Wilcoxon signed rank test to compare the

number of lesions detected in the synthetic and conventional im-

ages as well as the contrasts and CNRs of synthetic and con-

ventional DIR images. A 2-sided P value � .05 was considered

significant.

RESULTS
The total number of lesions detected by K.K. on synthetic images

was significantly larger than that on conventional images (Table

1). However, no significant difference was detected in any indi-

vidual region. Several lesions were easier to find on synthetic DIR

or PSIR images than on conventional images and were detected only

on the synthetic image set but not on the conventional image set by

K.K. (Fig 4). All false-positives on synthetic images were located next

to the CSF (Fig 5), because the surface of the brain tended to become

hyperintense on synthetic FLAIR and DIR images.

The interobserver reproducibility between the 2 observers

(K.K. and M.S.) for the total number of detected lesions was then

measured. The interclass correlation coefficient of synthetic MR

imaging was 0.858 (95% CI, 0.496 – 0.959). That of conventional

MR imaging was 0.950 (95% CI, 0.824 – 0.986).

FIG 2. Representative sections of synthetic T2-weighted (A), FLAIR (B), PSIR (C), and DIR (D) images, along with conventional T2-weighted (E),
FLAIR (F), and T1IR (G) images.

FIG 3. An example of ROI placement. A plaque (arrow) is shown on
the synthetic DIR image (A). A circular ROI (arrow) that covers almost
the entire lesion is placed in B. The ROI was copied and pasted on the
contralateral normal-appearing WM (arrowhead).

Table 1: Multiple sclerosis plaques detected by a
neuroradiologist on synthetic and conventional MR images

Region
Synthetic
MRI (No.)

Conventional
MRI (No.)

P
Value

Infratentorial 2 2 1
Periventricular WM 31 28 .374
Deep WM 87 82 .198
Juxtacortical WM 25 20 .547
Mixed WM-GM 6 5 .773
Deep GM 6 2 .203
Total 157 139 .014
False-positives 3 1 .586
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The lesion-to-WM, GM-to-WM, and GM-to-CSF contrasts

and their corresponding CNRs of synthetic DIR images were sig-

nificantly higher than those of conventional DIR images (Table 2

and Fig 6).

DISCUSSION
Synthetic MR imaging enabled us to detect more MS plaques than

conventional MR imaging in a comparable acquisition time (7

minutes 12 seconds versus 6 minutes 29 seconds). Previous re-

ports have shown that DIR and PSIR im-

ages are superior to T2-weighted and

FLAIR images for detecting intracortical

or mixed WM-GM lesions3,4,6; these re-

ports were of MR images of �3-mm sec-

tion thickness. However, the ability to

detect mixed WM-GM plaques did not

differ significantly between synthetic

and conventional MR images in our

study, which were obtained with a sec-

tion thickness of 4 mm. In a study of DIR

images with a section thickness of 5 mm,

significantly more MS plaques were de-

tected on DIR images than on FLAIR

and T2-weighted images, but not in the

case of mixed WM-GM lesions.5 Likewise, our use of a section

thickness of 4 mm and a small number of patients may have hin-

dered the detection of more mixed WM-GM lesions on synthetic

than on conventional MR imaging. Including more patients in

our study may have enabled the detection of more intracortical or

mixed WM-GM plaques on synthetic than on conventional MR

imaging.

All the false-positives on synthetic images were located next to the

CSF (Fig 5). In synthetic FLAIR and DIR images, the surface of the

brain tends to become hyperintense, which is presumably caused by

the partial volume effect. The surface of the brain is even brighter on

synthetic DIR images than on synthetic FLAIR images (Fig 2). This

feature may not be a problem if the existence of these artifacts is

known in advance of reading synthetic MR images.

In this study, even though the interclass correlation coefficient

of synthetic MR imaging between the 2 observers was excellent, it

was lower and had a wider range than that of conventional MR

imaging. One explanation is that these 2 readers had never been

FIG 4. An MS plaque readily detected on PSIR and DIR images. This plaque (arrows) is difficult to identify on synthetic T2-weighted (A) and FLAIR
(B) images and on conventional T2-weighted (E), FLAIR (F), and T1IR (G) images, but it is clearly delineated on synthetic PSIR (C) and DIR (D) images.
The plaque was detected by a neuroradiologist (K.K.) on synthetic but not conventional MR images.

FIG 5. An example of a false-positive lesion. The surface of the brain tends to become hyperin-
tense on synthetic FLAIR and DIR images. Note the hyperintense focus (arrow) in the inferior horn
of the right lateral ventricle on synthetic FLAIR (A) and DIR (B) images; this focus was identified as
an MS plaque by a neuroradiologist (K.K.). No hyperintense focus is seen in the same place on a
conventional FLAIR image (C).

Table 2: Contrast and CNR among lesions, WM, GM, and CSF
Synthetic

DIRa
Conventional

DIRa
P

Value
Lesion-to-WM contrast 9.33 � 5.92 6.74 � 3.58 .001
Lesion-to-WM CNR 23.50 � 7.90 20.20 � 8.30 �.001
GM-to-WM contrast 5.21 � 2.26 3.73 � 1.18 .027
GM-to-WM CNR 13.07 � 2.77 11.10 � 3.89 .012
GM-to-CSF contrast 17.05 � 20.30 3.98 � 1.18 �.001
GM-to-CSF CNR 14.33 � 2.68 11.17 � 3.61 .009

a Values are means � SD.
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exposed to synthetic MR imaging prior to this study. After the

readers become accustomed to synthetic MR imaging, the agree-

ment rate may be higher.

The quality of DIR images was better in synthetic MR imaging

(which was optimized for each patient) than in conventional MR

imaging. No previous report has evaluated the image quality of

synthetic DIR. Synthetic T1-weighted and T2-weighted images

were reported to have higher contrast and comparable CNR com-

pared with conventional images.13 Synthetic FLAIR images were

reported to have lower contrast and lower CNR than conven-

tional FLAIR images. In our study, we succeeded in creating syn-

thetic DIR images with higher contrast and CNR than conven-

tional DIR images by optimizing them for each patient. This result

shows the potential advantage of synthetic MR imaging, which

can be optimized for each patient after image acquisition. A recent

report attempted to optimize the DIR image for each patient.25 In

this report, DIR images were acquired after obtaining T1 and T2

maps separately and then optimizing the acquisition parameters

according to these maps. Because quantification and image cre-

ation can be completed in a single acquisition and on the same

software, the method used in our study has the potential to reduce

the time needed for DIR optimization.

Our study had a number of limitations. First, the sample size

was small. Second, the section thickness of the MR images ac-

quired was 4 mm with a 1-mm gap. This thickness was due to the

technical problem of not being able to obtain synthetic MR images

without a gap of at least 1 mm to reduce cross-talk between sections,

even though current imaging guidelines for MS recommend a sec-

tion thickness of �3 mm without a gap for 2D acquisition.27,28 This

problem should be addressed in future studies. Third, the resolution

was not the same for all sequences. The retrospective nature of this

study hindered the parameter adjustment.

CONCLUSIONS
Synthetic MR imaging enabled the detection of more MS plaques

than conventional MR imaging in a comparable acquisition time,

owing to the creation of useful contrast-weighted images (ie, DIR,

PSIR) not acquired routinely on conventional MR imaging. The

quality of DIR images in synthetic MR imaging optimized for each

patient was superior to that in conventional MR imaging. Our

results show that synthetic MR imaging has the potential to be

useful for detecting MS plaques.
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ORIGINAL RESEARCH
ADULT BRAIN

T1 Recovery Is Predominantly Found in Black Holes and Is
Associated with Clinical Improvement in Patients with

Multiple Sclerosis
X C. Thaler, X T.D. Faizy, X J. Sedlacik, X B. Holst, X K. Stürner, X C. Heesen, X J.-P. Stellmann, X J. Fiehler, and X S. Siemonsen

ABSTRACT

BACKGROUND AND PURPOSE: Quantitative MR imaging parameters help to evaluate disease progression in multiple sclerosis and
increase correlation with clinical disability. We therefore hypothesized that T1 values might be a marker for ongoing tissue damage or even
remyelination and may help increase clinical correlation.

MATERIALS AND METHODS: MR imaging was performed in 17 patients with relapsing-remitting MS at baseline and after 12 months of
starting immunotherapy with dimethyl fumarate. On baseline images, lesion segmentation was performed for normal-appearing white
matter, T2 hyperintense (FLAIR lesions), T1 hypointense (black holes), and contrast-enhancing lesions, and T1 relaxation times were obtained
at baseline and after 12 months. Changes in clinical status were assessed by using the Expanded Disability Status Scale and Symbol Digit
Modalities Test at both dates (Expanded Disability Status Scale-difference/Symbol Digit Modalities Test-diff).

RESULTS: The highest T1 relaxation time at baseline was measured in black holes (1460.2 � 209.46 ms) followed by FLAIR lesions (1400.38 �

189.1 ms), pure FLAIR lesions (1327.5 � 210.04 ms), contrast-enhancing lesions (1205.59 � 199.95 ms), and normal-appearing white matter
(851.34 � 30.61 ms). After 12 months, T1 values had decreased significantly in black holes (1369.4 � 267.81 ms), contrast-enhancing lesions
(1079.57 � 183.36 ms) (both P � .001), and normal-appearing white matter (841.98 � 36.1 ms, P � .006). With the Jonckheere-Terpstra Test,
better clinical scores were associated with decreasing T1 relaxation times in black holes (P � .05).

CONCLUSIONS: T1 relaxation time is a useful quantitative MR imaging technique, which helps detect changes in MS lesions with time. We
assume that these changes are associated with the degree of myelination within the lesions themselves and are pronounced in black holes.
Additionally, decreasing T1 values in black holes were associated with clinical improvement.

ABBREVIATIONS: BH � black hole; CE-L � contrast-enhancing lesion; EDSS � Expanded Disability Status Scale; NAWM � normal-appearing white matter;
MP2RAGE � double inversion-contrast magnetization-prepared rapid acquistion of gradient echo; SDMT � Symbol Digit Modalities Test; T1-RT � T1 relaxation time

MR imaging is an established tool in diagnosing multiple scle-

rosis and in monitoring inflammatory disease progression.

In clinical routine, T2 and T1 lesion load and the detection of

contrast-enhancing lesions (CE-Ls) are commonly used for mon-

itoring subclinical disease activity and evaluating the effectiveness

of pharmaceutical treatments. While hyperintense lesions on T2-

weighted images (FLAIR lesions) correspond to a wide spectrum

of histopathologic changes, ranging from edema and mild demy-

elination to glial scars or liquid necrosis, nonenhancing T1 hy-

pointense lesions, black holes (BHs), are reported to be more

specific markers for demyelination, axonal loss, and tissue dam-

age.1-6 It was observed that for discriminating the different stages

of cell damage, the degree of BH hypointensity seems to reflect the

extent of axonal loss and might distinguish demyelinated and par-

tially remyelinated lesions.7,8 Consequently, T1 relaxation times (T1-

RTs) are increased in edema, demyelination, and axonal loss.9-11

A recent study showed that the assessment of MS lesions by

their T1 values helps to increase correlations with disability and

might lead to a more differentiated lesion classification.12 How-

ever, little is known about the potential of lesional T1 values as a

clinical marker in disease progression. Only a small number of

previous studies have applied T1 relaxometry in patients with MS

and reported increased T1 values in normal-appearing white mat-

ter (NAWM).13,14 Therefore, our study focuses on the longitudinal

evaluation of T1 values in different MS lesion types, representing

different grades of tissue destruction. With the recently introduced
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double inversion-contrast magnetization-prepared rapid acquisition

of gradient echo (MP2RAGE) sequences, it is now possible to gener-

ate quantitative T1 maps with high reproducibility.15

The purpose of this study was to observe the evolution of T1

values in NAWM and in lesions in patients with MS for 1 year after

starting immunotherapy with dimethyl fumarate. We hypothesized

that longitudinal changes of lesional T1 values are associated with

changes in clinical disability because T1 values might be a marker for

ongoing tissue damage or even remyelination.

MATERIALS AND METHODS
MR imaging was performed in 17 patients with MS at baseline and

after 12 months. Also, at both time points, the clinical status was

assessed by experienced neurologists. For this study, all patients

who decided to be treated with dimethyl fumarate were treated at

the MS day hospital. The study was approved by the local Ethical

Committee Hamburg (Ethik-Kommission der Ärztekammer

Hamburg) following the guidelines of the Declaration of Helsinki,

and patients provided written informed consent. At baseline, all

patients were diagnosed with relapsing-remitting MS, of whom 1

transitioned to secondary-progressive MS at follow-up. Disease

duration ranged from 1 month to 19 years. All patients started

treatment with dimethyl fumarate after baseline scans. For further

patient characteristics, see the Table.

MR Imaging Data Acquisition
All MR imaging at baseline and after 12 months was performed on

a 3T scanner (Magnetom Skyra; Siemens, Erlangen, Germany).

The MR imaging protocol included a sagittal 3D FLAIR sequence

(TE � 390 ms, TR � 4700 ms, TI � 1800 ms, 192 sections, FOV �

256 mm, voxel size � 1.0 � 1.0 � 1.0 mm), a T1-weighted mag-

netization-prepared rapid acquisition of gradient echo sequence

before and after gadolinium injection (TE � 2.43 ms, TR � 1900

ms, TI � 900 ms, 192 sections, FOV � 256 mm, voxel size � 1.0 �

1.0 � 1.0 mm, flip-angle � 9°), and a double inversion-contrast

magnetization-prepared rapid acquisition of gradient echo se-

quence before contrast agent injection (TE � 2.98 ms, TR � 5000

ms, TI � 700 ms, 176 sections, FOV � 256 mm, voxel size � 1.0 �

1.0 � 1.0 mm, flip angle � 4°).

Image Analysis
For measuring T1-RT in NAWM, 6 ROIs were manually defined

in the occipital, frontal, and parietal white matter on baseline and

follow-up MP2RAGE images. Simultaneously, ROI placement

was controlled in the corresponding FLAIR images to avoid par-

tial volume errors from MS lesions.

In baseline scans, FLAIR lesions were semiautomatically seg-

mented on FLAIR images by using an open-source lesion-

segmentation software (Lesion Segmentation Tool for SPM;

http://www.academia.edu/2729347/LST_A_Lesion_Segmentation_

Tool_For_SPM).16 For optimal lesion segmentation, the final

threshold was set at � � 0.3. If necessary, lesion outlines were

corrected manually. FLAIR images were linearly registered to the

MP2RAGE images on baseline and follow-up images, and the

corresponding transformation was applied to the FLAIR lesion

masks.

Additionally, BH lesion segmentation was performed by 2 in-

dependent raters with a minimum of 1-year specific training in

MS image diagnostics and evaluation on T1-weighted MPRAGE

images. “BHs” were defined as nonenhancing lesions that appear

hypointense on T1WI with signal intensity below the cortex and

are concordant with hyperintense lesions on a T2WI. Lesions

were outlined by using the software Analyze 11.0 (AnalyzeDirect,

Overland Park, Kansas). The BH lesion masks of both raters were

binarized and multiplied patient-wise to obtain a consensus

mask. Finally, the consensus masks were registered to MP2RAGE

images at baseline and follow-up. We marked CE-Ls, applying the

same algorithm as described for BH lesion outlining and regis-

tered them to nonenhanced MP2RAGE images.

Finally, we calculated a pure FLAIR lesion mask by subtracting

the BH and CE-L mask from the corresponding FLAIR lesion

mask, leaving only those lesions that were visible on FLAIR but

did not correspond to a BH or CE-L.

An example of lesional ROI placement is shown in Fig 1. Due

to the registration of the baseline and follow-up images, we un-

derstand that minor displacements of lesions ROIs might occur.

To minimize this possible bias, we excluded lesions of �5 voxels

and assessed lesion maps on follow-up images to exclude misplaced

ROIs and correct them if necessary. For each patient, for FLAIR le-

sions, BHs, pure FLAIR lesions, and CE-L number, volumes were

calculated, and lesion-wise, median T1 values were obtained at base-

line and follow-up. New FLAIR lesions and CE-Ls were detected

manually after 12 months and were listed separately.

Because larger lesions might have a greater impact on clinical

disability, we adapted the changes in T1-RTs to the actual lesion

size in which it was measured. To correct for lesion size, we cal-

culated a weighted average of the lesional T1-RTs (ie, T1-RTs

were multiplied by their lesion volume and afterward divided by

the patient’s total lesion volume).

Clinical Status
At baseline and follow-up, clinical status was assessed by experi-

enced neurologists by using the Expanded Disability Status Scale

(EDSS) according to published guidelines.17 In addition, the oral

Symbol Digit Modalities Test (SDMT) was assessed, and an SD for

an age- and education-matched control cohort was calculated.18

Statistical Analysis
Statistical analysis was performed by using R 3.0.0 statistical and

computing software (http://www.r-project.org/) and SPSS 21.0

(IBM, Armonk, New York). A paired t test was used to compare

lesion T1-RTs at baseline and after 12 months within lesion

groups. The Jonckheere-Terpstra Test (a rank-based nonpara-

metric test) was used to test for changes in T1-RTs in patient

groups classified by clinical changes.19 Two-sided P values � .05

were statistically significant.

Subject population
Mean SD Range

Age (yr) 35.1 9.5 18–51
EDSS baseline 2.2 1.6 0–6.5
Disease duration (yr) 7.7 6.1 0.1–19
Sex 11 women, 6 men
Disease course 17 RRMS

Note:—RRMS indicates relapsing-remitting MS.
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RESULTS
MR Imaging Measurements
At baseline, at least 1 FLAIR lesion was detected in all patients, and

BHs were detected in all except 1 patient. Overall, 380 FLAIR lesions,

504 BHs, and 362 pure FLAIR lesions were segmented on baseline

scans. In 8 of 17 patients, 22 CE-Ls were detected at baseline. After 12

months, 1 patient demonstrated a new CE-L and 7 patients presented

with new FLAIR lesions. Interrater reliability for the detection of

black holes was high, with a Dice coefficient of 0.916.

T1 values in NAWM showed a significant decrease with T1-

RTs at a baseline of 851.34 � 30.61 ms to 841.98 � 36.1 ms after

12 months (P � .006). In MS lesions, the highest T1-RT at base-

line was measured in BHs (1460.21 � 209.46 ms) followed by

T1-RTs in FLAIR lesions (1400.38 � 189.1 ms) and T1-RTs in

pure FLAIR lesions (1327.5 � 210.04 ms). In 8 of 17 patients, 22

CE-Ls were detected at baseline, with a mean T1-RT of 1205.59 �

199.95 ms. After 12 months, T1 values decreased in all lesion

types: BHs � 1369.4 � 267.81 ms, FLAIR lesions � 1383.33 �

274.53 ms, pure FLAIR lesions � 1322.64 � 305.07 ms, CE-Ls �

1079.57 � 183.36 ms. Changes in T1-RT were calculated for all

lesion ROIs. Using paired t tests, we found significant differences

only for T1-RTs measured in NAWM (P � .006), BHs, and CE-Ls

(both P � .001) at baseline and after 12 months, but not for

FLAIR lesions (P � .08) or pure FLAIR lesions (P � .63). A de-

tailed overview of mean T1-RTs in FLAIR lesions, BHs, pure FLAIR

lesions, and CE-Ls at baseline and follow-up is given in Fig 2 and

On-line Tables 1 and 2.

There were no significant associations for changes in T1-RTs

in BHs and NAWM or any other lesion type.

FIG 1. An example of ROI placement in T1WI MPRAGE at baseline. From left to right: 1) T1WI MPRAGE transversal without lesion ROIs, 2) ROIs
indicating FLAIR-lesion masks, 3) ROIs indicating black hole lesion masks, and 4) ROIs indicating FLAIR-lesion masks without black holes (pure
FLAIR lesion masks).

FIG 2. Boxplots showing T1 relaxation times at baseline and after 12-month follow-up for different lesion types. P values were calculated by using
a paired t test.
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Clinical Measurements
EDSS scores were obtained for all patients at baseline and follow-

up. The mean EDSS score at baseline was 2.21 and changed only

marginally to 2.18 after 12 months. In a subset of 14 patients, the

SDMT was available. A mean SDMT-SD at baseline of �0.07

slightly increased to 0.21 after 12 months. With the Jonckheere-

Terpstra Test, better clinical scores in EDSS and SDMT were as-

sociated with decreasing T1-RTs in BHs (P � .001) (Fig 3). How-

ever, there were no significant differences for changes in T1-RTs

in NAWM, FLAIR lesions, pure FLAIR lesions, or CE-Ls.

DISCUSSION
For monitoring disease progression and

the effectiveness of pharmaceutical treat-

ment in MS, the number of T2, T1, and

contrast-enhancing lesions presents a rel-

evant diagnostic tool in clinical routine.

However, with routinely used semiquan-

titative MS imaging biomarkers such as

T1 and T2 lesion load or the number of

FLAIR lesions and CE-Ls, clinical-radio-

logic correlations are still limited because

MS lesions have histopathologic diver-

sity.20-22 Therefore, nonconventional MR

imaging measures such as T1-RT have

shown some promising results in cross-

sectional and longitudinal studies to im-

prove correlations with disability in pa-

tients with MS.12,13,23,24 The purpose of

this study was to present T1-RT changes

in MS lesions for 12 months and, sec-

ondly, to show the association of T1-RT

changes with clinical disability.

At baseline the highest lesional T1 val-

ues were detected in BHs, while the lowest

values were measured in CE-Ls; this find-

ing confirms the findings of Blystad et al

(2016).25 Due to severe tissue destruction,

demyelination, and an increase in free wa-

ter, T1-RTs are expected to be elevated in

BHs. In contrast, CE-Ls represent an ac-

tive inflammation process, associated

with an accumulation of inflammatory

cells, resulting in lower T1-RTs compared

with FLAIR lesions or BHs.26

T1-RT alterations were observed in all

lesion types and NAWM after 12 months

compared with baseline. While T1-RTs in

NAWM, BHs, and CE-Ls significantly de-

creased across time, FLAIR lesions and

pure FLAIR lesions did not show mean-

ingful changes of T1-RTs in 12-month

follow-up. Our observations are in line

with those in former studies, which re-

ported increasing signal intensities of MS

lesions in T1WI (comparable with de-

creasing T1-RTs) in up to 74% of initially

T1WI hypointense lesions.27-29 Although

we did not evaluate the relative signal in-

tensity, we observed decreasing T1-RTs in 66% of all BHs, in 82%

of all CE-Ls, and in 54% of pure FLAIR lesions. However, little is

known about decreasing T1-RTs in MS lesions. Bitsch et al

(2001)5 and Barkhof et al (2003)7 demonstrated in histopatho-

logic studies that the intensity of an MS lesion, and therefore its

T1-RT, depends, to some extent, on the degree of its myelination.

While the intensity of the lesion was decreased in demyelinated

lesions, it showed an increase in remyelinated lesions. Remyelina-

tion is described as a frequent phenomenon in MS and can be

FIG 3. Scatterplots showing an association between lesional changes in T1 relaxation times and
clinical scores.
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extensive in subsets of patients with MS.7,30-33 We assume that

decreasing T1-RTs in MS lesions depend, to some extent, on the

level of remyelination in the lesion itself and might therefore in-

dicate neuronal recovery.

Certainly, other pathologic processes such as resolution of

edema, inflammation, or microstructural changes may influence

T1-RT as well and might be the main reason for decreasing T1-

RTs in CE-Ls. However, why overall T1-RTs are stable in pure

FLAIR lesions but decrease in BHs remains unclear. One possible

explanation could be that BHs represent a bygone, inactive in-

flammatory process with extensive tissue damage and prevailing

neuronal recovery, whereas pure FLAIR lesions still have the po-

tential for ongoing demyelination. This assumption is supported

by histopathologic findings from Jonkman et al (2015),34 who

observed lower T1-RTs in preactive and active lesions than in

chronic inactive lesions, classifying pure FLAIR lesions with

smaller T1-RTs as active lesions with ongoing demyelination and

BHs with higher T1-RTs as rather chronic inactive lesions.

In this study, we found a significant association between im-

proving clinical status and decreasing T1 values in BHs. So far,

studies focusing on changes of T1-RTs in MS lesions and their

impact on clinical status are lacking. Manfredonia et al (2007)14

observed T1 values in normal-appearing white and gray matter

during a 2-year follow-up in patients with primary-progressive

MS and found a significant correlation between increasing T1-

RTs and clinical impairment. However, Manfredonia et al did not

evaluate T1-RTs within MS lesions and included only patients

with primary-progressive MS, which might explain the significant

increase in T1-RTs, because progressive subtypes of MS are asso-

ciated with greater damage to white matter. Also, all individuals in

our study cohort were treated with dimethyl fumarate, which sig-

nificantly reduces disease activity as measured by MR imaging in

patients with relapsing-remitting MS35,36 and might be a reason-

able explanation for decreasing T1 values in NAWM and BHs in

our study cohort.

As mentioned before, we hypothesized that changes in T1-RT

at least partially represent some changes in the degree of myelina-

tion. In contrast to Manfredonia et al,14 we predominantly ob-

served decreasing T1 values in NAWM and BHs. However, it is

still unclear whether remyelination leads to functional recovery in

humans because there is no approved method to measure the

degree of demyelination/remyelination in vivo. Yet, promising

results were reported in experimental animal models, demon-

strating an association between remyelination and functional re-

covery.37-39 To support our findings and especially to confirm an

association of lesion evolution and clinical status and to gain

deeper insight into the underlying histopathologic process, addi-

tional longitudinal studies, including measurements of other

quantitative MR imaging parameters such as diffusion tensor im-

aging, magnetization transfer ratio, and myelin water imaging, are

needed.

There was no significant association between the appearance

of new FLAIR lesions after 12 months and changes in clinical

status. However, when one assesses new lesions in MS, their stra-

tegic location is an important feature when correlating with clin-

ical changes.13,40,41 It was not the purpose of this study to evaluate

the influence of single lesion locations on clinical disability but

rather to search for new strategies to assess lesion quality and

evolution. Nevertheless, further investigations of the localization

of lesions are needed for a better understanding of their clinical

impact.

To generate T1 maps, we acquired MP2RAGE sequences,

which create a homogeneous T1-weighted contrast with an in-

trinsic correction of B1 inhomogeneities and reduce residual pro-

ton density and T2* weighting. T1 values measured in MP2RAGE

sequences are highly reproducible both across subjects and within

the same subject by using different scanning parameters; this fea-

ture makes these sequences applicable to longitudinal studies.15

CONCLUSIONS
T1-RT is a useful quantitative MR imaging technique that helps

detect changes in MS lesions with time. We assume that these

changes are associated with remyelination in the lesions them-

selves and are predominantly found in BHs rather than in FLAIR

lesions or pure FLAIR lesions. Supporting this hypothesis,

changes in T1-RT were associated with clinical status, possibly

indicating neuronal and even functional recovery. To confirm our

findings, further emphasis should be on combining T1-RT with

other nonconventional MR imaging techniques such as magneti-

zation transfer ratio, DTI, and myelin water imaging to gain fur-

ther knowledge of myelin measurement in vivo. Undoubtedly,

histopathologic studies would provide the best evidence to verify

these MR imaging techniques but are naturally limited.
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Impact of Pial Collaterals on Infarct Growth Rate in
Experimental Acute Ischemic Stroke

X G.A. Christoforidis, X P. Vakil, X S.A. Ansari, X F.H. Dehkordi, and X T.J. Carroll

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral infarction evolves at different rates depending on available blood flow suggesting that treat-
ment time windows vary depending on the degree of pial collateral recruitment. This work sought to mathematically model infarct growth
and determine whether infarct volume growth can be predicted by angiographic assessment of pial collateral recruitment in an experi-
mental MCA occlusion animal model.

MATERIALS AND METHODS: Pial collateral recruitment was quantified by using DSA, acquired 15 minutes following permanent MCA
occlusion in 6 canines based on a scoring system (average pial collateral score) and arterial arrival time. MR imaging– based infarct volumes
were measured 60, 90, 120, 180, 240 and 1440 minutes following MCA occlusion and were parameterized in terms of the growth rate index
and final infarct volume (VFinal) as V(t) � VFinal [1 � e(�G � t)] (t � time). Correlations of the growth rate index and final infarct volume to the
average pial collateral score and arterial arrival time were assessed by linear bivariate analysis. Correlations were used to generate
asymptotic models of infarct growth for average pial collateral score or arterial arrival time values. Average pial collateral score– and
arterial arrival time– based models were assessed by F tests and residual errors.

RESULTS: Evaluation of pial collateral recruitment at 15 minutes postocclusion was strongly correlated with 24-hour infarct volumes
(average pial collateral score: r2 � 0.96, P � .003; arterial arrival time: r2 � 0.86, P � .008). Infarct growth and the growth rate index had
strong and moderate linear relationships to the average pial collateral score (r2 � 0.89; P � .0033) and arterial arrival time (r2 � 0.69; P �

.0419), respectively. Final infarct volume and the growth rate index were algebraically replaced by angiographically based collateral
assessments to model infarct growth. The F test demonstrated no statistical advantage to using the average pial collateral score– over
arterial arrival time– based predictive models, despite lower residual errors in the average pial collateral score– based model (P � .03).

CONCLUSIONS: In an experimental permanent MCA occlusion model, assessment of pial collaterals correlates with the infarct growth
rate index and has the potential to predict asymptotic infarct volume growth.

ABBREVIATIONS: AAT � arterial arrival time; G � growth rate index; MCAO � MCA occlusion; Pc � average pial collateral score; SSE � sum square of the error;
VFinal � final infarct volume; V(t) � volume at a given time

Reperfusion treatment in acute ischemic stroke due to major

vessel occlusion aims to rescue brain at risk for ischemic in-

jury. Compromise in cellular function during the early phases of

cerebral ischemia precedes but does not consistently predict irre-

versible dysfunction or infarction. On the basis of the premise that

discrepancies exist between tissue with irreversible damage and

tissue with reversible functional compromise, reversible func-

tional compromise could be operationally defined as a compo-

nent of the diffusion-perfusion mismatch profile derived from

MR imaging.1-3 Tissue infarction is known to depend on both the

degree to which blood flow is compromised and the duration of

the compromise (time from onset of ischemia).4 In major vessel

occlusion, blood flow via pial collateral vessels sustains tissue at

risk, so an effective measure of the collaterals may approximate

the tissue state as indicated by the perfusion-diffusion mismatch.

Furthermore, given the identical cerebrovascular occlusion site,
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patients with acute cerebrovascular occlusion with the same de-

gree and time of reperfusion can vary in their final irreversible

tissue damage or infarct volume.5 Final infarct volumes in pa-

tients with prolonged occlusion of the middle cerebral artery,

for example, vary depending on the degree of sustained pial

collateral recruitment and on the degree to which the cerebral

tissue type at risk is able to withstand permanent ischemic

damage.5,6 A better understanding of the infarct growth rate

has the potential to lead to a more personalized treatment plan

based on tissue rather than time selection alone and to improve

the effectiveness of reperfusion therapy in the current era of

precision medicine.

With respect to the mathematic modeling of cerebral infarct

volume growth within the first 24 hours of ictus, growth rate

decreases as infarct volume increases. This characteristic indicates

that infarct volume evolves in a nonlinear fashion; thus, nonlinear

growth models more accurately reflect true infarct volume growth

relative to a linear model. Nonlinear models can be divided into

asymptotic (those that level off with time) and nonasymptotic

models (those that grow indefinitely). Because infarct volume

does not enlarge indefinitely but rather approaches a point in time

after which any growth is negligible or cannot be measured, an

asymptotic model makes more sense. This work sought to

mathematically model the infarct growth rate as a nonlinear

asymptotic function of time and hypothesized that the infarct

growth rate can be predicted by pial collateral recruitment in a

setting of acute and permanent MCA occlusion (MCAO) in a

canine model.

MATERIALS AND METHODS
Animal care guidelines of the University of Chicago were fol-

lowed. Six mongrel dogs (20 –30 kg) underwent 4-vessel cerebral

angiography and permanent endovascular MCAO from its origin

at the carotid terminus, to the M1 segment by using previously

described endovascular techniques.7,8 Briefly, following induc-

tion, animals were anesthetized (1.5%–2.0% isoflurane) and ven-

tilated. Cardiac rhythm, end-tidal CO2, glucose, body tempera-

ture, hematocrit, and arterial pressure were maintained within

physiologic range. The MCA was accessed from the posterior cir-

culation via the circle of Willis by using a microcatheter (Echelon

10; Covidien, Irvine, California) and was occluded by using em-

bolic coils (Axium; Covidien).7 DSA images were acquired (OEC

9800; GE Healthcare, Milwaukee, Wisconsin) to confirm occlu-

sion and quantify pial collateral blood supply by selective injec-

tion of the contralateral internal carotid artery and the vertebral

artery 15 minutes following MCAO.

MR Imaging Protocol
All MR images were acquired on a 3T human magnet (Achieva;

Philips Healthcare, Best, the Netherlands). Animals were placed

in the head-first, prone position within a 32-channel transmit-

receive head coil. Diffusion-weighted MR imaging (FOV � 140 �

140 mm, matrix � 128 � 128, NEX � 1, TR/TE � 192–2131/71

ms, b-values � 0, 1000 s/mm2, section thickness � 3 mm) was

acquired 1, 1.5, 2, 3, and 4 hours post-MCAO; and T2-weighted

fluid-attenuated inversion recovery MR imaging (FOV � 160

mm, matrix � 512 � 512, NEX � 1, TR/TE/TI � 11,000/125/

2800 ms, section thickness � 3 mm, scan time � 8 minutes) was

acquired at 24 hours to quantify final infarct volume. Susceptibil-

ity-weighted imaging (FOV � 160 mm, matrix � 148 � 148,

NEX � 1, TR/TE � 14.89/21.00 ms, flip angle � 10°, section

thickness � 0.5 mm) was acquired after the 1-, 2-, and 4-hour

DWI scans and at 24 hours.

Quantification of Pial Collateral Arterial Recruitment
Two interventional neuroradiologists (G.A.C., S.A.A.) semiquantita-

tively assessed pial collateral recruitment (average pial collateral score

[Pc]) by using a previously published scoring method.7 The results of

the 2 observers were averaged. Briefly, this 11-point scoring system

compares postocclusion with preocclusion arteriographic images to

assess the extent of reconstitution of the occluded MCA territory and

transit time relative to jugular vein opacification. Extent is evaluated

within each of 3 sections of the MCA territory (anterior, middle, and

posterior). For each section, 1 point is assigned if only the medial

parts of the MCA distal branches were reconstituted; and 2 points, if

the lateral parts of the MCA branches were reconstituted within that

section. Up to 2 additional points were added if there was reconsti-

tution of the distal and proximal M2 segments within the operculum.

Transit time was assigned up to 1 point for each section of the MCA

territory (anterior, middle, and posterior) if contrast arrived in the

MCA branches along the lateral aspect of each section before contrast

arrived to the jugular bulb. The Bland-Altman statistic for this pial

collateral scoring system between 2 observers has been reported at

22.6% (95% of scores within 1.3 points of each other) and the mean

difference of 0.23 between observers.7 Pial scores were averaged and

treated as continuous variables in all statistical analyses. Agreement

of Pc between the 2 observers in this study was assessed by using a

Bland-Altman analysis.

Arterial Arrival Time
Pial collateral recruitment was also quantitatively assessed by ar-

terial arrival time (AAT). Signal-versus-time curves were ex-

tracted from time-resolved angiograms by using a combination of

Amira software (www.amira.com) and Matlab, Version 2012b

(MathWorks, Natick, Massachusetts), which measured contrast

density across time within ROIs. The AAT was defined as the time

interval between contrast arrival at the normal M1 segment and

contrast arrival at the reconstituted M3/4 junction on the hemi-

sphere distal to the permanent MCAO (Fig 1).

Quantification of Infarct Volume
The evolution of the infarct was determined from parametric images

of mean diffusivity and T2 FLAIR images independently by 2 trained

observers. A previously described semiautomated infarct segmenta-

tion algorithm was used to quantify infarct volumes across time.7

Briefly, infarct volumes by mean diffusivity maps and FLAIR MR

imaging were estimated by using a quantitative voxelwise threshold

by setting a threshold of 1.5 SDs relative to normal values based on an

ROI drawn to cover the entire contralateral normal hemisphere in-

clusive of gray and white matter but exclusive of the ventricles on a

section-by-section basis. “Total infarct volume” was defined as the

number of voxels that were 1.5 SDs greater than the mean value of

normal tissue multiplied by the voxel volume. Volumes were calcu-

lated by using ImageJ software (National Institutes of Health,
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Bethesda, Maryland). Previous results by Bland-Altman statistics in-

dicated that there is good reproducibility of infarct volume estima-

tions by using the mean diffusivity maps (15.9%) acquired between 0

and 240 minutes post-MCAO and FLAIR images (13.3%) acquired

at 24 hours.7 Therefore, a combination of early (ie, 0–240 minutes)

mean diffusivity measured infarct volume at a given time [V(t)] and

24-hour T2 FLAIR (VFinal) images was used to determine the evolu-

tion of the infarcted volume over time.

Predicting 24-Hour Infarct Volume from Angiography
Least-squares regression analysis was performed to test the hypothe-

sis that angiographic assessment of pial collateral arterial reconstitu-

tion (ie, Pc and AAT) can predict final infarct volumes. Both Pc and

AAT were compared by using a correlation analysis to determine the

level of agreement between both Pc and AAT and VFinal. Cytotoxic,

ionic, and vasogenic edema were not differentially accounted for

when deriving this representative asymptotic function.

Modeling Infarct Growth
Asymptotic infarct growth was mathematically modeled by an

asymptotic function. Infarct growth was parameterized as

1) V�t� � VFit � 	1 � e��G � time�
,

where V(t) was infarct volume at time t, with G and VFit being free

parameters in the fit. For this analysis, infarct-across-time data

collected during the acute phase of the

stroke (t � 0, 240 minutes) were com-

bined with 24-hour (t � 1440 minutes)

infarct volume, VFinal. Levenberg-Mar-

quardt fits were performed to extract G

and VFit for each experiment separately.

The goodness of fit was then reported as

the coefficient of determination, r2.

Growth rates and VFit values resulting

from the fits were then subject to a linear

regression analysis to derive an expression

that would allow the modeling of infarct

growth rate as a function of pial collateral

recruitment (Pc and AAT). The modeling

of infarct growth by using Pc and AAT

was compared. The slope intercept of the

correlation plots and correlation coeffi-

cients of Pc and AAT were compared to

determine which more closely followed a

linear model.

Parameterizing Infarct Growth from
Collateralization
Expressions for infarct volume and in-

farct growth rate were back-substituted

into Equation 1 to yield infarct-versus-

time curves as a function of Pc and AAT,

(ie, angiographic measures acquired 15

minutes postocclusion). A 2-sided Wil-

coxon signed rank test determined the

difference (if any) between the measured

and model-predicted volume of the lesion

size at all time points. Because Pc- and AAT-derived models used

a similar number of parameters, we applied an F test with the

following formula for measuring the F statistic: F � SSEAAT/

SSEPc, where SSEAAT and SSEPc are the sum square of the errors

(SSE) between the AAT- and Pc-modeled lesion volumes and the

24-hour postocclusion FLAIR-measured volumes. Subsequently,

comparison of the F statistic with an F distribution was used to

assess the Pc- and AAT-derived models for goodness of fit to the

measured data. In addition, mean absolute errors of both models

were compared at each time point by using a Wilcoxon signed

rank test to determine whether the errors from each model were

significantly different. Statistical significance was defined at the

5% level.

RESULTS
All experiments were successful, and all 6 dogs survived to the

24-hour time point. None of the animals showed evidence of

hemorrhagic conversion or herniation on the 24-hour MR imag-

ing examinations. The Bland-Altman statistic for Pc determina-

tion between the 2 observers in this investigation was 22.4% (95%

of scores within 1.5 points of each other), and the mean difference

was 0.17 between observers. This result is similar to previously

described reproducibility.7 Raw data for each experiment (infarct

volumes by time, Pc, and AAT) are shown in Table 1.

FIG 1. Arterial arrival times measured from angiographic time-density curves. ROIs within the
normal MCA proximal M1 segment (white arrow, A) and from collateralized MCA branches
(double arrows, A) are identified on composite angiographic images. ROIs were used to calcu-
late time-density curves (B). “Average arterial time” (in seconds) was defined as the time interval
between contrast arrival at the normal M1 segment (interrupted curve, B) and the average of 3
ROIs at the M3/4 junction of the MCA corresponding to the occluded MCA (continuous curve,
B). AAT is graphically depicted by the horizontal double arrow line.

Table 1: Raw data
Experiment No.

1 2 3 4 5 6
Pc 9.00 7.00 10.50 5.50 4.00 3.50
AAT (sec) 1.344 3.469 1.812 4.938 4.656 4.156
V (60 min) (mm3) 3533 8960 3575 9842 14,947 15,074
V (90 min) (mm3) 3976 9221 4009 10,310 15,428 16,464
V (120 min) (mm3) 3922 9174 4430 14,493 16,805 18,134
V (180 min) (mm3) 5492 13,043 5312 16,811 18,034 20,694
V (240 min) (mm3) 5058 14,800 6461 17,419 19,257 22,197
V (24 hr) (mm3) 9612 17,987 9668 20,946 24,479 25,419

Note:—V (time) indicates infarct volume at “time” evaluated with diffusion-weighted MRI; V (24 hour), final infarct
volume from FLAIR MRI.
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Predicting 24-Hour Infarct Volume from Angiography
Strong linear relations were observed between baseline pial col-

lateral score and final infarct volume (VFinal � �1483.6 � Pc �

20,578; r2 � 0.96, P � .003) as well as AAT and final infarct

volume (VFinal � 2596.3 � AAT �1994.4; r2 � 0.86; P � .008)

(Fig 2A, -B, respectively). A secondary analysis showed that a

strong correlation exists between the pial collateral score and av-

erage arterial time (ATT � �0.4754 � Pc � 6.52; r2 � 0.78, P �

.02) as might be expected from simple physiologic arguments (ie,

robust collaterals provide earlier contrast agent arrival distal to an

occlusion). The pial collateral score is a semiquantitative assess-

ment, whereas AAT is a continuous quantitative measure of pial

collateral recruitment.

Modeling Infarct Growth
Representative images for early (Fig 3A, upper part) and final

(24-hour, Fig 3A, lower part) infarcts are shown along with the

results of the semiautomated infarct volume algorithm. In all

cases, infarct volumes were observed to increase asymptotically

with time until reaching a final infarct volume (Fig 3B). Leven-

berg-Marquardt fits to Equation 1 converged with r2 values ex-

ceeding 0.92 in all cases (Table 2). The growth rate index (G)

extracted from the fits of the full time course (combined mean

diffusivity for 0–240 minutes and 24-hour FLAIR) exhibited a strong

linear relation to Pc (G � �0.0013 � Pc � 0.0179; r2 � 0.89; P �

.003) and a moderate linear relation with AAT (G � 0.0022 �AAT �

0.0017; r2 � 0.69; P � .04) (Fig 2C, -D, respectively).

Parameterizing Infarct Growth from Collateralization
Because the experimental data indicated that both VFinal and G

could be linearly approximated by each of Pc and AAT, a param-

eterization of infarct volume based solely on angiographic observ-

ables determined 15 minutes postocclusion was derived through

simple algebraic back-substitution of VFit and G to obtain

2) V�t� � � A1 � Pc � B1� � 	1 � e�C1 � Pc � D1� � t
,

with A1 � �1483, B1 � 20,578, C1 � �0.0013, and D1 �

0.0179). The equivalent expression for AAT was

3) V�t� � � A2 � AAT � B2� � 	1 � e�C2 � AAT � D2� � t
,

with A2 � 2596, B2 � 1994, C2 � 0.0022, and D2 � 0.0017. The

resulting curves are displayed on Fig 4 for a range of Pc and AAT

values. The sum squares of the error of the AAT-based models

were 3.99, 4.06, 1.93, 1.57, 1.31, and 3.98 times greater than the

corresponding Pc-based model SSEs at the 60-, 90-, 120-, 180-,

240-minute and 24-hour time points. Congruently, the F test did

not demonstrate a significant difference between the Pc- or AAT-

based model of infarct volume growth at any time point with

respective P values � .10, .10, .30, .30, .40, and .10. However, a

comparison of the mean absolute error showed significantly bet-

ter agreement between the Pc-based infarct growth modeling

(� � �0.66 � 0.22) compared with the AAT-based (� � 1.49 �

2.08) modeling on a 2-sided Wilcoxon signed rank test (P � .03).

DISCUSSION
Our experimental results indicate that infarct growth in a perma-

nent MCAO canine model can be mathematically modeled on the

basis of an angiographic assessment of pial collateral recruitment.

Reperfusion during the evolution of

acute ischemia to cerebral infarction

has the potential to either salvage brain

at risk leading to improved clinical out-

comes or cause reperfusion injury/

hemorrhage leading to poorer clinical

outcomes. Thus, the ability to assess sal-

vageable ischemic tissue during the early

phases of an acute ischemic stroke may

impact treatment decisions.1-3 Patients

with acute ischemic stroke with large-ves-

sel occlusion are potential candidates for

embolectomy and undergo angiography

before embolectomy. This circumstance

lends itself to angiographic evaluation of

pial collateral recruitment and may help

in the assessment for embolectomy. Addi-

tionally, a clear understanding of the in-

FIG 2. Final infarct volumes by T2 FLAIR images acquired 24 hours
post-MCA occlusion are compared with baseline (ie, 15 minutes pos-
tocclusion) angiographic measures of pial collateral recruitment. A,
Angiographic scoring of pial collateral score and arterial arrival time
(B) strongly correlates with final infarct volume. Both pial collateral
score (C) and AAT (D) are predictive the infarct growth rate index
(derived from the fits shown in Fig 3B) on the basis of a linear function.

FIG 3. Single-section 120-minute mean diffusivity (upper part) and 24-hour FLAIR (lower part)
images (A) were used to estimate and plot the growth of the infarct volume with time (B). A
semiautomated algorithm was used to estimate the volume of the infarct on the basis of signal
intensity within the affected hemisphere (red area), varying 1.5 times the SD from the mean of
the signal in the contralateral normal-appearing hemisphere exclusive of spinal fluid. B, Infarct
volume growth with time follows a predicable trend. Each curve corresponds to 1 experiment.
The pial collateral scores and AAT measured immediately after occlusion (ie, at t � 15 minutes)
for each curve are listed on the right.
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farct volume growth rate as it relates to specific parameters can

assist in estimating residual brain at risk and time available for

intervention.

This work demonstrates that infarct growth after permanent

occlusion of the MCA follows a predictable trend that can be

mathematically modeled with respect to the degree of collateral

blood supply distal to the occluded artery. During the early phases

of cerebral ischemia after MCAO in mongrel canines, infarct vol-

ume measured by MR imaging diffusion restriction can be ap-

proximated by an asymptotic function of time. On the basis of this

function, the infarct growth rate decreases with time and a growth

rate index can be derived from this function. If the growth rate

index is known, predictors of the final infarct volume can be used

to define the evolution of cerebral infarction during MCAO. Final

infarct volume and growth rate index can be linearly fitted to the

pial collateral score on the basis of results derived in this study.

Even if a linear relationship does not truly exist, an assessment of

pial collateral recruitment can be used to estimate the final infarct

volume as well as the infarct growth rate index. Ultimately in a

controlled animal model with a specific occlusion site, such as the

proximal middle cerebral artery, a set of estimated infarct growth

curves can be generated for each pial collateral score and for var-

ious arterial arrival times (Fig 4). Using these curves, one may be

able to estimate the salvageable brain tissue at risk. Given that the

assessment of pial collaterals is reflective of the cerebral perfusion

during acute ischemic infarction, cross-sectional perfusion imag-

ing may also be predictive of the infarct growth index and final

infarct volume.

Previous studies have assessed infarct growth with time and

have determined that the growth of infarct volume changes in the

early hours and reaches a maximum volume after which it de-

creases.9-15 There is tremendous intraspecies and interspecies

variation in the time course of cerebral infarct volume growth.

Indeed, in humans, the mean time for maximal infarct volume for

anterior circulation infarction appears to be around 70 hours.9 If

one compares Wistar rats with Sprague Dawley rats, the time it

takes to reach maximum infarct volume appears to be 2 and 4

hours, respectively.10 In Macaque monkeys, MCA infarction ap-

pears to reach a maximum at 24 or 48 hours.11 Furthermore, the

growth rate is suddenly altered if and when reperfusion occurs.

Vasogenic edema appears to be more profound if reperfusion

occurs later in the time course of infarction.12 Finally, most stud-

ies that use MR imaging to assess infarct volume appear to suggest

that a maximal infarct volume is reached on the basis of a loga-

rithmic growth function.11,13,14 After the maximal volume is

reached, infarct volume decreases in size. On the basis of obser-

vations from this study as well as prior studies, given similar oc-

clusion sites, the growth rate and the maximum infarct volume

within each species vary to a large degree depending on the degree

of pial collateral recruitment.5,16 This feature assumes that less

variability in the susceptibility of the cerebral tissues to ischemia

exists within each species. The current study did not account for

change in the MR imaging– based infarct growth rate as a result of

reperfusion, which would represent an additive function likely

depending on the degree of blood-brain barrier breakdown—that

is, V(t) � Vf [1 � e(�Gt)] � B(t), where B(t) represents this addi-

tive function.

There are limitations to this study. It is quite possible that a

similar asymptotic function predictive of infarct volume may be

found in humans, but our results may not be readily translatable

across species. Unlike controlled experiments, physiologic pa-

rameters, occlusion site, age, and time of onset relative to MR

imaging acquisition time are highly variable in the clinical setting.

The current study was performed in a homogeneous population

of canines with controlled physiologic conditions, permanent

MCAO at a known occlusion site, and precisely known times of

onset and imaging times. Varying metabolic, physiologic, and

vascular events during cerebral infarction may directly and indi-

rectly influence pial collateral recruitment under typical clinical

circumstances. Additionally, the relative contributions of vaso-

genic, cytotoxic, and ionic edema were not differentially incorpo-

rated into the derived mathematic function. Cytotoxic and ionic

edema are thought to have an immediate influence on infarct

volume measured by diffusion-weighted imaging, whereas vaso-

genic edema would be expected to have a

delayed and more prolonged impact.17

Additionally, vasogenic edema due to

reperfusion would be expected to have an

additive influence at the time of reperfu-

sion as mentioned earlier. Finally, the

confined space of the calvaria may influ-

ence the infarct growth rate depending on

the baseline difference in cerebral volume

relative to calvarial volume, which in-

creases with age. Further refinements of

this mathematic function would need to

consider the relative contributions of rep-

erfusion and the potential variability of

pial collateral recruitment with time.
FIG 4. Families of infarct volume growth curves over 24 hours predicted by the pial collateral
score and arterial arrival time.

Table 2: Growth rate index and final infarct volumes
Experiment G (95% CI) ×(10−3)1/min Vfit (95% CI) ×1000 mm3 r2

1 4.765 (2.37–7.16) 9.31 (7.08–11.55) 0.92
2 7.951 (4.65–11.25) 17.58 (14.52–20.63) 0.96
3 5.337 (3.629–7.05) 9.467 (8.04–10.89) 0.97
4 9.23 (6.79–11.67) 20.54 (18.41–22.67) 0.98
5 14.20 (5.64–22.75) 21.65 (17.64–25.66) 0.94
6 13.22 (8.79–17.67) 23.95 (21.36–26.54) 0.98

Note:—G indicates growth rate index from fit; Vfit, final infarct volume from fit; r2 �
coefficient of determination of fit.
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Despite these limitations, the observation that the degree of

pial collateral recruitment can estimate infarct volume growth can

be incorporated in clinical decision-making. The finding of final

infarct volume being dependent on pial collateral recruitment

indicates that a variable peripheral zone of benign oligemia also

exists in acute ischemic stroke. Finally, the observation that in-

farct growth rates depend on the time and extent of pial collaterals

suggests that the window for potential interventional benefit may

be longer in patients with good collaterals versus those with poor

collaterals.

CONCLUSIONS
MR imaging– derived cerebral infarct volumes from an experi-

mental MCAO canine model can be mathematically modeled by

using an asymptotic function of time governed by final infarct

volume and the growth rate index. Because both final infarct vol-

ume and the growth rate index can be linearly fitted to pial collat-

eral recruitment, pial collateral assessment may be used to esti-

mate potential infarct growth in the early stages of experimental

cerebral ischemia due to MCAO.
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ORIGINAL RESEARCH
ADULT BRAIN

The “White Gray Sign” Identifies the Central Sulcus on 3T High-
Resolution T1-Weighted Images

X O.F. Kaneko, X N.J. Fischbein, X J. Rosenberg, X M. Wintermark, and X M.M. Zeineh

ABSTRACT

BACKGROUND AND PURPOSE: The central sulcus is an important anatomic landmark, but most methods of identifying it rely on variable
gyral and sulcal patterns. We describe and assess the accuracy of reduced gray-white contrast along the central sulcus, an observation we
term the “white gray sign.”

MATERIALS AND METHODS: We conducted a retrospective review of 51 fMRIs with a T1-weighted 3D inversion recovery fast-spoiled
gradient-echo and concomitant hand-motor fMRI, which served as confirmation for the location of the central sulcus. To measure
gray-white contrast across the central and adjacent sulci, we performed a quantitative analysis of 25 normal hemispheres along the anterior
and posterior cortices and intervening white matter of the pre- and postcentral gyri. 3D inversion recovery fast-spoiled gradient-echo axial
images from 51 fMRIs were then evaluated by 2 raters for the presence of the white gray sign as well as additional established signs of the
central sulcus: the bracket, cortical thickness, omega, and T signs.

RESULTS: The mean gray-white contrast along the central sulcus was 0.218 anteriorly and 0.237 posteriorly, compared with 0.320 and 0.295 along
the posterior precentral and anterior postcentral sulci, respectively (P� .001). Both raters correctly identified the central sulcus in all 35 normal and
16 abnormal hemispheres. The white gray sign had the highest agreement of all signs between raters and was rated as present the most often
among all the signs.

CONCLUSIONS: Reduced gray-white contrast around the central sulcus is a reliable sign for identification of the central sulcus on 3D
inversion recovery fast-spoiled gradient-echo images.

The central sulcus is an important anatomic landmark that defines

the location of the primary motor cortex, a region of the brain

critical for all essential motor tasks. Because injury to this region has

irreversible consequences and other brain regions cannot compen-

sate for its loss,1 it is important to clearly identify the central sulcus for

surgical planning, especially in the context of focal brain lesions.

With knowledge of the location of the central sulcus, DTI and trac-

tography can be used to identify the corticospinal tract emanating

from the primary motor cortex. fMRI is a proven technique to iden-

tify the primary motor cortex for surgical planning.2-6 It is still desir-

able, however, to identify the central sulcus from structural imaging

for several reasons: this can provide an estimate of the proximity of a

lesion to the motor strip to determine the necessity of fMRI, guide the

tasks chosen for fMRI, serve as a surrogate if fMRI is not possible

because of patient cooperation and compliance or technical factors,

and assist in determining the risks of surgery.7

Numerous methods besides fMRI for identifying the central

sulcus have been previously described on both CT and MR imag-

ing. Most rely on identifying gyral and sulcal patterns and rela-

tionships,8-13 which can be variable. Others involve complex im-

age reformatting that most clinicians are untrained to produce or

interpret.14,15 Only a few signs, such as the difference in cortical

thickness across the central sulcus, are based on differences in the

underlying cytoarchitecture of the sensorimotor cortex.16,17 His-

tologic studies and postmortem ex vivo high-resolution imaging

have shown that in addition to the variation of the thickness of the

6 cellular layers of the sensorimotor cortex, there are also differ-

ences in myelin content that should be appreciable on MR

imaging.18-21 Based on this latter histologic finding, we de-

scribe the “white gray sign,” which refers to the inherent in-

creased T1 signal of the anterior and posterior cortices along

the central sulcus, giving this gray matter a more white appear-

ance (Fig 1). Specifically, we measure this contrast and assess

the accuracy of this sign in identifying the central sulcus with

reference to the criterion standard of fMRI.
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MATERIALS AND METHODS
Study Population
Using a retrospective institutional review board–approved re-

view, we identified 51 fMRI examinations from January 2014 to

December 2015. We only analyzed 1 hemisphere per patient for

which hand-motor fMRI was available. Patient ages ranged from

20 –70 years (mean, 42.5 years) and 27 women and 24 men were

included. Of the 51 hemispheres examined, 35 were morpholog-

ically normal (normal hemispheres were functionally evaluated

either for cryptogenic epilepsy surgical planning or as a reference

for contralateral pathology). A separate 16 hemispheres had le-

sions that affected the sensorimotor region of the analyzed hemi-

sphere. Pathologies included AVM (n � 8), encephalomalacia

(n � 3), neoplasm (n � 2), cavernous malformation (n � 2), and

cyst (n � 1). In all hemispheres with pathology, fMRI was per-

formed for presurgical planning for eloquent cortex lateralization

and/or localization.

Imaging Protocol
Each study was performed at 3T and consisted of 1) a 1.0-mm

isotropic 3D inversion recovery fast-spoiled gradient-echo se-

quence (axial 3D; TR, 9.2 ms; TE, 3.7 ms; TI, 400 ms; matrix,

256 � 256 � 164; field of view, 24 cm � 24 cm � 16.4 cm;

in-plane acceleration, 2; 4 minutes, 13 seconds), and 2) an fMRI

motor task consisting of 12 blocks of 10 seconds of finger tapping

alternating with 10 seconds of rest (2D gradient-echo, echo-pla-

nar imaging; TR, 2500 ms; TE, 35 ms; 3-mm section thickness;

20-cm field of view; 64 � 64 matrix size). Both sequences were

processed to produce hand-motor activation maps thresholded at

a T-score of 2–3 by using DynaSuite Neuro 3.1 (Invivo, Gaines-

ville, Florida). Functional images were interpreted on a PACS

workstation.

Quantitative Analysis of the White Gray Sign
Twenty-five of the normal hemisphere structural MRIs were seg-

mented using ITK-SNAP (www.itksnap.org).22 Using the fMRI as

the reference for the central sulcus, on a single axial section at the level

of the upper centrum semiovale, we manually segmented the follow-

ing cortical regions of interest sequentially from anterior to posterior

(Fig 2): cortex along the posterior bank of the precentral sulcus, cor-

tex along the anterior bank of the central sulcus, cortex along the

posterior bank of the central sulcus, and cortex along the anterior

bank of the postcentral sulcus. For gray-white contrast computation,

we manually segmented the white matter within the intervening pre-

central and postcentral gyri. All segmentations for both the cortices

and the WM were at least 30 pixels in volume and thinned to avoid

partial volume effect due to averaging with adjacent structures.

Gray-white contrast for the 4 cortical regions was calculated by:

(Subjacent WM average signal intensity � GM average signal inten-

sity) / (Subjacent WM average signal intensity). A Student t test com-

pared gray-white contrast differences between the precentral sulcus

and central sulcus and between the central sulcus and postcentral

sulcus using STATA (StataCorp, College Station, Texas).

Qualitative Analysis of the White Gray Sign
To test the performance of the white gray sign clinically and to

compare that performance with previously described methods for

identifying the central sulcus, 51 hemispheres from fMRI exami-

nations were analyzed. Both normal (including the aforemen-

tioned 25 fMRIs) and abnormal hemispheres were analyzed.

Two readers (M.W., N.J.F.) with 16 and 26 years of neurora-

diology experience, respectively, evaluated the 51 hemispheres for

the presence or absence of the white gray sign as well as the

bracket, cortical thickness difference, omega, and T signs (Fig

3). The raters were blinded to the func-

tional data. The following rating scale

was used: 1 � sign definitely not present;

2 � sign likely not present; 3 � sign likely

present; and 4 � sign definitely present.

Each rater also annotated the putative sul-

cus, and accuracy was confirmed by a co-

author (O.F.K.) with the fMRI hand-mo-

tor activation maps.

The 1–4 scale was then dichotomized

to summarize the presence or absence of

the individual signs (ie, 1–2 � not present;

3–4 � present). Rater agreement was as-

sessed by summing the number of patients

in which they agreed on a sign being pres-

ent or absent divided by the total number

of patients.

FIG 1. The “white gray sign.” Axial high-resolution 3D inversion recov-
ery fast-spoiled gradient-echo T1-weighted image demonstrates de-
creased gray-white contrast of the anterior and posterior cortices
along the central sulcus (white arrow).

FIG 2. Measurement of gray-white contrast. A, Cortical segmentations were drawn along both
sides of the central sulcus (royal blue and yellow) as well as along the adjacent banks of the
precentral and postcentral sulci (red and pink) and the intervening WM (green and light blue). B,
Gray-white contrast (� standard deviation bars) along the central sulcus was significantly (P �
.001) decreased both anteriorly and posteriorly compared with the contrast along the pre- and
postcentral sulci, respectively.
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Statistical Analysis
Systematic disagreement between raters was assessed by a symme-

try test, with a Bonferroni-corrected threshold of 0.01 for the 5

tests evaluated. Differences in presence of the white gray sign

compared with the other signs across all hemispheres were tested

for each rater by using a McNemar test, with a Bonferroni-cor-

rected threshold of 0.0125 to correct for the 4 comparisons be-

tween signs. For cases in which the white gray sign outperformed

another sign, a subsequent post hoc analysis did the same com-

parison separately for normal and abnormal hemispheres, with a

Bonferroni-corrected threshold of 0.025.

RESULTS
Quantitative Analysis of Gray-White Contrast around the
Central Sulcus
On axial T1-weighted 3D inversion recovery fast-spoiled gradi-

ent-echo images of the 25 normal hemispheres, the mean gray-

white contrast along the central sulcus was 0.218 � 0.0356 ante-

riorly and 0.237 � 0.0457 posteriorly compared with 0.320 �

0.0318 and 0.295 � 0.0485 along the precentral and postcentral

sulci, respectively (Fig 2B). Differences in gray-white contrast

were statistically significant, with P values of �.001. In all 25

hemispheres tested, the gray-white contrast was lower along the

anterior bank of the central sulcus com-

pared with the neighboring posterior

bank of the precentral gyrus. In 23/25

(92%) cases, the contrast was lower

along the posterior bank of the central

sulcus compared with the neighboring

anterior bank of the postcentral sulcus.

Qualitative Analysis of the White
Gray Sign and Other Signs of the
Central Sulcus
For the rater analyses of the 51 hemi-

spheres, both raters correctly identified

the central sulcus in all 35 normal and 16 abnormal hemispheres.

Rater agreement for the bracket, cortical thickness, omega, T, and

white gray signs was 43.1%, 45.1%, 74.5%, 62.8%, and 88.3%,

respectively. The symmetry test was significant for the bracket and

thickness signs (both P � .001), suggesting a systematic difference

between raters in scores for these signs (Fig 4). The asymmetry

was not statistically significant for the omega, T, and white gray

signs, with P values of .267, .019, and .031, respectively. The white

gray sign was reported statistically significantly more often than

the following signs across all hemispheres: the bracket sign for

both raters, the thickness sign for rater 1, and the omega and T

signs for rater 2 (Table, Fig 4). The post hoc analysis of normal

hemispheres showed that these differences held for the bracket

sign for both raters, the thickness sign for rater 1, and the omega

and T signs for rater 2.

For those 16 hemispheres that contained lesions affecting the

central sulcus, rater 1 found the white gray sign in all 16 hemi-

spheres, whereas rater 2 found the white gray sign in 11/16 hemi-

spheres. An example lesion extending to the precentral gyrus does

not interfere with the correct identification of the white gray sign

(Fig 5). Performance of the additional signs for the abnormal

hemispheres was as follows: bracket (rater 1, 2/16; rater 2, 10/16),

FIG 3. Signs of the central sulcus rated in this study. Bracket � central sulcus points to the marginal sulcus. Cortical thickness � increased
cortical thickness along the anterior compared with posterior bank of the central sulcus. Omega � characteristic omega shape of the
hand-motor knob. T � superior frontal sulcus meets the precentral gyrus.

Comparison of the white gray sign with other signs of the central sulcusa

Hemispheres White Gray Bracket Thickness Omega T
Rater 1 51 45 11 (�.001)b 23 (�.001)b 37 (.022) 38 (.092)

35 normal 34 9 (�.001)b 15 (�.001)b 26 28
16 abnormal 11 2 (.004)b 8 (.375) 11 10

Rater 2 51 51 38 (�.001)b 49 (.500) 42 (.004)b 27 (�.001)b

35 normal 35 28 (.016)b 35 28 (.016)b 20 (�.001)b

16 abnormal 16 10 (.031) 14 14 (.500) 7 (�.004)b

a Proportion of cases where each sign was reported, each compared with the white gray sign within rater. For the
comparison of both hemispheres, a Bonferroni-adjusted P value of �.0125 was statistically significant correcting for the
4 signs evaluated. For the post-hoc separate evaluation of normal and abnormal hemispheres, the corrected threshold
is P � .025.
b Statistically significant.
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cortical thickness (8/16, 14/16), omega sign (11/16, 14/16), and T

sign (10/16, 7/16). The post hoc analysis of abnormal hemispheres

showed that the white gray sign was reported statistically signifi-

cantly more often than the bracket sign for rater 1 and the T sign

for rater 2.

DISCUSSION
We describe an additional reliable central sulcus sign that is based

upon the physiologic high T1 signal of the cortices along the cen-

tral sulcus and, consequently, the decreased contrast with the ad-

jacent WM. It is likely that the relatively increased T1 signal dem-

onstrated on high-resolution inversion recovery fast-spoiled

gradient-echo images is reflective of the increased myelin content

of this tissue. Previously described differences in signal of the

motor cortex on T2-FLAIR are also

likely secondary to these differences in

the underlying myeloarchitecture.23,24

Thus, increased cortical thickness along

the anterior bank of the central sulcus, in

combination with the increased T1 sig-

nal within the cortex along both sides of

the central sulcus, are together 2 distinct

imaging markers for cytoarchitecture

and myeloarchitecture that are likely to

be robust for anatomic delineation.
There are several limitations to the

current study. At our institution, all

functional MR imaging examinations

are performed at 3T; therefore, both the

quantitative and qualitative portions of

this study were also based only on 3T

images, and we cannot assess if this sign

would perform similarly at 1.5T. Al-

though some volume averaging with the

adjacent WM could occur in the cortical

segmentations, in particular along the

relatively thin posterior bank of the cen-

tral sulcus, care was taken to confine the

segmentations to cortices. Differences in
gray-white contrast were only measured

in normal hemispheres. Although the
same relationship may not persist in the

presence of local edema near a lesion, we

have found that qualitatively, the white
gray sign is identifiable along the en-

tirety of the central sulcus, and this

matches other imaging data regarding

myelination along the central sulcus.25

Regarding the rating portion of the

study, both raters accurately identified

the central sulcus in all 51 cases; how-

ever, it was not determined by which

method they came to that conclusion.

The 2 raters did not perfectly agree on all

the signs, suggesting that these signs can

all be subjective and dependent on fac-

tors such as reader training. Neverthe-

less, the white gray sign had the highest agreement and scored the

highest among both raters in both normal and pathologic hemi-

spheres. Future studies can evaluate the conspicuity of this finding

on sequences other than T1-weighted inversion recovery fast-

spoiled gradient-echo, the extension of this finding to other pri-

mary cortices, and the relationship with developmental aspects of

myelination along the central sulcus.

CONCLUSIONS
We have shown that inherent differences in T1 signal of the cor-

tices along the central sulcus lead to discrete and appreciable dif-

ferences in gray-white contrast. Clinically, the “white gray sign” is

a reliable method for identifying the central sulcus, which was

FIG 4. Rater evaluation of signs of the central sulcus in 51 hemispheres (35 normal, 16 with
pathology). 1 � definitely not present, 2 � likely not present, 3 � likely present, 4 � definitely
present.

FIG 5. A 22-year-old man with posterior left frontal grade 2 astrocytoma. A, Axial 3D inversion
recovery fast-spoiled gradient-echo T1-weighted image shows the tumor centered along the
anterior aspect of the precentral gyrus. The white gray sign is still noticeable as decreased
contrast of the gray-white interface along the central sulcus (arrows). This is also appreciable on
the contralateral normal side. B, Functional data with hand-motor tasks (light blue � right hand,
yellow � left hand) confirm the location of the primary motor and somatosensory cortices.
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found to be present in the highest proportion of cases compared

with other previously described and well-known signs. Anatomic

imaging methods that take advantage of knowledge of underlying

cyto- and myeloarchitecture are powerful tools for determining

functional segregation of brain structure.

Disclosures: Max Wintermark—UNRELATED: Board Membership: GE Healthcare and
National Football League Advisory Board. Michael Zeineh—UNRELATED: Other: GE
Healthcare, Comments: research funding.* *Money paid to the institution.

REFERENCES
1. Miyai I, Suzuki T, Kang J, et al. Middle cerebral artery stroke that

includes the premotor cortex reduces mobility outcome. Stroke
1999;30:1380 – 83 CrossRef Medline

2. Hingwala D, Thomas B, Radhakrishnan A, et al. Correlation between
anatomic landmarks and fMRI in detection of the sensorimotor
cortex in patients with structural lesions. Acta Radiol 2014;55:
107–13 CrossRef Medline

3. Lehéricy S, Duffau H, Cornu P, et al. Correspondence between func-
tional magnetic resonance imaging somatotopy and individual
brain anatomy of the central region: comparison with intraopera-
tive stimulation in patients with brain tumors. J Neurosurg 2000;92:
589 –98 CrossRef Medline

4. Morioka T, Mizushima A, Yamamoto T, et al. Functional mapping of
the sensorimotor cortex: combined use of magnetoencephalogra-
phy, functional MRI, and motor evoked potentials. Neuroradiology
1995;37:526 –30 CrossRef Medline

5. Morioka T, Yamamoto T, Mizushima A, et al. Comparison of mag-
netoencephalography, functional MRI, and motor evoked poten-
tials in the localization of the sensory-motor cortex. Neurol Res
1995;17:361– 67 Medline

6. Wengenroth M, Blatow M, Guenther J, et al. Diagnostic benefits of
presurgical fMRI in patients with brain tumours in the primary
sensorimotor cortex. Eur Radiol 2011;21:1517–25 CrossRef Medline

7. Due-Tonnessen P, Rasmussen I, Berntsen EM, et al. Identifying the
central sulcus in patients with intra-axial lesions: a multicenter
study comparing conventional presurgical MRI to topographical
analysis and BOLD-fMRI. J Comput Assist Tomogr 2014;38:1– 8
CrossRef Medline

8. Naidich TP, Blum JT, Firestone MI. The parasagittal line: an ana-
tomic landmark for axial imaging. AJNR Am J Neuroradiol 2001;22:
885–95 Medline

9. Rodrigues T, Rodrigues M, Paz D, et al. Is the omega sign a reliable
landmark for the neurosurgical team? An anatomical study about
the central sulcus region. Arq Neuropsiqiatr 2015;73:934–38 CrossRef
Medline

10. Sobel DF, Gallen CC, Schwartz BJ, et al. Locating the central sulcus:
comparison of MR anatomic and magnetoencephalographic func-
tional methods. AJNR Am J Neuroradiol 1993;14:915–25 Medline

11. Yousry TA, Schmid UD, Alkadhi H, et al. Localization of the motor

hand area to a knob on the precentral gyrus. A new landmark. Brain
1997;120(Pt 1):141–57 CrossRef Medline

12. Yousry TA, Schmid UD, Schmidt D, et al. The central sulcal vein: a
landmark for identification of the central sulcus using functional
magnetic resonance imaging. J Neurosurg 1996;85:608 –17 CrossRef
Medline

13. Naidich TP, Valavanis AG, Kubik S. Anatomic relationships along
the low-middle convexity: part I–normal specimens and magnetic
resonance imaging. Neurosurgery 1995;36:517–32 CrossRef Medline

14. Hattingen E, Good C, Weidauer S, et al. Brain surface reformatted
images for fast and easy localization of perirolandic lesions. J Neu-
rosurg 2005;102:302–10 CrossRef Medline

15. Wagner M, Jurcoane A, Hattingen E. The U sign: tenth landmark to
the central region on brain surface reformatted MR imaging. AJNR
Am J Neuroradiol 2013;34:323–26 CrossRef Medline

16. Biega TJ, Lonser RR, Butman JA. Differential cortical thickness
across the central sulcus: a method for identifying the central sulcus
in the presence of mass effect and vasogenic edema. AJNR Am J
Neuroradiol 2006;27:1450 –53 Medline

17. Meyer JR, Roychowdhury S, Russell EJ, et al. Location of the central
sulcus via cortical thickness of the precentral and postcentral gyri
on MR. AJNR Am J Neuroradiol 1996;17:1699 –706 Medline
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ORIGINAL RESEARCH
ADULT BRAIN

Use of Phase-Contrast MRA to Assess Intracranial Venous Sinus
Resistance to Drainage in Healthy Individuals

X S. Fall, X G. Pagé, X J. Bettoni, X R. Bouzerar, and X O. Balédent

ABSTRACT

BACKGROUND AND PURPOSE: Resistance to blood flow in the cerebral drainage system may affect cerebral hemodynamics. The
objective of the present study was to use phase-contrast MRA to quantify resistance to drainage of blood across branches of the venous
sinus tree and to determine whether the resistance to drainage values correlated with internal jugular vein outflows.

MATERIALS AND METHODS: We performed whole-head phase-contrast MRA and 2D phase-contrast MR imaging in 31 healthy volun-
teers. Vascular segmentation was applied to the angiograms, and the internal jugular vein velocities were quantified from the flow images.
Resistance to drainage across branches of the venous sinus tree was calculated from the segmented angiograms, by using the Poiseuille
equation for laminar flow. Correlations between the values of resistance to drainage and internal jugular vein outflow measurements were
assessed by using the Spearman �.

RESULTS: The overall mean resistance to drainage of the venous sinus tree was 24 � 7 Pa s/cm3. The mean resistance to drainage of the
right side of the venous sinus tree was 42% lower than that of the left side (P � .001). There were negative correlations between the values
of resistance to drainage and internal jugular vein outflows on both the left side of the venous sinus tree (R � �0.551, P � .002) and the right
side (R � �0.662, P � .001).

CONCLUSIONS: Phase-contrast MRA is a noninvasive means of calculating the resistance to drainage of blood across the venous sinus
tree. Our approach for resistance to drainage quantification may be of value in understanding alterations in the cerebral venous sinus
drainage system.

ABBREVIATIONS: AI � asymmetry index; IJV � internal jugular vein; PC-MRA � phase-contrast MR angiography; Rd � resistance to drainage

The cerebral venous sinus system is characterized by anatomic

variations1 associated with marked interindividual variability

in blood drainage patterns.2 The venous compartment is gener-

ally compliant, whereas the walls of the sinuses tend to be rigid. In

comparison with the intracranial arterial system, the venous sinus

system has received less attention in the imaging-based evaluation

of cerebrovascular diseases in clinical research, possibly because

the pathologies that affect the intracranial venous sinus system are

less common than those affecting the arterial system and often

present a broad spectrum of clinical manifestations.3 However,

alterations in cerebral hemodynamics are known to be associated

with abnormal drainage in the cerebral venous sinus system. For

example, impaired intracranial drainage is widely cited as one of

the prime causes in idiopathic intracranial hypertension,4-7 intra-

cranial dural arteriovenous fistula malformation,8 communicat-

ing and noncommunicating hydrocephalus,9,10 and multiple

sclerosis.11 Nevertheless, a suspected case of venous stenosis must

be assessed with caution12 because misinterpretation can lead to a

nonindicated operation (with all its associated non-negligible

risks). This point is clearly illustrated by the debate over the in-

volvement of jugular venous stenosis in the pathogenesis of mul-

tiple sclerosis. In multiple sclerosis, it has been shown that percu-

taneous transluminal angioplasty of extracranial veins with

suspected alterations is ineffective, may exacerbate underlying

disease activity, and can lead to serious complications.13

In clinical practice, intraluminal vessel defects and/or patho-

logic flow velocities of the intracranial drainage system are usually

evaluated by using contrast-enhanced or unenhanced MR imag-

ing,5 CTA,14 DSA,15 or transcranial Doppler sonography.16 Al-
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though unenhanced vascular imaging techniques are less sensitive

than contrast-enhanced techniques, they may be of value for an

initial evaluation of the venous system in neonates or in patients

who are allergic to contrast agents or have kidney dysfunction.

Unenhanced 3D phase-contrast MRA (PC-MRA) offers several

advantages: It is relatively rapid, is often appropriate for patient

follow-up, and is associated with a lower complication rate.17,18

The results of patient evaluations usually show that a narrower

luminal cross-section can produce higher flow resistance and

therefore a decrease in flow and an increase in pressure—at least

in the region adjacent (proximal) to the lesion. Moreover, venous

sinus manometry has shown an elevated sagittal sinus pressure

and a significant drop in transverse sinus pressure in patients with

idiopathic intracranial hypertension.19 Other researchers have

shown that most patients with idiopathic intracranial hyperten-

sion have normal blood flow in the superior sagittal sinus.7

The mechanisms linking the cerebral venous outflow rate to

intracranial pressure have not been characterized, to our knowl-

edge. However, it is possible that structural factors (such as an

increase in the resistance to drainage [Rd] of blood across the

branches of the venous sinus pathways) may impact intracranial

venous outflow, as has been demonstrated in patients with venous

outflow obstruction (in whom an elevated venous back pressure

resulted in elevated venous resistance20). It is generally assumed

that the pressure drop for driving axial flow across a tube increases

with the flow resistance. Thus, an increase in venous sinus flow

resistance would require an increase in upstream flow pressure for

a constant volume flow through this drainage system to be main-

tained. Hence, the cumulative effects of the Rd across segments of

the venous sinus pathways may have a role in cerebral hydrody-

namics in general and in intracranial pressure and cerebral com-

pliance in particular.

While the association between intracranial hydrodynamics

and the geometric characteristics of the venous sinus system ap-

pears to be strong, we are not aware of any quantitative data on the

resistance to blood flow in the cerebral drainage system. The ob-

jective of the present study was therefore to calculate the Rd of

blood across the major dural sinuses and internal jugular veins

(IJVs) in healthy volunteers by using phase-contrast MR angiog-

raphy. We used the well-established Poiseuille equation for lam-

inar flow to calculate the Rd from the PC-MRA data. Further-

more, we explored the relationship between the values of Rd and

the IJV flows measured by cine phase-contrast MR imaging.

MATERIALS AND METHODS
Participants
Twenty-nine healthy volunteers (mean age, 26.7 � 5.5 years; 18

women and 11 men) were recruited. None had a history of neu-

rovascular disease. The study was approved by the regional inves-

tigational review board, and all participants gave their written,

informed consent.

Image Acquisition
Images were acquired with a 3T MR imaging system (dStream;

Philips Healthcare, Best, the Netherlands) equipped with a 32-

channel digital head coil, by using a 3D PC-MRA sequence. This

sequence exploits the property whereby spins that move through

a bipolar gradient field accumulate a phase difference, whereas

static spins do not. The bipolar flow-encoding gradients can be

applied simultaneously along 3 axes to measure the correspond-

ing flow sensitivities. The sensitivity of the PC-MRA technique

can be controlled by using a parameter sequence commonly re-

ferred to as “velocity-encoding.” More details of this technique

have been presented by Dumoulin et al.21

PC-MRA was performed in the sagittal plane (covering the whole

cerebral venous system and some of the IJVs, up to the C3–C4 cervi-

cal vertebrae) by using the following parameters: FOV � 220 � 220

mm2; number of sections � 320; effective spatial resolution � 0.7 �

0.7 mm2; flip angle � 12°; velocity-encoding � 30 cm/s; TR � 5.5

ms; TE � 3 ms; acquisition time � 6 minutes. Next, 2D PC-MR

images were acquired perpendicular to the IJVs near the C2 and C3

vertebrae, by using a gated cine PC-MR imaging pulse sequence. The

main scan parameters were as follows: FOV � 120 � 120 mm2;

resulting spatial resolution � 0.5 � 0.5 mm2; section thickness � 2

mm; TR/TE � 14/8 ms; flip angle � 30°; velocity-encoding � 80

cm/s; cardiac phases � 16. The acquisition times ranged from 1.2 to

1.8 minutes, depending on the heart rate.

Image Processing
The PC-MRA datasets were imported into Mimics software (Ma-

terialise, Leuven, Belgium) for 3D, semiautomated segmentation

of the cerebral venous sinus tree (represented as the superior sag-

ittal, straight, transverse, and sigmoid sinuses and the IJVs).

Threshold-based segmentation was used to extract the venous

sinus tree from each angiogram. To this end, the section passing as

close as possible to the mesial plane of the straight sinus was se-

lected, and an intensity profile was obtained along a line perpen-

dicular to the sinus. A suitable intensity threshold was then deter-

mined from this profile (17%–23% of its maximum intensity,

depending on the image quality for each participant). All voxels

with signal intensities below this threshold value were masked.

Figure 1 shows a typical segmentation of the venous sinus tree.

The final segmented geometry was converted into a Standard Tes-

sellation Language file format. The Standard Tessellation Lan-

guage file was then imported into the Vascular Modeling Toolkit

software (www.vmtk.org) for quantification of the length, cross-

sectional area, and associated radius at 10-mm intervals along

each vessel segment. To avoid possible bias due to anatomic vari-

ations, we excluded the anterior portion of the superior sagittal

sinus from the calculation.

FIG 1. Representative examples of maps of the venous sinus tree. A,
Maximum-intensity projection of a 3D PC-MRA source image. B, The
venous sinus tree segmentation was produced by Mimics software.
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For the flow images, IJV flow velocities at the C2–C3 cervi-

cal vertebrae were quantified throughout the cardiac cycle by

using freely available, semiautomatic software (Bio Flow im-

age; http://www.tidam.fr). Details of the flow measurement

have been described previously.22

Calculation of Resistance and Flows
The Rd of each 10-mm segment was calculated by applying the

Poiseuille equation for laminar flow:

Rd �
8�L

�rh
4 ,

where L (10 mm) and rh are the length and the radius of the

segment, respectively, and � is the viscosity of the blood. The total

Rd for a selected part of the venous sinus tree was calculated by

summing the Rd for all the component 10-mm segments.

The left- or right-sided Rd for the venous sinus tree was calcu-

lated by summing the Rd values for the transverse sinus, sigmoid

sinus, and IJV on each side of the head. An overall Rd for the

venous sinus tree was also calculated by analogy with an electric

circuit (Fig 2). Details of the mathematic equation for calculation

of the overall Rd are presented in the Appendix.

The flows in each IJV were also added to obtain the total IJV

flow. Figure 3 shows the change in mean flow in the IJVs over the

cardiac cycle in 1 participant.

Statistical Analysis
Statistical analysis was performed with R statistical and comput-

ing software (Version 3.2.3; http://www.r-project.org/). A Wil-

coxon matched-pairs test was used to probe for differences be-

tween the left and right sides of the venous sinus tree. Correlations

between the values of Rd and blood flow measurements of the

IJVs were assessed by using the Spearman �. The threshold for

statistical significance was set at P � .05.

We calculated the correlations between the values of Rd and

IJV flow measurements for each side of the venous tree and be-

tween the overall Rd for the venous sinus tree and the total IJV

flow measurements. We also looked at whether there was an as-

sociation between sidedness in flow and sidedness in Rd in the

venous sinus tree. To this end, we calculated 2 asymmetry indices

(AIs) for each participant:

The resistance AI, reflecting asymmetry resistance, was the

following:

Resistance AI � (left-sided Rd

� right-sided Rd) / (left-sided Rd � right-sided Rd).

The flow AI, reflecting IJV flow dominance, was the following:

Flow AI � (left IJV flow � right IJV flow) / (left IJV flow

� right IJV flow).

The AIs obtained with these 2 equations ranged from �1

(strong right dominance) to �1 (strong left dominance). The

strength of the sidedness (for flow or resistance) was categorized

as �0.2 � AI � �1 (left-sided dominance), �0.2 � AI � �1

(right-sided dominance), and �0.2 � AI � �0.2 (codominance).

The correlation between the flow AIs and resistance AIs were

also evaluated.

RESULTS
The mean values of Rd for each vessel segment and for the venous

sinus tree as a whole are summarized in the Table. Significant

sidedness was observed for the mean of Rd (left side versus right

side, 42.1 � 17 versus 18.4 � 10 Pa s/cm3; P � .001) and the

measured flows (left side versus right side, 250 � 108 versus 349 �

124 cm3/min; P � .02). Left-dominant, right-dominant, and

codominant flow was observed in, respectively, 17%, 48%, and

35% of the participants.

Scatterplots of the associations between the values of Rd and

flow measurements are shown in Fig 4. There were significant

negative correlations between the values of Rd and the flow mea-

surements on both the left side of the venous sinus tree (R �

�0.551, P � .002) and the right side (R � �0.662, P � .001).

When we considered associations between flow dominance and

resistance dominance, there was a strong

negative correlation between the flow

AIs and the resistance AIs (R � �0.792,

P � .001) as illustrated by a scatterplot

(Fig 5). There was no significant corre-

lation between total resistance and total

venous outflow (R � �0.359, P � .06).

DISCUSSION
It has been suggested that cerebral ve-

nous sinus insufficiency is a major factor

in certain neurovascular diseases.4,5,8-10,23

Apart from evaluations of anatomic ab-

normalities and the quantification of

FIG 2. Schematic representation of the modeled venous system. S.
indicates sinus.

FIG 3. An example of phase-contrast MR imaging showing the 2 IJVs (at the C2–C3 vertebrae) and
typical flow curves over the cardiac cycle in 1 participant. The curve marked with triangles shows
the total mean flow through the left and right IJVs.
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narrowed vessels and abnormal flow/pressure patterns,24,25 little

is known about resistance to blood flow in the cerebral venous

sinus drainage system. Here, we describe a novel approach for

calculating the Rd through the cerebral venous tree; it is based on

the application of the Poiseuille equation for laminar flow to data

from phase-contrast MRA, a highly sensitive technique for non-

invasive imaging of the cerebral venous sinus system.26

In the present study, we hypothesized that turbulent flow con-

ditions occur very infrequently. To confirm this hypothesis, we

calculated the Reynolds number (Re) for the study participants’

superior sagittal sinus and IJVs according to the following equa-

tion: Re � �VD / �, where V is the maximum velocity, D is the

diameter of the luminal cross-section, � is the attenuation of

blood, and � is the viscosity of blood. The highest Reynolds num-

ber that we obtained was 392, well below the value of 2000 at

which turbulent flow conditions can be expected.27

The blood flows through the IJVs measured in our study agree

with the literature data.28 We also observed relatively high inter-

individual variations in both the calculated Rd and outflows.

These flow variations have been reported by others2 and may

reflect anatomic variants rather than changes in physiologic con-

ditions.11 The total venous flow appeared to be correlated with the

overall Rd of the venous sinus tree, though the relationship did

not achieve statistical significance. One possible explanation is

that our representation of the very complex venous sinus pathway

was oversimplified; some branches of the venous drainage net-

work were not taken into account in our calculation of the overall

resistance. For example, the straight sinus drains the deep venous

system through the inferior sagittal sinus and the vein of Galen.29

The transverse sinus also receives the superior petrosal sinuses

and the veins of Labbé, which drain blood from the temporo-

occipital cortex. Moreover, the drainage pathways include the

emissary veins, vertebral veins, and pterygoid plexus; this network

may also explain the lack of a statistically significant correlation

between the values of the overall Rd and the total IJV flow mea-

surements. We chose to limit our measurements to the major

dural sinuses, in view of the high interindividual variations in the

venous sinus system.30

Another unique feature of the cerebral venous drainage system

is its dependence on posture. In the upright position, the IJVs tend

to collapse and thus prompt a concomitant rise in flow in the

vertebral veins31; in the supine position, they are the main drain-

age pathways for the cerebral outflow. Our participants were im-

aged in the supine position, which minimized the impact of posi-

tion on both flow and Rd measurements of the IJVs.

The present findings and previous reports2,32 show that ve-

nous drainage is dominated by the right outflow, reflecting the

asymmetry in the resistance between the left and right sides of the

venous sinus pathway. Furthermore, the relationship between re-

sistance and flow was highlighted by our observation of a strong,

inverse correlation between the resistance AIs and the flow AIs.

The presence of an inverse association may indicate a lateraliza-

tion effect, whereby one side compensates for the other.2,28 It may

also underline the importance of flow resistance in the regulation

of cerebral blood outflow. Although our results are preliminary,

they suggest that the cumulative effects of resistance to flow along

vessel segments may have repercussions on the intracranial hy-

drodynamics, insofar as cerebral blood outflow may be influenced

by the venous sinus resistance to flow. It is also possible that an

elevated Rd across the cerebral sinus pathways contributes to the

elevation of blood pressure on the venous side of the cerebral

vascular tree. An elevation in venous pressure makes the cortical

veins stiffer and induces a decrease in craniospinal compliance.33

Furthermore, several researchers have emphasized the relevance

of the venous sinus drainage system in hydrocephalus.9,10 One

hypothesis is that elevated pressure in the venous system may lead

to alterations in CSF resorption through the arachnoid granula-

tions. Moreover, other researchers have suggested that reduced

cortical vein compliance and reduced superior sagittal sinus flow

in normal-pressure hydrocephalus indicate the presence of a sig-

FIG 4. The relationship between mean flow and calculated Rd on the left (left panel) and right (middle panel) sides of the venous sinus tree. The
vessels of the left and right sides, respectively, comprise the 3 left or right vessel segments (the transverse sinus, sigmoid sinus, and IJV). The right
panel shows the relationship between total mean flow and the overall Rd.

Values of the mean Rd of blood in the study population of
healthy adults

Mean Rd (Pa s/cm3)
Superior sagittal sinus 20.1 � 6
Straight sinus 41.2 � 21
Transverse sinus

Left 21.5 � 14
Right 8.5 � 5

Sigmoid sinus
Left 11.6 � 6
Right 4.8 � 3

Internal jugular vein
Left 8.5 � 7
Right 5.1 � 4

Overall Rd 23.8 � 7
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nificant elevation in the resistance to flow through these ves-

sels.34,35 The balance between cerebral arterial inflow and venous

outflow contributes to the maintenance of normal intracranial

pressure, which depends not only on the arterial volume input

and CSF volume but also on venous outflow.

The effect of intracranial fluid dynamics on intracranial pres-

sure is a major component of the Monro-Kellie36,37 doctrine. As

presented in Wilson’s recent review,38 increasing evidence sug-

gests that a venous pathology is central to the multiple conditions

that cause a rise in intracranial pressure. A better understanding

of the role of the venous system in neurocritical care is essential. In

a prospective controlled study based on a grading system, Farb

et al25 showed sinovenous stenosis in 27 of 29 patients with idio-

pathic intracranial hypertension and in only 4 of 59 control pa-

tients. Moreover, the severity of intracranial hypertension (which

depends on the degree of venous congestion) was found to be

closely related to the intradural sinus pressure.39 As the latter

rises, slight parenchymal damage may progress to severe cerebral

edema and/or hematoma if thrombolysis is delayed. Further-

more, some researchers have suggested that benign intracranial

hypertension may be caused by venous hypertension,19,20 mostly

due to stenosis or occlusions of the lateral sinuses. Moreover, it

has been shown that dilation of one of the sinuses with a stent may

reduce the pressure gradient and produce a striking reduction in

symptoms.40 This venous sinus stent placement technique had a

high technical success rate and was highly effective (80%) in re-

ducing the headache associated with benign intracranial hyper-

tension.41 Nevertheless, sinus stenosis appears to result from ele-

vated CSF pressure (rather than hypertension) in some cases.42

Also, there is some evidence that idiopathic intracranial hyper-

tension may be characterized by elevated central venous pres-

sure20 in the absence of ventricular dilation, a mass lesion, or

venous sinus thrombosis.43,44 Thus, it is possible that the cumu-

lative effects of resistance to blood flow across the venous sinus

pathways may lead to a substantial pressure increase in the intra-

cranial drainage system. This question could be addressed (at least

in part) by comparing venous sinus Rd measurements in patients

versus healthy individuals. However, in the absence of such data,

it seems premature to draw conclusions with regard to a possible

causal link between venous sinus resistance to blood flow and

intracranial hypertension.

The relationships between blood flow velocity, cross-sectional

area, pressure drop, and resistance are very complex. A simplified

relationship between fluid velocity and pressure can be described

by the Bernoulli law, which is based on the fundamental physical

law of energy conservation. The equation based on the Bernoulli

law can take various forms, which differ in their complexity as a

function of the type of fluid flow45 but can be represented as

(1⁄2)���V2 � P � ��g�z � Constant, where � is the fluid attenuation,

V is the velocity, P is the pressure, z the vertical height relative to a

reference location, and g is the gravity constant. The first term of

this equation accounts for the kinetic energy, and the 2 last terms

represent the potential energy resulting from pressure and grav-

ity. According to this principle, an increase in fluid velocity im-

plies a concomitant decrease in pressure and vice versa. Therefore,

if vessel resistance is increased by lumen constriction, the flow

velocity rise would imply a decrease in pressure.

However, several assumptions must be made before applying

the Bernoulli equation. In particular, the velocities must be uni-

formly distributed at the cross-sectional area, the fluid must be

incompressible, and there must be no loss of energy. These as-

sumptions tend to limit the applicability of the Bernoulli law

to structures that are subject to deformation. Moreover, Cebral

et al46 used phase-contrast MR imaging to investigate the flow-

area relationship in the internal carotid and vertebral arteries. To

the best of our knowledge, a similar study on the cerebral veins has

not been performed. The pressure/area/flow relationships in

compliant veins are much more complicated to evaluate than in

the venous sinuses because the veins are prone to hydrostructural

instability and are much more sensitive to slight pressure

variations.

The present study had a number of limitations. First, the rel-

atively small sample size must be taken into account when inter-

preting the results. A second limitation relates to the calculated Rd

possibly being influenced by the hydrostatic pressure gradient

across the venous sinus wall, which might influence the compli-

ance of the vessels. Third, given that patterns of complex and

disturbed flow may occur at branch points in the venous sinus

network, the laminar flow required for the validity of the Poi-

seuille equation may not be met. It is also possible that the image

quality was worsened by intravascular signal loss due to turbu-

lence and intravoxel dephasing.47 Moreover, although the PC-

MRA technique may be useful for imaging slowing blood flow48

and can depict multidirectional flow (such as recirculating flow

patterns) with good sensitivity,49 the choice of an optimal veloc-

ity-encoding value that enables avoiding velocity aliasing also

constitutes a study limitation.26 Last, our data were collected from

a group of young, healthy participants. Extending this investiga-

tion to more representative samples of older individuals (includ-

ing patients with cerebrovascular/neurovascular disease) would

be a valuable goal in the near future.

CONCLUSIONS
The results of this preliminary study suggest that PC-MRA can be

used to quantify Rd in the venous sinus drainage system. These

measurements may improve our understanding of certain cere-

FIG 5. Flow AIs plotted against resistance AIs. Diamonds located be-
low the horizontal gray band (AI � �0.2) reflect right-sided flows,
and those above the horizontal gray band (AI � �0.2) reflect left-
sided flows. Diamonds located to the left of the vertical gray band
(AI � �0.2) reflect right-sided resistance, and those on the right of
the vertical gray band (AI � �0.2) reflect left-sided resistance.
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brovascular diseases. Along with flow measurements, this ap-

proach can also be used to calculate a pressure drop across vessel

segments by application of the Poiseuille equation for laminar

flow: pressure gradient � resistance � flow.

APPENDIX
Calculation of Overall Rd
The overall Rd of the venous sinus system can be calculated by an

analogy with an electric circuit (Fig 2). We have the following:

Overall Rd �
Rd SSS � Rd StS

Rd SSS � Rd StS
�

Rleft side � Rright side

Rleft side � Rright side
.

Here, SSS and StS denote the superior sagittal sinus and the

straight sinus, respectively, and Rleft side (or right side) represents the

resistance of the left (or right) side of the venous sinus tree, cal-

culated as the sum of the Rd of the 3-vessel segments (transverse

sinus � sigmoid sinus � internal jugular vein):

Rleft/right side � Rd Tranverse Sinus � Rd Sigmoid Sinus

� Rd Internal Jugular Vein.
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ORIGINAL RESEARCH
ADULT BRAIN

Early-Stage Glioblastomas: MR Imaging–Based Classification
and Imaging Evidence of Progressive Growth

X C.H. Toh and X M. Castillo

ABSTRACT

BACKGROUND AND PURPOSE: The serial imaging changes describing the growth of glioblastomas from small to large tumors are seldom
reported. Our aim was to classify the imaging patterns of early-stage glioblastomas and to define the order of appearance of different
imaging patterns that occur during the growth of small glioblastomas.

MATERIALS AND METHODS: Medical records and preoperative MR imaging studies of patients diagnosed with glioblastoma between
2006 and 2013 were reviewed. Patients were included if their MR imaging studies showed early-stage glioblastomas, defined as small MR
imaging lesions detected early in the course of the disease, demonstrating abnormal signal intensity but the absence of classic imaging
findings of glioblastoma. Each lesion was reviewed by 2 neuroradiologists independently for location, signal intensity, involvement of GM
and/or WM, and contrast-enhancement pattern on MR imaging.

RESULTS: Twenty-six patients with 31 preoperative MR imaging studies met the inclusion criteria. Early-stage glioblastomas were classified
into 3 types and were all hyperintense on FLAIR/T2-weighted images. Type I lesions predominantly involved cortical GM (n � 3). Type II
(n � 12) and III (n � 16) lesions involved both cortical GM and subcortical WM. Focal contrast enhancement was present only in type III
lesions at the gray-white junction. Interobserver agreement was excellent (� � 0.95; P � .001) for lesion-type classification. Transforma-
tions of lesions from type I to type II and type II to type III were observed on follow-up MR imaging studies. The early-stage glioblastomas
of 16 patients were pathologically confirmed after imaging progression to classic glioblastoma.

CONCLUSIONS: Cortical lesions may be the earliest MR imaging– detectable abnormality in some human glioblastomas. These cortical
tumors may progress to involve WM.

ABBREVIATIONS: GB � glioblastoma; IDH1 � isocitrate dehydrogenase 1

Glioblastoma (GB) is the most common primary malignant

brain tumor. It typically appears as a large mass with necro-

sis, prominent edema, mass effect, and strong heterogeneous con-

trast enhancement when diagnosed. MR imaging, a noninvasive

diagnostic tool with excellent tissue contrast, has the potential to

detect small GBs. However, it is uncommon to detect small GBs

clinically, probably due to nonspecific or absent symptoms. The

serial imaging changes depicting the growth of GBs from small to

large tumors are seldom reported.

Some reports described small MR imaging lesions that subse-

quently progressed to GBs.1-11 These are often described as ill-

defined, FLAIR or T2-weighted hyperintensities without discern-

able mass effect that typically involve both the cortex and

subcortical WM, but occasionally appear as only cortical le-

sions.2,4,8 Contrast enhancement is not a consistent feature and

tends to be focal and nodular when present.6-8 The commonly

affected brain areas include frontal (n � 4),2,3,6,8 parietal (n �

2),7,10 occipital (n � 1),11 temporal (n � 5),2,3,6,7,11 hippocampal

(n � 3),1,2,9 and insular (n � 1)9 regions. Because these MR im-

aging lesions were detected early in the course of the disease, they

were frequently referred to as early-stage GBs.3,5-8,11

We have noticed different imaging patterns in early-stage GBs.

An imaging classification for early-stage GB, however, is not avail-

able because most previous studies included only a few such cases.

It is important for radiologists to be familiar with early imaging

findings and growth patterns of GBs because familiarity may help

diagnose small tumors that are symptomatic or incidentally

found. Early diagnosis of GB may lead to a higher extent of tumor
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resection, which has been demonstrated to correlate with patient

survival.12 In this study, we aimed to classify the imaging patterns of

early-stage GBs and to the define the order of appearance of different

imaging patterns that occur during the growth of these tumors.

MATERIALS AND METHODS
This retrospective longitudinal observational cohort study was

performed in 2 medical centers (Chang Gung Memorial Hospital

at Linkou and University of North Carolina Medical Center at

Chapel Hill) after institutional review board approval with a

waiver of the informed consent requirement. The study was per-

formed in compliance with the Health Insurance Portability and

Accountability Act.

A search of the hospital data base was first performed at both

institutions for patients diagnosed with glioblastoma between

2006 and 2013. By reviewing their medical records and all available

preoperative MR imaging studies, we excluded patients with GBs

transformed from histology-proved low-grade gliomas, gliomatosis

cerebri, a history of cranial irradiation before the diagnosis of GB, and

poor image quality. Patients with preoperative MR imaging studies

demonstrating early-stage glioblastomas were included.

Early-stage GBs were defined as small MR imaging lesions de-

tected early in the course of the disease, demonstrating abnormal

signal intensity on T2-weighted, FLAIR, and/or postcontrast T1-

weighted images but with an absence of the imaging findings of

classic GB, such as tumors with necrosis, hemorrhage, prominent

edema, and heterogeneous contrast enhancement. These lesions

were all subsequently proved by histopathology to be GBs. They

did or did not develop into classic GBs on MR imaging, depending

on the timing of the operation and the frequency of follow-up

studies. At each institution, histologic sections were reviewed by

neuropathologists with �15 years of experience, and diagnosis

was made according to World Health Organization criteria.

Besides MR imaging findings, clinical information collected

from each patient included age, sex, and tumor isocitrate dehydro-

genase (IDH1) gene mutation status determined by immunohis-

tochemistry study, if available.

Imaging Protocols
Because the MR imaging studies were performed at 2 medical

centers with 1.5T or 3T clinical MR imaging scanners (Magnetom

Espree, Avanto, or Tim Trio; Siemens, Erlangen, Germany; Op-

tima MR450w with GEM Suite or Discovery MR750; GE Health-

care, Milwaukee, Wisconsin; or Intera; Philips, Best, the Nether-

lands), their imaging parameters were not consistent.

The imaging protocol for 1.5T MR imaging scanners typically

included transverse T1WI (TR/TE, 449/12 ms; section thickness,

5 mm; gap, 1 mm; matrix, 256 � 512; and FOV, 210 � 178 mm),

transverse FSE T2WI (TR/TE, 4000/90 ms; section thickness, 5

mm; gap, 1 mm; echo-train length, 17; matrix, 304 � 512; and

FOV, 210 � 178 mm), transverse FLAIR (TR/TE/TI, 9788/90/

2300 ms; section thickness, 5 mm; gap, 1 mm; matrix, 256 � 512;

and FOV, 210 � 178 mm), and postcontrast T1WI (TR/TE,

420/11 ms; section thickness, 5 mm; gap, 1 mm; matrix, 256 �

512; and FOV, 210 � 178 mm). For 3T scanners, the typical pulse

sequences included transverse T1WI (TR/TE, 250/2.46 ms; sec-

tion thickness, 4 mm; gap, 1 mm; matrix, 256 � 256; and FOV,

220 � 220 mm), transverse FSE T2WI (TR/TE, 4000/90 ms; sec-

tion thickness, 4 mm; gap, 1; flip angle, 120°; echo-train length,

17; matrix, 512 � 358; and FOV, 220 � 220 mm), transverse

FLAIR (TR/TE/TI, 8200/85/2500 ms; section thickness, 4 mm;

gap, 1 mm; matrix, 320 � 256; and FOV, 220 � 220 mm), and

postcontrast 3D MPRAGE (TR/TE/TI, 2530/4.03/1100 ms; sec-

tion thickness, 1 mm; matrix, 256 � 256; and FOV, 256 � 224

mm). A standard dose of 0.1 mmol of gadodiamide (Omniscan;

GE Healthcare, Piscataway, New Jersey) or gadopentetate dime-

glumine (Magnevist; Bayer HealthCare Pharmaceuticals, Wayne,

New Jersey) per kilogram of body weight was administered intra-

venously for postcontrast T1WI or MPRAGE.

Image Analysis
All available preoperative MR imaging studies for each patient

with early-stage GB were reviewed. Two neuroradiologists

(C.H.T. and M.C.) with 12 and 26 years of experience, respec-

tively, independently evaluated all lesions for their size, location,

involvement of GM and/or WM, MR imaging signal intensity,

and contrast-enhancement pattern. Among the imaging features

reviewed, involvement of GM and/or WM and contrast-enhance-

ment patterns were used for lesion-type classification. Interob-

server differences in lesion type classification were resolved by

consensus.

The size of FLAIR/T2-weighted and contrast-enhancing le-

sions was measured by using a bidimensional method. For each

lesion, the largest and perpendicular diameters were measured on

a single axial image demonstrating the largest cross-sectional area

if the diameters were �1 cm. Morphologic changes, such as lesion

enlargement, new contrast enhancement, or transformation to a

classic GB, were recorded when follow-up MR imaging studies

were available.

Statistical Analysis
The level of interobserver agreement for lesion-type classification

was determined by calculating the � coefficient. SPSS for Win-

dows, Version 20.0 (IBM, Armonk, New York), was used to per-

form the statistical analyses, and P values �.05 were considered

statistically significant.

RESULTS
Between 2006 and 2013, 282 patients were diagnosed with GBs.

Among these, 46 were secondary GBs and 9 were gliomatosis cere-

bri and therefore were excluded. In the remaining 227 patients, 26

patients (18 from Chang Gung Memorial Hospital at Linkou and

8 from University of North Carolina Medical Center at Chapel

Hill) with 31 MR imaging studies met the inclusion criteria. None

of these 26 patients had a history of cranial irradiation before the

diagnosis of GB or poor image quality. MR imaging findings of

early-stage GBs were classified into 3 types on the basis of GM

and/or WM involvement and patterns of contrast enhancement.

The 2 neuroradiologists agreed on lesion-type classification in 30

of 31 MR imaging studies, with excellent interobserver agreement

(� � 0.95; P � .001). Tables 1, 2, and 3 summarize the clinical

characteristics of patients who presented with type I, II, and III

lesions, respectively.

Type I lesions were those that on the first available study, pre-
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dominantly involved GM (ie, the cerebral cortex). They appeared

as T2-weighted or FLAIR hyperintensities without contrast en-

hancement. Three patients had type I lesions (Fig 1). Type II

lesions were T2-weighted or FLAIR hyperintensities involving

the cortex and subcortical WM without contrast enhancement.

Twelve patients, including one who progressed from a type I

lesion, had type II lesions (Fig 2). Type III lesions were hyper-

intense on T2-weighted and FLAIR images, involved both the

cortex and subcortical WM, and demonstrated small focal ar-

eas of contrast enhancement at the GM-WM junction. The

diameter of enhancing focus was about �1 cm in all. Sixteen

patients, including 4 who progressed from type II, had type III

lesions (Fig 3).

Figure 4 summarizes the morphologic changes of the early-

stage GBs in 26 patients as observed in follow-up MR imaging

studies. One type I lesion transformed to a type II, and 4 type II

lesions transformed to type III. Reverse-order transformation (ie,

transformation from a type III lesion to types II and I or from type

II to I) was not observed.

Two type II and 8 type III lesions underwent an early operation

Table 1: Clinical characteristics of patients who presented with type I lesionsa

Patient
Sex/Age

(yr) Symptoms Lesion Location
Lesion Size

(cm)

Durationb (mo)

IDH1
Mutation

Type
II

Type
III

Classic
GB

1 M/55 Focal seizure Right insula and temporal cortex 5 6 NA 11 �
2 M/57 Focal seizure Left parietal cortex 2.2 NA NA 7 �
3 M/60 Focal seizure Right insula and frontal operculum 3 NA NA 8 �

Note:—NA indicates not available; �, positive; �, negative.
a The lesions refer to the FLAIR/T2-weighted hyperintensities predominantly involving cortical GM. Their perpendicular diameters were �1 cm and therefore not measured.
b The duration is the time interval between the first and follow-up MR imaging studies showing type II lesions, type III lesions, or classic GB, respectively. NA indicates that the
particular lesion type was not detected during the course of follow-up.

Table 2: Clinical characteristics of patients who presented with type II lesionsa

Patient
Sex/Age

(yr) Symptoms Lesion Location
Lesion Size

(cm)

Durationb (mo)

IDH1
Mutation

Type
III

Classic
GB

1 M/48 LOC Left temporal 2 � 1.2 NA 12 �
2 F/40 Syncope Right insula and frontal

operculum
4 � 2.5 NA 11 NS

3 F/32 Speech Left parietal 2.5 � 2 NA 4 �
4 M/33 Headache, LOC Right insular 3.1 � 2.5 NA 4 NS
5 F/58 Gait disturbance, memory

impairment
Right medial frontal 4 � 3 10 13 NS

6 M/48 Focal seizure Right parietal 3.5 � 2.5 8 10 �
7 F/78 Headache Right temporal 2.5 � 1 NA 2 �
8 M/41 Focal seizure Left temporal 3 � 2 1 1.5 �
9 M/40 Generalized seizure Left parietal 3 � 2.8 NA NA NS
10 M/71 Visual TIA Right occipital 3 � 3 2 NA NS
11 M/27 Focal seizure Left frontal 2.2 � 2.8 NA NA �

Note:—LOC indicates loss of conscious; NA, not available; NS, not studied; �, positive; �, negative.
a The lesions refer to the FLAIR/T2-weighted hyperintensities involving both cortical GM and subcortical WM.
b The duration is the time interval between the first and follow-up MR imaging studies showing a type III lesion or classic GB. NA indicates that the particular lesion type was
not detected during follow-up. The type II lesions of patients 9 and 11 were resected before they transformed to type III lesions or classic GB.

Table 3: Clinical characteristics of patients who presented with type III lesionsa

Patient
Sex/Age

(yr) Symptoms
Lesion

Location
Lesion Size

(cm)
Durationb (mo)
to Classic GB

IDH1
Mutation

1 F/95 Facial palsy Right frontal 3 � 1.5 3 NS
2 M/48 Generalized seizure Right frontal 4 � 2 NA �
3 M/69 Focal seizure Right parietal 2.5 � 1.2 3 �
4 F/59 Slurred speech Left insular 3 � 1.3 NA NS
5 F/55 Hand numbness Right parietal 2.1 � 1.3 NA �
6 F/69 Leg weakness Right frontal 3 � 1.2 NA NS
7 F/35 Leg numbness Left frontal 2.5 � 1.3 1 �
8 M/65 Generalized seizure Left parietal 2.6 � 2.6 NA NS
9 M/45 Generalized seizure Left temporal 3 � 3 1 NS
10 M/58 Generalized seizure Left frontal 1.5 � 1 NA NS
11 M/43 Generalized seizure Left frontal 3 � 1.8 NA NS
12 M/62 Generalized seizure Left temporal 2.4 � 2.3 6 �

Note:—NA indicates not available; NS, not studied; �, negative.
a The lesions refer to FLAIR/T2-weighted hyperintensities involving the cortex and subcortical WM, with focal contrast enhancement at the GM-WM junction. The size of
contrast-enhancing foci is not shown because they are about �1 cm.
b The duration is the time interval between the first and follow-up MR imaging studies showing classic GB. NA indicates that type III lesions were resected before progressing
to classic GB.
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and were confirmed to be GBs. The early-stage GBs of 16 patients

were surgically resected after imaging progression to classic GB

was documented. IDH1 mutation status was available in 14

GBs, with 3 being positive for this mutation. The IDH1 muta-

tion rate was 21.4% (3 of 14).

DISCUSSION
In this study, we propose an MR imaging– based classification for

early-stage GBs. Lesions were classified into 3 types on the basis of

the involvement of GM and/or WM and their patterns of contrast

enhancement. The 3 types of MR imaging lesions may represent

sequential stages of human GB growth. To the best of our knowl-

edge, an MR imaging– based classification for early-stage GBs

does not exist.

Among the 3 types of lesions, type I was the earliest, followed

by type II, and then type III, according to the morphologic

changes observed on follow-up MR imaging studies. The order of

appearance suggests that some GBs start as T2-weighted or FLAIR

hyperintense lesions in the GM (ie, cerebral cortex [type I]). Then,

both the cortex and subcortical WM become involved (type II).

Later, focal contrast enhancement develops at the GM-WM junc-

tion, within the area of T2-weighted or FLAIR hyperintensity

(type III). Enlargement of the contrast-enhancing focus then

evolves into the classic appearance of GB.

Our review of the literature shows that there were 19 cases of

early-stage GBs with MR imaging studies included when they

were published.1-11 With our proposed classification, 2 of 19 le-

sions may be classified as type I2,8; 12, as type II1-3,8-11; and 5, as

type III.4,6-8 Oyama et al8 emphasized the role of DWI in early

tumor detection when they reported a GB that first appeared as

a type I lesion, then transformed to a type II lesion, and finally

transformed to a classic GB before the operation. A type I lesion

reported by Thaler et al2 was described as a “right medial frontal

nondiagnostic T2-weighted hyperintensity.”

It is difficult to study the cell of origin and growth of human

GB because the tumors are typically large and in their late stage

when diagnosed. Therefore, genetically engineered mouse models

in which gliomas are induced by manipulation of the mouse ge-

nome at the molecular level are important tools for studying

gliomagenesis.13,14 Using mosaic analysis with a double marker

genetic mouse model, Liu et al15 discovered that an oligodendro-

cyte precursor cell was the cell of origin of malignant gliomas and

FIG 1. A 57-year-old man with a type I lesion. Axial images show a left
parietal cortical lesion, which is hyperintense on the T2-weighted
image (A) and without enhancement on the contrast-enhanced T1-
weighted image (B). T2-weighted (C) and contrast-enhanced T1-
weighted (D) images obtained 7 months later show a left parietal
glioblastoma.

FIG 2. Axial images in a 32-year-old woman with a type II lesion. Left,
T2-weighted image shows hyperintensity involving the left parietal
cortex and subcortical WM. Right, contrast-enhanced T1-weighted
image obtained 4 months later shows a left parietal glioblastoma.

FIG 3. Contrast-enhanced T1-weigthed axial images in a 35-year-old
woman with a type III lesion. Left, a cortical/subcortical contrast-
enhancing lesion is present in the left frontal region. Right, the lesion
transformed to a left frontal glioblastoma after 1 month.

FIG 4. Diagram summarizes the morphologic changes of the 26 early-
stage glioblastomas observed in follow-up MR imaging studies. The
asterisk and dagger indicate the number of lesions transformed from
type I and type II lesions, respectively.
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that the earliest neoplastic lesions were found in the GM. Further-

more, they observed tumor extension in subcortical regions along

WM tracts.15 Another study also found that a glioblastoma could

originate from cortical neurons.16 However, there is always con-

cern about whether results from animal studies can be transferred

to humans. It is not known whether gliomas growing in mice with

genetic alterations and different microenvironments resemble

spontaneous human GBs.

In our present study, we found that GM lesions were the ear-

liest MR imaging– detectable abnormalities during human GB

growth. We believe this finding may serve as indirect evidence,

along with that found in the mouse glioma models,15,16 to suggest

that some GBs may originate from GM. Moreover, the WM

FLAIR/T2-weighted hyperintensity of type II lesions may corre-

spond to GB infiltration rather than just edema. GBs have also

been reported to originate and recur in the subventricular zone,

and it is possible that tumors arising in the cortex are due to

secondary outward migration of abnormal brain tumor cells.17,18

These issues are beyond the scope of this article, and we wish to

only describe and emphasize a subset of GBs that originate in the

cortex and are probably from a different cell origin than periven-

tricular or deep WM GBs.

In the present study, the diagnosis of GB in 16 patients was

confirmed after their MR imaging lesions progressed to classic

ones. Thus, it is possible that those 16 patients initially had low-

grade gliomas, which later transformed to secondary GBs. IDH1

mutation status has recently been considered a molecular marker

of secondary GBs. The reported IDH1 mutation rates for clinically

diagnosed primary and secondary GBs are about 4%–7% and

73%– 88%, respectively.19 Among those 16 patients, IDH1 muta-

tion status was available in 11 with 2 being positive. The mutation

rate of our patients is lower than expected for secondary GBs. As

reported in previous studies, the median intervals for low-grade

gliomas to transform to GBs ranged from 2.1 to 10.1 years.20 The

MR imaging lesions of those 16 patients progressed to the classic

appearance of GBs in �14 months. Among these, the 2 lesions

with IDH1 mutations progressed to classic GB in 7 and 10

months, respectively. In light of rapid progression to GBs and the

low incidence of IDH1 mutation, we believe the MR imaging le-

sions of those 16 patients were not low-grade gliomas but high-

grade from their origin.

The differential diagnosis for type I lesions should include

postictal change because focal seizures were the clinical presenta-

tion for 3 patients with type I lesions. However, in previous re-

ports, most seizure-induced MR imaging abnormalities were

transient and reversible.21 Permanent structural abnormalities

such as gliosis and focal atrophy are more likely to occur in status

epilepticus.21 In this study, no patients with type I lesions had

status epilepticus, and their abnormalities in the cerebral cortex

persisted even when these lesions transformed to type II or classic

GBs. Moreover, seizure-induced abnormalities tend to involve

both the cortex and subcortical WM and are seldom limited to

GM only.21 Therefore, our type I lesions likely reflect tumor in

GM.

According to the histologic classification of the World Health

Organization, the presence of microvascular proliferation or

pseudopalisading necrosis differentiates GBs from lower-grade

gliomas. These 2 histologic hallmarks are typically present in the

contrast-enhancing component of GB.22,23 Microvascular prolif-

eration is known to result in neovascularity with a disrupted

blood-brain barrier and increased permeability to gadolinium-

based contrast agents and thus contrast enhancement in GB.

Barajas et al22 reported that tissue samples obtained from nonen-

hancing tumor components of GBs demonstrated less microvas-

cular proliferation than those from contrast-enhancing compo-

nents. GBs without contrast enhancement, though relatively rare,

have been reported.23-25 In the study of Utsuki et al,23 purely

non-contrast-enhancing glioblastomas demonstrated only pseu-

dopalisading necrosis and no neovascularity. Although histo-

pathologic diagnosis was only available in 2 type II lesions, we

believe that the other 10 type II lesions were also GBs without

contrast enhancement. The implication of these observations may

be that advanced imaging techniques such as perfusion and per-

meability may not reflect the true nature of these small GBs as they

do in larger, classic ones.

The present study helps radiologists be familiar with imaging

findings of early-stage GBs. For a type I or II lesion, early-stage GB

should be included in the differential diagnosis in addition to a

self-limited non-neoplastic lesion. It is challenging to prospec-

tively diagnose early-stage GBs; therefore, aggressive surgical re-

section of these lesions is unlikely. Biopsy may be an alternative

other than short-interval imaging follow-up. Advanced MR im-

aging such as diffusion, perfusion, and MR spectroscopy may

have a role, but further studies are needed.

There are some limitations to our study. First, the diagnosis of

GB was confirmed in only 10 patients who underwent an early

operation. Thus, for the other 16 patients, we can only assume

that their MR imaging lesions were early-stage GBs because they

all eventually developed the typical MR imaging appearance and

histopathology of GBs. Second, because our routine MR imaging

protocol did not include advanced MR imaging techniques such

as diffusion, perfusion, and spectroscopy, we could not assess

their roles in early-stage GBs. Third, the MR imaging findings

describe only macroscopic growth of GBs and not their micro-

scopic changes. Although GBs may arise from GM, their cell of

origin remains unknown. Fourth, tumors included in this study

probably represent only a subset of GBs. GBs arising from the

hippocampus and subventricular zone may have different growth

patterns on MR imaging. Finally, due to a limited number of

patients and the retrospective nature of our study, we were unable

to determine whether our MR imaging– based classification cor-

relates with outcomes.

CONCLUSIONS
A cortical GM lesion may be the earliest MR imaging– detectable

abnormality in some human GBs. GBs may originate from the

cortical GM and extend into the subcortical WM. Detection of

these lesions while limited to the GM may allow total resection

and potentially improve patient outcome.
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ORIGINAL RESEARCH
INTERVENTIONAL

Even Small Decreases in Blood Pressure during Conscious
Sedation Affect Clinical Outcome after Stroke Thrombectomy:

An Analysis of Hemodynamic Thresholds
X M.K. Whalin, X K.M. Halenda, X D.C. Haussen, X L.C. Rebello, X M.R. Frankel, X R.Y. Gershon, and X R.G. Nogueira

ABSTRACT

BACKGROUND AND PURPOSE: The adverse effects of general anesthesia in stroke thrombectomy have been attributed to intraprocedural
hypotension, yet optimal hemodynamic targets remain elusive. Identifying hemodynamic thresholds from patients without exposure to general
anesthesia may help separate the effect of hypotension from the effect of anesthesia in thrombectomy outcomes. Therefore, we investigated
which hemodynamic parameters and targets best correlate with outcome in patients treated under sedation with monitored anesthesia care.

MATERIALS AND METHODS: We performed a retrospective analysis of a prospectively collected data base of patients with anterior
circulation stroke who were successfully reperfused (modified TICI � 2b) under monitored anesthesia care sedation from 2010 to 2015.
Receiver operating characteristic curves were generated for the lowest mean arterial pressure before reperfusion, both as absolute values
and relative changes from baseline. Cutoffs were tested in binary logistic regression models of poor outcome (90-day mRS � 2).

RESULTS: Two-hundred fifty-six of 714 patients met the inclusion criteria. In a multivariable model, a �10% mean arterial pressure decrease
from baseline had an OR for poor outcome of 4.38 (95% CI, 1.53–12.56; P � .01). Other models revealed that any mean pressure of �85 mm
Hg before reperfusion had an OR for poor outcome of 2.22 (95% CI, 1.09 – 4.55; P � .03) and that every 10-mm Hg drop in mean arterial
pressure below 100 mm Hg had an OR of 1.28 (95% CI, 1.01–1.62; P � .04).

CONCLUSIONS: A �10% mean arterial pressure drop from baseline is a strong risk factor for poor outcome in a homogeneous population
of patients with stroke undergoing thrombectomy under sedation. This threshold could guide hemodynamic management of patients
during sedation and general anesthesia.

ABBREVIATIONS: MAC � monitored anesthesia care; MAP � mean arterial pressure

Retrospective studies have found that performing thrombecto-

mies with the patient under general anesthesia may be asso-

ciated with worse outcomes,1,2 possibly because of the increased

incidence and severity of hypotension compared with the use of

conscious sedation.3 Hypotension before reperfusion may com-

promise collateral blood flow and negatively impact outcomes in

acute ischemic stroke. Previous investigations demonstrated that

a lowest recorded systolic blood pressure of �140 mm Hg during

endovascular therapy for acute ischemic stroke is associated with

good neurologic outcome.3 Our group subsequently showed that

a lowest mean arterial pressure (MAP) of �70 mm Hg is an inde-

pendent predictor of favorable neurologic outcome.4

These studies were limited because they included a mix of patients

receiving conscious sedation and general anesthesia. In this setting,

the association between general anesthesia and hypotension may

make it difficult to discern the independent effects of blood pressure

regardless of anesthesia type. We hypothesized that hypotension in-

fluences outcome even in those patients not exposed to general an-

esthesia. Our aim was to determine optimal hemodynamic parame-

ters and thresholds for patients with acute stroke undergoing

thrombectomy under conscious sedation with monitored anesthesia

care (MAC). Such parameters could be used in future studies of out-

come and anesthesia type to determine whether general anesthesia

has deleterious effects independent of hypotension.

MATERIALS AND METHODS
After approval from the institutional review board, we retrospec-

tively reviewed the records of 714 patients who underwent endo-

vascular treatment for acute ischemic stroke in the neurointer-

ventional suite of Grady Memorial Hospital from September 2010

to April 2015. Five hundred ninety-nine patients had anterior

circulation stroke with 90-day outcome data. We had complete
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hemodynamic data for 309 of the 347 patients treated under

MAC. Two-hundred seventy-six of these patients were success-

fully reperfused (as defined by modified Thrombolysis in Cere-

bral Infarction 2b/3),5 with a median procedure time of 64 min-

utes (interquartile range, 43–96 minutes). We excluded 20

patients (7%) who were not reperfused within 2.5 hours of groin

puncture, which left a study population of 256. The baseline char-

acteristics and periprocedural variables of our study population

were collected prospectively within the study period (September

2010 to April 2015) from the Marcus Stroke and Neuroscience

Center endovascular data base. Good outcome was defined as a

90-day modified Rankin Scale score of 0 –2.

Stroke Variables and Procedures
Patients were selected for thrombectomy on the basis of the presence

of salvageable tissue on imaging. TICI scores were determined in the

angiography suite by the operator. Three-fourths of the procedures

were performed with stent retrievers, and the remainder used throm-

boaspiration. All patients had follow-up imaging to assess hemor-

rhage. The modified Rankin Scale scores at 90 days were determined

by an in-person follow-up appointment. Occasional no-shows were

estimated by a structured phone interview.6

Anesthesia Variables
Our anesthesia care team includes an attending anesthesiologist

supervising a nurse anesthetist or anesthesiologist assistant. More

than 95% of our MAC procedures use dexmedetomidine infu-

sions with supplemental fentanyl and midazolam as needed. For

most patients with MAC, blood pressure measurements are non-

invasive and arterial lines are usually reserved for patients with

severe cardiac disease. Infusion regimens vary by practitioner but

usually involve a loading dose of 0.5–1 �g/kg delivered during 10

minutes followed by a maintenance infusion of 0.5–1 �g/kg/hour.

Although we did not have a formal protocol for hemodynamic

management during this time, the target range for systolic blood

pressure was usually set between 140 and 180 mm Hg before rep-

erfusion. Phenylephrine was the most commonly used vasopres-

sor. Anesthetic variables, including type of sedation, use of vaso-

pressors, and systolic and diastolic blood pressure values (charted

every 5 minutes), were retrieved from the anesthesia records. The

baseline systolic and diastolic pressures were determined by aver-

aging the measurements before the start of sedation. The single

lowest MAP before successful reperfusion was recorded with its

component systolic and diastolic blood pressures. We focused on

MAP variables because mean blood pressure is directly measured

by the noninvasive cuffs used on most patients, whereas these

cuffs use an algorithm to derive systolic and diastolic blood

pressure.7

Statistical Analysis
All data are expressed as mean � SD or median with interquartile

range as appropriate. Receiver operating characteristic curves

were generated to identify hemodynamic cut-points. Between

groups, 2-sided comparisons for continuous/ordinal variables

were made with the Student t test or Mann-Whitney U test as

appropriate. Categoric variables were compared by �2 or Fisher

exact tests as appropriate. Variables with a P � .10 in these uni-

variate analyses were simultaneously entered into multivariate re-

gression models to identify which were independent predictors of

outcome. We used binary logistic regression models with signifi-

cance set as P � .05. Statistical analyses were performed by using

SPSS Statistics, Version 23 (IBM,,Armonk, New York).

RESULTS
Two hundred fifty-six patients meeting the selection criteria were

included in the analysis. The mean age of the study population

was 65.2 � 15.4 years, and the mean NIHSS score was 17.3 � 5.9.

Table 1 presents the clinical characteristics and procedural vari-

ables of the groups with good and poor outcomes at 90 days. The

groups had similar procedure durations and times from last

known healthy to groin puncture, as well as similar rates of IV tPA

and stent retriever use. We observed differences in ASPECTS and

NIHSS scores and rates of parenchymal hemorrhage between the

groups. The poor outcome group also had higher rates of atrial

fibrillation and ICA terminus occlusion.

Table 2 shows systolic blood pressure and MAP parameters in

the population and their association with outcome. Patients in-

cluded in the analysis had a mean baseline systolic blood pressure

of 157.6 � 29.3 mm Hg and a MAP of 108.5 � 18.6 mm Hg. The

means for the lowest recorded systolic blood pressure and MAP

before successful reperfusion were 118.0 � 22.0 and 80.7 � 14.4

mm Hg, respectively. Baseline pressures did not differ between

the 2 outcome groups, but all variables related to the lowest pres-

sure before reperfusion were statistically different (Table 2).

Due to collinearity, we incorporated the continuous variables of

the lowest MAP, absolute MAP drop, and percentage MAP drop one

at a time into binary logistic regression models for predictors of poor

outcome. Neither absolute MAP drop nor percentage MAP drop

were independent predictors of outcome (P � .38 and .16, respec-

tively). The lowest MAP before modified TICI 2b/3 reperfusion was

independently associated with poor outcome (P � .04). We per-

formed a linear transformation [(100 � lowest MAP)/10] to place

this result in a more meaningful clinical context. As shown in Table 3,

the odds of poor outcome increased by 28% for every 10 mm Hg that

the lowest MAP fell below 100 mm Hg.

We next generated receiver operating characteristic curves to in-

vestigate hemodynamic thresholds that could predict neurologic

outcome (Fig 1). The areas under the curve for the MAP variables

were approximately 0.6, suggesting that they are weaker predictors

than the NIHSS score (0.74) or ASPECTS (0.65). For ease of com-

parison, we linked the pressures to the mRS category that generated

curves above the reference line. For example, a lowest MAP of �90

mm Hg was �80% specific for good outcome (Fig 1A), whereas a

drop in MAP of �40 mm Hg was approximately 80% specific for

poor outcome (Fig 1B). The trade-off for the high specificities of

these extreme values is low sensitivity. The 30% sensitivity of a lowest

MAP of �90 mm Hg indicates that many patients whose MAP falls

below 90 mm Hg will still have a good outcome.

In multivariate analysis for predictors of poor outcome, the

lowest MAP of �85 mm Hg had an OR of 2.23 (95% CI, 1.09 –

17.7; P � .03). The lowest MAP cutoffs of 70 and 80 mm Hg were

also independent predictors (OR � 2.15; 95% CI, 1.02– 4.56; P �

.04; and OR � 2.21; 95% CI, 1.12– 4.16; P � .02, respectively). For

blood pressure changes, an absolute MAP drop of �15 mm Hg
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was independently associated with poor outcome (OR � 2.33;

95% CI, 1.11–18.6; P � .03). Finally, the largest OR for poor

outcome was 4.38 for a MAP drop of �10% (95% CI, 1.53–12.6;

P � .01).

Because the lowest MAP predicted an outcome over a range of

cutoffs, we next examined how its effect varied by the baseline

NIHSS score. Given our sample size, we divided our study popu-

lation into 3 groups by baseline NIHSS. Subdividing these by the

lowest MAP yielded subgroups of 18 –26 patients. The rates of

good outcome are shown in Fig 2. For

less severe strokes (NIHSS score, �15),

even patients whose MAP fell below 70

mm Hg had a 78% rate of good out-

come. Only 60% of patients with NIHSS

scores of �15 had good outcomes, even

when their MAPs stayed above 90 mm

Hg.

DISCUSSION
The optimal hemodynamic manage-

ment of patients undergoing endovas-

cular therapy for acute ischemic stroke

remains a topic of debate among clini-
cians. The 2014 Society for Neurosci-

ence in Anesthesiology and Critical Care

Expert Consensus Statement recom-
mends the use of continuous hemody-

namic monitoring with maintenance of
systolic blood pressure at 140 –180 mm

Hg,8 but these recommendations are not

based on data from patients having un-

dergone thrombectomy. Instead, they

originate from large epidemiologic

studies that examined the associations
between poor outcome and baseline he-

modynamics or variation during the

acute phase of acute ischemic stroke.9-11

Davis et al3 have investigated the associ-

ation between favorable neurologic out-

come and the lowest systolic blood pres-
sure of �140 mm Hg based on the same
extrapolation. In a subsequent study,

our group selected a threshold of MAP

of �70 mm Hg after dividing our range

of observed MAP into quartiles.4 Most

recently, Löwhagen Hendén et al12

showed that a �40% fall in MAP during

endovascular reperfusion with the pa-

tient under general anesthesia is an inde-

pendent predictor of poor neurologic

outcome. We saw a need to more closely

examine how various blood pressure

changes influence outcome for patients

undergoing thrombectomy.

We sought to perform our analysis in

a large but relatively homogeneous

study population to best observe the re-

lationship between intraprocedural hy-

potension and outcome. We chose to restrict our analysis to those

patients who achieved successful reperfusion (modified TICI

2b/3) because even the best blood pressure control would be un-

likely to improve outcome if the vessel remained occluded. Be-

cause hypotension has been shown to be collinear with general

anesthesia,3 we restricted our analysis to those patients whose

procedures were performed under MAC to eliminate confound-

ing by anesthesia type.

Despite the perceived hemodynamic stability of thrombec-

Table 1: Univariate analysis of baseline characteristics, procedural variables, and outcomes
associated with 90-day mRS > 2a

All Patients
(n = 256b)

90-Day mRS 0–2
(n = 152)

90-Day mRS >2
(n = 104)

P
Value

Demographics
Age (yr) 65.2 � 15.4 61.5 � 15.1 70.7 � 14.1 �.01c

Male sex 123 (48%) 76 (50%) 47 (46%) .49
Current smoker 48 (19%) 30 (20%) 18 (17%) .61
Hypertension 179 (70%) 102 (67%) 77 (74%) .23
Diabetes mellitus 58 (23%) 35 (23%) 23 (22%) .86
Dyslipidemia 92 (36%) 55 (36%) 37 (36%) .92
Atrial fibrillation 95 (37%) 49 (32%) 46 (44%) .06c

Stroke features
Baseline NIHSS 17 (13–22) 15 (11–19) 20 (17–24) �.01c

ASPECTS 8 (7–9) 9 (7–9) 7 (6–9) �.01c

Occlusion site
ICA terminus 46 (18%) 18 (12%) 28 (27%) �.01c

MCA M1 158 (72%) 98 (64%) 60 (58%) .27
Last healthy to puncture (min) 295 (219–457) 281 (208–460) 305 (236–449) .34
IV tPA given 113 (44%) 71 (47%) 42 (41%) .35

Intraprocedural management
Stent retriever 189 (74%) 115 (76%) 74 (72%) .44
Procedure time (min) 62 (41–88) 60 (41–81) 66 (40–91) .23
Vasopressor use 134 (52%) 75 (49%) 59 (57%) .24

Outcomes
Parenchymal hemorrhage 19 (7%) 4 (3%) 15 (14%) �.01c

Final infarct volume (cm3) 20.5 (7.3–60.0) 13.4 (5.4–35.6) 30.6 (17.4–111) �.01
90-day mRS 2 (1–4)
Mortality 31 (12%) 31 (30%)

Note:—M1 indicates the sphenoidal segment of middle cerebral artery.
a Results are shown as mean � SD, median (interquartile range), or number (percentage).
b Not all patients had data available for ASPECTS (n � 243), minutes from last known healthy to groin puncture (n � 211),
or final infarct volume (n � 217).
c Variables with P � .1 added to the multivariate models.

Table 2: Intraprocedural hemodynamic characteristicsa and their association with 90-day
mRS > 2

All Patients
(n = 256)

90-Day mRS 0–2
(n = 152)

90-Day mRS > 2
(n = 104)

P
Valueb

Systolic blood pressure
Baseline (mm Hg) 158 (135–176) 156 (134–173) 160 (137–180) .137
Lowest before mTICI 2b/3

(mm Hg)c
117 (103–132) 118 (105–135) 115 (99–124) .047

Absolute drop (mm Hg)d 35.5 (17–56) 30.0 (11–51) 41.5 (24–63) .004
% Pressure drope 22.8% (12–34) 21.4% (9–32) 27.6% (16–37) .002

Mean arterial pressure
Baseline (mm Hg) 107 (95–120) 107 (94–118) 107 (95–123) .473
Lowest before mTICI 2b/3

(mm Hg)
79 (71–89) 81 (72–92) 77 (68–85) .01

Absolute drop (mm Hg)d 24.7 (13–39) 23.8 (11–31) 26.7 (16–42) .008
% Pressure drope 23.3% (13–34) 22.1% (12–31) 25.6% (18–37) .004

Note:—mTICI indicates modified TICI.
a Reported as median (interquartile range) unless otherwise noted.
b Mann-Whitney U test.
c Obtained from the systolic component of the lowest observed MAP prior to mTICI 2b/3 reperfusion.
d Calculated as the baseline pressure minus the lowest pressure before mTICI 2b/3.
e Calculated as the absolute pressure drop divided by the baseline pressure.
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tomy with the patient under sedation, we observed substantial

drops in blood pressure during the procedures. Our baseline and

lowest pressures are similar to the MAC/sedation cohorts re-

ported from the Cleveland Clinic (n � 99)13 and Mayo Clinic

(n � 38).14 Rates of vasopressor use were also quite similar across

the 3 studies. The results from these 3 institutions suggest that it is

difficult to replicate the tight hemodynamic control in the Calgary
cohort reported by Davis et al.3 One potential reason might be
differences in the depth of sedation or drugs used. Although the
former is impossible to determine, we can make crude compari-
sons of the latter. The Calgary patients received only fentanyl and
midazolam for sedation, whereas our institution uses dexmedeto-
midine infusions with supplemental fentanyl and midazolam if
needed. The practice at the Cleveland Clinic mirrors ours except
they also use propofol infusions.13 In contrast, most patients at
the Mayo Clinic received only fentanyl and midazolam for seda-
tion but still experienced significant drops in blood pressure.14 It

therefore appears that no particular sedative regimen can ensure
tight hemodynamic control.

Not only are blood pressure drops common during MAC, but
even modest drops in blood pressure can have a dramatic impact
on neurologic outcome. This is perhaps best illustrated by our
finding that a decrease in MAP from baseline of �10% carries an
OR for poor outcome of 4.38. Such tight hemodynamic control
may not always be possible, but it should be a goal even with the
patient under minimal sedation. From the receiver operating
characteristic curves and multivariate models, we found no single
MAP threshold. Instead, the lowest MAP showed a dose effect in
which each 10-mm Hg drop below 100 mm Hg increased the odds
of poor outcome. Although we consistently observed the benefit
of keeping the MAP close to baseline, the critical MAP threshold
may vary by the severity of the underlying stroke. Patients with an
NIHSS score of �15 had high rates of good outcome across a wide
range of MAPs, whereas the lowest MAP below 80 mm Hg had a
large outcome effect for those with NIHSS scores of �20. For
those patients in the middle (NIHSS score, 15–20), the threshold
appeared to be 70 mm Hg. Presumably, in a homogeneous cohort
of large-vessel occlusion strokes, patients with higher NIHSS se-
verity have poorer collaterals and, thus, are more dependent on
blood pressure compared with patients with milder stroke
severity.

Low blood pressure has been reported to be an independent
risk factor for poor outcome in 2 mixed populations of MAC and
patients under general anesthesia 3,4 and 1 pure general anesthesia
group.12 We found that this relationship holds true even in pop-
ulations with no general anesthesia. What remains unknown,
however, is whether intervention to correct hypotension can ac-

tually improve outcomes. One group re-
cently reported their experience institut-
ing hemodynamic parameters for their
patients undergoing thrombectomy.15

They noted similar blood pressures in
the groups with poor and favorable out-
comes but that the cumulative dose of
norepinephrine was independently as-
sociated with poor outcome.15 These
data raise the possibility that vasopres-
sors may improve peripheral blood
pressures without improving blood
flow to the ischemic penumbra. Future
work might approach this question
through a prospective, randomized
trial evaluating strict blood pressure
control by using vasopressors in com-
parison with usual anesthesia care.

Until the results of such a trial are

available, it seems reasonable to mini-

mize hypotension during endovascu-

lar thrombectomies for acute ischemic
stroke.

The present study has several limita-
tions. Although larger than the previous
studies, it remains retrospective in nature.

As with all such studies, missing data may

bias the results in unpredictable ways. For

FIG 1. Receiver operating characteristic curves
for changes in MAP before modified TICI 2b/3
reperfusion. Curves are shown for the effect of
the lowest MAP on 90-day mRS 0 –2 (A) and for
the relationship between mRS 3– 6 and an abso-
lute MAP drop (B) and percentage MAP drop (C).
The curves are labeled with pressures (A and B,
in millimeters of mercury) and percentages (C).
The cutoffs that were independent predictors
of outcome in binary regression models are
shown with bold type and open block arrows.
AUC indicates area under the curve.

Table 3: Binary logistic regression model for poor neurologic
outcome (90-day mRS > 2)a

Variable OR (95% CI) P Value
Age 1.05 (1.02–1.07) .001
Atrial fibrillation 1.09 (0.55–2.15) .805
Baseline NIHSS 1.16 (1.09–1.24) �.001
ASPECTS 0.80 (0.65–0.97) .023
ICA terminus occlusion 2.50 (1.14–5.50) .022
Parenchymal hemorrhage 5.06 (1.30–19.7) .020
Lowest MAP (per 10-mm Hg drop

below 100 mm Hg)b
1.28 (1.01–1.62) .043

a Variables with P � .1 in univariate analysis were entered simultaneously into a mul-
tivariate logistic regression model.
b Lowest intraprocedural MAP recorded prior to mTICI 2b/3 reperfusion.
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example, we did not collect prestroke mRS scores. The lowest blood
pressures before reperfusion were captured from the anesthesia re-
cords as the lowest MAP rather than lowest systolic pressure. How-
ever, our rationale was that most blood pressure data were acquired
by using noninvasive oscillometric cuff sphygmomanometers, which
measure the MAP and derive systolic and diastolic pressures from an
algorithm.7 Additionally, our choice of a study population with min-
imal confounders may limit the generalizability of our results to
other patients undergoing thrombectomy, such as those with poste-
rior circulation stroke or patients receiving general anesthesia. Nev-
ertheless, the hemodynamic variables we identified may provide a
useful way to control for the effect of hypotension in future studies on
the effect of anesthesia on outcome.

CONCLUSIONS
Significant decreases in blood pressure occur during thrombecto-

mies performed under MAC sedation. Our data support the hy-

pothesis that hypotension influences outcome in patients not ex-

posed to general anesthesia. Every 10-mm Hg drop in MAP below

100 mm Hg before reperfusion increased the odds of poor out-

come by an estimated 28% (95% CI, 1%– 62%). Even a 10% drop

in MAP from the initial value seen in the angiography suite was a

strong independent risk factor for poor outcome. These results

suggest that clinicians should be just as vigilant in maintaining

blood pressure for patients under MAC or conscious sedation as

they are for those under general anesthesia.
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Endovascular Stroke Treatment of Nonagenarians
X M. Möhlenbruch, X J. Pfaff, X S. Schönenberger, X S. Nagel, X J. Bösel, X C. Herweh, X P. Ringleb, X M. Bendszus, and X S. Stampfl

ABSTRACT

BACKGROUND AND PURPOSE: Although endovascular treatment has become a standard therapy in patients with acute stroke, the
benefit for very old patients remains uncertain. The purpose of this study was the evaluation of procedural and outcome data of patients
�90 years undergoing endovascular stroke treatment.

MATERIALS AND METHODS: We retrospectively analyzed prospectively collected data of patients �90 years in whom endovascular
stroke treatment was performed between January 2011 and January 2016. Recanalization was assessed according to the TICI score. The
clinical condition was evaluated on admission (NIHSS, prestroke mRS), at discharge (NIHSS), and after 3 months (mRS).

RESULTS: Twenty-nine patients met the inclusion criteria for this analysis. The median prestroke mRS was 2. Successful recanalization
(TICI � 2b) was achieved in 22 patients (75.9%). In 9 patients, an NIHSS improvement � 10 points was noted between admission and
discharge. After 3 months, 17.2% of the patients had an mRS of 0 –2 or exhibited prestroke mRS, and 24.1% achieved mRS 0 –3. Mortality rate
was 44.8%. There was only 1 minor procedure-related complication (small SAH without clinical sequelae).

CONCLUSIONS: Despite high mortality rates and only moderate overall outcome, 17.2% of the patients achieved mRS 0 –2 or prestroke
mRS, and no serious procedure-related complications occurred. Therefore, very high age should not per se be an exclusion criterion for
endovascular stroke treatment.

It is expected that the elderly population will grow substantially

over the next few decades, with a doubling of the percentage of

people over 80 years in the United States as well as in the European

Union by 2050.1,2 The risk of stroke, a leading cause of disability

and death, increases with age,3 and patients older than 80 years

have the highest incidence.4

In studies assessing the outcomes of patients with stroke after

endovascular treatment, patients are frequently separated into

groups �80 years versus �80 years. Age greater than 80 years was

found to be associated with a poorer clinical outcome and increased

mortality,5 though revascularization success rates were comparable

with those of younger patients.6 However, recent large prospective

trials on endovascular stroke treatment had no upper age limit,7,8

and the subgroup analysis in the Multicenter Randomized Clinical

Trial of Endovascular Treatment for Acute Ischemic Stroke in the

Netherlands (MR CLEAN) trial showed a treatment effect in all pre-

defined subgroups, including the subgroup based on age (�80 years

versus �80 years). Therefore, patients �80 years regularly undergo

endovascular stroke treatment in our institution if they are eligible.

Increasingly, we also treat nonagenarians (patients � 90 years),

though in the literature, most reports on the older age group include

patients between 80 and 90 years, and only few data on patients older

than 90 years exist. The oldest documented patient who underwent

endovascular stroke treatment was a 103-year-old woman9 who re-

covered well.

In this study, we summarize our experience of endovascular

stroke treatment in patients �90 years of age between January

2011 and January 2016.

MATERIALS AND METHODS
Patient Selection
Approval for collection of interventional and clinical data was

given by the local ethics committee.

We retrospectively analyzed prospectively collected data of pa-

tients with acute stroke who were treated between January 2011 and

January 2016. They met the following inclusion criteria: age �90

years, reasonable cognitive and functional prestroke status (no

advanced dementia, only mild to moderate disabilities), no signs of
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major infarction (�one-third of the MCA territory) on baseline

CT or MR imaging, and CTA- or MRA-proved major intracranial

vessel occlusion.

Interventional Procedure
All procedures were performed under general anesthesia or con-

scious sedation. As vascular access, an 8F sheath was placed in the

right femoral artery. Then, an 8F catheter was advanced into the

common carotid artery of the occluded side. In patients with oc-

clusion of the posterior circulation, a long 7F sheath was placed in

the right femoral artery with the tip of the sheath in the subclavian

artery. Subsequently, a 5F Sofia catheter (MicroVention, Tustin,

California) or a 5F Neuron catheter (Penumbra, Alameda, Califor-

nia) was positioned within the ICA close to the thrombus. The mi-

crocatheter tip was placed distal to the thrombus, and the stent-re-

triever device was advanced through the microcatheter. Then, a

stent-retriever device (Solitaire [Covidien, Irvine, California]; Trevo

[Stryker, Kalamazoo, Michigan]) was deployed by pulling back the

microcatheter. Angiographic runs were performed to control flow

restoration. Device and microcatheter were simultaneously pulled

back under continuous aspiration through the intermediate catheter,

which was applied by using a 20- to 60-mL syringe. Again, angio-

graphic runs were performed to document the result. If no sufficient

recanalization was achieved, thrombectomy was repeated.

Evaluation of Angiographic Data
Successful recanalization was defined as

TICI (Thrombolysis in Cerebral Infarc-

tion) score 2b/3.10 Angiographic images

were evaluated in consensus by 2 neurora-

diologists (S.Stampfl, M.M.) regarding the

following aspects: site of occlusion, time

to interventional treatment (symptom

onset to first angiographic image), time

to revascularization (time between the

first and the final angiographic image),

pre- and postprocedural TICI, and pro-

cedure-related complications. Further-

more, it was noted if IV rtPA was

administered.

Evaluation of Outcome Data
Follow-up CT was performed after 24–36

hours or earlier in case of clinical deterio-

ration. All patients were treated on a spe-

cialized neuro–intensive care unit or a cer-

tified stroke unit. NIHSS was used to

quantify neurologic deficit; here, we ana-

lyzed admission and discharge NIHSS. Af-

ter 90 days, the mRS was assessed by a

semistandardized telephone interview or

during an outpatient visit by a trained in-

vestigator not blinded to the type of treat-

ment. Favorable clinical outcome was de-

fined as mRS 0–2 or achieving prestroke

mRS at 3 months.

Intracranial hemorrhage was classi-

fied according to the second European-

Australasian Acute Stroke Study classification.11

Statistics
All data were collected in a data base. Continuous data are de-

scribed by median and interquartile range or mean and standard

deviation. Statistical analysis was performed by using Graph-

Pad Prism 5.0 (GraphPad Software, San Diego, California).

RESULTS
Patient Selection
The Table gives an overview of baseline characteristics and angio-

graphic and clinical data.

Overall, 29 nonagenarians from a cohort of 615 patients with

interventional stroke treatment underwent endovascular treat-

ment for acute stroke between January 2011 and January 2016.

Mean age was 91.9 years (range, 90 –99 years; 19 women, 10 men).

In 12 patients, time of symptom onset remained uncertain. In the

other patients, the median time of symptom onset to time of the

first image was 206 minutes (range, 91–321 minutes). Four pa-

tients presented with basilar artery occlusions. The other patients

had occlusions of the anterior circulation (ICA terminus, n � 4;

ICA terminus � MCA, n � 5; M1 segment, n � 12; M2 segment

n � 4).

In 17 patients, additional IV rtPA was administered as part of

Baseline characteristics and overview of angiographic and clinical outcome data
Demographics

Mean age, yr (range) 91.9 (90–99)
Sex (F/M) 19/10

Medical history, No. of patients
Hypertension 25
Atrial fibrillation 20
Diabetes mellitus 7
Coronary artery disease 5 (n � 1 status after myocardial infarction)
Cardiac insufficiency 8
Peripheral artery disease 3 (n � 2 with femoropopliteal bypass surgery)
Previous stroke 8 (lacunar ischemia or partial MCA, PCA, or PICA

infarction with good recovery; transient
ischemic attack, n � 1)

Renal insufficiency 9
History of cancer 3 (multiple myeloma, breast cancer, basalioma)
Coxarthrosis 5 (state after hip fracture, n � 1)

Clinical presentation and outcome
Prestroke mRS, median (IQR) 2 (1–3)
Initial NIHSS, median (IQR) 20 (16.5–22.5)
mRS of surviving patients at 90 days,

median (IQR)
4 (2.25–5)

Mortality, No. of patients (%) 13 (44.8)
Occlusion site, No. of patients (%)

ICA terminus 4 (13.8)
ICA/MCA 5 (17.2)
M1 segment 12 (41.4)
M2 segment 4 (13.8)
Vertebrobasilar 4 (13.8)

Angiographic outcome, No. of
patients (%)

TICI 0 4 (13.8)
TICI 1 0 (0)
TICI 2a 3 (10.3)
TICI 2b 12 (41.4)
TICI 3 10 (34.5)

Note:—IQR indicates interquartile range; PCA, posterior cerebral artery.
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the bridging concept combining IV thrombolysis (0.9 mg/kg body

weight, with 10% administered as a bolus) and endovascular

therapy.

The median prestroke mRS was 2 (range, 0 – 4; interquartile

range, 1–3). Three patients presented with a prestroke mRS of 4

mainly because of orthopedic diseases, but they had a good pre-

stroke cognitive function, or the prestroke mRS was uncertain at

admission.

Most patients had a history of hypertension (n � 25) and atrial

fibrillation (n � 20). Eight patients had a history of stroke (lacu-

nar ischemia, n � 3; partial MCA infarction, n � 2; partial poste-

rior cerebral artery infarction, n � 1; partial PICA infarction, n �

2), but they had recovered well with only minor disabilities

remaining. One patient had a history of multiple myeloma (clas-

sified as stable). One patient had a history of basalioma. Another

patient underwent breast cancer treatment in the 1980s.

Median NIHSS at admission was 20 (interquartile range,

16.5–22.5).

Evaluation of Angiographic Data
Before the procedure, TICI was 0 in all patients. In 22 patients

(75.9%), recanalization was successful (TICI 2b, n � 12; TICI 3,

n � 10). In 4 patients (basilar artery occlusion, n � 1; ICA occlu-

sion, n � 1; M1 occlusion, n � 2), the procedure was futile (no

stable guide-catheter position because of extensive vessel elonga-

tion and kinking, n � 3; no passage of the occluded ICA lumen

possible, n � 1). In the other patients, the final recanalization

result was achieved 77 minutes after groin puncture (median;

range, 19 –142 minutes).

In 2 patients who were treated in 2011, permanent Solitaire

stent implantation in the MCA was performed to maintain suffi-

cient revascularization. In these patients, tirofiban was adminis-

tered for 24 hours (overlapping with aspirin and clopidogrel). In 1

patient with high-grade ICA stenosis, additional carotid stent im-

plantation was necessary to access the intracranial lesion. This

patient received a loading dose of aspirin and 2000 IU heparin.

Evaluation of Outcome Data
Nine patients (31%) improved �10 NIHSS points between ad-

mission and discharge. After 90 days, the mortality rate was 44.8%

(13 patients). In 9 of these patients, life-prolonging care was with-

drawn because of advance directives or because of the presumed

wishes of the patient. All patients died because of the infarction

extent or non-neurologic stroke-related complications such as

pneumonia.

The median mRS of the surviving patients was 4 (interquartile

range, 2.25–5). Favorable clinical outcome (mRS 0 –2) or pre-

stroke mRS was regained in 17.2% of the patients (mRS 0 –2, n �

4 [13.8%]; mRS 3, n � 3 [10.3%]; mRS 4 –5, n � 9 [31%]).

Complications
In 1 patient, vessel perforation with subsequent small SAH oc-

curred during thrombectomy. However, this did not increase

morbidity, and the patient presented with a mRS of 3 after 90 days

(prestroke mRS was also 3).

Intraparenchymal hemorrhage occurred as follows: HI1

(small petechiae), n � 1; HI 2 (confluent petechiae), n � 1; PH 1

(�30% of the infarcted area, with some mild space-occupying

effect), n � 3. Permanent ICA or MCA stent implantation had not

been performed in any of these patients.

DISCUSSION
Safety and efficacy of endovascular stroke therapy has been

proved in several trials.7,8 Accordingly, an increasing number of

elderly patients with stroke undergo recanalization procedures. In

this study, we report our experience with endovascular stroke

therapy in nonagenarians. To our knowledge, this is the first re-

port on endovascular treatment of a larger patient cohort in this

age group. The outcome of our study patients is limited, with a

mortality rate of 44.8% and a median mRS of 4 in the surviving

patients after 3 months. However, interpreting these results, we

have to consider several facts. First of all, it is known that the

higher incidence of prestroke comorbidity and poststroke non-

neurologic complications such as pneumonia lead to a higher

poststroke mortality and disability in elderly patients with

stroke.6,12-15 Singer et al16 reported a highly age-related clinical

outcome: in the lowest age quartile (�56 years), 60% experienced

a favorable outcome, contrary to 17% in the highest age quartile

(�77 years). Prestroke mRS of elderly patients with stroke is usu-

ally worse compared with younger patients and mainly contrib-

utes to the limited outcome. In a single-center study, approxi-

mately one-third of the elderly (�80 years) patients with stroke

treated with intra-arterial therapy had a baseline mRS �1, and

59% had died after 3 months.17 In another study, prestroke mRS

was 3– 4 in 13% of the patients,18 with a mortality rate of 48% at 3

months. Similarly, only in a minority of our study patients was the

prestroke mRS 0 or 1. Restoring the prestroke condition is the best
achievable result in most patients. Although this could be ob-
tained in only 17.2% of our study patients, an NIHSS improve-
ment �10 points between admission and discharge was observed
in 31%. Furthermore, in 24% of our patients, mRS of 0 –3 was
achieved, which seems an acceptable result in our aged study pop-
ulation. This should be taken into account because without ther-
apy, outcome of patients with stroke in the 10th decade of life is
probably even worse. In a publication from 1999 evaluating the
natural course of stroke, it was described that in the older age
group (�80 years), 45% of the patients had a prestroke mRS of
2–5, and the mortality rate was 44.6% after 3 months,19 which is
almost identical to the mortality rate in our study. However, pa-
tients in our study are at least 10 years older with a presumably
worse prognosis.

It has been discussed that the greater likelihood of withdraw-
ing life-prolonging care because of advance directives or pre-
sumed wishes of the patient contributes to the higher mortality
rate in very old patients.17 Life-prolonging care was withdrawn in
most patients in our study who died. However, the possible out-
come without care withdrawal is unknown and, of course, the
prognosis in these patients was dismal.

As a consequence of the reported worse outcome of elderly
patients with stroke, some prospective trials included only pa-
tients younger than 80 years20 or 85 years.21,22

In contrast, a recently published report found that endovascu-
lar therapy improved the outcome and reduced the risk of hospi-
tal-acquired infections in patients �80 years with acute stroke.23

In most of the recent large randomized trials, there was no upper
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age limit,7,8,24 and the oldest patient in the MR CLEAN trial was
96 years old. 7 A subgroup analysis of the MR CLEAN trial showed
a treatment effect in all subgroups, including the one based on
age.7 In fact, endovascular treatment was even more beneficial for
elderly patients with stroke.

Correspondingly, a subgroup analysis of the Endovascular
Treatment for Small Core and Proximal Occlusion Ischemic
Stroke (ESCAPE) trial24 documented a benefit in the endovascu-
lar treatment group even in elderly patients.

In these subgroup analyses as well as in other studies,6,25 pa-
tients were separated into groups �80 years versus �80 years.
However, with endovascular stroke therapy emerging, neuroint-
erventionalists are increasingly faced with the question of whether
to offer this treatment even to nonagenarians. It always remains
an individual decision and should depend on the patient’s pre-
stroke cognitive and functional condition in addition to the reg-
ularly used clinical and imaging criteria. In our study, the decision
for endovascular treatment was always based on the consensus of
an interdisciplinary stroke team, and not only the prestroke
disability, but also the prestroke cognitive function was taken into
account. Therefore, in some cases, even patients with a moder-
ately severe disability (corresponding to mRS 4) were treated be-
cause they participated in life despite their physical handicap or
because prestroke mRS was uncertain at admission. However, we
have to admit that the 3 patients with prestroke mRS 4 had a bad
outcome (mRS 5, n � 1; mRS 6, n � 2), and it remains contro-
versial if such patients should be treated in the future.

Endovascular stroke therapy in elderly patients is potentially
more complicated because of age-related vessel elongation and
calcification, and these difficult vascular access conditions might
result in lower success rates. Indeed, vascular access was not pos-
sible in 13.8% of our patients (compared with approximately
4%–5% as reported in the literature26,27) and, accordingly,
thrombectomy could not be performed. Importantly, the failed
attempts were not associated with complications. During deci-
sion-making, one should also keep in mind that the complication
rate of endovascular stroke therapy is low, and the possible advan-
tages outweigh the risks.

Our study has several limitations. First of all, it is a retrospec-
tive single-center analysis; the number of patients is relatively
small, and the study group is heterogeneous (inclusion of patients
with occlusion in the anterior as well as in the posterior circula-
tion). However, to our knowledge, there is no other report about
a series of patients with stroke in this age group treated with
thrombectomy.

Another limitation is that we do not have a control group of
elderly patients with stroke who were not treated with thrombec-
tomy or received IV lysis alone.

Furthermore, in elderly patients, the cognitive dimension is at
least as important as disability. However, the cognitive function
was not evaluated in our study.

CONCLUSIONS
The aged population in this study had a high mortality with an

overall limited outcome after 3 months. Furthermore, the vascu-

lar approach is more complicated in the elderly population, and

the revascularization rates achieved are slightly lower. However,

increased age did not seem to be associated with higher proce-

dural complication rates. Almost every fifth carefully selected pa-

tient achieved a good clinical result (mRS 0 –2 or restoration of

prestroke mRS). Hence, thrombectomy should not be withheld

from nonagenarians. Exclusion of patients from endovascular

treatment on the basis of age alone doesn’t seem to be justified.

Disclosures: Markus Möhlenbruch—UNRELATED: Board Membership: Codman;
Consultancy: Acandis, Codman, MicroVention, Phenox; Payment for Lectures (in-
cluding service on Speakers Bureaus): Codman, MicroVention, Phenox. Johannes
Pfaff—UNRELATED: Grants/Grants Pending: Siemens Healthineers*; Payment for
Lectures (including service on Speakers Bureaus): Siemens Healthineers, Comments:
payment for lectures during the Deutsche Röntgenkongress 2015 (German X-Ray
Congress); Travel/Accommodations/Meeting Expenses Unrelated to Activities
Listed: Stryker Neurovascular, Comments: annual meeting of the Deutsche Gesell-
schaft für Neuroradiologie 2015 (German Society for Neuroradiology). Simon
Nagel—UNRELATED: Consultancy: Brainomix; Payment for Lectures (including ser-
vice on Speakers Bureaus): Bayer, Pfizer, Medtronic; Travel/Accommodations/
Meeting Expenses Unrelated to Activities Listed: Böhringer Ingelheim. Julian Bösel—
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ORIGINAL RESEARCH
INTERVENTIONAL

Diffusion-Weighted Imaging–Detected Ischemic Lesions
following Endovascular Treatment of Cerebral Aneurysms:

A Systematic Review and Meta-Analysis
X K.M. Bond, X W. Brinjikji, X M.H. Murad, X D.F. Kallmes, X H.J. Cloft, and X G. Lanzino

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular treatment of intracranial aneurysms is associated with the risk of thromboembolic isch-
emic complications. Many of these events are asymptomatic and identified only on diffusion-weighted imaging. We performed a system-
atic review and meta-analysis to study the incidence of DWI positive for thromboembolic events following endovascular treatment of
intracranial aneurysms.

MATERIALS AND METHODS: A comprehensive literature search identified studies published between 2000 and April 2016 that reported
postprocedural DWI findings in patients undergoing endovascular treatment of intracranial aneurysms. The primary outcome was the
incidence of DWI positive for thromboembolic events. We examined outcomes by treatment type, sex, and aneurysm characteristics.
Meta-analyses were performed by using a random-effects model.

RESULTS: Twenty-two studies with 2148 patients and 2268 aneurysms were included. The overall incidence of DWI positive for throm-
boembolic events following endovascular treatment was 49% (95% CI, 42%–56%). Treatment with flow diversion trended toward a higher
rate of DWI positive for lesions than coiling alone (67%; 95% CI, 46%– 85%; versus 45%; 95% CI, 33%–56%; P � .07). There was no difference
between patients treated with coiling alone and those treated with balloon-assisted (44%; 95% CI, 29%– 60%; P � .99) or stent-assisted
(43%; 95% CI, 24%– 63%; P � .89) coiling. Sex, aneurysm rupture status, location, and size were not associated with the rate of DWI positive
for lesions.

CONCLUSIONS: One in 2 patients may have infarcts on DWI following endovascular treatment of intracranial aneurysms. There is a trend
toward a higher incidence of DWI-positive lesions following treatment with flow diversion compared with coiling. Patient demographics
and aneurysm characteristics were not associated with DWI-positive thromboembolic events.

Coil embolization and flow diversion have proved highly effi-

cacious options for the endovascular treatment of intracra-

nial aneurysms. However, both techniques are associated with

potential periprocedural complications, including aneurysm rup-

ture, transient ischemic attacks, and ischemic stroke. Small, silent

infarcts caused by thromboemboli are often seen on postproce-

dural diffusion-weighted imaging. While many of these lesions

remain ostensibly asymptomatic, the long-term effects of such

tiny infarcts remain unclear.1-3

Previous studies have reported that the rate of ischemic lesions

on postoperative DWI ranges from 10% to 77% following coil

embolization4-15 and 51% to 63% following therapy with flow

diversion.16-19 However, baseline clinical and angiographic risk

factors for postoperative DWI lesions, to our knowledge, have not

been fully elucidated previously. We performed a systematic re-

view and meta-analysis for the following: 1) to determine the

overall incidence of perioperative infarcts on DWI in patients

undergoing endovascular treatment of intracranial aneurysms;

and 2) to demonstrate the relationship between treatment type,

patient demographics, and aneurysm characteristics with postop-

erative infarcts on DWI.

MATERIALS AND METHODS
Literature Search and Inclusion Criteria
This systematic review and meta-analysis are reported in accor-

dance with the Preferred Reporting Items for Systematic Reviews

and Meta-Analysis (PRISMA; http://www.bmj.com/content/339/

bmj.b2535) guidelines. An experienced librarian conducted a

comprehensive literature search of PubMed, Ovid MEDLINE,

and Ovid EMBASE with input from the authors. The search was
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performed by using the following keywords: “coiling,” “pipeline,”

“flow diverter,” “aneurysm,” “endovascular,” “diffusion,” “re-

stricted diffusion,” “MR imaging,” and “stroke” in both “AND”

and “OR” combinations. The search was limited to English arti-

cles published from 2000 to April 2016. The inclusion criteria

were the following: 1) consecutive series of �10 patients who

underwent endovascular treatment of intracranial aneurysms

with endosaccular coiling or flow diversion, and 2) DWI exami-

nation performed within 5 days of endovascular treatment in all

patients. Exclusion criteria were the following: 1) �10 patients in

the series, 2) series that reported outcomes of parent artery occlu-

sion, 3) studies in which only symptomatic patients underwent

postoperative DWI imaging, 4) studies that did not provide the

number of patients who had no lesions on DWI, and 5) studies for

which an English translation was not available. Two independent

reviewers determined whether the articles met the inclusion and

exclusion criteria for this systematic review and meta-analysis.

The following baseline information was extracted from each

study: number of patients, mean age, sex distribution, mean an-

eurysm size, aneurysm location, and rupture status.

Outcomes and Patient Groups
The primary outcome of this study was the overall rate of DWI

positive for thromboembolic events following endovascular an-

eurysm treatment. We also performed subgroup analyses strati-

fied by treatment type (ie, coiling, stent-assisted coiling, balloon-

assisted coiling, and flow diversion), patient sex (male versus

female), aneurysm size (small versus large/giant), aneurysm loca-

tion (anterior versus posterior circulation), and aneurysm rup-

ture status (ruptured versus unruptured). Small aneurysms were

defined as those with a maximum diameter of �10 mm.

Risk of Bias Assessment
We selected items from the Newcastle-Ottawa Scale for nonran-

domized trials to fit the type of included studies. We queried the

following study characteristics: 1) patient groups clearly defined,

2) outcomes clearly reported, 3) outcomes clearly reported for

each patient group studied, 4) imaging interpreted by an indepen-

dent reader or interpreted by the operator, 5) readers blinded to

the clinical status of the patient, 6) multiple readers used and

interobserver agreement assessed, and 7) the study followed a

predefined study protocol in which all patients underwent MR

imaging at the same time point.

Statistical Analysis
We estimated from each study the cumulative incidence (event

rate at the end of the study) and 95% confidence interval. Because

we anticipated marked heterogeneity in the populations and in-

terventions across the various included studies, a random-effects

model was used to pool incident rates across studies.20 Variance

was estimated by using the Freeman-Tukey Double Arcsine

Transformation.21,22 The I2 statistic was used to express the pro-

portion of inconsistency that is not attributable to chance.23 Anal-

ysis was conducted by using the STATA Statistical Software for

2015: Release 14 (StataCorp, College Station, Texas).

RESULTS
Search Results and Patient Population
The literature search yielded 533 records, of which 424 were

deemed irrelevant by reading the title and abstract alone. Of the

remaining 109 records, 45 were duplicates, abstracts only, or re-

view articles. Forty-two did not meet our minimum sample size

criterion of �10 patients or did not provide data for the number

Table 1: Summary of studies included in meta-analysis

Study Design
No. of

Patients
Mean
Age

Sex Aneurysms Circulation

Treatment
Time until

Imaging (hr)

Risk
of

BiasM F Ruptured Unruptured Total Anterior Posterior
Altay et al, 201112 R 184 58.8 44 154a 65 133 198 147 51 C, SAC, BAC �72 M
Biondi et al, 200025 R 20 50 5 15 11 9 20 16 4 C 2–4 and 24–48 M
Brasiliense et al, 201616 P 59 59 11 48 70 0 70 60 10 FD 24 M
Cronqvist et al, 200532 P 40 49.4 13 27 16 30 46 38 8 C 18–52 M
Hahnemann et al, 20147 R 75 52.6 21 54 0 75 75 35 40 SAC �120 H
Heller et al, 201317 P 76 56 11 65 68 10 78 53 25 SAC 24–48 H
Iosif et al, 201518 P 38 53 7 31 – – 49 48 1 FD �48 H
Ishibashi et al, 200615 R 74 – – – 29 45 74 63 11 C, BAC �48 H
Kang et al, 20136 R 343 – 99 283a 0 382 382 323 59 C, SAC, BAC – M
Kang et al, 201324 P 40 54.8 13 27 0 40 40 33 7 C, SAC �24 M
Kim et al, 201311 R 90 58 20 72a 0 92 92 78 14 C �24 M
Kim et al, 201410 R 58 – 23 35 0 62 62 – – C, SAC 23–46 M
Kim et al, 201627 R 309 – 84 225 0 338 338 306 32 C, SAC 24–48 M
McGuinness et al, 201533 P 31 56 4 27 8 25 33 30 3 FD 48–240 H
Nagahata et al, 201134 R 14 58.6 1 13 0 14 14 14 0 C, BAC �96 M
Nishikawa et al, 20134 R 154 58.8 37 117 0 157 157 108 49 C, SAC, BAC 48–120 M
Park et al, 20165 R 271 57.2 68 203 0 271 271 226 45 C, SAC, BAC 24 L
Rordorf et al, 20019 P 14 57.2 4 10 0 14 14 14 0 C, BAC �48 M
Sim and Shin, 20128 P 39 57.7 11 28 26 13 39 32 7 C, SAC, BAC �48 M
Soeda et al, 200313 R 26 60 8 18 0 26 26 0 26 C, BAC 48–120 M
Takigawa et al, 201414 R 119 62.9 30 89 0 119 119 95 24 SAC, BAC 24 M
Tan et al, 201519 R 74 60 12 62 0 74 74 58 16 FD �24 M

Note:—R indicates retrospective; P, prospective; C, coiling only; SAC, stent-assisted coiling; BAC, balloon-assisted coiling; FD, flow diversion; H, high; M, moderate; L, low; –, data
was not available.
a Authors reported sex distribution by number of aneurysms.
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of patients with no DWI positive for lesions. Twenty-two studies

met all of our inclusion criteria and were included in the meta-

analysis. A summary of these studies is provided in Table 1. The

PRISMA flow diagram is provided in Fig 1.

In total, 2148 patients with 2268 aneurysms were included in

this study. Five hundred ninety-two aneurysms were treated with

coiling alone; 376, with stent-assisted coiling; 162, with balloon-

assisted coiling; and 178, with flow diversion. Two hundred

ninety-two aneurysms had ruptured at the time of treatment,

while1927aneurysmsremainedunruptured.Fourhundredthirty-

six aneurysms were located in the anterior circulation, and 129

were in the posterior circulation.

Study Outcomes
The rates of postprocedural DWI positive for thromboembolic

events are summarized in Table 2. Overall, 49% of all patients had

DWI positive for lesions following endovascular treatment of cere-

bral aneurysms (95% CI, 42%–56%) (Fig 2). The rate of infarcts in

patients treated with simple coiling was 45% (95% CI, 33%–56%).

This was no different from those treated with balloon-assisted coiling

(44%; 95% CI, 29%–60%; P � .99) or stent-assisted coiling (43%;

95% CI, 24%–63%; P � .89). The rate of DWI positive for lesions in

patients treated with flow diversion was 67% and approached statis-

tical significance (95% CI, 46%–85%; P � .07) (Fig 3).

Patient sex was not associated with the rate of DWI positive for

lesions because 32% (95% CI, 17%– 48%) of men and 41% (95%

CI, 28%–54%) of women had postoperative infarcts (P � .47). In

comparing aneurysm size, the rate of DWI positive for thrombo-

embolic events was 52% (95% CI, 39%– 65%) for small aneu-

rysms and 61% (95% CI, 34%– 86%) for large aneurysms (P �

.55). The rate of infarcts was not different between patients with

aneurysms in the anterior circulation (35%; 95% CI, 25%– 47%)

and posterior circulation (31%; 95% CI, 9%–59%; P � .83). An-

eurysm rupture status was not associated with the rate of stroke

because 42% (95% CI, 17%– 69%) of patients with ruptured an-

eurysms and 44% (95% CI, 35%–53%; P � .87) of those with

unruptured aneurysms had DWI positive for lesions.

Study Heterogeneity and Risk of Bias
I2 values were �50% for all outcomes, with the exception of post-

operative infarct rate for large aneurysms, indicating substantial

heterogeneity. Of the 22 studies included in this meta-analysis, 14

were retrospective and 8 were prospective. Five studies had a high

risk of bias, 16 studies had a moderate risk of bias, and 1 study had

a low risk of bias as determined by our modified Newcastle-

Ottawa Scale criterion.

DISCUSSION
This systematic review and meta-analysis demonstrated that the

overall incidence of DWI positive for thromboembolic events fol-

lowing endovascular treatment of intracranial aneurysms is ap-

proximately 50%, with no significant difference between coiling

with and without adjunct devices. In addition, there was no asso-

ciation between postoperative DWI positive for lesions and pa-

tient sex or aneurysm location, size, or rupture status. There was a

trend toward a higher infarct rate among patients treated with

flow diversion compared with traditional endovascular coiling

techniques; however, this did not reach statistical significance.

Because these so-called “clinically silent strokes” have been asso-

ciated with cognitive decline, depression, and future stroke, these

findings highlight the importance of finding new techniques

aimed at reducing perioperative infarcts.1-3,24

Several studies have identified risk factors for both symptom-

atic and asymptomatic lesions positive on DWI following treat-

ment with traditional endovascular techniques. These include

large aneurysm size, female sex, age, atherosclerotic disease, and

protruding loops of coil.8,13,25,26 Some studies have found that

balloon-assisted and stent-assisted coiling increased the risk of

thromboembolic complications, while others found no associa-

tion.5,6,8-10,13-15,27 In contrast, our large study demonstrates that

no anatomic or demographic risk factors are associated with this

particular postoperative complication. Prior studies have demon-

strated that aggressive antiplatelet and anticoagulation therapy is

also associated with a reduction in perioperative ischemic

FIG 1. Flow chart illustrating study selection.

Table 2: Incidence of ischemic strokes as measured by restricted
diffusion with DWI

% DWI+ (95% CI) I2 P Value
Overall 49 (42–56) 90 –
Location

Anterior 35 (25–47) 76 .83
Posterior 31 (9–59) 87

Treatment type
Coiling alone 45 (33–56) 86 Ref
Balloon-assisted coiling 44 (29–60) 54 .99
Stent-assisted coiling 43 (24–63) 93 .89
Flow diversion 67 (46–85) 87 .07

Sex
Male 32 (17–48) 58 .47
Female 41 (28–54) 84

Rupture status
Ruptured 42 (17–69) 90 .87
Unruptured 44 (35–53) 87

Size
Small 52 (39–65) 62 .55
Large 61 (34–86) 38

Note:—Ref indicates reference.
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events,28 but our meta-analysis did not consider this parameter

because it was inconsistently reported by the included studies.

One of the interesting findings from our meta-analysis was the

trend toward a higher rate of silent infarcts in patients treated with

flow diverters compared with those treated with coils alone. While

both coils and flow diverters are inherently thrombogenic, treat-

ment with flow diversion is generally associated with a higher rate

of thromboembolic complications than with coiling alone.19 Be-

cause flow diverters are high-density metal constructs with large

endoluminal surface areas, these devices pose a higher risk of

thrombosis in the lumen of the parent artery. Shearing stress from

blood flow through the device can cause these thrombi to embo-

lize. In contrast, thrombi that form on lower density coils are less

likely to embolize into the bloodstream because of the placement

of the coil in the aneurysm sac outside the cerebral circulation.29

The high rate of asymptomatic DWI positive for lesions raises

questions about the clinical relevance of these tiny strokes. Most

thromboembolic events likely do not present as focal neurologic

deficits simply because they occur in noneloquent locations.

However, many of these so-called “clinically silent” lesions may

actually give rise to nongross neurologic deficits. Thus, studies

have prospectively explored the relationship between DWI posi-

tive for lesions and neuropsychological examination performance

and have yielded variable results. Studies from the cardiac litera-

ture have found that patients with DWI lesions post-cardiac en-

dovascular and surgical procedures have reduced cognitive func-

tion on neuropsychological examinations.30,31 However, studies

from the coiling and flow-diversion literature have demonstrated

no association between the presence of DWI lesions and neuro-

psychological examination performance.24,18 Given these con-

flicting results, the relevance of DWI positive for lesions to cogni-

tive function remains uncertain, and further study is needed to

evaluate the long-term consequences of these infarcts.

Limitations
Our study has several limitations. Many of the studies included in

our analysis were retrospective, noncomparative, and nonran-

domized. There was substantial variability in methods and the

detail in which outcomes were reported. For example, the type of

antiplatelet therapy and the time elapsed between the procedures

and imaging were inconsistent between studies. Additionally,

many articles gave an incomplete account of patient demograph-

ics, symptomatic status, and neurologic outcomes. Our study also

has publication bias, and we acknowledge the methodologic dif-

ferences between institutions and the tendency for retrospective

studies to only publish positive results. We did not compare out-

comes based on the type of anticoagulation and antiplatelet ther-

apy, a parameter that likely influences clot formation and isch-

FIG 2. Forest plot demonstrating the overall rate of silent infarcts following endovascular aneurysm treatment.

AJNR Am J Neuroradiol 38:304 – 09 Feb 2017 www.ajnr.org 307



emic stroke incidence. Similarly, we did not consider the lesion

load of each patient and the relationship of this value to pre-

dicting symptoms. MR imaging techniques likely differ from

institution to institution. It is possible that differences in MR

imaging field strength, B0 values, and section thickness affect

the overall rate of DWI lesion detection. It is important to

consider these limitations when interpreting the results of this

meta-analysis.

CONCLUSIONS
Our meta-analysis, which included �2000 patients undergoing

endovascular treatment of intracranial aneurysms, demonstrated

that the overall rate of postoperative DWI positive for thrombo-

embolic events is approximately 50%, with no differences when

comparing coiling techniques, aneurysm characteristics, or pa-

tient sex. There was a trend toward a higher rate of thromboem-

bolic complications among those treated with flow diverters com-

pared with those treated with coiling alone. Because the long-term

effects of these so-called silent infarcts are unclear, further work is

needed to develop techniques to reduce the rate of thromboem-

bolic complications associated with endovascular aneurysm treat-

ment. Given the limitations of this meta-analysis, prospective

studies with uniform methods are needed to confirm these results.
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ORIGINAL RESEARCH
INTERVENTIONAL

Middle Cerebral Artery Bifurcation Aneurysms Treated by
Extrasaccular Flow Diverters: Midterm Angiographic Evolution

and Clinical Outcome
X C. Iosif, X C. Mounayer, X K. Yavuz, X S. Saleme, X S. Geyik, X H.S. Cekirge, and X I. Saatci

ABSTRACT

BACKGROUND AND PURPOSE: Flow diverters have been increasingly used lately in off-label, distal intracranial aneurysm treatments. Our
aim was to evaluate the effectiveness of flow diverters in the treatment of middle cerebral artery bifurcation aneurysms and to analyze
midterm angiographic patterns of regional flow modifications for safety and clinical outcomes.

MATERIALS AND METHODS: Consecutive patients treated from January 2010 to December 2014 by the authors by using endovascular
flow-diverting stents for MCA bifurcation aneurysms were evaluated retrospectively with prospectively maintained data. All patients had
been followed for at least 12 months after treatment, with at least 2 control angiograms; regional flow-related angiographic modifications
were registered by using a new angiographic outcome scale for flow diverters. Data were analyzed with emphasis on procedure-related
events, angiographic results, and clinical outcome.

RESULTS: Fifty-eight patients were included in the study, with 63 MCA bifurcation aneurysms; 13 of these were large and giant. Pretreat-
ment mRS was 0 for 12 patients (20.7%), 1 for 41 (70.7%), and 2 for 5 patients (8.6%). Six-month control revealed mRS 0 –2 for 57 (98.3%)
patients and 3 for 1 (1.7%) patient. Procedure-related morbidity and mortality were 8.6% (5/58) and 0%, respectively. From 95% of still
circulating immediate postprocedure angiographic outcomes, 68% progressed to aneurysm occlusion at 6 months and 95%, to occlusion
at 12 months, with a 0% aneurysm rupture rate.

CONCLUSIONS: Flow diverters seem to be an effective treatment alternative for complex MCA bifurcation aneurysms, with reasonable
complication rates. Longer angiographic follow-ups are needed to assess the morphologic outcome; immediate subtotal occlusions do
not seem to be related to rupture.

ABBREVIATION: FD � flow diverter

Flow-diverter (FD) stents have provided a paradigm shift in

endovascular cerebral aneurysm treatment. Initially approved

for carotid aneurysms, their use has been extended to include

distal intracranial localizations such as MCA aneurysms.1 Cover-

ing intracranial arteries with FDs has recently been the subject of

debate. While for localizations such as the posterior communicat-

ing artery,2 side branch coverage does not seem to have clinical

consequences for patients, controversy exists regarding MCA

branches.

The objectives of our study were to evaluate the clinical and mid-

term angiographic outcomes of FD stent placement for MCA bifur-

cation aneurysms with emphasis on the regional flow-induced mod-

ifications and their impact; the analysis was performed by using an

angiographic classification3 that takes into account the hemodynamic

evolution of the aneurysm and the regional anatomy with time.

MATERIALS AND METHODS
This clinical study included consecutive patients treated by mul-

tiple operators in several centers with endovascular flow-diverting

stents for saccular MCA bifurcation aneurysms, ruptured and un-

ruptured, during 5 consecutive years (January 2010 to December

2014). The prospectively maintained records of the patients were

retrospectively evaluated by 2, and in case of inconsistency, by 3

investigators independently. Initial data of 39 aneurysms were

published in 2 previous studies.4,5
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Endovascular Technique and Procedure-Related
Medication
Therapeutic decisions were made by multidisciplinary consensus

between interventional neuroradiologists and neurosurgeons.

They were based on patient history, clinical presentation, and

DSA; cases considered unfavorable for conventional endovascu-

lar treatment and failures or retreatment after previous endovas-

cular or surgical procedures were selected. The patients’ prefer-

ences were also taken into account, after having been informed of

the risks of all potential alternatives. Written consent was always

obtained before the intervention.

Antiaggregation protocols have been previously described.4,6 No

patient was treated with �40% platelet inhibition. Since January

2013, the protocol was modified by 2 operators (H.S.C., I.S.): Prasu-

grel replaced the dual antiplatelet regimen of clopidogrel and aspirin.

All patients remained on dual antiaggregation or prasugrel for at least

6 months, continuing with aspirin monotherapy thereafter.

Therapeutic procedure details have been previously re-

ported.5,7 For uncomplicated cases, single FD coverage and slight

oversizing of 0.25 or 0.5 mm in diameter were favored, except for

large and giant aneurysms. Systematic oversizing was done to de-

crease mesh density across the aneurysm neck, to obtain a slower

progressive aneurysm occlusion with less risk of abrupt occlusion

of the vessel coming off the sac. The presence of clips or stents was

not a contraindication for the use of FDs in this study, but the

treatment strategy and technical details remained at the discretion

of the treating physicians.

Clinical and Imaging Assessment
Patients were clinically assessed with the modified Rankin Scale at

each time point. Clinical statuses after treatment and eventual

neurologic deficits at discharge or at follow-up were recorded.

Any delayed clinical event, transient or permanent, was noted.

Immediate postdeployment DSA included DynaCT (Siemens,

Erlangen, Germany) or VasoCT (Philips Healthcare, Best, the Neth-

erlands) with diluted iodinated contrast medium, to assess stent ap-

position to the arterial wall, in addition to standard and working

projections. At least 2 DSAs were performed at 6 and at least 12

months postintervention, including 2D and 3D selective angio-

graphic runs. Results were evaluated according to the Cekirge-Saatci

grading scale.3 Symptomatic narrowing or occlusion indicated oc-

currence of any transient or permanent symptoms attributed to

compromise of the relevant branch; “reopening” indicated that a

branch was enhanced better on a later DSA than in a previous study.

Statistical Analysis
The Fisher exact test was used for quantitative data after verifying

normality by the De Agostino-Pearson test; the �2 test was used

for qualitative data. Statistical analyses were performed with ap-

propriate software (Statistica; StatSoft, Tulsa, Oklahoma); the

level of statistical significance was P � .05.

RESULTS
Baseline Population Characteristics
In the 5-year period, 58 consecutive patients (17 men, 41 women;

mean age, 52.4 � 11.1 years; range, 25–74 years) with 63 MCA

bifurcation aneurysms were included in this study. Pretreatment

mRS was 0 for 12 patients (20.7%), 1 for 41 (70.7%), and 2 for 5

patients (8.6%).

Aneurysm Characteristics
There were 10 large (15.9%) and 3 (4.8%) giant aneurysms, with

the remainder being small. Thirty-eight of 63 aneurysms (60.3%)

were in the right MCA, and 39.7%, in the left MCA. One aneu-

rysm was treated on day 11 and another on day 1 post-aneurysm

rupture (the latter aneurysm had been clipped 1 year before); 9

aneurysms were previously ruptured but were treated after the

acute phase.

Fifty-two aneurysms had FDs as the first treatment, and 11, as

the retreatment; among the latter group, 1 was a clipping failure

and 10 were recurrences (1 previously clipped and 9 previously

coiled aneurysms). Before FD treatment, 5/11 were classified as

having a neck remnant (45.5%), and 6/11, as having an aneurysm

remnant (54.5%), according to the Raymond-Roy classification.

The first-treatment aneurysms had a mean aspect ratio of 1.6 �

0.7 (65%, �1.6, and 34.6%, �1.2) and a mean dome-to-neck

ratio of 1.4 � 0.5 (73%, �1.5).

Treatment and Technical Outcomes
Fifty-seven aneurysms (90.5%) were treated with the Pipeline

Embolization Device (PED; Covidien, Irvine, California), 5

(7.9%) were treated with the Flow-Redirection Endoluminal De-

vice (FRED; MicroVention, Tustin, California), and 1 (1.6%),

with the Silk flow diverter (Balt Extrusion, Montmorency,

France). Most of the aneurysms were treated with single FD cov-

erage (58/63, 92.1%), 2 were covered in a telescopic fashion

(3.2%), and there was adjunctive use of coils due to the large size

for 3 aneurysms (4.8%). In 3 other cases of single-FD coverage,

the FD was deployed in a previously existing conventional intra-

cranial stent.

Of the 63 aneurysms, 23 (36.5%) were treated with prasugrel,

and 40 (63.5%), with double antiaggregation with clopidogrel and

aspirin. Among the patients medicated with clopidogrel, 10 were

rescheduled because of a low level of platelet inhibition and the

need for increasing the drug dose and retesting.

Periprocedural complications were absent for 95.3% (60/63)

of the treatments, while periprocedural thrombus formation was

encountered in 4.8% (3/63) of the cases; the latter was clinically

evident as worsening of the clinical situation on awakening in 1

case and resulted in an increase of 2 points on the mRS score at

discharge. The absence of peri- or postprocedure rupture (early or

delayed) was ensured for all cases during the entire follow-up

period.

Clinical Outcomes
Clinical mRS outcomes at discharge from the hospital were 0 for

12 (20.7%) patients, 1 for 41 (70.7%) patients, 2 for 3 (5.2%)

patients, and 2 for 2 (3.4%) patients. During the postprocedure

hospitalization, 6.9% of the patients (4/58) developed procedure-

related ischemic events. One patient (1.7%), with a giant aneu-

rysm, developed a perianeurysmal brain inflammatory reaction in

the fourth postprocedural week, which progressively resolved un-

der steroids. One patient (1.7%) developed ischemic stroke at 3
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months postintervention following discontinuation of clopi-

dogrel without consulting the physician.

At 6-month control, mRS scores were 0 for 41 (70.7%) pa-

tients, 1 for 12 (20.7%) patients, 2 for 4 (6.9%) patients, and 3 for

1 (1.7%) patient. Clinical outcome at 6 months was good (mRS

0 –2) in all except 1 patient (98.3%). Clinical evaluation at the

latest follow-up showed an mRS score of 0 for 45 (77.6%) pa-

tients, 1 for 10 (17.2%) patients, and 2 for 3 (5.2%) patients.

Modifications of the mRS throughout the follow-up period in

regard to pretreatment status are shown in Table 1.
The permanent complication rate with poor prognosis

(mRS � 2) was 0%. Procedure-related morbidity was 8.6%

(5/58). Absence of aneurysm rupture and 0% procedure-related

mortality were ensured for the population throughout the fol-

low-up period. Among the patients who had ischemic events or

transient symptoms, 4 were treated with clopidogrel and 1, with a

prasugrel regimen.

Immediate Postprocedure Angiographic Results and
Angiographic Outcomes
Immediate postprocedure angiographic results and angiographic

outcomes in controls are summarized in Table 2. Mean follow-up

time for the entire group of patients was 22 � 9 months (95% CI

of the mean, 19 –24 months). Mean follow-up time for the third

control was 28 � 9 months (95% CI of the mean, 19 – 60 months).

Overall, all except 1 aneurysm (1/40, 2.5%), controlled for �2

years postfollow-up, were either totally occluded or had stable

remodeled regional angioarchitecture.

Statistical comparison of the 12-month with the 6-month DSA

showed a statistically significant increase in the total occlusion

rates for the 12-month controls (�2, 113.088; df, 25; significance

level, P � .0001). The statistical comparison between the 12-

month and the late midterm DSAs for the patients who had �2

angiographic follow-ups showed that all circulating aneurysms

and 55.6% of the stable remodelling cases progressed to total oc-

clusion (�2, 19.118; df, 2; significance level, P � .0001).

From a 5% aneurysm occlusion rate on the immediate post-

procedure angiograms, the series progressed to a 94.8% aneurysm

occlusion rate at 12 months. None of the aneurysms in this series

regressed from partial filling, stable remodelling, or total occlu-

sion to aneurysm recirculation with time.

Covered Branch Analysis and Hemodynamic Impact
Angiographic outcomes regarding jailed branches are summa-

rized in Table 3. The jailed branches were unchanged in 54% of

the cases at 6-month follow-up angiography, with stability in the

further follow-ups up to 85%. Symptomatic branch occlusion

occurred in 2/63 (3.2%), both noted within first 6 months.

Three patients in the study had transient symptoms (DWI

negative for ischemic events on MR imaging) attributed to hemo-

dynamic factors during the first postprocedural months. These

occurred on mean postprocedural day 33.6 � 8.6 and resolved

completely within 48 hours. One of the patients who developed

postprocedure stroke at 24 hours postintervention showed slug-

gish flow on the final control angiogram at the end of the

procedure.

DISCUSSION
MCA bifurcation aneurysm therapeutic strategy has been in

dispute for the past few years. While clipping remains the main-

stream treatment for these lesions, recent advances in the endo-

vascular therapeutic approaches have involved several alterna-

tives, including balloon remodelling, stent-assisted coiling, and,

lately, the use of intra-/extrasaccular flow disrupters. Recent re-

views failed to show a clear superiority of one approach over the

other8; nevertheless, surgery remains the mainstream approach

for many cases. At the same time, complex cases, such as those

with neighboring aneurysms9 and previous endovascular or sur-

Table 1: Modifications of the mRS throughout the follow-up period

PRE tx
Discharge mRS

(n = 58)
6-Month mRS

(n = 58)
≥12-Month mRS

(n = 58)

mRS No. of Patients 0 1 2 3 0 1 2 3 0 1 2
0 12 12 0 0 0 12 0 0 0 12 0 0
1 41 0 37 1a 2a 26 11 4a 1a 30 9 3
2 5 0 4 1 1a 3 1 0 0a 3 1 0
Total 58 12 41 2 3 41 12 4 1 45 10 3

Note:—PRE tx indicates pretreatment values.
a Number of patients with clinical worsening in regard to pretreatment clinical status.

Table 2: Immediate postprocedure angiographic results and angiographic outcomes in controls
Cekirge-Saatci

Evaluation Scale
Immediate

Angiographic Outcome
≥12-Month

Angiographic Outcome
Third (Midterm)

Angiographic Outcome
1a 3 (4.8%) 18 (28.6%) 16 (40.0%)
1b 0 14 (22.2%) 10 (25.0%)
1c 0 13 (20.6%) 8 (20.0%)
2 0 2 (3.2%) 0
3 1 (1.6%) 1 (1.6%) 1 (2.5%)
4a 30 (47.6%) 0 0
4b 29 (46%) 0 0
5 0 15 (23.8%) 5 (12.5%)
Total 63 (100%) 63 (100%) 40 (100%)

�2, 48.175; df, 3 �2, 24.524; df, 5 �2,15.750; df, 4
Significance level, P � .0001 Significance level, P � .0002 Significance level, P � .0034
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gical failures,10 emphasize the need for more alternatives in the

neurovascular physician’s therapeutic armamentarium.

FD treatments are increasingly being used for distal intracra-

nial aneurysms. Some recent data even suggest better clinical out-

comes with FDs than with stent-assisted coiling.11 A recent study

by Caroff et al12 in 15 patients with MCA bifurcation aneurysms

challenged previous studies with endovascular flow-diversion

treatments in MCA locations,4,6,13 including large and fusiform

aneurysms,14 by reporting a 43% ischemic complication rate.

In our study, apart from 1 perianeurysmal inflammatory reac-

tion, reversible with steroid treatment, all other complications

were ischemic but were limited to an acceptable rate (8.6%).

Three of 4 thrombotic ischemic events in the study occurred with

patients treated with clopidogrel, and 1, with prasugrel. Even

though all patients were systematically double-tested for resis-

tance, lower thrombotic complications seemed to occur after

switching to prasugrel.

Apart from 1 patient in whom clopidogrel was discontinued

unauthorized at 3 months, the other 4 cases occurred in the early

postprocedural period. In only 1 case was sluggish flow observed

in an artery covered by a flow-diverter device in this study. We

attribute such a low rate of sluggish flow to 2 main reasons: The

first was because we systematically avoided device undersizing,

actually preferring oversized FD deployment, resulting in de-

creased mesh density. The second reason could be the terminal

nature of jailed branches. Recent laboratory data showed that ter-

minal-type arteries, when jailed, tend to maintain poststenting

flow rates similar to the prestenting ones in the acute poststenting

phase; this scenario, in turn, seems related to decreased neointi-

mal coverage of the jailed ostia at 3-month control.15-17

In accordance with previous reports, transient symptoms were

noted during the first follow-up months.18 In our opinion, they

were not related to in situ thrombotic events but rather to hemo-

dynamic parameters. These events were not positively correlated

with branch remodelling or occlusion; on the contrary, they were

likely the expression of a regional decrease in perfusion, related to the

presence of a moderately developed pial network, which might de-

crease the pressure gradient inside the jailed branch17 but was not yet

sufficient to compensate for the perfusion requirement.

Progressive vasodilation and compensatory mechanisms were

capable of resolving this matter as follows: Either the pial network

was insufficient; thus, on follow-up, the jailed branch remained

patent (Fig 1) or even became larger than that in previous con-

trols; or the pial network would progressively augment, allowing

at the same time, a progressive remodelling (ie, narrowing of the

jailed branch; Fig 2). Overall in this study, early complications

occurred mainly due to in situ thrombosis, probably related to

undetected antiaggregation failures; late complications occurred

due to either noncompliance with the antiaggregation regimen or

hemodynamic effects. The latter resolved within hours and was

not related to side branch occlusions.

Contrary to the recent published results from a clinical study

on fusiform/dissecting MCA aneurysms, which positively associ-

ated total occlusion rates with side branch occlusion,19 our results

did not show a correlation between side branch and saccular oc-

clusion. On the contrary, an important percentage of the jailed

branches remained patent. Furthermore, in cases in which the

jailed branch showed transient symptoms during the initial post-

procedural months, these branches tended to show unchanged

caliber in the control angiographies.

Six-month angiographic controls in our study already showed

important results in terms of aneurysm patency, but longer fol-

Table 3: Angiographic outcomes regarding jailed branches
Jailed Branch Fate 6-Month Follow-Up 12-Month Follow-Up 3rd (Midterm) Follow-Up

Asymptomatic narrowing 18 28.6% 10 15.9% 5 12.5%
Symptomatic narrowing 0 0 0 0 0 0
Asymptomatic occlusion 9 14.3% 0 0 1 2.5%
Symptomatic occlusion 2 3.2% 0 0 0 0
Better opacification or “reopening” 0 0 5 7.9% 0 0
No change 34 54.0% 48 76.2% 34 85.0%
Total 63 100.0% 63 100% 40 100%

�2, 36.365; df, 3 �2, 52.667; df, 2 �2, 48.650; df, 2
Significance level, P � .0001 Significance level, P � .0001 Significance level, P � .0001

FIG 1. Pretreatment 3D image (A) shows a multilobulated right MCA
aneurysm with a bleb. Note that the superior trunk originates from
the sac. Control DSA 1 year after Pipeline Embolization Device place-
ment. An image at a corresponding angle (B) demonstrates total oc-
clusion of the aneurysm with the branch coming off the patent sac
(Cekirge-Saatci class 1a occlusion).
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low-ups revealed even further significant increases in total occlu-

sion rates, as opposed to the study by Topcuoglu et al.19 In this

study, 93% of immediate postprocedure circulating aneurysms

progressed to 68% occlusion at 6 months and to 95% occlusion at

1 year. In this series, the rupture rate was 0% within the first year

and beyond, similar to other recently published data.4,12,13

In this cohort of MCA bifurcation aneurysms, the flow-diver-

sion effect, even though angiographically slow and progressive,

still protected the aneurysms from rupture throughout the fol-

low-up period (Fig 3). Angiographic assessment should probably

be performed systematically later than the usual one (ie, 6

months) performed for other endovascular techniques (Fig 4). To

our understanding, the Cekirge-Saatci angiographic evaluation

scale seems more adapted for the evaluation of FD treatment,

providing a more comprehensive evaluation not only of aneurys-

mal occlusion but of the whole hemodynamic modification pro-

cess with time.

A recent study argued that the apparent shape of the covered

branches and their disposition20 as to the aneurysm sac play an

important role in both side branch patency and aneurysm occlu-

FIG 2. Pretreatment 3D (A) and 2D (B) images show a small, irregular right MCA aneurysm with an early bifurcating branch (arrow) originating
from the sac. Corresponding DSA obtained 1 year after PED treatment (C) confirms the total occlusion of the aneurysm; the branch coming off
the sac (arrow) is reduced in caliber (Cekirge-Saatci class 1b occlusion).

FIG 3. Pretreatment 3D image (A) shows a left MCA aneurysm with the inferior trunk coming off the sac. Posttreatment 1- (B) and 2-year (C)
angiograms confirm the stable occlusion of the sac with the patent inferior trunk (arrow) having a tortuous origin (Cekirge-Saatci class 5
occlusion).

FIG 4. Pretreatment 2D (A) and 3D (B) images show an irregular right MCA aneurysm with a bleb. Note that the aneurysm has no neck, and a
branch is originating from the sac. Six-month control DSA image at a corresponding angle (C) reveals the sac decreased in size, but still filling (class
2). Correlative 1-year control DSA image demonstrates total occlusion of the aneurysm sac with the relevant branch filling retrogradely (white
arrow) (ie, Cekirge-Saatci class 1c occlusion).
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sion. However, our observation is different in that these issues are

more relevant to the terminal nature of the MCA bifurcation

branches and the variability in pial anastomoses. The pressure

gradient along a terminal artery is expected to persist after jailing,

thus allowing the branch to remain patent.21 This feature may

delay the process of aneurysm remodelling toward occlusion,

but as found in the study presented herein, in the later follow-

up, the aneurysms were occluded, with occlusion of the jailed

branch not being a prerequisite.

In accordance with other reported cases,6,22 some patients ex-

hibited an increased caliber of the jailed branch on later angio-

graphic follow-up. These observations support the hypothesis

that side branch remodelling after flow diversion is a hemody-

namic process of constant re-adaptation, which can potentially

evolve either way, not only toward progressive occlusion but also

toward limiting endothelial coverage.15,17

Similar to our results, other recent publications have shown

good clinical and anatomic results with flow diverters for MCA

bifurcation aneurysms. Zanaty et al,13 in their series of complex

large, giant, and bifurcation MCA aneurysms treated with the

PED, reported its effectiveness with reasonable complication

rates.

Recent studies report promising results from intrasaccular

flow-disrupting devices; nevertheless, initial complete occlusion

rates were relatively low.23 Endosaccular flow disrupters have a

specific shape and are made of nitinol filaments, which preserve

their shape-memory properties; thus, they may not be adapted to

every aneurysm anatomy or side branch configuration. Addition-

ally, their hyperelastic properties along with the thrombus forma-

tion inside the device presumably play a role in the deformation

described in the follow-up of some cases.

Even though surgical clipping has been considered a stable

treatment of aneurysm recurrences, several studies have shown

that this is not an absolute fact; clipped aneurysms may recur.24

Retreatment in these cases can be complicated for both the endo-

vascular and surgical approaches. Adhesions from previous sur-

gery, massive periprocedural bleeding, and anatomic complexity

are issues to consider in microsurgical retreatment.24 Successful

endovascular retreatments, though feasible,25,26 may be techni-

cally challenging for conventional techniques. Recent biblio-

graphic data showed good outcomes with FDs in aneurysm recur-

rences after surgical clipping.25,27 In 2 series presented by Cekirge

et al25 and Ding et al,27 2 cases of clip failures and 3 cases of

previous stent treatments were successfully retreated by FD em-

bolization with very good results.

Large or giant, partially thrombosed aneurysms may be

equally challenging for classic endovascular and microsurgical

techniques; in this series, almost 21% of the cases were large/giant

aneurysms. Flow diversion may not be the first-choice treatment

for every MCA aneurysm, but complex cases may be successfully

addressed, provided that some technical rules are respected, such

as effective antiaggregation, careful sizing with slight oversizing,

and meticulous control of stent apposition.

FDs are devices that appear to work in synergy with the dy-

namic vascular remodelling processes of brain; the technical strat-

egy is to favor the regional remodelling to the patient’s advantage.

We are still a long way from completely understanding and ex-

ploiting the full potential of these processes. Further research is

needed, and until then, moderation in our conclusions would be

more appropriate. FD use should be reserved for complex cases,

and its results are to be evaluated with longer follow-ups. Never-

theless, taking extrasaccular flow diverters out of our therapeutic

armamentarium for MCA bifurcation aneurysms seems just as

imprudent as using them as first-line treatment.

Limitations
Even though the clinical and angiographic data bases for this co-

hort were maintained prospectively, the study design is retrospec-

tive; furthermore, the number of patients remains limited. Nev-

ertheless, the conclusions of this study should be investigated with

larger, multicenter studies.

CONCLUSIONS
Flow diverters seem to be an effective treatment alternative for

complex MCA bifurcation aneurysms, with reasonable complica-

tion rates. An effective antiaggregation regimen is mandatory.

Longer angiographic follow-ups are needed to assess the morpho-

logic outcome; immediate subtotal occlusion was not related to

rupture in the present study. The new angiographic scale seems

adapted to the evaluation of the regional vascular remodelling

post-FD stent placement.

Disclosures: H. Saruhan Cekirge—UNRELATED: Consultancy: Medtronic, MicroVention,
Sequent Medical. Isil Saatci—UNRELATED: Consultancy: Medtronic.
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ORIGINAL RESEARCH
INTERVENTIONAL

Testing Stenting and Flow Diversion Using a Surgical Elastase-
Induced Complex Fusiform Aneurysm Model

X R. Fahed, X T.E. Darsaut, X I. Salazkin, X J.-C. Gentric, X M. Mazighi, and X J. Raymond

ABSTRACT

BACKGROUND AND PURPOSE: Rabbit elastase-induced saccular aneurysms have been commonly used for preclinical testing of endo-
vascular devices, including flow diverters. However, all tested devices have been shown to be capable of aneurysm occlusion with this
model. We aimed to create a more challenging model to test and discriminate among neurovascular devices of varying efficacies.

MATERIALS AND METHODS: With a surgical approach that included elastase infusion and balloon dilation, we attempted the creation of
complex fusiform aneurysms in 16 rabbits, with standard saccular carotid aneurysms created in 15 other animals. Aneurysms were randomly
allocated to one of the following treatments: flow diversion (n � 8), high-porosity stent (n � 6), double high-porosity stent (n � 5), and
control (n � 6). Angiographic assessment and pathologic analyses were performed at 3 months.

RESULTS: Creation of complex fusiform and standard saccular aneurysms was successful in 12/16 and 13/15 attempts, respectively. All
saccular (n � 4) or complex fusiform (n � 4) aneurysms treated with flow diverters were successfully occluded. Three of 3 saccular
compared with 0/2 complex fusiform aneurysms were occluded by double high-porosity stents. One of 3 saccular and 0/3 complex
fusiform aneurysms were occluded by a single high-porosity stent. Both aneurysm types shared the same pathologic findings when
untreated: The aneurysm wall lacked an elastic layer and smooth muscle cells, while the lumen was lined with neointima of varying
thickness. Neointimal coverage of the devices was complete when aneurysms were occluded, while leaks were always associated with
aneurysm remnants.

CONCLUSIONS: Challenging fusiform aneurysms can be created in rabbits by using a surgical modification of the elastase method.

ABBREVIATIONS: FD � flow diverter; HPS � high-porosity stent

Flow diverters (FDs) are a class of braided stents used to treat

intracranial aneurysms.1 Compared with high-porosity stents

(HPSs) used mainly for stent-assisted coiling of the aneurysmal

sac, FDs are lower porosity devices designed to occlude aneurysms

by repairing the parent vessel. FDs have been shown to be more

effective at occluding experimental canine aneurysms compared

with high-porosity stents.2

A number of experimental aneurysm models are available to

test neurovascular devices.3-5 The most commonly used model is

the rabbit elastase-induced saccular aneurysm model.6-9 The

model can be created by using endovascular techniques with low

morbidity.10 However, most studies conducted with this model

have shown high occlusion rates irrespective of the device

used.6,11-16 It remains unclear whether the saccular rabbit elastase

model is sufficiently challenging to test flow diversion because

complete occlusions have been reported by using non-flow-di-

verting high-porosity stents.11,12 An insufficiently challenging

model could result in an overestimation of device efficacy. It may

also be incapable of comparing more or less effective flow-divert-

ing devices or may be of limited utility in the exploration of rea-

sons for or mechanisms of treatment failure.

The main objective of the present study was to create and test

a rabbit aneurysm model that could offer a more challenging test
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of neurovascular devices such as FDs and discriminate among

devices of varying efficacies.

MATERIALS AND METHODS
This article was written in accordance with the Animal Research:

Reporting of In Vivo Experiments guidelines.17 Protocols for an-

imal experimentation were approved by the Institutional Animal

Care Committee in accordance with guidelines of the Canadian

Council on Animal Care. Aneurysms were created in New Zea-

land white rabbits (Oryctolagus cuniculus; mean weight, 3– 4 kg).

Details of the animal housing and husbandry, anesthesia, and sur-

gical protocols can be found in the On-line Appendix.

Surgical Elastase Aneurysm Creation
Two types of rabbit aneurysms were created by using elastase:

complex fusiform and saccular aneurysms. In 16 rabbits, under

general anesthesia, complex fusiform aneurysms were created as

follows: A 2- to 3-cm vertical skin incision was made over the right

parasternal area. The right carotid artery was located and encir-

cled with ligature (Silk 4 – 0; Ethicon, Laurel, Maryland), along

with the brachiocephalic trunk and the subclavian artery proxi-

mal to the vertebral artery (Fig 1A). Strips of latex were placed

under isolated arteries to protect the underlying cervical plexus

from incubation with elastase. Encircled arteries were temporarily

occluded. We then injected approximately 100 IU of porcine elas-

tase (9.80 U/mg of protein; 100 U/mL; Worthington Biochemical,

Lakewood, New Jersey) into the lumen of the carotid artery, al-

lowing the elastase to enter the subclavian artery. Elastase was also

injected into the adventitia of both arteries with a 31-ga needle

(Fig 1B). After 20 minutes of elastase incubation, without irrigat-

ing the elastase away, a 3F Fogarty balloon catheter (Baxter

Healthcare, Irvine, California) was retrogradely introduced into

the right carotid artery and progressively inflated at different in-

sertion depths with up to 0.3 mL of saline for 3 minutes in the

right subclavian and carotid arteries, including the ostium (Fig

1C). The balloon catheter was then removed, and the right carotid

artery was permanently occluded with clips. Temporary clips

were removed, and hemostasis was obtained, covering the arteries

with pledgets of collagen sponges when necessary (SURGIFOAM

Absorbable Gelatin Sponge; Ethicon) (Fig 1D). The surgical inci-

sion was closed by using Vicryl 4 – 0 for deep layers and Prolene

6 – 0 (Ethicon) for skin.

In an additional group of 15 rabbits, we created a saccular right

carotid artery aneurysm model by using the same surgical proce-

dure as above, but the elastase treatment and balloon dilation

were limited to the right carotid artery.

Stents and Flow Diverters
Stents, flow diverters, and delivery systems were gifts from Mi-

croVention (Tustin, California).

The Low-Profile Visualized Intraluminal Support Device

(LVIS; MicroVention) is a self-expanding high-porosity braided

stent (not a flow diverter), with an in vitro porosity of 89% �

1.5% and a pore density of 0.6 � 0.5 full pores/mm2 (in 3.5-mm

straight glass tubes).2 Double overlapping LVIS stents (double

HPS) result in varying porosities (up to 75.8% � 1.2%) and pore

densities (up to 2.3 � 2.1 full pores/mm2 in optimal in vitro

conditions), depending on the extent of overlap of the 2 stents.2

The Flow-Redirection Endoluminal Device (FRED; Micro-

Vention) is an FD made of an inner sleeve of low-porosity/high-

density mesh sutured inside an outer LVIS (values measured in

3.5-mm glass tubes).2

The diameters and lengths of the LVIS HPSs were 3.0 � 25

mm, 3.0 � 41 mm, and 4.5 � 23 mm, respectively, while those of

the FRED FDs were 4.0 � 23 mm and 4.5 � 20 mm.

Endovascular Treatment
Endovascular treatment was performed 2–3 weeks after aneurysm

creation. All animals were administered aspirin (10 mg/kg by

mouth) and clopidogrel (10 mg/kg by mouth) for 2 days before

the procedure and for 1 month thereafter.

Through a right femoral artery cut-down, a 4F vascular sheath

was introduced, through which a microcatheter (Headway 21

or Headway 27; MicroVention) was advanced into the right

brachiocephalic artery. A 4F diagnostic catheter (Glidecath;

Terumo, Tokyo, Japan) was used for additional support when

necessary.

Aneurysm dimensions and parent arteries were measured by

using a Leonardo workstation with syngo software (Siemens, Er-

langen, Germany). Assuming that aneurysms were ellipsoid, we

calculated aneurysm volumes by using the AngioCalc Web site

(http://www.angiocalc.com).

Animals with patent aneurysms (n � 25) were randomly allo-

cated treatment by drawing lots: flow diversion (n � 8), double

overlapping high-porosity stent placement (n � 5), single high-

porosity stent placement (n � 6), and control (n � 6).

FIG 1. Surgical elastase-induced aneurysm creation. A, The right com-
mon carotid (black arrow), subclavian (white arrow), and brachioce-
phalic arteries are encircled with ligatures. B, Under temporary clip
occlusion, elastase is injected into the lumen and adventitia of the
carotid (both models) and subclavian arteries (fusiform model only).
C, A 3F Fogarty balloon catheter is introduced into the carotid artery
for angioplasty. D, The distal right carotid artery is occluded, and clips
are removed.
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Angiography
Follow-up angiography was performed 3 months after treatment.

Through a surgical left femoral artery cut-down, a 4F catheter

(Glidecath) or a Headway microcatheter was advanced into the

aortic arch and the right subclavian artery. The patency of parent

vessels and jailed branches was assessed, as well as angiographic

aneurysm occlusion according to the grading scales of Kamran et

al18 for fusiform and saccular aneurysms. A successful treatment

was defined as an angiographic score of 3 or 4. Angiographic as-

sessment was performed by 2 independent readers (R.F., T.E.D.),

with discrepancies resolved in a consensus session.

We hypothesized that devices of decreasing porosity (from a

single HPS to a double overlapping HPS to an FD) would increas-

ingly be able to occlude aneurysms and that successful aneurysm

occlusion would occur less frequently in the complex fusiform

compared with the simple saccular aneurysm model.

Pathology
After 3-month angiography, animals were euthanized by barbitu-

rate overdose. Aneurysm and arterial constructs were removed en

bloc and fixed in formalin for 1 week. Specimens were examined

under a microscope and photographed. Aneurysms, arteries,

stents, and FDs were cut longitudinally to confirm arterial pa-

tency and assess aneurysm occlusion.

We carefully dissected some specimens, removing individual

stent wires, to permit pathologic sectioning without metal. In

other specimens, aneurysms and repre-

sentative samples of tissues covering the

metallic devices were biopsied under the

surgical microscope. Sections were

stained with hematoxylin-eosin and

Movat pentachrome.

Statistics
Aneurysm dimensions were compared

by using the Student t test. Dichoto-

mized angiographic results (Kamran et

al18 grades 3– 4 [defined as successful

aneurysm treatment] versus grades 0 –2)

following various treatments were com-

pared by using the Fisher exact test. A P

value of .05 was significant.

RESULTS
Aneurysm Creation and Treatment
Aneurysm dimensions are presented in

the On-line Table. The mean diameter

of the fusiform aneurysms was 54.6% �

27.2% larger than the upstream normal

vessel. Complex fusiform aneurysms

were successfully created in 12/16 rab-

bits. The complex morphology resulted

from the combination of a fusiform sub-

clavian aneurysm of varying size, with a

“daughter sac” composed of the dilated

right carotid artery origin. Two animals

had immediate complications (1 vessel

rupture during angioplasty; 1 postoper-

ative right limb palsy; both animals were immediately eutha-

nized). In 2 other animals, the parent vessels were occluded at 3

weeks. These 4 animals were excluded from analyses.

The creation of saccular aneurysms was successful in 13/15

rabbits (1 vessel rupture during angioplasty; 1 spontaneous aneu-

rysm occlusion at 3 weeks.). These 2 animals were excluded, leav-

ing a total of 25 aneurysms for analyses.

Complex fusiform aneurysms were significantly larger than

saccular aneurysms (mean aneurysm volumes, 207.3 � 156.9

mm3, compared with 44.8 � 16.7 mm3, respectively; P � .001).

All endovascular procedures were performed without morbidity

or mortality. One animal in the fusiform aneurysm group required 2

telescoping FDs to cross the entire aneurysmal segment.

Angiographic Results
Angiographic results are presented in the On-line Table and Figs 2

and 3.

Angiographic results were significantly different among treat-

ments (P � .0001), with flow diversion leading to occlusion more

frequently than treatment with a single or double high-porosity

stent (P � .03). Overall angiographic results of all treated saccular

and fusiform aneurysms were not significantly different (P � .24).

Aneurysms in animals with complex fusiform aneurysms treated

with flow diverters were successfully occluded, while those in control

animals and those treated with single high-porosity stents remained

FIG 2. Treatment results (complex fusiform aneurysms). Preimplantation (A1, B1, C1) and 3-month
follow-up angiography (A2, B2, C2) and microscopic photography (A3, B3, C3) of complex fusiform
aneurysms treated with a single HPS (A), double overlapping HPSs (B), and flow diversion (C) (2 FDs
were required). Note angiographic cure after flow diversion, with complete neointimal coverage
of the FD. For reference, the diameter of the device wire measures 53 �m.
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patent. Treatment with double overlap-

ping HPSs did not lead to aneurysm occlu-

sion in either of the 2 fusiform aneurysms

in which it was attempted. All saccular an-

eurysms treated with FDs or double over-

lapping HPSs were occluded. One of 3 sac-

cular aneurysms treated with a single HPS

was occluded, while the 2 others remained

patent, as did all control aneurysms.

None of the jailed branches were oc-

cluded in either model. One animal

treated with 2 overlapping HPSs had a

distal occlusion of the subclavian artery

at 3-month follow-up.

Pathology
Untreated saccular or fusiform aneu-

rysms shared similar pathologic features

3 months following creation (Figs 4A
and 5A). Compared with the normal ar-
terial wall (Fig 4B), the aneurysmal wall
lacked elastic layers and smooth-muscle
cells. The lumen was lined with neoin-
tima of varying thickness. Inflammatory
cells were infrequent.

In the saccular model, the architecture
of the normal artery could be recognized
at the neck of the aneurysm (the origin of
the right carotid artery as it arises from the
brachiocephalic trunk), with reappear-
ance of organized elastic layers (Fig 5B).

Some partially organized thrombus could

always be found within the fundus of the saccular aneurysm, close to

the arterial ligature (Fig 4A). In the fusiform model, the walls of the

brachiocephalic trunk and subclavian arteries showed features simi-

lar to those of the elastase-treated carotid aneurysms, though the

neointimal lining of the aneurysm wall was usually not as thick (Fig

4A). The wires of all implanted devices closely apposed to the parent

vessels at the level of landing zones were covered with neointima of

variable thickness. There was no difference in the distribution of neo-

intima covering the proximal or distal ends of the devices. In all cases

of incomplete aneurysm occlusion, the neointima covering the stents

was incomplete at the level of the aneurysm, leaving large (HPS) (Figs

4C and 5C) or small gaps (double HPSs) responsible for leaks asso-

ciated with aneurysm remnants. The wires sometimes seemed bare;

at other times, they were covered with neointima, or alternatively

with clot. FDs were always completely covered with thick neointima

(Figs 4D and 5D).

Aneurysms that were angiographically occluded were sometimes

difficult or impossible to recognize at the time of specimen prepara-

tion because they had shrunk to the point of being indistinguishable

from the other postsurgical fibrous tissues. In some specimens, all

that remained was an area of fibrous thickening of the parent vessel

now reconstructed by the FD (Fig 4D). In some others, the saccular

(carotid) portion of the aneurysm could be recognized, but the lu-

men was completely filled with fibrous tissue. There was little inflam-

mation, except for some small areas near the arterial wall where he-

mosiderin-laden macrophages and giant cells were found (Fig 5D).

FIG 3. Treatment results (saccular aneurysms). Preimplantation (A1, B1, C1) and 3-month follow-up
angiography (A2, B2, C2) and microscopic photography (A3, B3, C3) of saccular aneurysms treated with
a single HPS (A), double overlapping HPSs (B), and flow diversion (C). Note complete aneurysm occlu-
sion after double HPS placement and flow diversion. For reference, the diameter of the device wire
measures 53 �m.

FIG 4. Pathology of untreated, stented, and flow-diverted fusiform
aneurysms. The standard saccular model shows a subclavian of nor-
mal diameter with a continuous elastic lamina and no neointima for-
mation (A). In comparison, the complex fusiform aneurysm is com-
posed of a dilated thinned wall with a discontinuous media (black
arrow) and neointima formation (double arrow). In case of treatment
failure with HPS (C), the stent struts were covered with a thin, discon-
tinuous neointima with leaks responsible for the residual aneurysm
(partially shown, black asterisk). Successful occlusion of fusiform an-
eurysms by an FD (D) was associated with thick and complete neoin-
timal coverage of the FD. (Movat staining, original magnification �50.)
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DISCUSSION
The surgical approach we describe allows the creation of a com-

plex fusiform aneurysm model in addition to the standard right

carotid saccular model. The new model can be used to provide a

challenging test of stents and flow diverters. The model could be

used to compare devices of varying efficacy or to explore potential

causes of treatment failures.

Elastase-induced rabbit carotid aneurysm models are those

most frequently used to test endovascular devices.6 Although they

are popular, one can question the extent to which tested devices

have been challenged, given that virtually all devices have been

shown to be successful in occluding aneurysms, including first-13

or second-14 generation coils, high-porosity stents,11,12 and flow

diverters.15,16,19 A number of technical modifications have been

described to overcome this limitation, including attempts to in-

crease the size of aneurysms to make the model more challenging,

by adjusting the position of the inflated balloon or the location of

carotid ligation.15-18,20 We suspect that the main limitation of this

type of aneurysm creation is the size of the artery selected for

elastase infusion and balloon dilation. Modified surgical ap-

proaches have been published as well, but they were limited to

elastase incubation and balloon angioplasty of the carotid ar-

tery.21-23 Other techniques to create fusiform aneurysms with in-

traluminal injections of elastase24,25 have reported lesions of

smaller dimensions (mean aneurysm width, 3.1 � 0.4 mm, com-

pared with 5.1 � 1.2 mm with our technique).

The surgical model we describe allows the operator the freedom

to choose which parent vessel will become aneurysmal and thus form

a complex aneurysm comprising a saccular lobule originating from a

dilated fusiform segment. Attempting to create too large an aneu-

rysm from too small a vessel may lead to vascular rupture or parent

vessel occlusion, as we encountered in this exploratory work. Other

surgical rabbit models include carotid lateral wall and bifurcation

aneurysms made from venous pouches.26-28 So far, flow diversion of

these rabbit bifurcation aneurysms has not been studied, but FDs

were shown to nearly always occlude the surgical sidewall aneurysms.29

More complex aneurysm models have been constructed in ca-

nines.5,29-31 Some models were so challenging that aneurysms re-

mained patent despite implantation of multiple flow diverters.31,32

The complex fusiform aneurysms created in this work were larger

than the standard rabbit elastase carotid model, but they remain of

modest size compared with most canine vein pouch aneurysms.33

Rabbit aneurysm models may still have a number of advan-

tages, including simpler logistics, reduced costs, and less techni-

cally demanding procedures, while avoiding the difficulties of us-

ing dogs for research. Creation of these aneurysms still required

surgical expertise. The surgical procedures detailed here may be

simpler than those for canine venous pouch aneurysms,5 but proce-

dural complications (arterial rupture and brachial plexus injury)

nonetheless occurred. The mortality rate (3/31 animals) remained

comparable with that of the standard rabbit elastase method.10

Although others have shown successful occlusion of elastase an-

eurysms with HPSs,10,11 in this work, HPSs could not reliably oc-

clude either the surgically created saccular or fusiform aneu-

rysms. The surgical modification to the elastase model

performed in this work may permit discrimination between

endovascular treatments of various efficacies. We were unable

to demonstrate statistically significant differences in angio-

graphic results between the 2 surgically created models, which

would have required more animals and resources than were

available. Nonetheless, the fusiform aneurysms were larger,

more complex, and more challenging to treat, and they may

offer a more challenging test of endovascular devices than the

standard saccular model.

This study has several limitations: The number of animals was

small, and follow-up beyond 3 months was not performed. The

patency of untreated elastase-induced saccular aneurysms has

previously been shown to be durable for up to 5 years.34 When

creating the saccular, carotid stump aneurysms, modest dilation

of the subclavian artery can occur. This has previously been de-

scribed following the endovascular method of producing carotid

stump aneurysms as well.16 Fusiform aneurysms were of various

sizes. Further refinements in the technique of aneurysm creation

may be necessary to reproducibly yield aneurysms of constant

dimensions. The method has only been used in a single labora-

tory. Proof of reproducibility from other centers would be wel-

come. Experimentally created aneurysms differ from spontaneous

intracranial aneurysms, and rabbit biology differs from human biol-

ogy. Any extrapolation of these results must remain cautious.

FIG 5. Pathology of untreated, stented, and flow-diverted saccular
aneurysms. The saccular aneurysm has an organized thrombus in its
dome (white asterisk in A), with a thin wall with interruption of the
elastic lamina at the neck (A, magnified view in B, black arrow). In case
of treatment failure, the neck was wide open with a persistent aneu-
rysmal cavity (black asterisk), which was only partially filled with un-
organized thrombus (C), whereas in case of treatment success, the
stent struts were covered with a thick and continuous neointima and
the aneurysm cavity was filled with organized thrombus containing
areas of hemosiderin (D) (Movat staining, original magnification �50).
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CONCLUSIONS
Fusiform rabbit aneurysms can be created by using a surgical

modification of the elastase method.7 This model may offer a

more challenging test to compare different endovascular devices.
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Collar Sign in Incompletely Occluded Aneurysms after Pipeline
Embolization: Evaluation with Angiography and Optical

Coherence Tomography
X C.J. Griessenauer, X R. Gupta, X S. Shi, X A. Alturki, X R. Motiei-Langroudi, X N. Adeeb, X C.S. Ogilvy, and X A.J. Thomas

ABSTRACT

BACKGROUND AND PURPOSE: Flow diversion with the Pipeline Embolization Device has emerged as an attractive treatment for cerebral
aneurysms. Processes involved in aneurysm occlusion include changes in intra-aneurysmal hemodynamics and endothelialization of the
device. Here, we call attention to a radiographic sign not previously reported that is detected in incompletely occluded aneurysms after
treatment with the Pipeline Embolization Device at angiographic follow-up and referred to as the “collar sign.”

MATERIALS AND METHODS: A retrospective review of all patients who underwent placement of a Pipeline Embolization Device for
cerebral aneurysms between January 2014 and May 2016 was performed. All aneurysms found to show the collar sign at follow-up were
included. Optical coherence tomography was performed in 1 case.

RESULTS: One hundred thirty-five aneurysms were treated in 115 patients. At angiographic follow-up, 17 (10.7%) aneurysms were found to
be incompletely occluded. Ten (58.8%) of these aneurysms (average diameter, 7.9 � 5.0 mm) were found to have the collar sign at
angiographic follow-up (average, 5.5 � 1.0 months). Four (40.0%) of the aneurysms underwent a second angiographic follow-up (average,
11.0 � 0.9 months) after treatment, and again were incompletely occluded and showing the collar sign. Two patients underwent retreat-
ment with a second Pipeline Embolization Device. Optical coherence tomography showed great variability of endothelialization at the
proximal end of the Pipeline Embolization Device.

CONCLUSIONS: The collar sign appears to be indicative of endothelialization, but continued blood flow into the aneurysm. This is
unusual given the processes involved in aneurysm occlusion after placement of the Pipeline Embolization Device and has not been
previously reported.

ABBREVIATIONS: OCT � optical coherence tomography; PED � Pipeline Embolization Device

Flow diversion with the Pipeline Embolization Device (PED;

Covidien, Irvine, California) has emerged as an attractive

treatment option for cerebral aneurysms, resulting in 6-month

occlusion rates higher than 90%.1-3 Serving as a scaffold for en-

dothelialization, the PED is believed to divert blood flow away

from the aneurysm, inducing thrombosis and collagenization

within its sac.4 The relative contribution of the 2 processes,

namely endothelialization and blood stasis followed by clot for-

mation, in leading to aneurysm occlusion and shrinkage remains

poorly understood. However, visualization of complete oblit-

eration of the lesion via DSA is believed to coincide with en-

dothelialization across the neck of the lesion. Here, we report

on a series of incompletely occluded aneurysms after PED

placement where a gap in contrast opacification between parent

vessel and aneurysm dome, or “collar sign,” was observed upon an-

giographic follow-up. Optical coherence tomography (OCT) was

performed in 1 case.

MATERIALS AND METHODS
After obtaining institutional review board approval, a retrospec-

tive review of all patients who underwent flow-diversion treat-

ment for intracranial aneurysms with the PED at our institution

between January 2014 and May 2016 was performed. All aneu-

rysms were followed up with DSA, generally at 6 months after

PED placement, by using standard anteroposterior and lateral

projections and high-magnification views. Injections were per-

formed from the ICA in all cases. All aneurysms found to show the

collar sign at angiographic follow-up were included. Follow-up

images were reviewed by at least 2 physicians with subspecialty

training in neuroendovascular surgery.
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Optical Coherence Tomography Procedure
OCT was performed in 1 case (case 10). A 6F guide catheter was

placed in the right ICA. Baseline intracranial angiograms were

obtained and 5000 U of IV heparin were administered. A Navien

intracranial support catheter (Covidien) was positioned in the

cavernous ICA. A 0.014-inch Synchro Standard microwire

(Stryker Neurovascular, Kalamazoo, Michigan) was advanced

through the Navien, past the aneurysm, and positioned in the

MCA. Next, a 2.7F Dragonfly OCT imaging catheter (St. Jude

Medical, St. Paul, Minnesota) was advanced over the microwire.

Attempts to negotiate the carotid siphon past the aneurysm with

the Dragonfly OCT catheter failed. These attempts included alter-

native distal access catheters and stiffer microwires, such as the

0.014-inch Transend (Stryker Neurovascular). After several at-

tempts, there was profound spasm in the ICA, and the decision

was made to only perform OCT of the proximal end of the PED in

the horizontal segment of the cavernous ICA. The guide catheter

was connected to a power injector. An OCT acquisition over 2.7

seconds was done during power injection of contrast to trigger the

internalized automated “pull-back” method that renders catheter

manipulation unnecessary during image acquisition and to tran-

siently clear red blood cells from the imaging area.5,6 Image pro-

cessing and data analysis were done using a commercially avail-

able OCT system (Ilumien System; St. Jude Medical).

RESULTS
A total of 135 aneurysms were treated at our institution with PEDs

in 115 patients between January 2014 and May 2016. Ninety of

these aneurysms (66.7%) underwent angiographic follow-up, at

which point 73 (81.1%) were found to be completely occluded

and 5 (5.6%) were �90% occluded. Of 17 aneurysms that were

incompletely occluded, 10 (58.8%) aneurysms (average diameter,

7.9 � 5.0 mm) in 9 patients (average age, 54.2 � 14.5 years) were

found to have a collar sign with variable thickness at first angio-

graphic follow-up (average, 5.5 � 1.0 months). Two aneurysms

underwent retreatment with a second PED device. Seven (70.0%)

aneurysms were paraophthalmic ICA aneurysms, but the collar

sign was also observed in MCA, ICA bifurcation, and posterior

communicating artery aneurysms (1 aneurysm each). No proce-

dural complications occurred. Satisfactory wall apposition as

demonstrated on fluoroscopy was achieved in all cases. Four

(40.0%) of the aneurysms underwent a second angiographic fol-

low-up (average, 11.0 � 0.9 months) after treatment, and again

were incompletely occluded showing the collar sign (Fig 1).

Opacification of parent vessel and aneurysm occurred simultane-

ously with injection of the ICA, reducing the possibility for retro-

grade aneurysm filling via external carotid artery or other collat-

erals. The collar sign was observed were in both clopidogrel

responders and nonresponders treated with ticagrelor (On-line

Table).

Optical Coherence Tomography Findings
Because of inability to negotiate the carotid siphon with the OCT

catheter past the aneurysm, only the proximal end of the PED in

the horizontal segment of the cavernous ICA could be imaged

with OCT (Fig 2). Interestingly, there was great variability of en-

dothelialization of the PED. There were portions where the PED

FIG 1. DSA showing collar sign in incompletely occluded aneurysms
after Pipeline embolization. Each line represents 1 aneurysm corre-
sponding to the On-line Table. The left column shows the aneurysm
before Pipeline embolization. The right column shows the residual
aneurysm with the collar sign (white arrowheads) after Pipeline
placement at last follow-up. For aneurysms 4 and 10, both first and
second angiographic follow-up are shown.
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struts laid bare or were covered by thin endothelium or robust

neointima. The degree of endothelialization was even variable on

the same cross-section.

DISCUSSION
Here, we report on a series of patients with incompletely occluded

cerebral aneurysms after PED placement where the parent vessel

appeared to be separate from the aneurysm on angiographic fol-

low-up. We decided to use the term “collar sign” to describe this

observation. The main purpose of this article was to report this

interesting observation and spark discussion among neurointer-

ventionalists about its significance.

Potential Mechanisms Underlying the Collar Sign
Given the contiguous nature of this sign with the endothelial lining of

the parent vessel, it appears to represent endothelialization on the

surface of the stent adjacent to the neck of the aneurysm. Why there

is continued blood flow into the aneurysm, however, is unclear.

Small channels, not readily apparent on DSA, must remain, connect-

ing the parent vessel with the aneurysm. It has been postulated that

endothelialization, rather than intra-aneurysmal hemodynamic

changes, are primarily responsible for aneurysm obliteration after

PED placement. After performing immunohistochemical analysis in

rabbit models, Kadirvel et al7 found that endothelial cells derived

from the parent vessel rather than from progenitor cells from the

bone marrow are responsible for neointimal growth after flow-di-

verter placement, supporting previous results in mice models. They

further found that smooth muscle cells derived from the parent vessel

and the aneurysm itself also served as the scaffold for neointimal

formation. The presence of inflammatory cells, including macro-

phages and monocytes, within the portion of the device covering the

aneurysm neck was observed in cases of incomplete obliteration and

was associated with disorganized thrombus formation at 8 weeks

after flow-diverter placement. The macrophages and monocytes

formed islands at the neck of the aneurysms without associated en-

dothelial, smooth muscle, and progenitor cells. Similar processes

may, in part, be responsible for the collar sign observed on follow-up

DSA in humans, and it may represent an angiographic correlate for

inflammatory-driven aberrant endothelialization. Along the same

lines, Dai et al8 reported a case of a patient who underwent PED

placement for a basilar tip aneurysm. At 4 months, the aneurysm was

occluded, but at 1 year, it had recanalized, and the patient died from

brain stem compression. Microscopic analysis of the aneurysm re-

vealed channels extending through thick, newly formed islands of

intima from the parent vessel to the sac of the aneurysm containing

fresh blood clot. The aneurysm was filled with disorganized throm-

bus. The collar sign on the DSAs obtained in the present series of

patients were mostly homogeneous in appearance with variable

thickness, even though they contained rare regions speckled with

contrast, indicative of blood flow through this layer. OCT performed

in 1 case showed variable degrees of endothelialization at the proxi-

mal end of the PED, ranging from no coverage of the PED struts to

thick neointima. Unfortunately, the area of the collar sign could not

be imaged because of inability to negotiate the carotid siphon with

the OCT catheter. In animal models, OCT has been used to assess

PED wall apposition9 and side branches covered by the PED.10,11 We

are not aware of any prior use of OCT after PED placement in

humans.

Clinical Implications of the Collar Sign
The implications of the collar sign are unclear. Initially, we as-

sumed that incompletely occluded aneurysms with this associated

sign at 6 months would likely be occluded at subsequent follow-

up. However, all patients who had additional angiographic fol-

low-up past the 6-month mark continued to have aneurysm fill-

ing, with no notable change in the collar sign appearance. Given

that flow diversion is associated with high rates of complete oc-

clusion at 6-month follow-up,2,12-14 these aneurysms only repre-

sent a small fraction of all aneurysms treated with the PED. Nev-

ertheless, it is important to consider. If the collar sign at 6 months

is not predictive of occlusion in the future, early treatment with a

second PED may be warranted. In the current series, this ap-

proach was pursued in 2 aneurysms, with close follow-up on the

others.

CONCLUSIONS
Pipeline embolization is associated with high rates of occlusion of

cerebral aneurysms. Two mechanisms underlying occlusion have

been proposed for the device: 1) diversion of blood flow away

FIG 2. Case 10. DSA showing collar sign in incompletely occluded
paraophthalmic ICA aneurysm after Pipeline embolization (A). Lateral
DSA of the ICA showing the aneurysm (white dashed line) and posi-
tion of the tip (arrowhead) and the beginning of the scanning portion
(arrow) of the OCT catheter (B). OCT images showing variable degree
of endothelialization (C–E). There are portions where the PED struts
lay bare (arrowheads) or are covered with thin endothelium (arrow)
or robust neointima (double arrow and white line showing the dis-
tance from lumen to PED struts). After treatment with a second PED,
there is stasis of contrast within the aneurysm (F).
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from the fundus of the lesion, resulting in subsequent thrombus

formation and aneurysm shrinkage; and 2) endothelialization of

the neck of the aneurysm over time. Here, we report on a series of

patients who underwent PED placement and were found to have

incomplete occlusion of their aneurysms at angiographic follow-

up, with a characteristic collar sign visible on angiography. They

appear to represent endothelialization along the neck of the an-

eurysm with continued filling of the lesions. Subsequent follow-

ups in a subset of these patients demonstrated residual blood flow

into these aneurysms and continued incomplete endothelializa-

tion across the neck, warranting retreatment.

Disclosures: Ajith Thomas—UNRELATED: Consultancy: Stryker, Comments: data
safety monitoring board of SCENT trial*; Expert Testimony: testimony related to
aneurysm treatment. *Money paid to the institution.
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CLINICAL REPORT
EXTRACRANIAL VASCULAR

Ascending and Descending Thoracic Vertebral Arteries
X P. Gailloud, X L. Gregg, X M.S. Pearl, and X D. San Millan

ABSTRACT
SUMMARY: Thoracic vertebral arteries are anastomotic chains similar to cervical vertebral arteries but found at the thoracic level.
Descending thoracic vertebral arteries originate from the pretransverse segment of the cervical vertebral artery and curve caudally to pass
into the last transverse foramen or the first costotransverse space. Ascending thoracic vertebral arteries originate from the aorta, pass
through at least 1 costotransverse space, and continue cranially as the cervical vertebral artery. This report describes the angiographic
anatomy and clinical significance of 9 cases of descending and 2 cases of ascending thoracic vertebral arteries. Being located within the
upper costotransverse spaces, ascending and descending thoracic vertebral arteries can have important implications during spine inter-
ventional or surgical procedures. Because they frequently provide radiculomedullary or bronchial branches, they can also be involved in
spinal cord ischemia, supply vascular malformations, or be an elusive source of hemoptysis.

ABBREVIATIONS: ISA � intersegmental artery; SIA � supreme intercostal artery; VA � vertebral artery

The cervical portion of the vertebral artery (VA) is formed by a

series of anastomoses established between the first 6 cervical

intersegmental arteries (ISAs) and one of the carotid-vertebral

anastomoses, the proatlantal artery.1-3 The VA is labeled a “post-

costal” anastomotic chain (ie, located behind the costal process of

cervical vertebrae or dorsal to the rib itself at the thoracic level) to

emphasize its location within the transverse foramina. A thoracic

VA is a similar postcostal vessel found at the thoracic level.4

A thoracic VA was originally defined as a proximal VA branch

curving medially and caudally to enter the ipsilateral C7 trans-

verse foramen or first costotransverse space (Fig 1, right).5 Atyp-

ical forms, common in birds and mammals but rare in humans,5,6

include thoracic VAs originating from the supreme intercostal or

deep cervical arteries.

Another anastomotic chain found within the upper costo-

transverse spaces differs from a descending thoracic VA by its

caudal origin from a thoracic ISA and its ascending course.7 This

exceptional variant corresponds to an ascending thoracic VA (Fig

1, left) and should not be confused with variants such as a verte-

bral arteria lusoria8-13 or persistent left seventh cervical ISA of

aortic origin.14

This report discusses 9 angiographic observations of descend-

ing thoracic VAs and 2 cases of ascending thoracic VAs.

CASE SERIES
Descending Thoracic Vertebral Arteries
Nine typical descending thoracic VAs were documented by DSA

in 9 patients between 2006 and 2015 (Table). The variation was

unilateral in 8 instances. In 1 patient, a contralateral thoracic VA

was documented by CTA only. The bifurcation into the cervical

and thoracic VAs was found at C7–T1 (5 instances, 56%) or

C6 –C7 (4 instances, 44%). The descending thoracic VA was

right-sided in 8 cases (89%).

The ISAs provided by the descending thoracic VAs were either

complete (ie, including medial, dorsal, and lateral branches) or

incomplete, with only the medial branch present; the other

branches then came from the supreme intercostal artery (SIA).

Most commonly, the descending thoracic VA provided the sec-

ond (T2) and third (T3) thoracic ISAs completely, as well as 1 or

more partial ISA proximally (T1 in 5 cases, C7 and T1 in 1 case).

Isolated medial branches were also noted at C7 or T2 (once each).

In 2 observations, the descending thoracic VAs were extending

out of the FOV after branching off the third thoracic ISA (T3).

Descending thoracic VAs branched off important anterior ra-

diculomedullary arteries in 5 instances (56%), 4 times at T2 and

once at T1.
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Case 1. Right descending thoracic VA documented (Fig 2) in a

64-year-old man.

Case 2. Right descending thoracic VA documented in a 67-year-

old woman (Fig 3).

Case 3. Bilateral descending thoracic VAs documented in a 59-

year-old woman (Fig 4).

Case 4. Right descending thoracic VA documented in 30-year-

old man (Fig 5A, -B). An ipsilateral costocervical angiogram illus-

trates the characteristics distinguishing a descending thoracic VA

from an SIA (Fig 5C, -D).

Case 5. A 47-year-old woman with a right descending thoracic

VA branching off the third thoracic ISA as well as a conspicuous

bronchial artery (Fig 6).

Ascending Thoracic Vertebral Arteries

Case 1. A 20-year-old man with bullet fragments in the posterior

fossa. The right VA injection showed minimal reflux into the left

V4 segment, with prompt wash-off indicating the presence of a

patent left VA, which was identified as the cranial continuation of

the left T2 ISA (Fig 7A, -B). Enlargement of the left T1 and T2

costotransverse spaces was noted (Fig 7C).

Case 2. A 64-year-old man investigated for gait disturbance. A

left VA originating from the thoracic aorta and passing through

the left T2 and T1 costotransverse spaces (Fig 8A) is identified as a

left T2 ISA (Fig 8B).

DISCUSSION
Developmental Anatomy of the VA
His15 divided the VA into cranial and cervical portions on the

basis of their developmental history. Appearing first, the cranial

portion principally consists of the proatlantal artery, which is as-

sociated with the first cervical nerve. The anterior radiculomed-

ullary branch stemming from the proatlantal artery becomes the

distal VA; it divides into ascending and descending rami, which

respectively turn into the proximal basilar artery and the vertebral

root of the anterior spinal artery.16-18 The cervical portion of the

VA subsequently forms as a succession of anastomoses between

the first 6 ISAs, which connect cranially with the proatlantal artery

and caudally with the subclavian artery (sixth ISA).2 The final

configuration of the VA depends on which primitive ISA becomes

its adult origin. Most often, the proximal VA, being derived from

the sixth cervical ISA, originates from the subclavian artery and

enters the C6 transverse foramen. Variations are identified by the

level at which they enter the transverse canal rather than by their

origin. For example, a VA derived from the seventh cervical ISA

always enters the C7 transverse foramen but can arise from the

aorta or from the subclavian artery via the SIA.19

A thoracic VA is an anastomotic chain passing through 1 or

more costotransverse space.4,19

FIG 1. Schematic representation of ascending and descending tho-
racic vertebral arteries. In its most typical form, a descending thoracic
VA (right side) originates from the pretransverse segment (V1) of the
cervical VA and curves sharply medially and caudally to enter the last
transverse foramen or the first costotransverse space. It then contin-
ues caudally, passing through 1 or more costotransverse space, gen-
erally branching off a complete set of branches for the second and
third thoracic ISAs (T2 and T3) and the medial branch of the first
thoracic ISA (T1). In about 50% of cases, a descending thoracic VA
provides an important contribution to the spinal cord vascularization.
An ascending thoracic VA (left side) is the cranial prolongation of a
thoracic ISA, which passes through 1 or more costotransverse space
before continuing as a normal cervical VA. Strictly speaking, the tho-
racic VA segment only corresponds to the portion of the vessel de-
limited by costotransverse spaces (highlighted in green).

Nine angiographic observations of the descending thoracic vertebral artery

Patient Sex
Age
(yr) Level Side

ISA Branches

Complete Partial ARMA Br
1 M 64 C7–T1 R T2–T3 Medial C7–T1 T2 Yes
2 W 67 C7–T1 R T2–T4?a Medial T1 T1 No
3 W 59 C6–C7 L T2–T3 Medial T1 T2 No
4 M 30 C6–C7 R T2 Medial C7 T2 No
5 W 47 C6–C7 R T3 Medial T2 – Yes
6 M 18 C7–T1 R T2–T3 Medial T1 T2 No
7 W 56 C7–T1 R T2–T3 Medial T1 – No
8 W 60 C7–T1 R T2–T4?a Medial T1 – No
9 W 31 C6–C7 R T1–T2 ?b – No

Note:—ARMA indicates anterior radiculomedullary artery; Br, bronchial artery; R, right; L, left; –, none; M, man; W, woman.
a Question mark indicates that the caudal extension of the descending thoracic VA was beyond the FOV.
b Question mark indicates that motion artifacts prevented evaluating the presence of a proximal medial branch.
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Walsham4 described thoracic VAs in the following manner:

“The artery would here appear to be homologous to the vertebral

artery in the neck, as both lie between homologous parts, the

anterior part of the transverse process of the cervical vertebra

being the homolog of the neck and head of the dorsal rib, and the

posterior part of the cervical transverse process that of the trans-

verse process of the dorsal vertebra.”

While any postcostal anastomosis established between 2 or

more thoracic ISAs answers this definition (eg, a T3–T4 intercos-

tal trunk linked by a postcostal anastomosis), the term “thoracic

VA” is generally reserved for variants connected with or continu-

ing as a cervical VA. These variations can be divided into 2 groups

with similar developmental mechanisms but different connection

patterns: the ascending and descending thoracic VAs. Descending

thoracic VAs generally share a common origin with the cervical

VA but may also be connected to the SIA or deep cervical artery

(atypical forms of Krassnig5) (Figs 9 and 10, right).20 An alternate

configuration reported by Bühler21 consists of a first thoracic ISA

originating from the aorta and continuing as a descending tho-

racic VA to branch off additional ISAs (Fig 10, left).

Ascending thoracic VAs arise from the thoracic aorta and con-

tinue cranially as a cervical VA.7 A thoracic VA can occasionally

show mixed characteristics by connecting both at the cervical and

thoracic levels (eg, Walsham’s case4).7 Dubreuil-Chambardel7 re-

viewed the cases of ascending and descending thoracic vertebral

arteries published before 1926.

Two configurations developmentally similar to thoracic VAs

must be distinguished from this group of variations because they fail

to pass through at least 1 costotransverse space. These include more

FIG 2. A 64-year-old man with a right descending thoracic vertebral artery. A, DSA, right VA injection, posteroanterior projection, shows a VA
originating from the subclavian artery and dividing into ascending cervical (large white arrow) and descending thoracic (white arrowhead) VAs at the
C7–T1 level. The descending thoracic VA provides the medial branches of C7 (small white arrow) and T1 (double small white arrow) and complete sets
of branches for the T2 and T3 ISAs. The second thoracic ISA provides a prominent anterior radiculomedullary artery (small black arrow), which supplies
the anterior spinal artery (black arrowheads). B, CTA, coronal reconstruction at the level of the transverse foramina. The ascending (large white arrow)
and descending (white arrowhead) branches of the VA are identified. The small gray arrows point to the descending thoracic VA down to its
termination at T3 (small black arrow). C, CTA, multilevel axial reconstructions, shows the course of the descending thoracic VA (small gray arrows)
from its origin at C7–T1 (white arrowhead).

FIG 3. A 67-year-old woman with a right descending thoracic vertebral
artery. A, DSA, right VA injection, posteroanterior projection. The VA
divides into ascending cervical (large white arrow) and descending tho-
racic (white arrowhead) VAs at the C7–T1 level. The descending thoracic
VA provides the medial branch of T1, which gives off a prominent anterior
radiculomedullary artery (small black arrow). Note that the descending
thoracic VA extends beyond the FOV and may provide additional ISAs. A
prominent T2 dorsal (muscular) branch is seen coursing medially and cau-
dally (black arrowhead) and should not be confused with a bronchial
artery. B, DSA, right VA injection, nonsubtracted posteroanterior projec-
tion, documents the close relationship between the descending thoracic
VA and the cervical pedicles (asterisks), notably at the level of the trans-
verse foramina (small white arrows).
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cranially bifurcating trunks with a descending branch that remains

within the cervical region (Fig 11A) and VAs of aortic origin entering

the seventh transverse foramen (Fig 11B). The latter corresponds to

persistent seventh cervical ISAs; their aortic origin remains close to

the left subclavian artery.14 A vertebral arteria lusoria8 (ie, a right VA

originating distal to the left subclavian artery) also known as a “distal

aortic origin of the VA” or “fourth branch of the aortic arch,”9-13

must be distinguished from a thoracic VA as well (though a vertebral

arteria lusoria of low origin with a thoracic component is conceivable

but, to our knowledge, not reported).

Descending Thoracic Vertebral Arteries
The first case of a descending thoracic VA known to the authors

was reported by Quain in 1844 (Fig 12).22 Pensa23 confirmed the

observation of Quain in 1905 and documented the concomitant

existence of thoracic VAs and SIAs (Fig 13). Approximately 70

years later, Newton and Mani24 offered the first angiographic doc-

umentation of a descending thoracic VA (labeled as a “vertebral

origin of the SIA”), while Chiras et al25 published a correctly iden-

tified bilateral observation in 1982.

It is important to distinguish descending thoracic VAs from

SIAs (both are usually present simultaneously19). A major differ-

ence is topographic in nature: A thoracic VA is a postcostal vessel

passing through costotransverse spaces, while an SIA is a precostal

vessel lying in a more lateral position (Figs 1 and 5). Other varia-

tions that should not be confused with a descending thoracic VA

include VAs originating from the SIA via the seventh cervical ISA

(which is often mislabeled as an SIA or costocervical trunk origi-

FIG 4. A 59-year-old woman with bilateral descending thoracic vertebral arteries. A, CTA, coronal reconstruction at the level of the transverse
foramina, documents bilateral and symmetric descending thoracic VAs, both originating at C6 –C7 (arrows) and ending at T4 on the right and T3
on the left. B, CTA, sagittal reconstruction at the level of the left transverse foramina. Note that the level of the variant (C6 –C7) is indicated by
its tight curve over the anterior margin of the transverse foramen rather than by the actual level of the bifurcation of the common VA trunk
(C7–T1). C, CTA, sagittal reconstruction at the level of the right transverse foramina. D, CTA, axial reconstruction, shows the sharp posterior turn
of the descending thoracic VA to pass through the C7 transverse foramina (white arrows).

FIG 5. A 30-year-old man with a right-sided descending thoracic vertebral artery. A, DSA, right VA injection, posteroanterior projection,
subtracted view. Note the typical appearance of the descending thoracic VA, which provides, in this case, medial branches for C7 and T1 and a
full set of intersegmental braches for T2 (the asterisks indicate the right T1 and T2 pedicles in all images). B, DSA, right VA injection, posteroan-
terior projection, nonsubtracted view. C, DSA, right costocervical trunk injection, posteroanterior projection, subtracted view. The existence of
a supreme intercostal artery (white arrow) is independent of the presence of a descending thoracic VA. In this case, the supreme intercostal
artery provides the C7 ISA (arrowhead) and the lateral branch of the T1 ISA (black arrow). D, DSA, right costocervical trunk injection,
nonsubtracted posteroanterior projection. Contrary to a descending thoracic VA, the supreme intercostal artery lies away from the vertebral
pedicles (hence outside the costotransverse spaces).
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nating from the VA) (Fig 14) and aberrant bronchial arteries aris-

ing from the proximal VA (Fig 15). On the other hand, a VA

originating from the SIA via a thoracic ISA (eg, T1 or T2) and

entering the first or second costotransverse space would represent

an atypical form of an ascending thoracic VA.

Note that in Pensa’s illustration,23 the descending thoracic VA

does not give off the lateral branch of T1 (Fig 8). This observation

is consistent with our findings: In all except 1 case, the descending

thoracic VA branched off at least 1 incomplete proximal ISA,

most commonly T1. Adachi et al19 reported 4 observations of

right-sided descending thoracic VAs entering the seventh trans-

verse foramen, all coursing down through the first 3 costotrans-

verse spaces, as in the current report.

The prevalence of descending thoracic VAs may be approxi-

mated by considering that 9 cases were documented at our insti-

tution (Division of Interventional Neuroradiology, The Johns

Hopkins Hospital) during a 5-year period, with an average casel-

oad of approximately 300 diagnostic angiograms per year, hence a

prevalence of about 0.6%.

Ascending Thoracic Vertebral Artery
While Adachi et al19 recorded the existence of ascending thoracic

VAs in his anatomic material (Fig 16), no angiographic observa-

tion has, to our knowledge, been published so far. In one of our

patients with suspected VA dissection, the left VA was found to

originate from the second left thoracic ISA (T2). Enlarged left

costotransverse spaces at T1 and T2 consistent with the passage of

a left ascending thoracic VA were visible on a chest CT. Our sec-

ond observation was incidental.

Comparative Anatomy
The existence of animal species with vascular configurations

matching human anatomic variants helps authenticate these vari-

ations and understand their development.26 Pensa23 published 2

avian examples of adult anatomy respectively equivalent to typical

ascending and descending thoracic VAs in the chicken and the

pigeon (Fig 17), while descending thoracic VAs of costocervical

origin (atypical form of Krassnig5) seem constant in dogs.6

Comparative data may also predict variations not yet docu-

mented in humans. For example, all 7 pairs of intercostal arteries

FIG 6. A 47-year-old woman with a right descending thoracic VA. This
typical descending thoracic VA provides, in addition to the second
thoracic ISA (white arrow), a prominent bronchial artery (black
arrow).

FIG 7. A 20-year-old man with a left ascending thoracic VA. A, DSA, left T2 ISA injection, posteroanterior projection, subtracted view. The T2 ISA
(white arrow) provides the second intercostal artery (c) before crossing through the T2 costotransverse space (white arrowhead). It then
branches off contributions for the T1 (b) and C7 (a) ISAs and continues cranially as the cervical VA (black arrow). B, DSA, left T2 ISA injection,
posteroanterior projection, nonsubtracted view. The asterisk indicates the approximate level of the origin of the left subclavian artery from the
aortic arch, illustrating the distance separating the latter from the left T2 ostium. C, CT, axial view at the T2 level, shows a marked asymmetry of
the size of the T2 costotransverse spaces. This sign should be taken into consideration when planning an upper thoracic spine procedure—for
example, when choosing a needle path for a vertebral biopsy or a vertebroplasty.
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in the European pond turtle are branches of an anastomotic chain

similar in nature to a VA,23 an observation suggesting that such

extensive longitudinal vertebral chains may, as extreme variants,

exist in humans as well.

FIG 8. A 64-year-old man with a left ascending thoracic VA. A, CTA,
coronal MIP reconstruction, shows the origin of the left T2 ISA (white
arrow) and its passage through the T2 and T1 costotransverse spaces.
The vessel then continues cranially as the cervical VA. B, CTA, oblique
MIP reconstruction, documents the T2 posterior intercostal artery
(arrowhead), therefore identifying the ascending thoracic VA as be-
ing derived from the second thoracic ISA (arrow).

FIG 9. A 31-year-old woman with an atypical descending thoracic VA. A,
DSA, left supreme intercostal artery injection, posteroanterior projec-
tion, subtracted view shows an example of a descending thoracic VA
originating from the supreme intercostal artery (atypical form of Krass-
nig5); in this case, there is no connection with the cervical VA. The su-
preme intercostal artery provides the C7 (a) and T1 (b) ISAs as well as the
lateral branch of the T2 ISA (c). A prominent ascending branch curves
sharply downward to enter the first costotransverse space and continues
caudally as a descending thoracic VA (black arrow) passing through the
T2 and T3 the costotransverse spaces. This descending thoracic VA pro-
vides the T3 ISA (d) and the medial branch of the T2 ISA (gray arrowhead).
Note the opacification of the T4 ISA (e) via a small paravertebral anasto-
motic connection (as shown in Fig 1, right side). The C7 ISA provides both
an anterior (black arrowhead) and a posterior (white arrowhead) radicu-
lomedullary artery. B, DSA, left supreme intercostal artery injection, pos-
teroanterior projection, nonsubtracted view of same image.

FIG 10. Schematic representation of 2 types of descending thoracic VA
variants.ThedescendingthoracicVA(atypical formofKrassnig5)depictedon
the right side is, as in Fig 9, connected with the supreme intercostal artery
rather than the cervical VA. In the configuration shown on the left side
(atypical form of Bühler21), the descending thoracic VA is the downward
continuation of a thoracic ISA of aortic origin. a. indicates artery.

FIG 11. Examples of vertebral configurations similar to but distinct
from thoracic VAs. A, CTA, sagittal MIP reconstruction. This case
shows a descending branch with an appearance similar to that of a
descending thoracic VA (arrow). However, the bifurcation is located
at C5–C6, and the descending branch stops at C7, short of the first
costotransverse space. There is, therefore, no thoracic segment. B,
CTA, coronal MIP reconstruction, shows a vertebral artery originating
from the aorta distal to the subclavian artery and entering the sev-
enth transverse foramen (arrow). This vessel corresponds to a persis-
tent seventh ISA and has no thoracic component.
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Clinical Relevance
Spine surgeons and interventionists must be aware of the exis-

tence of thoracic VAs because their injury during a vertebral pro-

cedure may prove significant, notably in cases of ascending tho-

racic VAs supplying the posterior fossa. One or more abnormally

conspicuous costotransverse space may be the only sign indi-

cating the presence of such a variant on preoperative imaging

(Fig 7C).

These variants also have a significant angiographic impor-

tance. Thoracic VAs may, through one of their frequent radicu-

lomedullary branches, supply a spinal vascular malformation or

be involved in the development of spinal cord ischemia. Similarly,

because ascending thoracic VAs participate in the vascularization

of the posterior fossa, they may play a role in vertebrobasilar in-

FIG 14. Vertebral artery variant in a 55-year-old woman. This left
vertebral injection (posteroanterior projection, subtracted, A, and
nonsubtracted, B, images) documents a vertebral artery that orig-
inates from the supreme intercostal artery (ie, a persistent seventh
ISA) and enters the transverse canal at C7 (arrow). Because the
vertebral artery becomes dominant in the adult stage, it falsely
suggests an opposite relationship (ie, a supreme intercostal artery
of vertebral origin).

FIG 12. First known representation of a descending thoracic ver-
tebral artery by Joseph Maclise for Richard Quain in 1844 (Fig 5,
Plate XXII).22 The figure accurately depicts a typical descending
thoracic VA on the right side (12) and an atypical form on the left
(12�), as later defined by Krassnig.5 While both vessels are clearly
coursing within the costotransverse spaces, the distinction from
the supreme (or superior) intercostal arteries has not yet been
established. The original legend is the following: “The left vertebral
enters the last cervical vertebra. On the right side the superior
intercostal artery is derived from the vertebral, and passes down-
wards into the thorax through the foramen in the transverse pro-
cess of the seventh cervical vertebra, and afterward between the
necks of the ribs and the corresponding transverse processes of
the dorsal vertebræ. It will be observed that the superior intercos-
tal of the other side descends also between the ribs and the pro-
cesses of the vertebræ; and that the first aortic intercostal branch
occupies a similar position in reference to the bones.” 6 indicates
right vertebral, 6�, left vertebral; 12, right superior intercostal; 12�,
left superior intercostal; 12†, first aortic intercostal; 13, deep cervi-
cal (arteria profunda cervicis).

FIG 13. Reproduction of the original Fig 21 of Pensa,23 showing an
example of a typical descending thoracic VA providing T1 partially and
T2 entirely. The supreme intercostal artery (originating from an unla-
beled costocervical trunk) is clearly distinguished from the thoracic
VA, both in the illustration and in the Pensa’s text, the latter empha-
sizing the respective precostal and retrocostal locations of the 2 ves-
sels. However, the nomenclature remains uncertain; Pensa labeled the
descending thoracic VA as an arteria intercostalis suprema (A.i.s). V
indicates vertebral artery; T.t.c, thyrocervical trunk.
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sufficiency or supply an intracranial aneurysm or vascular mal-

formation. They can also represent a source of embolic material,

either of atheromatous or iatrogenic origin.

Finally, the possibility that a descending thoracic VA can con-

tribute to the bronchial vascularization must be kept in mind

when investigating a hemoptysis of elusive origin.

In summary, thoracic VAs are anastomotic chains similar to

normal cervical VAs but extending through at least 1 costotrans-

verse space. They can be divided into ascending and descending

types that differ by their origin, course, and clinical implications.
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ORIGINAL RESEARCH
FUNCTIONAL

Reduction of Motion Artifacts and Noise Using Independent
Component Analysis in Task-Based Functional MRI for

Preoperative Planning in Patients with Brain Tumor
X E.H. Middlebrooks, X C.J. Frost, X I.S. Tuna, X I.M. Schmalfuss, X M. Rahman, and X A. Old Crow

ABSTRACT

BACKGROUND AND PURPOSE: Although it is a potentially powerful presurgical tool, fMRI can be fraught with artifacts, leading to
interpretive errors, many of which are not fully accounted for in routinely applied correction methods. The purpose of this investigation
was to evaluate the effects of data denoising by independent component analysis in patients undergoing preoperative evaluation for
glioma resection compared with more routinely applied correction methods such as realignment or motion scrubbing.

MATERIALS AND METHODS: Thirty-five functional runs (both motor and language) in 12 consecutive patients with glioma were analyzed
retrospectively by double-blind review. Data were processed and compared with the following: 1) realignment alone, 2) motion scrubbing,
3) independent component analysis denoising, and 4) both independent component analysis denoising and motion scrubbing. Primary
outcome measures included a change in false-positives, false-negatives, z score, and diagnostic rating.

RESULTS: Independent component analysis denoising reduced false-positives in 63% of studies versus realignment alone. There was also
an increase in the z score in areas of true activation in 71.4% of studies. Areas of new expected activation (previous false-negatives) were
revealed in 34.4% of cases with independent component analysis denoising versus motion scrubbing or realignment alone. Of studies deemed
nondiagnostic with realignment or motion scrubbing alone, 65% were considered diagnostic after independent component analysis denoising.

CONCLUSIONS: The addition of independent component analysis denoising of fMRI data in preoperative patients with glioma has a
significant impact on data quality, resulting in reduced false-positives and an increase in true-positives compared with more commonly
applied motion scrubbing or simple realignment methods.

ABBREVIATIONS: BOLD � blood oxygen level– dependent; ICA � independent component analysis; DVARS � root-mean-square of the derivatives of the
differentiated time courses of every brain voxel for each acquired volume; MD � mean displacement; TC � task correlation

Functional MR imaging has become a widely used tool for ex-

amining the function of the brain, during both tasks and rest.

Currently, the primary clinical impact of fMRI is in presurgical

planning, including both epilepsy and tumor applications. The

use of preoperative structural and functional images during brain

tumor resection has been shown to decrease the duration of the

operation, reduce operative complications, and improve patient

survival.1,2 Unfortunately, fMRI comes with limitations, several

of which can lead to impactful interpretive errors.

Blood oxygen level– dependent (BOLD) functional MR imag-

ing relies on the detection of subtle signal changes related to the

relationship of oxy- and deoxyhemoglobin as a surrogate marker

of neuronal activity.3,4 Ideally, signal change should not exist out-

side that created by perturbations of this balance in oxygenated

and deoxygenated blood; unfortunately, numerous other contri-

butions to the signal change confound fMRI data, such as artifacts

related to head motion, physiologic noise, and scanner-related

noise.5-8 In fact, at higher magnetic field strengths, including 3T,

the dominant signal in BOLD imaging has been shown to be re-

lated to physiologic noise.9

Unfortunately, many of the methods routinely used to correct

for these artifacts do not fully account for their effect on the

data.5,10-12 For example, the regularly used “motion correction”

algorithms in many fMRI processing programs simply result in

spatial realignment of individual voxels for the scan duration.

Used in this context, the term “motion correction” is a misnomer.
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It is essential to understand that these typical rigid-body motion-

correction algorithms do not account for significant variance in

the data produced by myriad motion-related artifacts.10,11,13 Two

major culprits are those related to a changing susceptibility profile

in the scanner and the effect of the spatial location of spin mag-

netization saturation, more commonly referred to as spin-history

artifacts.11 Likewise, numerous other prospective and retrospec-

tive methods designed to account for motion-, physiologic-, and

scanner-related effects have shown limited improvement.14-18

The use of independent component analysis (ICA) for remov-

ing the nuisance effects in fMRI data has grown in popularity.19-21

Fundamentally, ICA separates a mixture of signals in a dataset

into its individual signal components. ICA is commonly ex-

plained with the analogy of a cocktail party, in which the recorded,

indistinct sound from numerous conversations can be decon-

structed into individual voices. ICA denoising has been shown to

increase statistical significance and sensitivity, resulting in fewer

false-positives and false-negatives.22 The goal of our study was to

evaluate the role of ICA denoising on fMRI data of patients un-

dergoing preoperative planning for brain tumor resection.

MATERIALS AND METHODS
The requirement for informed consent was waived in this Health

Insurance Portability and Accountability Act– compliant retro-

spective study, which was approved by the University of Florida

institutional review board. Thirty-five runs from 12 consecutive

patients undergoing preoperative planning for glioma resection

were retrospectively reviewed. Various language (semantic deci-

sion [6/35], sentence completion [3/35], word generation [5/35],

picture naming [3/35]) and motor (finger [6/35], foot [4/35],

tongue [2/35], face [6/35]) paradigms were used. See On-line Ta-

ble 1 for details of the task designs. All patients were trained on the

tasks by the administering physician (E.H.M.).

Image Acquisition
MR imaging data were acquired on a 3T Verio scanner (Siemens,

Erlangen, Germany) with a 12-channel head coil. In an attempt to

minimize head motion, the head was tightly packed with mold-

able foam. The importance of reducing head motion was ex-

plained to patients. A volumetric T1-weighted MPRAGE se-

quence with a voxel size of 1 � 1 � 1 mm, TR � 2530 ms, TE � 3.5

ms, TI � 1100 ms, and flip angle � 7° was obtained. BOLD-EPI

images used a 3.5 � 3.5 � 3.5 mm voxel size with a 0.7-mm

intersection gap, TR � 2000 ms, TE � 30 ms, and flip angle � 78°,

with an oblique axial interleaved acquisition. All patients were

monitored and scanned by the administering physician (E.H.M.).

Data Processing
Echo-planar images were processed with the fMRIB Software Li-

brary (FSL, Version 5.0; http://www.fmrib.ox.ac.uk/fsl).23 Pre-

processing of all datasets included realignment (Motion Correc-

tion using FMRIB’s Linear Image Registration Tool [MCFLIRT];

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MCFLIRT),24 section-timing

correction, and spatial smoothing (5-mm full width at half max-

imum). The preprocessed data were then processed using 4 dif-

fering methods. First, the preprocessed, realigned data were pro-

cessed without any further manipulation. Second, motion

scrubbing was performed by regressing individual volumes that

exceeded a strict threshold for excessive section-signal variation

based primarily on mean displacement and root-mean-square of

the derivatives of the differentiated time courses of every brain

voxel for each acquired volume (DVARS), as described in Power

et al.25 Third, ICA analysis was performed (Multivariate Ex-

ploratory Linear Optimized Decomposition into Independent

Components [MELODIC]; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

MELODIC), and nuisance components were manually identified

by visual inspection of components by an experienced ICA user

(E.H.M.) and were removed by using the fsl_regfilt command.

The methodology of characterizing components as noise- or task-

related signal is based on the methodology used in the excellent re-

view presented in Kelly et al.26 Last, both ICA denoising and motion

scrubbing were performed, as previously described.

Data were analyzed using the FSL General Linear Model

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/GLM) with cluster thresh-

olding in FMRIB Expert Analysis Tool (FEAT; http://fsl.fmrib.ox.

ac.uk/fsl/fslwiki/FEAT). Identical threshold levels were applied

to all 4 processing methods to determine the effects of the 4 pro-

cessing pipelines on statistical significance. Processed EPI data

were then linearly registered to the T1-weighted structural images

(FMRIB Linear Image Registration [FLIRT]; http://www.fmrib.

ox.ac.uk). Data for all 4 processing methods were overlaid to

detect differences in each methodology. Two neuroradiolo-

gists with functional imaging experience (E.H.M., I.S.T.) inde-

pendently and blindly evaluated the overlaid data to assess the

presence or absence of expected activation based on the task,

amount of noise, and change in statistical significance (z score

variance) of the activated areas and whether any or all of the pro-

cessing methods were considered diagnostic. Diagnostic studies

were defined as showing all expected areas of activation for the given

task regardless of tumor location, to minimize the subjectivity of the

meaning of diagnostic versus nondiagnostic. The subjective mea-

sures of noise, new real areas of activation, and diagnostic ability for

each method resulted in 560 individual binary data points, which

were entered in to an assessment of reader agreement. Disagreements

were settled by a third blinded reader (I.M.S.).

Data Analysis
We extensively evaluated image quality and tabulated 3 primary

motion parameters: mean displacement (MD), task correlation

(TC), and DVARS. For MD, each functional run was placed in 1 of

3 categories from none/mild, moderate, to severe, as follows:

�1-mm MD throughout the study, 1- to 2-mm MD in �4 spikes,

or any MD of �2 mm or �1 mm for �4 spikes. Likewise, DVARS

was categorized as the following: no spikes of �5% signal change

from volume to volume, 1–5 spikes of �5%, or �5 spikes of

�5%. TC was categorized as r � 0.05, 0.05 � r � 0.2, or r � 0.2.

Due to the ordinal and nominal nature of the data, contin-

gency analysis was used with motion parameters (ordinal) as in-

dependent measurements to evaluate their relationships to the

nominal, binary (yes/no) response outcome measures. The Cochran-

Armitage exact test for trend was appropriate to capture the

power of the ordinal motion parameter measurements to assess

statistical significance; the Fisher exact test was used when the

motion parameter data were collapsed into binary variables
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(eg, assessing ICA-salvaged diagnostic studies). �2 was used to

assess expected-versus-observed effects among the 12 subjects,

including subject-level variation of the motion parameter severity

and comparing the number of diagnostic-versus-nondiagnostic

scans when realignment alone, motion scrubbing, ICA, or both

ICA and motion scrubbing was applied.

RESULTS
The 2 readers’ independent evaluations agreed in 97% (546/560)

of individual recorded data points; only 14 evaluations required a

tie-breaker with a blinded third reader (On-line Table 2).

Motion Parameters
The individual motion parameters are illustrated in Fig 1. A severe

rating was present in 1 of the 3 motion parameters in 60% (21/35)

of studies and in �1 motion parameter in 17% (6/35) of studies.

MD and DVARS were patient-specific: Half of patients had none/

mild MD (�2 � 35.5, P � .034), while half of patients accounted

for nearly all (17/20) moderate or severe DVARS (�2 � 39.3, P �

.013). In contrast, task-correlated motion of �0.05 was observed

in at least 1 paradigm in all 12 patients, with severe task-correlated

motion distributed across 8 patients (�2 � 20.6, P � .547). While

there were no statistical differences in motion parameters be-

tween language and motor studies, motor tasks accounted for 8 of

the 12 severe TC motion studies (On-line Fig 1).

fMRI Statistical Analyses
ICA denoising resulted in demonstrable improvement in overall

fMRI quality. ICA denoising decreased the level of noise (false-

positives) in the activation maps in 63% (22/35) of cases com-

pared with realignment alone. A reduction in noise after ICA de-

noising was not correlated with any individual motion parameter

or combination thereof. ICA also improved the statistical signifi-

cance in regions of expected activation in 71.4% (25/35) of cases

compared with realignment or motion scrubbing alone. ICA im-

proved fMRI statistics, as assessed by an increase in the z score in

areas of expected activation, in almost all scans with high MD (7/8

and 3/3 cases of moderate and severe MD, respectively; z � �1.75,

P � .040). Additionally, ICA improved fMRI statistics with mod-

erate or high TC (z � �1.80, P � .036) and when MD and TC

were considered together (z � �1.92, P � .049). New expected

areas of activation (previous false-negatives) were present only

after ICA denoising in 34.3% (12/35) of the datasets and were not

correlated with any motion parameter. Motion scrubbing alone

did not reveal new areas of expected activation (previous false-

negatives) compared with realignment alone or ICA. The combi-

nation of ICA and motion scrubbing showed no difference from

ICA alone.

Diagnostic Quality
Most important, ICA denoising improved the diagnostic value of

the fMRI studies (Fig 2). After realignment alone, 10 of the 12

patients had at least 1 nondiagnostic scan (�2 � 14.9, P � .186; Fig

2, upper graph), with 3 patients having all nondiagnostic-quality

scans. In all, 57% (20/35) of scans were deemed nondiagnostic

when corrected with realignment only. ICA denoising rendered

diagnostic 65% (13/20) of the previously nondiagnostic scans,

increasing the overall percentage of diagnostic scans from 42.9%

to 80.0% (�2 � 6.3, P � .001). Moreover, ICA denoising im-

proved the diagnostic outcome for 11 of 12 patients, with 8 pa-

FIG 1. Distribution of motion parameters in each individual subject
showing the number of functional runs characterized as having a
none/mild, moderate, or severe rating in each of the 3 recorded pa-
rameters (DVARS, task-correlated motion, and MD).

FIG 2. Distribution of diagnostic and nondiagnostic scans for each
correction method per subject.
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tients having all scans of diagnostic quality (�2 � 22.5, P � .021;

Fig 2, lower graph). Notably, all 7 scans (in 4 patients) that re-

mained nondiagnostic after ICA denoising contained severe TC

and/or DVARS (z � 2.76, P � .004). In contrast, motion scrub-

bing failed to improve any of these scans to the point of being

diagnostic (Fig 2, second graph), which is in line with the failure of

motion scrubbing to reveal any new areas of activation compared

with motion correction alone.

Motion scrubbing alone increased the statistical significance

in expected areas of activation in 20% (7/35) of the scans com-

pared with realignment alone but only showed improved statisti-

cal significance versus ICA denoising in 1 case (with low MD,

severe TC, and moderate DVARS). Motion scrubbing had the

greatest effect in those scans with moderate-severe ratings in TC

alone (z � �1.75, P � .040) or to a lesser extent when MD and TC

were considered together (z � �1.67, P � .054). The addition of

motion scrubbing to ICA denoising did not show any improve-

ment over ICA denoising alone.

DISCUSSION
Based on the previously reported success of ICA in improving

data quality in both task-based and resting-state fMRI studies, our

goal was to investigate its utility in preoperative planning for pa-

tients undergoing resection for gliomas. We found improvement

in statistical significance and decreased noise, resulting in fewer

false-positives and, perhaps more important, an increase in true-

positives, similar to findings in studies in patients without tu-

mors.20,27,28 We also found that a proportion of studies, other-

wise nondiagnostic when processed with traditional methods,

were diagnostic after ICA denoising.

As previously discussed, underlying motion-related artifacts,

physiologic noise, and scanner-related noise, which are ubiqui-

tous in fMRI, have serious detrimental effects on fMRI interpre-

tation. The first of these, subject motion, is becoming an increas-

ingly recognized cause of fMRI misinterpretation. For example, a

prominent theory in autism that touted decreased long-range

connections was eventually shown to be related to increased head

motion in the autistic group relative to controls.12,29 For any user

of fMRI, it is essential to have a thorough understanding of mo-

tion and related artifacts. An important tenet of high-quality

fMRI is homogeneity of the B0 magnetic field. When an object is

introduced into the bore of the scanner, the field becomes dis-

torted and is corrected for with a shimming procedure. However,

if the object moves once in the bore, this shim effect is lost and the

susceptibility profile of the object changes. This change can result

in drastic changes in signal intensity and geometric distortion that

cannot be corrected by typical realignment procedures.11,13 Shifts

as small as 2° can potentially create large areas of false-positive

activation regardless of intensive thresholding.13

A second major consideration regarding patient motion in

fMRI is signal change as a result of spin-history artifacts. Given the

typical short TRs in fMRI, the brain achieves a steady-state of

incomplete longitudinal magnetization recovery after a few TRs.

This recovery is slightly out of phase in any individual section.

Once the head moves, these voxels will be shifted into a different

plane, resulting in either a lower- or higher-than-expected

amount of recovery in sections obtained prior or subsequent to

the reference section, respectively. This unexpected change in

magnetization recovery can have a substantial effect on signal

intensity.11 While abrupt motion with a large amount of displace-

ment can have noticeable effects on the signal intensity, minimal

amounts of motion (�1-mm displacement) can have a substan-

tial impact on the data if the motion is frequent. Because this

movement is low-amplitude, one cannot expect to see significant

outliers in mean signal intensity across volumes. Spin-history ar-

tifacts are best assessed by DVARS, which assesses the volume-to-

volume signal change.25 In our data, we found this frequent, low-

amplitude motion (�1 mm) effect to be the most common source

of nondiagnostic studies.

Third, when signal fluctuations from artifacts, such as the

previously mentioned spin-history artifacts and susceptibility

changes, create a time-series similar to the experimental de-

sign, commonly referred to as “task-correlated motion,” the

artifactual component is generally inseparable from task-re-

lated signal change.8,28,30 Our results show that task-correlated

motion has a strong prevalence in nondiagnostic studies, includ-

ing studies that are not even improved by ICA denoising. Al-

though neurovascular uncoupling could potentially be the source

of these nondiagnostic studies, the prevalence of task-correlated

motion suggests that this may also be an etiology. Given the im-

pact of TC on study outcomes, the assessment of this parameter

should be a routine part of fMRI data quality analysis.

Physiologic noise is also a major source of variance in BOLD

fMRI data and is primarily related to fluctuations in basal metab-

olism, cardiac and respiratory effects, and subtle motion effects

from brain pulsation. In fact, it has been shown that physiologic

noise at a higher field strength (3T) is the dominant source of

noise in fMRI and even counteracts much of the gain in signal-

to-noise ratio and contrast-to-noise ratio when moving to higher

magnetic field strengths.9,31 Due to the typically short TRs used in

fMRI, the frequency of these artifacts results in their aliasing into

the task-related signal.7 Because this noise is structured, nonwhite

noise, it does not meet the statistical assumption that errors are

independent and identically distributed; therefore, it will have a

significant impact on most statistical modeling.32 Similarly, scan-

ner-related noise, such as thermal noise, drift, and imperfections

in the coil, radiofrequency, gradient, and shim subsystems and

various other minor contributors, produces similar effects.9 Our

study revealed a large decrease in false-positives with use of ICA

versus other methods; however, the ICA decrease in false-positives

did not correlate with any motion parameters. This finding could

suggest that removal of physiologic and scanner noise is also a major

contributor to improvement seen with ICA versus other methods.

Many attempts have been made to reduce artifacts in fMRI;

however, they remain extremely problematic. There are generally

2 types of artifact-correction systems, hypothesis-driven and

data-driven. Hypothesis-driven systems include prospective mo-

tion-correction systems, such as the use of navigator sequences,33,34

optical motion tracking,16,18,35 or methods of measuring physiologic

parameters during the scan (ie, heart rate, respiratory rate, and so

forth) that are then used to apply filters to the data or used as nuisance

regressors.7,14 Unfortunately, these methods have been difficult to

implement due to inaccurate cardiac or respiratory peak detection,

variability in results with differing TRs, lag in the motion data, and
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increased radiofrequency pulses resulting in decreased temporal res-

olution. Furthermore, no single method accounts for all sources of

noise present in the data.5,7,32,36

Data-driven approaches, such as removal or regression of vol-

umes with signal changes above a threshold (motion scrubbing)

or regression of motion parameters, do not account for all sources

of artifacts and have limited effect.5,25 The limited effect on qual-

ity improvement is evident when volumes are discarded on the

basis of motion parameters alone, because motion artifacts can

have serious detrimental effects, even with minor head motion

(�1 mm).8 Thus, more thorough parameters are needed when

using motion scrubbing, such as DVARS or frame-wise displace-

ment, which can detect very subtle artifactual changes in signal.25

Furthermore, motion scrubbing results in decreased statistical

power, particularly in data with numerous motion-affected vol-

umes, while images with detrimental artifacts that do not meet the

threshold for rejection still exist. Regression of the motion param-

eters can also have deleterious effects if the motion is correlated

with the task and therefore must be used with extreme caution in

task-based experiments.6 Even with these considerations, the overall

improvement gained by these methods is

minimal.5,12,25 This outcome is also likely

due, in part, to the lack of accounting for

physiologic and scanner-related noise.

There has been an increasing interest

in the use of ICA to denoise fMRI data to

improve the sensitivity and specificity of

results. The methodology behind ICA is

beyond the scope of this article (see

Stone37 for an excellent introduction),

but in short, ICA deconstructs an fMRI

time-series into unique components

(each having a spatial map and the

corresponding time course), which are

maximally spatially independent.19,22,28,37

These components can then be classified

as either artifactual/noise versus task-

related activity (see Kelly et al,26 for an

excellent review). In addition to manual

identification, numerous methods of

automated classification have been de-

scribed, primarily by using machine-

learning algorithms, but a discussion of

these methods is beyond the scope of

this article.38-43 The artifactual compo-

nents consist of a variety of physiologic

processes, motion-related artifacts, scanner-
related noise, aliasing, and so forth.
Once identified, these artifactual com-
ponents can be removed from the data-
set before statistical analysis, such as
with the General Linear Model. The im-
proved statistical modeling results in in-
creased sensitivity and specificity, with
reduction of false-positives and in-
creased true-positives (Fig 3).20,27,28

Previous studies evaluating the use of
ICA in task-based presurgical fMRI have

yielded mixed results.21,44,45 While these studies were the first to
explore ICA in the presurgical setting, they relied on the extrac-
tion of a single component from the ICA analysis results that best
modeled the task. This approach can be problematic because task-
related activation can often be distributed across multiple com-
ponents.46 An approach rendering the most accurate and reliable
results is to remove those components reflecting structured or
random noise during preprocessing and then to process the de-
noised dataset with statistical modeling. Additionally, these stud-
ies were performed at 1.5T, in which physiologic noise and sus-
ceptibility-related changes are substantially lower than at 3T, so
the results may not be directly applicable to higher field strengths.

The results of this study highlight the benefits of ICA denois-
ing in presurgical mapping for tumor resection, even at higher
field strengths. The reduction in false-positives related to these
nuisance variables also reduces the number of surgical false-pos-
itives. Furthermore, this reduction has the effect of providing the
surgeon with “cleaner” activation maps. Additionally, we have
demonstrated that in some cases, true-positive activation was
only identified with the use of ICA denoising, the lack of which
could have had detrimental effects on the operation (Fig 4). The

FIG 3. Processed fMRI data from 3 different subjects. Each case shows ICA-denoised data in blue,
motion-scrubbed data in red, and overlapping areas of ICA-denoised data and motion-scrubbed
data in green. The first case (A) is a motor finger task in a patient with a left parietal glioma. The
primary motor cortex for the right finger (arrow) is only seen after ICA denoising. Likewise,
the supplementary motor area (arrowhead) shows a slight increase in statistical significance.
The second subject (B) is undergoing a motor face task with severe task-correlated motion
and severe DVARS showing no major change in the primary motor face cortex (arrow);
however, the number of motion-related false-positives (noise) is markedly reduced. The
third case (C) is a semantic decision task in which no meaningful activation is present on the
motion-scrubbed data. Expected areas of activation in the anterior and posterior language
areas are clearly present after ICA denoising.
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appearance of otherwise undetected activation is likely due to
improved statistical significance achieved by the removal of overlap-
ping nuisance signal or artifacts in the area of true activation (Fig 5).
This effect was most dramatic in patients with a higher incidence of
motion-induced artifacts. However, when motion was correlated
with the task, the motion-induced signal changes were gener-
ally indistinguishable from the task itself and any improve-
ment in data quality with ICA denoising, as well as motion
scrubbing, was often negligible. Last, we have shown an overall
improvement in statistical significance of activated voxels with
the use of ICA denoising.

Notable limitations of the current study include its retrospec-
tive nature. Because limited evidence exists on the effects of ICA
denoising in the surgical setting, we do not believe that the pro-
spective use of this technique is yet warranted. In this retrospec-
tive design, a strong inherent bias is present when assessing
whether the results would alter patient treatment or decision-
making, and as such, this assessment was not included in the
analysis. Additionally, precise intraoperative mapping data were
not collected in a structured fashion; this omission limits the abil-
ity to directly correlate with surgical data in all patients. Likewise,
an inherent limitation of many surgical mapping studies is the
inability to test all activation sites from limited craniotomies. To

address these limitations, we relied on a double-blind expert re-
view of activation maps to assess activation in expected areas on
the basis of the task administered. We believe these limitations do
not detract from the objective of this study in identifying data-quality
improvement with ICA denoising relative to other standard methods
of fMRI data denoising. Future prospective studies should be aimed
at evaluating the impact on decision-making and patient outcomes.

CONCLUSIONS
The addition of ICA denoising of fMRI data in preoperative pa-

tients with glioma has a significant impact in data quality, result-

ing in reduced false-positives and an increase in true-positives

compared with more commonly applied motion scrubbing or

simple realignment methods.
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ABSTRACT

BACKGROUND AND PURPOSE: Diffusion and fMRI has been providing insights to brain development in addition to anatomic imaging. This
study aimed to evaluate the microstructure of white matter tracts underlying the default mode network in premature infants by using resting-
state functional MR imaging in conjunction with diffusion tensor imaging–based tractography.

MATERIALS AND METHODS: A cohort of 44 preterm infants underwent structural T1-weighted imaging, resting-state fMRI, and DTI at 3T,
including 21 infants with brain injuries and 23 infants with normal-appearing structural imaging as controls. Neurodevelopment was
evaluated with the Bayley Scales of Infant Development at 12 months’ adjusted age. Probabilistic independent component analysis was
applied to resting-state fMRI data to explore resting-state networks. The localized clusters of the default mode network were used as
seeding for probabilistic tractography. The DTI metrics (fractional anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity) of the
reconstructed primary tracts within the default mode network– cingula were measured.

RESULTS: Results revealed decreased fractional anisotropy (0.20 � 0.03) and elevated radial diffusivity values (1.24 � 0.16) of the cingula
in the preterm infants with brain injuries compared with controls (fractional anisotropy, 0.25 � 0.03; P � .001; radial diffusivity, 1.06 � 0.16;
P � .001). The Bayley Scales of Infant Development cognitive scores were significantly associated with cingulate fractional anisotropy (P �

.004) and radial diffusivity (P � .021); this association suggests that the microstructural properties of interconnecting axonal pathways
within the default mode network are of critical importance in the early neurocognitive development of infants.

CONCLUSIONS: This study of combined resting-state fMRI and DTI at rest suggests that such studies may allow the investigation of key
functional brain circuits in premature infants, which could function not only as diagnostic tools but also as biomarkers for long-term
neurodevelopmental outcomes.

ABBREVIATIONS: AD � axial diffusivity; BI � brain injuries; BSID-III � Bayley Scales of Infant Development; DMN � default mode network; FA � fractional anisotropy;
GA � gestational age; IVH � intraventricular hemorrhage; MD � mean diffusivity; RD � radial diffusivity; RSNs � resting-state networks; WMI � white matter injury

Prematurely born infants face heightened risks of brain inju-

ries, such as intraventricular hemorrhage (IVH) and white

matter injury (WMI). The brain injuries may disrupt normal ce-

rebral development and result in long-term neurodevelopmental

disabilities, including cognitive impairment, behavioral prob-

lems, and psychiatric alterations.1-3 A brain neural network is a

series of interconnected neurons whose information is continu-

ously processed and transported between structurally and func-

tionally linked brain regions.4 The maturation of neural networks

plays an important role in cortical development because neural

activity is essential for refining and shaping the intricate circuitry

of the nervous system.5 Recently, a growing number of studies

have used noninvasive resting-state fMRI to characterize these

networks during brain development.6-11

Resting-state fMRI enables the detection of spontaneous spa-

tially coherent fluctuations of the blood oxygen level– dependent

signals at rest.12 Application of resting-state fMRI has led to the

identification of the resting-state networks (RSNs) encompassing

regions of the brain involved in attention, language, behavior, and

cognitive function.13,14 Resting-state fMRI is a promising tech-

nique for the study of cerebral development in infants because no

specific task performance or cognitive ability is required.7-11,15
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Several recent studies have observed the emergence of RSNs in the

brains of preterm infants, noting that visual, auditory, somato-

sensory, motor, default mode, frontoparietal, and executive con-

trol networks develop at different rates.7-11,16 Among the RSNs,

the most widely studied is the default mode network (DMN),

which is associated with cognitive development.17-19 In adults, the

DMN consists of the medial prefrontal cortex, the posterior cin-

gulate cortex/precuneus, the inferior parietal cortex, and their

associated connections. Functional “connectivity” between the

main nodes is supported by an underlying structure of white mat-

ter pathways, with the cingulum as the key tract that interconnects

the anterior and posterior core regions of the DMN.20 Damage to

the cingulum may result in a broad range of brain disorders.17-19

Until now, little was known about the characteristics of the struc-

tural pathways underlying the DMN in premature infants. Here,

we implemented resting-state fMRI, combined with diffusion

tensor imaging– based tractography, to characterize the white

matter pathways within the premature infant DMN.

DTI assesses random motion of water molecules within bio-

logic tissue and provides insight into microstructure.21,22 In the

tensor model, which has 3 eigenvalues that represent the magni-

tude of diffusion in 3 orthogonal axis directions,21 fractional an-

isotropy (FA) is calculated from the variance of the 3 eigenvalues

to indicate the degree of anisotropy.23 Mean diffusivity (MD) is

the average of the 3 eigenvalues and a scalar measure of the total

diffusion.24 The eigenvector corresponding to the maximum dif-

fusivity is assumed to be directed parallel to the largest group of

white matter fibers. Its eigenvalue is referred to as axial diffusivity

(AD). The secondary and tertiary eigenvectors oriented perpen-

dicular to the primary eigenvector and the average of their eigen-

values are referred to as “radial diffusivity” (RD). The aims of the

present study were the following: 1) to determine the structural

pathway of the DMN in these 2 groups of infants (injured and

control) and to compare the DTI measures between them; and 2)

to further investigate their correlation with longitudinal brain

neurocognitive development. We hypothesized that significantly

different diffusion parameters would be found in infants with

brain injuries compared with normally developing infants. It was

also hypothesized that the microstructural architecture inferred

by water diffusion of the cingula would be associated with cogni-

tive functioning.

MATERIALS AND METHODS
Subjects
Fifty-one preterm infants, 25 males and 26 females, born prema-

turely between 24.7 and 32.3 gestational weeks (mean, 28.8 � 1.8

weeks) underwent MR imaging at 29.8�35.6 gestational weeks

(32.2 � 1.5 weeks). All datasets were visually inspected, and 7

were excluded due to the severe motion artifacts. The datasets of

the remaining 44 infants who had a complete and successful (no

signal loss or severe artifacts) MR imaging session were included.

Radiologic assessments were completed by neuroradiologists ex-

perienced in neonatal imaging, including the IVH and WMI scor-

ing systems as follows: IVH score: 0, absent; 1, germinal matrix

hemorrhage; 2, intraventricular hemorrhage, volume of blood of

�50% of the ventricular volume; 3, intraventricular hemorrhage,

volume of blood of �50% of the ventricular volume; and 4,

periventricular hemorrhagic infarction. WMI scores were the fol-

lowing: 0, absent; 1, minimal, up to 3 foci of WMI, each �2 mm;

2, moderate, �3 foci of WMI of �2 mm or any foci of �2 mm;

and 3, severe, �5% of hemisphere involved. The infants were

divided into 2 groups: 21 infants with brain injuries (BI) (13 males

and 8 females; gestational age [GA], 29.1 � 1.9 weeks) and 23

infants with normal-appearing brains (13 males and 10 females;

GA, 29.1 � 1.5 weeks); the latter were controls. A subset of

participants (13 of 44 infants) had 12-month follow-up neu-

rodevelopmental studies, and the developmental outcome was

evaluated with the Bayley Scales of Infant Development (BSID-

III), which has separate composite scores for cognitive, motor,

and language skills. The study was approved by the institu-

tional review board, and written inform consent was given by

the infants’ parents.

MR Imaging Acquisition
Scans were obtained by using a 3T GE MR750 scanner (GE

Healthcare, Milwaukee, Wisconsin). Structural 3D sagittal T1 in-

version recovery–prepared fast-spoiled gradient-echo images

were obtained with the following parameters: flip angle � 15°,

FOV � 18 cm, and voxel size � 1 � 1 � 1 mm. T2*-weighed

functional MR imaging scans were collected with a gradient-echo

pulse sequence (TR/TE/flip angle � 2 s/20 ms/90°, FOV � 24 cm,

voxel size � 4 � 4 � 4 mm, and no gap). Whole-brain DTI was

acquired with a spin-echo echo-planar imaging diffusion se-

quence (FOV � 25.6 cm, acquisition matrix � 128 � 128, TR/

TE � 5 s/minimum, voxel size � 2 � 2 � 2 mm). Diffusion

gradients were applied in 30 noncollinear and noncoplanar direc-

tions with b�600 s/mm2.

Functional Image Processing
Data processing was performed by using FSL, Release 5.0 (http://

www.fmrib.ox.ac.uk/fsl). Preprocessing procedures included the

following: motion correction with MCFLIRT (http://fsl.fmrib.ox.

ac.uk/fsl/fslwiki/MCFLIRT)25; section-timing correction; brain

extraction with the FSL Brain Extraction Tool (BET; http://fsl.

fmrib.ox.ac.uk/fsl/fslwiki/BET)26; spatial smoothing with a Gauss-

ian kernel of full width at half maximum of 6 mm; and high-pass

temporal filtering with 100 seconds. Functional MR imaging data

were aligned to the T1-weighted image with 12 df. The structural

scan was aligned with the Montreal Neurological Institute pedi-

atric atlas (http://www.bic.mni.mcgill.ca/ServicesAtlases/NIHPD-

obj2) by using nonlinear registration. Transformation of the

functional results into Montreal Neurological Institute space

was performed following concatenation of the 2 alignments

into a single matrix. All spatially normalized fMRI data were

resampled to 1-mm3 resolution. FSL Multivariate Exploratory Lin-

ear Decomposition into Independent Components (MELODIC;

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MELODIC27) was used to per-

form an independent component analysis on the fMRI data of all the

subjects (n�44) and to automatically estimate the dimensions of the

independent components.

Diffusion Image Processing
DTI data were processed with the FMRIB Diffusion Toolbox

(FDT; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT).28 A standard
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FDT multistep procedure was performed, including the follow-

ing: 1) image-quality check (any gradient directions with signal

dropouts caused by excessive motion were removed and not in-

cluded in the analysis29); 2) motion and eddy current correction;

3) correction of gradient directions for any image rotation during

the previous motion and eddy current correction; 4) removal of

skull and nonbrain tissue by using the BET; 5) tensor reconstruc-

tion by using a weighted least-squares fit was performed via DTIFit

(http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/fdt/fdt_dtifit.html) within FDT

to create DTI scalar images, including FA, MD, and 3 eigenvalues.

The RD maps were computed as the average of the 2 minor eigen-

value images. The MD, AD, and RD values were reported in square

millimeters/second � 10�3.

Probabilistic Tractography
Fiber tracking was performed by using ProbtrackX (http://fsl.fmrib.ox.

ac.uk/fsl/fslwiki/FDT/UserGuide#PROBTRACKX_-_probabilistic_

tracking_with_crossing_fibres) in FSL.30 First, diffusion parameters

were estimated at each voxel by using BedpostX (http://fsl.fmrib.ox.

ac.uk/fsl/fslwiki/FDT/UserGuide#BEDPOSTX). ProbtrackX was

then used to estimate the distribution of connections with 5000

streamline samples, a step length of 0.5 mm, and a curvature

threshold of 0.2. We used the localized regions of the DMN (z �

2.6) in the resting-state fMRI analysis as seed regions. Seed regions

were transformed from standard space (Montreal Neurological

Institute pediatric 1-mm3 standard brain) to each individual dif-

fusion space by using a nonlinear transform (standard2diff) with

12 df. Generated pathways are volumes in which values at each

voxel represent the number of stream-

lines passing through that voxel and,

therefore, the probability of a connec-

tion between paired seed regions. To re-

move background noise, we thresholded

pathways in each individual to include

only voxels with at least 100 samples

passing through them (of 5000 initiated

streamline samples).31 Pathways in each

subject were binarized and overlaid to

produce population probability maps

for each pathway, in which voxel values

represent the number of subjects in

whom a pathway is present. The popu-

lation probability maps were thresh-

olded at 50% of the maximum number

of participants who had overlapping

connections between paired seed re-

gions to generate a group tract map.32,33

The obtained group tract map was then

transformed to individual diffusion

space and binarized to mask the FA,

MD, AD, and RD maps for DTI metrics

measurement.

Statistical Analysis
Statistical analysis was performed by us-
ing SPSS Statistics 22 (IBM, Armonk,
New York). The Kolmogorov-Smirnov
test of normality was used to confirm the

normal distribution of BSID-III scores and DTI metrics (P � .05).
A 2-tailed independent-samples t test was used to compare the
birth GA, postmenstrual age at scan, and birth weights between
the 2 groups. General linear regression was performed to compare
the DTI metrics between groups, correcting for the birth GA,
postmenstrual age at scan, sex, and birth weights. To investigate
the association between the DTI metrics and BSID-III cognitive
scores, we performed partial correlations; and the birth GA, post-
menstrual age at scan, sex, and birth weights were also included as
nuisance covariates.

RESULTS
Demographics
The 2-tailed independent-samples t test demonstrated that there

was no significant difference in birth GA (BI, 29.1 � 1.9 weeks;

control, 29.1 � 1.6 weeks; P � .96), GA at scanning (BI, 32.4 � 1.6

weeks; control, 32.2 � 1.5 weeks; P � .76), and birth weights (BI,

1278 � 290 g; control,1241 � 273 g; P � .65) between groups. The

detailed demographic information of the infants is summarized in

On-line Table 1.

RSNs
Forty-three independent components were obtained from group

independent component analysis decomposition across all the

subjects (n � 44). RSNs were identified on the basis of the loca-

tion and the frequency spectrum. Ten known RSNs were selected

(Fig 1), including the medial visual network, lateral visual net-

work, auditory network, salience network, motor network, DMN,

FIG 1. RSNs (z � 2.6) identified by group independent component analysis in preterm infants (n �
44). MVN indicates medial visual network; LVN, lateral visual network; AN, auditory network; SN,
salience network; MN, motor network; PFN, prefrontal network; BTN, brain stem and thalami;
FCN, frontal cortical network; and CBLN, cerebellum network.
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prefrontal network, brain stem and thalami network, frontal cor-

tical network, and cerebellum network. Fourteen additional RSNs

were found as the subnetworks of these 10 RSNs, such as the visual

network and prefrontal network as well as the subcomponents of

some known RSNs, such as the frontoparietal network and executive

control network (On-line Figure). Only noise or artifacts were found

in the remaining 19 RSNs. The RSN of interest in the current study is

the DMN. As shown in Fig 1, the DMN generated from the group

independent component analysis on 44 preterm infants contains the

regions of the medial prefrontal cortex (cluster size�162 voxels) and

posterior cingulate cortex/precuneus (411 voxels).

Group Comparison in DTI Metrics of the Reconstructed
Cingula
As shown in Fig 2, the bilateral cingulum bundles, which are the

primary fiber tracts connecting the medial prefrontal cortex and

the posterior cingulate cortex/precuneus, were reconstructed.

Figure 3 shows the group comparison in DTI metrics of the re-

constructed cingula. The FA values in the BI group (0.20 � 0.03)

were significantly lower than those in the control group (0.25 �

0.03, F � 26.79, P � .001). The MD and RD values were both

elevated in the BI group (MD, 1.32 � 0.17; RD, 1.24 � 0.16)

compared with the control group (MD, 1.19 � 0.16; F � 6.44, P �

.015; RD, 1.06 � 0.16; F � 13.35, P � .001). No significant differ-

ence was found in AD between the 2 groups (BI, 1.47 � 0.19;

control, 1.44 � 0.18; F � 0.12, P � .731).

Association between DTI Metrics and BSID-III Scores
As shown in Fig 4, the cognitive scores were positively correlated

with the FA values (r � 0.848, P � .004) and negatively correlated

with the RD values (r � �0.746, P � .021). In addition to cogni-

tive scores, we also examined the association between the DTI

metrics and the language and motor scores. Language scores were

positively associated with the FA values (r � 0.782, P � .013) but

not significantly correlated with the MD, AD, or RD values. The

motor scores were not correlated with the DTI metrics (On-line

Table 2).

DISCUSSION
In the present study, resting-state fMRI was used to identify key

RSNs and localize the medial prefrontal cortex and posterior cin-

gulate cortex/precuneus within the DMN in prematurely born

infants. We found that the DTI metrics within the cingula, the

primary fiber tracts connecting the medial prefrontal cortex and

posterior cingulate cortex/precuneus, were altered in the preterm

infants with brain injuries. DTI abnormalities within the cingula

were also significantly associated with decreased cognitive scores

at 12 months of age. Our findings support the hypothesis that

microstructural abnormalities of the DMN are present in preterm

infants with brain injuries and are associated with impaired neu-

rocognitive development. To the best of our knowledge, this is the

first investigation of the microstructure of a specific neural network

relevant to the neurocognitive development in preterm infants.

In 2007, Fransson et al10 performed the first study of RSN

development in 12 preterm infants at 41 weeks’ postmenstrual

age. A presumed precursor of the DMN was observed in Fransson

et al.8,9 Gao et al11 explored the temporal and spatial development

within the DMN and observed a primitive and incomplete DMN

in 2-week-old neonates. Doria et al7 performed a longitudinal

investigation to explore early development of RSNs from 29

weeks’ postmenstrual age to term-equivalent age in 62 preterm

infants. In line with the previous studies, the main architecture of

the DMN, including the medial prefrontal cortex and posterior

FIG 2. Group tract map of the reconstructed cingula. Each voxel
value represents the probability that subjects had some cingula in it.

FIG 3. Boxplots illustrate the group differences in DTI metrics. The
asterisk indicates P � .05.

FIG 4. Scatterplots illustrate the correlation between BSID-III cogni-
tive scores and DTI metrics in 13 infants, including 6 with brain injuries
(red rectangle) and 7 controls (blue circle). It was found that the
cognitive score is positively associated with FA and negatively asso-
ciated with RD.
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cingulate cortex/precuneus, was observed in our study, while

other regions that are commonly observed in the DMNs of adults

were not found, such as inferior parietal cortex, lateral temporal

cortex, and hippocampal regions. Emerging evidence suggests

that the posterior cingulate cortex and medial prefrontal cortex

are consistently observed in the DMN and serve as 2 main “hubs”

involved in different aspects of cognitive function.11,34 The me-

dial prefrontal cortex might be involved in self-referential activity,

mentalizing processes, and theory of mind, while the posterior

cingulate cortex is more associated with implicit memory.35 As

the structural foundation of the functional connectivity between

these 2 hubs, the underlying white matter tracts, therefore, are

vital to the neural signal transmission between the medial pre-

frontal cortex and posterior cingulate cortex.

By combining probabilistic independent component analysis

and probabilistic tract reconstruction, we provide in vivo evi-

dence that the microstructural architecture of the primary white

matter tract within the DMN-cingula is disrupted in preterm in-

fants with brain injuries. The BI group showed significantly lower

FA and elevated MD and RD values compared with the control

group. This change in DTI metrics of the white matter was con-

sistent with the previous DTI studies in preterm infants.15,36-38

Counsell et al36 found that the apparent diffusion coefficient val-

ues were significantly higher in the infants with white matter in-

jury than that in the infants with normal-appearing white matter

in the frontal, central, and posterior white matter at the level of the

centrum semiovale in 50 preterm infants at term-equivalent age.

Thompson et al37 scanned 116 infants and found that perinatal

white matter abnormality and IVH were associated with increased

diffusivity in the white matter of very preterm infants. Very re-

cently, Morita et al38 evaluated the cerebellar and cerebral white

matter of 42 preterm infants and found that preterm infants with

IVH had lower FA values compared with infants without IVH.

Until now, no studies have assessed the microstructure of the

cingulum bundles in the preterm infant with brain injuries, to our

knowledge. Our results first revealed the altered FA, MD, and RD

values of the cingula in the BI group compared with the normal-

appearing preterm infants. In preterm infants, low FA likely indicates

low axonal fiber density, delayed premyelination, or increased water

content. In our study, increases in RD with little change in AD were

observed in the preterm infants with brain injuries. This finding sug-

gests that the changes in anisotropy are not simply explained by

changes in brain-water content and more likely reflect the micro-

structural changes, causing decreased hindrance to water diffusion

perpendicular to the direction of axonal fibers.

Within the cingula, we found that higher FA was associated

with decreased cognitive abilities, and lower RD correlated with

better cognitive and language scores of infants at 12 months of

age. This finding is in accordance with the previous longitudinal

studies in preterm infant neurodevelopment.37,39 van Kooij

et al40 performed Tract-Based Spatial Statistics (TBSS; http://fsl.

fmrib.ox.ac.uk/fsl/fslwiki/TBSS) analysis on 63 preterm infants

and found that the FA in the corpus callosum at term-equivalent

age was positively correlated with cognitive outcome (measured

by the BSID-III) at 2-year corrected age. Thompson et al37 found

that higher RD was associated with increased risk of impairment

in motor and executive functions at 7 years of age in premature-

born children. Currently, the results of our study demonstrate a

correlation between cognitive performance and the cingula white

matter microstructure measured at an early and critical phase of

neurologic development. Previous studies have reported diffusiv-

ity decreasing and anisotropy increasing with increasing GA,41-43

and they are, therefore, signs of physiologic maturation. Indeed,

these trends of diffusion metrics with progressive white matter

maturation have been shown to continue throughout infancy and

childhood. Using partial correlation to exclude the effects of ag-

ing, our study reveals that microstructural changes or delayed

maturation in the developing white matter of the cingula might

result in long-term neurocognitive impairment.

Several limitations to the present study should be considered.

First, we did not delineate the anatomic representations of RSNs

in the BI or control group separately. Preliminary results have

demonstrated significant differences in RSN development in pre-

term infants with common forms of neuropathology.44 In a fu-

ture study, we will apply independent component analysis with

dual regression to resting-state fMRI data to investigate the al-

tered brain circuits in preterm infants with brain injuries. Second,

we focused on the DMN and its underlying primary white matter

tract– cingulum bundles in this study. Other brain regions and

neuronal tracts may be associated with neurocognitive develop-

ment in infants. Nonhypothesized DTI analysis, such as TBSS,

would be helpful to investigate the specificity of this effect. Third,

the sample size (n � 13, including 6 with brain injuries) of our

follow-up study was small. We are continuing to enroll additional

subjects in the longitudinal study to explore the association be-

tween DTI metrics and neurodevelopment outcome for each

group. Last, there may be microhemorrhages that may influence

the diffusion measurements; however, as indicated by the results,

the MD in the BI group is elevated in comparison with the control

group; this finding suggests that susceptibility effects from mi-

crobleeds are small.

CONCLUSIONS
This study employed a multimodal imaging approach to evaluate

the microstructural architecture of the DMN in preterm infants.

Our results provide evidence that the microstructure of the pri-

mary white matter tracts connecting the medial prefrontal cortex

and the posterior cingulate cortex/precuneus within the DMN-

cingula were disrupted in the preterm infants with brain injuries.

Our findings reveal that higher degree of microstructural archi-

tecture of the cingula is associated with better neurocognitive

abilities at 12 months, which suggests that the microstructural

properties of the interconnecting axonal pathways between the 2

main hubs within the DMN play a critical role in the infants’

neurodevelopment.
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Brain Network Architecture and Global Intelligence in Children
with Focal Epilepsy

X M.J. Paldino, X F. Golriz, X M.L. Chapieski, X W. Zhang, and X Z.D. Chu

ABSTRACT

BACKGROUND AND PURPOSE: The biologic basis for intelligence rests to a large degree on the capacity for efficient integration of
information across the cerebral network. We aimed to measure the relationship between network architecture and intelligence in the
pediatric, epileptic brain.

MATERIALS AND METHODS: Patients were retrospectively identified with the following: 1) focal epilepsy; 2) brain MR imaging at 3T,
including resting-state functional MR imaging; and 3) full-scale intelligence quotient measured by a pediatric neuropsychologist. The
cerebral cortex was parcellated into approximately 700 gray matter network “nodes.” The strength of a connection between 2 nodes was
defined by the correlation between their blood oxygen level– dependent time-series. We calculated the following topologic properties:
clustering coefficient, transitivity, modularity, path length, and global efficiency. A machine learning algorithm was used to measure the
independent contribution of each metric to the intelligence quotient after adjusting for all other metrics.

RESULTS: Thirty patients met the criteria (4 –18 years of age); 20 patients required anesthesia during MR imaging. After we accounted for
age and sex, clustering coefficient and path length were independently associated with full-scale intelligence quotient. Neither motion
parameters nor general anesthesia was an important variable with regard to accurate intelligence quotient prediction by the machine
learning algorithm. A longer history of epilepsy was associated with shorter path lengths (P � .008), consistent with reorganization of the
network on the basis of seizures. Considering only patients receiving anesthesia during machine learning did not alter the patterns of
network architecture contributing to global intelligence.

CONCLUSIONS: These findings support the physiologic relevance of imaging-based metrics of network architecture in the pathologic,
developing brain.

ABBREVIATIONS: BOLD � blood oxygen level– dependent; IQ � intelligence quotient

Epilepsy is a common neurologic condition defined by recur-

rent, unprovoked seizures that affect 1% of the population,

including 1 in 200 children.1 In contrast to epilepsies encountered

in the adult population, developmental lesions are the most fre-

quent source of medically intractable seizures in children.2 Surgi-

cal resection in the setting of such focal epilepsies represents an

attractive management option.3 However, even in the most highly

selected cohorts, outcomes remain highly variable.4 Evidence sug-

gests that such inconsistencies may reflect so-called “focal” epi-

lepsies being, in many cases, associated with extensive alterations

of the cerebral network.3,5,6

With advances in MR imaging, the architecture of the cerebral

network is now accessible to systematic study.7 Resting-state

functional MR imaging, which measures the blood oxygen level–

dependent (BOLD) signal with time, is one method by which a

neural network can be constructed. Because the sequence is task-

free, it is of great potential value to young or developmentally

impaired children, in whom cooperation with task-based func-

tional imaging and neuropsychological evaluation may not be

possible. Regions of the brain that interact to contribute a given

function continue to exhibit similar BOLD fluctuations at rest.8

Hence, with resting-state fMRI, the strength of a connection be-

tween brain regions is inferred on the basis of the degree of cor-

relation between their BOLD signal time courses. Connectivity

defined in this manner can then be used to create a comprehensive
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map of connections in the brain.7 Within this framework, the

brain is represented as a collection of “nodes,” or anatomic ele-

ments in the network, and the connection between each pair of

nodes is represented by an “edge.”

Once constructed, the architecture of the network can be sum-

marized at the whole-brain scale according to graph theory.9 An

array of graph theory metrics has been described, each of which

has the potential to capture specific topologic features of the net-

work.9 In general terms though, most metrics measure, in some

way, the degree to which the network supports either integration

across or functional subspecialization within the brain. Previous

studies using network metrics derived from resting-state fMRI

have demonstrated differences from normal in various disease

states, including epilepsy.10-14 More recently, incremental “dose-

response” relationships between brain network efficiency, as

quantified by graph theory, and global intelligence have been re-

ported in both adults15,16 and healthy children.17 Although these

findings point to the potential for network metrics to provide

physiologically meaningful markers of cognitive function, few

data exist regarding these relationships in the pathologic setting.

Nor is it known whether such markers maintain their physiologic

meaning when imaging is performed with the patient under gen-

eral anesthesia, a state of consciousness known to alter neurovas-

cular coupling and BOLD synchrony.18

The goals of this study were 2-fold: to determine which metrics

of global network architecture are most closely related to intelli-

gence in the pediatric, epileptic brain; and to determine whether

such relationships continue to emerge when functional images are

acquired with the patient under anesthesia.

MATERIALS AND METHODS
This Health Insurance Portability and Accountability Act– com-

pliant study was approved by the local institutional review board.

Informed consent was waived. Patients were identified retrospec-

tively from the medical record with the following inclusion crite-

ria: 1) pediatric age group (21 years of age or younger); 2) diag-

nosis of focal epilepsy19 by a pediatric epileptologist based on

clinical history and seizure semiology; 3) MR imaging of the brain

performed at 3T, including a resting-state fMRI sequence; and 4)

full-scale intelligence quotient (IQ) measured according to an

age-appropriate version of the Wechsler Intelligence Scales ad-

ministered by a pediatric neuropsychologist within 3 months of

the MR imaging. Refinements to the above-defined population

were planned on the basis of the following exclusions: 1) any brain

operation performed before the MR imaging, and 2) motion or

other artifactual degradation of image quality.

MR Imaging
All imaging was performed on a 3T Achieva system (Philips

Healthcare, Best, the Netherlands) with a 32-channel phased ar-

ray coil. We obtained the following sequences: 1) structural im-

ages: sagittal volumetric T1-weighted images (TR/TE, 7.2/2.9 ms;

1 acquisition; flip angle, 7°; TI, 1100 ms; FOV, 22 cm; voxel, 1 �

1 � 1 mm); 2) resting-state fMRI: axial single-shot EPI fMRI

(TR/TE, 2000/30 ms; flip angle, 80°; 1 acquisition; FOV, 24 cm;

matrix, 64 � 64; voxel, 3.75 � 3.75 � 3.75 mm; 300 volumes;

duration, 10 minutes) performed in the resting state. Patients not

receiving anesthesia during the examination were instructed to lie

quietly in the scanner with their eyes closed. All images were vi-

sually inspected for artifacts, including susceptibility and subject

motion.

Image Processing and Analysis

Network Node Definition. A processing pipeline was imple-

mented by using Matlab scripts (Version 7.13; MathWorks,

Natick, Massachusetts), in which adapter functions were embed-

ded to execute FreeSurfer reconstruction (Version 5.3.0; http://

surfer.nmr.mgh.harvard.edu), and several tools in the FSL suite

(http://www.fmrib.ox.ac.uk/fsl).20 First, reconstruction of cere-

bral cortical surfaces was performed on the T1 structural image by

using FreeSurfer. This processing stream includes motion correc-

tion, skull stripping, intensity normalization, segmentation of

white matter and gray matter structures, parcellation of the gray

matter–white matter boundary, and surface deformation follow-

ing intensity gradients, which optimally place the gray matter/

white matter and gray matter/CSF borders at the location where

the greatest shift in intensity defines the transition between tissue

classes.21,22 FreeSurfer outputs were visually inspected for accu-

racy by using the FreeView software (http://surfer.nmr.mgh.

harvard.edu), to assure appropriate placement of the pial and

gray-white surfaces for each patient.

Next, a self-developed Matlab program was applied to the

FreeSurfer outputs, including the pial and gray-white surfaces, to

further subdivide the 75 standard parcels according to their sur-

face area (as defined on the FreeSurfer gray-white surface mesh).

During this process, each cortical parcel was iteratively divided

into 2 new parcels of equal size until the surface area of each parcel

was less than a predefined threshold value of 350 mm2. Each sur-

face parcel was then converted into a volume mask of gray matter

at that region; each resulting volume of interest formed a node on

the network. The number of nodes in each patient’s network

ranged from 539 to 841 (mean, 690.7 � 66.3).

Network Edge Definition. The first 5 images in each resting-state

sequence were discarded to allow magnetization to reach equilib-

rium. Preprocessing and independent component analysis of the

functional datasets were performed by using FSL MELODIC

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MELODIC), including mo-

tion correction, section-timing correction, brain extraction, spa-

tial smoothing (Gaussian kernel of full width at half maximum of

5 mm), and high-pass temporal filtering equivalent to a wave-

length of 100 seconds (0.01 Hz). Noise related to motion and

other physiologic nuisance was addressed according to an inde-

pendent component analysis technique.23 Nonsignal compo-

nents were removed manually by an expert operator with 5 years

of experience using independent component analysis in this pa-

tient population. Although the optimal strategies for noise re-

moval in fMRI remain the subject of debate,24,25 an independent

component analysis technique was selected because it has been

shown to minimize the impact of motion on network metrics

while, at the same time, decreasing the loss of temporal df and

preserving the signal of interest across a variety of resting-state

datasets.24 Motion parameters measured during preprocessing

were summarized for each patient as “translation” (the root mean

350 Paldino Feb 2017 www.ajnr.org



square of the 3 translational parameters) and “rotation” (root

mean square of 3 rotational parameters). These translation and

rotation estimates were then included as covariates in the ma-

chine learning analysis (see below). The functional image volume

for each patient was registered to that individual’s skull-stripped

structural T1 dataset by using the FMRIB Linear Image Registra-

tion Tool (FLIRT; http://www.fmrib.ox.ac.uk). The inverse trans-

formation matrix was calculated in this step and was subsequently

used to transform all masks from structural to functional space.

All registrations were inspected for accuracy. Voxelwise BOLD

signal time-series were averaged over each node. The strength of

an edge (connection) between 2 nodes was specifically defined as

the absolute value of the Pearson correlation coefficient between

their BOLD time-series.

Graph Construction and Network Met-
ric Calculation. Weighted, undirected

connection matrices were constructed,

consisting of the pair-wise correlation

between BOLD time-series over all net-

work nodes (see an example in Fig 1).

Graphs for each patient were thresh-

olded according to a Bonferroni-cor-

rected P value as follows26: 1) The P

value for each pair-wise correlation in

the connection matrix was multiplied by

(N2 � N) / 2 to correct for multiple

comparisons, and 2) edges with a cor-

rected P value � .05 were then set to

zero.

For each weighted, undirected con-

nection matrix, the following topologic

properties were calculated by using

Matlab scripts provided in The Brain

Connectivity Toolbox (http://www.

brain-connectivity-toolbox.net): clus-

tering coefficient, transitivity, modular-

ity, characteristic path length, and global

efficiency. A brief description for each

metric is provided in Table 1. To account for the differences in

brain volume, and therefore intrinsic network size, that are inher-

ent to a pediatric population, we normalized each raw network

metric to the corresponding metric computed on a random net-

work of identical size.27

Statistical Analyses
Statistical testing was performed by using the R statistical soft-

ware package, Version 3.0.2 (http://www.r-project.org). A ma-

chine learning method was used to quantify the independent

contribution of the measured network metrics to global intel-

ligence. In other words, the importance of each network metric

was computed after adjusting for the contribution of all other

network metrics (as well as for age, sex, translational and rota-

tional motion [measured during fMRI preprocessing in FSL],

and the use of anesthesia during MR imaging). This analysis

was accomplished by using a random forest approach, which

has been previously described in detail.28 In short, this ensem-

ble learning method operates by constructing a multitude of

decision trees during training and outputting the mean of pre-

dictions from individual trees. It is based on bootstrap aggre-

gating, or bagging, in which numerous models are fitted during

individual bootstrap samples and then are combined by aver-

aging. During training, approximately one-third of the cohort

is omitted at random from the training set: This omitted por-

tion of the dataset is considered “out-of-bag.” The IQ of each

individual held out of bag is then predicted on the basis of the

“learned” model. This process is repeated 1000 times, each

time with a new, randomly selected out-of-bag cohort. The

independent contribution of an individual variable is esti-

mated by measuring the error for IQ prediction in the out of

bag cohort compared with the error that results when that

particular variable is negated during bagging. This method was

FIG 1. The importance of global metrics of network architecture with respect to full-scale
intelligence quotient. The independent contribution of each metric was estimated as the error of
the prediction of IQ of the machine learning algorithm compared with the error that results when
that metric is negated. The most negative value of importance defines the limit of noise. Hence,
variables with importance greater in magnitude than the most negative variable are significant.

Table 1: Metrics of network architecture
Metric Description

Clustering
coefficient

The fraction of the nodes of a given neighbor
that are also neighbors of each other;
reflects segregation/subspecialization in
the network

Transitivity The fraction of node triplets in the network
that form a completely connected triangle;
reflects segregation/functional
subspecialization in the network

Modularity The degree to which nodes tend to segregate
into relatively independent modules;
reflects segregation/subspecialization
within the network

Characteristic
path length

Minimum number of edges required to
traverse the distance between 2 nodes
averaged over the network; reflects the
ease of information transfer across the
network

Global efficiency Inverse of the mean characteristic path
length averaged over the network; reflects
integration in the network
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selected for 1 main reason: Other statistical methods, including

regression, generate a model based on data from a given cohort

and then assess the fit of the model on the same individuals.

This machine learning algorithm, by contrast, tests the predic-

tive capacity of the generated model on a subset of the cohort

held out of bag. In other words, the capacity of the model to

predict IQ is tested in a previously unseen subset of patients.

Machine learning approaches, therefore, represent an attrac-

tive method by which metrics derived from quantitative imag-

ing can be assessed with respect to their potential translation

into clinically meaningful information at the level of a single

patient.29

For all variables deemed important above, the relationships

to global intelligence were further quantified by using linear

regression. The goal of this step was not to confirm the impor-

tance of the variables above but rather to demonstrate graph-

ically the nature of the relationships measured by the machine

learning algorithm. A potential relationship between impor-

tant variables and the span of epilepsy history was also assessed

by linear regression.

Finally, the impact of anesthesia on the relationship be-

tween network architecture and intelligence was interrogated

as follows: 1) the Wilcoxon rank sum test (corrected for mul-

tiple comparisons) was used to assess potential differences in

network metrics between sedated and nonsedated patients

(corrected � � .05); 2) the machine learning analysis was re-

peated, this time only considering the subset of patients who

underwent anesthesia during the MR imaging examination;

and 3) for variables deemed important

in step 2, the relationships to global

intelligence were again demonstrated

graphically by using linear regression.

RESULTS
Patients
Imaging was performed from June

2013 to June 2015. Forty patients met

the inclusion criteria. Ten were ex-

cluded on the basis of prior brain sur-

gery. Thirty patients with focal epi-

lepsy (age range, 4 –18 years; median

age, 13 years; 15 males) composed the

final study group. Of this cohort, 5 pa-

tients had structurally normal brains

and 25 patients had demonstrable

structural abnormalities at MR imag-

ing, including focal cortical dysplasia

(n � 9), mesial temporal sclerosis (n �

6), low-grade tumor (n � 4), a single

epileptogenic tuber in the setting of

tuberous sclerosis (n � 3), subependy-

mal gray matter heterotopia (n � 1),

hypothalamic hamartoma (n � 1),

and prior hypoxic-ischemic insult

(n � 1). An age-appropriate version of

the Wechsler Intelligence Scales was

successfully administered in all pa-

tients; full-scale intelligence quotient

in the cohort ranged from 49 to 129

(median, 88). Of the total study group,

20 patients required general anesthesia

during the imaging examination on

the basis of guidelines from the Amer-

ican Academy of Pediatrics.30 The spe-

cific medications administered during

MR imaging are provided in Table 2.
FIG 2. Graphic representation of the relationships of path length (A) and clustering coefficient (B)
to the full-scale intelligence quotient.

Table 2: Anesthetic medications administered during MR
imaging

Drug Combination
No. of

Patients
Age Range

(median) (yr)
Propofol only 9 9–17 (11)
Propofol � sevoflurane 6 8–16 (14)
Propofol � Dex 4 4–19 (15)
Propofol � sevoflurane � Dex 1 11–11 (11)
None 10 9–19 (16)

Note:—Dex indicates dexmedetomidine.
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Network Architecture and Intelligence
All brains demonstrated small-world organization, characterized

by high clustering coefficients and path lengths approaching those

of a random graph. In general terms, both segregation (functional

subspecialization) and integration in the network were important

contributors to global brain function. In particular, after ac-

counting for age and sex, the clustering coefficient and path

length were independently associated with full-scale IQ (Fig 1).

Both clustering coefficient (r � 271; P � .0018) and path

length (r � 107; P � .0016) were directly related to full-scale

IQ (Fig 2). Notably, neither motion parameters nor general

anesthesia was an important variable with regard to accurate

IQ prediction by the machine learning algorithm (Fig 1). Net-

work size (the number of nodes in a patient’s network) simi-

larly did not impact the relationship between metrics and IQ

(Fig 1). A longer history of epilepsy was associated with shorter

path lengths (P � .008), consistent with reorganization of the

network on the basis of seizures. Clustering coefficient, by con-

trast, was not related to seizure history (P � .81).

Regarding the potential impact of

general anesthesia on the utility of net-

work construction, network metrics in

patients who required anesthesia during

MR imaging did not differ significantly

from those in nonsedated patients (P

range, .51–.87). Furthermore, consid-

ering only patients requiring anesthesia

during machine learning did not alter

the patterns of network architecture

contributing to global intelligence (Fig

3). Finally, for the entire cohort, cluster-

ing coefficient (r � 262; P � .01) and

path length (r � 89; P � .04) were both

directly related to full-scale IQ in this

subset of children (Fig 4).

DISCUSSION
We report 2 main findings in children

with focal epilepsy: 1) Two metrics of

network architecture, clustering coeffi-

cient and path length, were indepen-

dently associated with full-scale IQ; and

2) these relationships between network

architecture and global intelligence per-

sisted in patients whose functional im-

ages were acquired while they were un-

der general anesthesia.

Most higher order functions of the

human brain are not accomplished by

individual functional centers compart-

mentalized to a particular region of the

cortex. Rather, they emerge from paral-

lel processing within subspecialized but

distributed functional systems. A com-

plex neural network, formed by some

1010 neurons, forms the structural sub-

strate for efficient interaction between

local and distributed areas of the cere-

brum. Within this network, segregation into relatively indepen-

dent local neighborhoods provides an architectural framework

for functional subspecialization. Yet a complete range of function

only emerges from efficient integration of these subspecialized

neighborhoods across the entire brain. While these 2 properties

might seem to be mutually antagonistic— efficient integration is

best supported by a random network with a high proportion of

long-range edges (short path length), while segregation requires a

network with primarily local connections (high clustering coeffi-

cient)—the recent description of small-world networks by Watts

and Strogatz31 has provided critical insight toward resolving this

inconsistency. They observed that within the framework of math-

ematic models, the addition of a small number of long-range con-

nections to a locally connected graph has little effect on the clus-

tering coefficient but reduces the path length to approximately

that of a random graph. In graph theoretic terms, then, small-

world networks have both high clustering coefficients, like regular

networks, and short path lengths, like random networks. Hence,

FIG 3. The importance of global metrics of network architecture with respect to the full-scale
intelligence quotient for patients requiring anesthesia (A) and those who were nonsedated (B).
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small-world organization is an effective means by which both

functional subspecialization and integration can be concomi-

tantly supported by the same network. It has been suggested that

small-world properties and the resulting efficiency of the network

constitute the biologic underpinnings of cognitive function in the

human brain.15,17,32 We observed that both segregation (cluster-

ing coefficient) and integration (path length) were important fea-

tures of the network with regard to global intelligence, consistent

with this idea. In addition, these same relationships were detected

in the subset of patients anesthetized according to various drug

regimens that included propofol. This last point has important

implications for both the pediatric and epilepsy populations,

many of whom require anesthesia during MR imaging acquisi-

tion. Together, our findings suggest that the metrics of network

architecture have the capacity to probe physiologically relevant

features of the neural network in a clinical population of children

with epilepsy.

In our cohort, shorter path lengths were associated with lower

full-scale IQ scores. This relationship
was largely mediated by seizure history;
a long history of epilepsy portended
short path length, suggesting that ongo-
ing seizures are associated with rewiring
of the cerebral network. These findings
reinforce the idea that network metrics
in epileptic brains may not have the
same physiologic meaning as in healthy
subjects. Synaptic efficacy, according
to the Hebbian theory on neural plastic-
ity, arises from repeat and persistent
stimulation.33 In this manner, connec-
tions contributing to useful and effi-
cient subnetworks are strengthened
with time, while those associated with
less functional/inefficient networks are
pruned.34 In the setting of epilepsy,
however, synapses are strengthened
along pathways related to seizure prop-
agation, essentially hijacking Hebbian
processes.35 Connectivity in this setting
is potentiated without regard to network
function, resulting in aberrant and po-
tentially maladaptive pathways.36,37

Consistent with this idea, Liao et al38 ob-
served shorter path lengths, also related
to seizure history, in young adults with
temporal lobe epilepsy. Our findings
suggest that similar network reorganiza-
tion occurs in the pediatric population
and, furthermore, that such alterations
are indeed maladaptive. In an older co-
hort of adult patients, Vlooswijk et al39

observed increased path lengths in pa-
tients with cryptogenic localization–re-
lated epilepsy. Together these findings
raise the possibility that the impact of
seizures on the cerebral network may be

exaggerated in young patients, whose

cellular processes are primed to allow cerebral growth and

reorganization.

To our knowledge, these are the first data using network ar-

chitecture as a marker for full-scale IQ in children with epilepsy.

However, our results are consistent with work in healthy

adults15,16 and children17 that has demonstrated consistent rela-

tionships between network architecture and intelligence. As dis-

cussed above, the specific nature of these relationships is likely to

reflect the pathophysiologic mechanisms at play in a given patient

population. Hence, at any given time point, an individual’s net-

work will reflect not only the trajectories of normal brain devel-

opment but also the cumulative impact of their particular CNS

pathology. Previous studies have reported global network abnor-

malities in both adults38-40 and children41,42 with localization-

related epilepsies. Our results extend this previous work to pro-

vide evidence that such network reorganization is physiologically

meaningful with respect to brain function.

The question of general anesthesia is a complicated one

FIG 4. Graphic representation of the relationships of path length (A) and clustering coefficient
(B) to full-scale intelligence quotient for patients requiring anesthesia.
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because it can be accomplished according to a variety of drug

regimens, each of which may have a different effect on resting-

state networks.43 Of particular relevance to our work, several

groups have reported a relative decrease in connectivity within

frontoparietal44 and whole-brain45 networks during propofol-

induced loss of consciousness. However, these studies did not

include an assessment of how well the topology of the con-

structed brain networks paralleled their ultimate function. Our

work suggests that despite relative changes that likely occur

with regard to the intrinsic characteristics of the resting-state

signal, the resulting network construction retains the capacity

to capture important physiologic features of the cerebral net-

work. This idea is consistent with the findings of Liu et al,46

whose work with electrocorticography has suggested that long-

range coordination of neural activity within large-scale brain

networks is a core aspect of the physiology of the brain and

does not depend on the state of consciousness.

This study has several limitations. First, it was conducted in

a cohort of pediatric patients with focal epilepsy. Generaliza-

tion of these results to patients with other CNS disorders, or to

adults with epilepsy, may not be valid. Second, due to the study

design, it was not possible to evaluate the relative changes in

resting-state raw signal and the resulting functional networks

that occurred after loss of consciousness under anesthesia.

Along similar lines, due to the small number of patients in each

group, the impact of different drug regimens (and their respec-

tive doses) on network construction could not be interrogated.

Thus, although the physiologic relevance of network metrics

was retained across the population, the possibility remains that

the use of anesthesia altered, at least in relative fashion, the

observed relationships. We also cannot exclude the possibility

that anesthesia may completely abrogate accurate network re-

construction in some subsets of individual patients. However,

the purpose of this study was not to define the exact impact of

anesthetic agents on resting-state networks. Rather, we sought

to determine whether it is generally feasible to obtain physio-

logically relevant information from images acquired with the

patient under anesthesia according to the general clinical

workflow within a radiology department. Future inquiry re-

garding the specific drug regimens that allow construction of

networks that most closely parallel the true physiology of the

brain would be of great future value to this field of study.

CONCLUSIONS
We report 2 main findings in children with focal epilepsy: 1) Met-

rics of network architecture derived from resting-state functional

networks were important contributors to full-scale IQ, and 2) the

relationships between network architecture and intelligence were

robust to general anesthesia. Our results suggest that imaging-

based markers of network architecture indeed capture physiolog-

ically relevant information with regard to the function of the

pathologic brain and, furthermore, that this information can be

acquired with the patient under general anesthesia. In sum, our

findings support the potential for resting-state fMRI to provide

clinically meaningful markers of network function in children

with epilepsy.
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First-Line Use of Core Needle Biopsy for High-Yield Preliminary
Diagnosis of Thyroid Nodules

X H.C. Kim, X Y.J. Kim, X H.Y. Han, X J.M. Yi, X J.H. Baek, X S.Y. Park, X J.Y. Seo, and X K.W. Kim

ABSTRACT

BACKGROUND AND PURPOSE: Although core needle biopsy was introduced as a diagnostic alternative to fine-needle aspiration, the
utility and safety of core needle biopsy for thyroid nodules in a large population has yet to be studied comprehensively. We evaluate core
needle biopsy yields on a large-scale basis to investigate its potential in the preliminary diagnosis of thyroid nodules.

MATERIALS AND METHODS: Between March 2005 and December 2013, 2448 initially detected thyroid nodules from 2120 consecutive
patients who underwent core needle biopsy were retrospectively evaluated. Of these, 72 thyroid nodules from 63 patients were excluded
due to prior fine-needle aspiration attempts. The inconclusive and conclusive result rates, diagnostic accuracy, sensitivity, specificity,
positive predictive value, negative predictive value, and unnecessary surgery rate of core needle biopsy were evaluated.

RESULTS: With core needle biopsy as the first-line method, the inconclusive result rate was 11.9% (283/2376) and the conclusive result rate
was 88.1% (2093/2376). The diagnostic accuracy, sensitivity, specificity, positive predictive value, and negative predictive value of core
needle biopsy for the diagnosis of malignancy were 96.7% (1160/1200), 89.7% (347/387), 100% (813/813), 100% (347/347), and 95.3% (813/853),
respectively. There were no major complications and 12 minor complications.

CONCLUSIONS: We have demonstrated that first-line use of core needle biopsy may well improve diagnostic accuracy in thyroid
nodules, reducing inconclusive or false-negative results and unnecessary operations. Such benefits underscore the promising role of core
needle biopsy in managing thyroid nodules and optimizing related surgical decision-making.

ABBREVIATIONS: AUS � atypia of undetermined significance; CNB � core needle biopsy; FLUS � follicular lesion of undetermined significance; FNA � fine-needle
aspiration; NPV � negative predictive value; PPV � positive predictive value; US � ultrasonography

Although ultrasonography (US)-guided fine-needle aspiration

(FNA) is a safe, accurate, and cost-effective method for diag-

nosing malignancy in thyroid nodules, there are limitations.1,2 A

major drawback is the frequency of inconclusive results (ie, inde-

terminate or inadequate results), accounting for 25%–30% of

FNA results.2,3 In such instances, even repeat FNA attempts may

still be nondiagnostic (9.9%– 47.8% incidence).4-6 Nodules with

inconclusive FNA results are commonly referred for diagnostic

surgery at reported rates of 22.2%–94.7%.7-9 Although several

studies suggest that biomarkers (molecular or genetic) and clini-

cal or sonography parameters may serve to support FNA out-

comes,10-12 surgical confirmation is often still required.1,2,12

Core needle biopsy (CNB) was introduced as a diagnostic al-

ternative to FNA or tissue diagnosis. It is well-tolerated and safe

and associated with a low incidence of complications.3,4,6,13-16

However, its role has remained second-line, largely serving as a

supplement in patients with inconclusive FNA results. However, a

number of studies have reported that a diagnosis was established

via CNB in up to 98% of nodules with indeterminate FNA results;

and by performing CNB and repeat FNA in combination, 97% of

nodules with prior inadequate FNA yields are eventually diag-

nosed.4-6,14-16 Most interesting, there have been few studies to

date on the use of CNB as a first-line examination for the diagno-

sis of thyroid nodules.17-19 Consequently, the utility and safety of
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CNB for thyroid nodules in a large population have not yet been

studied comprehensively.

This study was conducted on the premise that highly diagnos-

tic yields are achievable via CNB, without undue or major com-

plications. We therefore evaluated CNB yields on a large-scale

basis to investigate its full potential in the preliminary diagnosis of

thyroid nodules.

MATERIALS AND METHODS
Study Population
This observational study was approved by the Institutional Re-

view Board of Konyang University Hospital and Daejeon Sun

Hospital, with written informed consent for data access waived.

However, all patients undergoing CNB at our facility granted

prior informed consent.

Between March 2005 and December 2013, 2448 thyroid nod-

ules detected in 2120 consecutive patients at 2 institutions,

Konyang University Hospital (n � 634) and Daejeon Sun Hospi-

tal (n � 1814), were subjected to ultrasound-guided CNB. Of

these, 72 thyroid nodules in 63 patients were excluded on the basis

of prior FNA attempts. Finally, 2376 initially detected thyroid

nodules from 2057 consecutive patients (594 men and 1463 wom-

en; mean age, 50.8 � 12.6 years, range, 11–91 years) were enrolled

in this study. These enrolled thyroid nodules underwent CNB due

to suspicious US findings (n � 1538), heavy calcifications (n �

296), high vascularity (n � 289), and requests of a small group of

referring physicians (n � 253). The physicians of this cohort pre-

ferred the CNB rather than FNA in an attempt to avoid inconclu-

sive FNA results.

Final diagnoses in malignant nodules were confirmed by post-

surgical histopathology or other pathologic documentation (in-

cluding biopsy-proved lymphoma or metastasis). Benign nodules

were also confirmed by postsurgical histopathology, by sequential

benign CNB or FNA outcomes (at least twice with intervals of �6

months), or by benign CNB findings with a nodule that was stable

or decreased in size of after 1 year (at minimum).

Analysis of US Findings
The US images were reviewed independently by 2 radiologists

(Y.J.K., and H.Y.H). The US finding of the nodules were eval-

uated for following features20,21: the size of thyroid nodules,

composition (solid, predominantly solid, predominantly cys-

tic, or cyst), shape (ovoid to round or irregular), orientation

(parallel or nonparallel), margin (smooth, spiculated, or ill-

defined), echogenicity (isoechoic, hypoechoic, markedly hy-

poechoic, or hyperechoic), and calcifications (none, macrocal-

cifications, or microcalcifications). The suspicious US findings

were defined as nonparallel orientation, spiculated margin,

marked hypoechogenicity, and the presence of micro- or mac-

rocalcifications.20,21 A suspicious malignant nodule was de-

fined if 1 of the above findings was present. If there were dis-

crepancies in the US findings, the radiologists resolved them by

consensus.

Sonography-Guided CNB Procedures
US examinations were performed by using 1 of 3 US systems: an

iU22 or HDI-5000 U (Philips Healthcare, Best, the Netherlands)

or a Logiq 9 ultrasound (GE Healthcare, Milwaukee, Wisconsin),

each equipped with a high-frequency linear probe (7–12 MHz).

All US examinations and US-guided CNBs were performed by 1

of 5 radiologists (Y.J.K., Y.S.P., D.H.O., H.Y.H., or J.M.Y.) with

�5 years of clinical experience in performing and interpreting US

images of the thyroid gland. If the nodule had a cystic portion of

�50% or necrosis, the internal fluid of the nodule was aspirated at

first and then US-guided CNB was performed on the remaining

solid portion.

Disposable 1.1-cm excursion 18-ga double-action spring-ac-

tivated needles (TSK Ace-cut; Create Medic, Yokohama, Japan)

were used for CNB, following local anesthetic injection (lidocaine

1%). Before insertion, power Doppler US was used to carefully

evaluate vessels along the biopsy course to avoid hemorrhage.

With a freehand technique, the needle was advanced into a nodule

or across its margin to obtain a tissue core, but the thyroid capsule

was avoided to prevent vessel injury. Once the nodule was pierced,

adjacent vessels were again evaluated to minimize injury and

bleeding. We measured the distance of travel (1.1 cm) before se-

quential firing of the needle stylet and cutting cannula.

Tissue cores were placed in 10% buffered formalin immedi-

ately at the completion of the procedure for conventional process-

ing. Each patient was then monitored for 10 –20 minutes with

firm local compression of the biopsy site.

Analysis of CNB Results
All CNB specimens were reviewed by board-certified attending

staff pathologists with �5 years of clinical experience (S.Y.P.,

Y.M.K., B.K.K., and H.J.L.), though thyroid CNB diagnostic cri-

teria were not yet standardized. For this study, the 6 categories of

the Bethesda System were used to classify histopathologic CNB

results.22

In the absence of any identifiable follicular elements or with

scant normal follicular content, a CNB was considered nondiag-

nostic. Benign CNB readings were those demonstrating colloid or

hyperplastic nodules and lymphocytic thyroiditis. CNB speci-

mens containing nodules with some atypical cells not diagnostic

of malignancy were interpreted as atypia (atypia of undetermined

significance [AUS]) or follicular lesions of undetermined signifi-

cance (FLUSs). These included cellular follicular nodules that

were difficult to distinguish (follicular neoplasm versus hypercel-

lular/hyperplastic nodule). Nodules with histologic features fa-

voring follicular neoplasm were categorized as suggestive of

follicular neoplasm or consistent with follicular neoplasm. “Sus-

picious for malignancy” included specimens that displayed atypia

of a borderline nature. Unequivocal malignant features were

needed for a diagnosis of malignancy.

Statistical Analysis
The statistical analysis relied on standard software (SPSS Version

18.0 for Windows: IBM, Armonk, New York). Rates of nondiag-

nostic results, malignancy, inconclusive and conclusive results,

unnecessary surgery (considered malignant by CNB but con-

firmed as benign or viewed as a follicular neoplasm by CNB but

proved to be adenomatous hyperplasia), and complications were

determined. Major complications were defined as events that

might result in admission to a hospital for therapy, an unplanned
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increase in the level of care, lengthened hospital stay, or events

that might lead to substantial morbidity or disability. Other com-

plications such as perithyroid hemorrhage or edema were consid-

ered minor complications.23

Diagnosis of malignancy included nodules with suspicious for

malignancy or malignant CNB results. Inconclusive results in-

cluded nondiagnostic and AUS/FLUS readings. With respect to

thyroid cancer, CNB was analyzed for diagnostic accuracy, sensi-

tivity, specificity, positive predictive value (PPV), and negative

predictive value (NPV).

Subgroup analysis related to sample adequacy was per-

formed according to the nodule size (�10 mm and �10 mm),

location (upper/lower and mid), composition (cyst; cystic

component �50%; and solid, cystic component �50%), and

the presence and type of calcification. Subgroup analysis re-

lated to inconclusive results was also performed according to

the nodule size, composition, location, and suspicious US

findings. The parameters of the 2 groups were compared by

using Student t tests and the �2 or Fisher exact test. Statistical

significance was set at P � .05.

RESULTS
In all patients, CNB procedures were well-tolerated without

immediate complications. The mean nodule size was 14.3 �

9.6 mm (range, 4 –93 mm), with nodules �10 mm accounting

for 62.6% (1488/2376) of the sample. Among the 888 nodules

of �10 mm, 634 nodules underwent CNB due to suspicious US

findings. Two hundred fifty-four nodules with indeterminate

US findings underwent CNB to decide the extent of the surgery

for multiple thyroid nodules or to evaluate primary malig-

nancy when cervical lymph nodes were diagnosed as meta-

static. The mean follow-up was 27.5 � 21.9 months. CNB re-

sults (n � 2376) and final diagnoses (n � 1200) are

summarized in Table 1.

Final Diagnosis
Final histopathologic diagnoses were ultimately acquired in

1200 of 2376 nodules (50.5%), all included in the outcome

analyses. Of 2376 nodules, 1176 (49.5%) were neither followed

adequately nor surgically removed to confirm prior CNB diag-

nostic assessments. Malignancies (n � 387) were diagnosed

following surgical resections (n � 379) or biopsy-confirmed

specific pathologic results, including metastasis (n � 7) or

lymphoma (n � 1). Benign nodules (n � 813) were confirmed

by an operation (193/813, 23.7%), sequential benign FNA or

CNB readings (twice at least) (83/813, 10.2%), or a minimum

1-year follow-up of stable or shrinking nodules considered be-

nign by CNB (537/813, 66.1%).

Diagnostic Utility of First-Line US-Guided CNB
Study outcomes of CNB as a first-line procedure for a preliminary

diagnosis of thyroid nodules are summarized in Fig 1 and Table 2.

In terms of detecting malignancy, CNB displayed a diagnostic

accuracy of 96.7%, a sensitivity of 89.7%, a specificity of 100%, a

PPV of 100%, and an NPV of 95.3%. The false-negative rate was

1.1% (8/742), with no false-positive results in this study. The di-

agnostic accuracy and NPV were significantly higher for nodules

of �10 mm than for nodules of �10 mm. The malignancy rate

was significantly higher for nodules of �10 mm (32.3%) than for

nodules of �10 mm (12.6%). Moreover, sensitivity, specificity,

and PPV did not show significant differences according to nodule

size. Diagnostic accuracy was not associated with the composition

and location of thyroid nodules (On-line Table 1).

Sample Adequacy and Conclusiveness
For CNB readings, the nondiagnostic rate was 4.9% (117/2376).

Of 117 nodules, 38 contained a mix of fibromuscular tissue or

normal thyroid tissue, owing to inaccurately targeted biopsies; 59

showed little or no cellular content due to cystic change or necro-

sis of a nodule; and 20 showed only hemorrhage. Nodule size

(10 mm and �10 mm) and calcification did not affect the sample

adequacy. The composition and location of the nodules were as-

sociated with the nondiagnostic results (Table 3).

Inconclusive results accounted for 11.9% (283/2376),

whereas 88.1% (2093/2376) generated conclusive outcomes.

According to our subgroup analysis, the orientation, margin,

and echogenicity of the nodules were associated with the con-

clusiveness of CNB results. The composition, size, and calcifi-

cation of nodules were not associated with the conclusiveness

of CNB results (Table 4).

Correlation of CNB Results with Surgical Findings
Of the 1200 verifiable diagnoses, 813 (67.8%) were benign and

387 (32.2%) were malignant. Five hundred seventy-two nodules

(47.7%) were surgically resected; these procedures confirmed 379

as malignant and 193 as benign (On-line Table 2).

All 339 nodules considered malignant or suspicious for malig-

nancy by CNB were confirmed as malignancies at surgery. Of the

24 nodules viewed as follicular neoplasms by CNB, 2 were adeno-

Table 1: Core-needle biopsy results and final diagnosis for initially detected thyroid nodulesa

Total CNB
(n = 2376)

Final Diagnosis
(n = 1200)

CNB <10 mm
(n = 888)

Final Diagnosis
(n = 455)

CNB ≥10 mm
(n = 1488)

Final Diagnosis
(n = 745)

Benign
(n = 813)

Malignant
(n = 387)

Benign
(n = 232)

Malignant
(n = 223)

Benign
(n = 581)

Malignant
(n = 164)

Nondiagnostic 117 (4.9) 19 (2.3) 8 (2.1) 45 (5.1) 4 (1.7) 7 (3.1) 72 (4.8) 15 (2.6) 1 (0.6)
Benign 1549 (65.2) 734 (90.3) 8 (2.1) 483 (54.4) 218 (94.0) 6 (2.7) 1066 (71.6) 516 (88.8) 2 (1.2)
AUS or FLUS 166 (7.0) 44 (5.4) 16 (4.1) 55 (6.2) 6 (2.6) 9 (4.0) 111 (7.5) 38 (6.5) 7 (4.3)
FN or SFN 70 (2.9) 16 (2.0) 8 (2.1) 18 (2.0) 4 (1.7) 1 (0.5) 52 (3.5) 12 (2.1) 7 (4.3)
Suspicious for malignancy 25 (1.1) 0 21 (5.4) 14 (1.6) 0 12 (5.4) 11 (0.7) 0 9 (5.5)
Malignancy 449 (18.9) 0 326 (84.2) 273 (30.7) 0 188 (84.3) 176 (11.8) 0 138 (84.1)

Note:—FN indicates follicular neoplasm; SFN, suspicious for a follicular neoplasm.
a Data are the number of nodules with percentages in parentheses. Percentages do not add up to 100% because of rounding.
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matous hyperplasia. Thus, unnecessary surgery was performed

for only 2 nodules (2/363, 0.6%).

Motives for resecting nodules with benign CNB results were

image-pathology discordance (benign by CNB but suspicious US

features) (n � 21), malignancy on follow-up FNA or CNB (n �

5), coexistent nodules with a resected nodule (n � 40), and pa-

tient preference or aesthetic concerns. Of the 21 nodules with

image-pathology discordance, 3 proved to be papillary carcino-

mas. Nodules (n � 48) interpreted as AUS/FLUS by CNB were

resected to exclude papillary carcinoma. Among them, 12

(63.2%) were confirmed as malignant (11 papillary carcinomas, 1

follicular variant of papillary carcinoma) in the AUS group (n �

19) and 4 nodules (13.8%) were confirmed malignant (2 papillary

carcinomas, 1 follicular carcinoma, and 1 follicular variant of

papillary carcinoma) in the FLUS group (n � 29).

Complications
There were no major complications or hospitalizations associated

with interventions in our patient cohort. Twelve patients devel-

oped minor complications. There was no difference according to

FIG 1. Flow and study outcomes in study patients. Numbers are the number of thyroid nodules. FN indicates follicular neoplasm; SFN, suspicious
for a follicular neoplasm.

Table 2: Outcome of CNB for initially detected thyroid nodules

Study Outcomes
Incidence

(Total) 95% CI
Incidence
(<10 mm) 95% CI

Incidence
(≥10 mm) 95% CI

P
Value

Nondiagnostic 4.9% (117/2376) (4.1–5.8) 5.1% (45/888) (3.6–6.6) 4.8% (72/1488) (3.8–5.9) .803
Inconclusive 11.9% (283/2376) (10.6–13.2) 11.3% (100/888) (9.2–13.4) 12.3% (183/1488) (10.6–14.0) .450
Conclusive 88.1% (2093/2376) (86.8–89.4) 88.7% (788/888) (86.6–90.8) 87.7% (1305/1488) (86.0–89.4) .450
Malignancy 19.9% (474/2376) (18.3–21.6) 32.3% (287/888) (29.1–35.6) 12.6% (187/1488) (10.9–14.3) �.001
Diagnostic accuracy 96.7% (1160/1200) (95.7–97.7) 94.9% (432/455) (92.8–96.9) 97.7% (728/745) (96.6–98.8) .012
Sensitivity 89.7% (347/387) (86.6–92.7) 89.7% (200/223) (85.3–93.4) 89.6% (147/164) (84.9–94.1) 1.000
Specificity 100% (813/813) (100.0–100.0) 100% (232/232) (100.0–100.0) 100% (581/581) (100.0–100.0) 1.000
PPV 100% (347/347) (100.0–100.0) 100% (200/200) (100.0–100.0) 100% (147/147) (100.0–100.0) 1.000
NPV 95.3% (813/853) (93.9–96.7) 91.0% (232/255) (87.3–94.2) 97.2% (581/598) (95.8–98.3) �.001
Unnecessary surgery 0.6% (2/363) (0–1.4) 0% (0/163) 1.0% (2/200) (0–2.5) .504
Major complication 0 0 0
Minor complication 0.5% (12/2376) (0.3–0.8) 0.6 (5/888) (0.1–1.1) 0.5% (7/1488) (0.1–0.9) .758
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nodule size. All minor complications were successfully managed

by manual compression. No needle-tract seeding occurred in as-

sociation with CNB.

DISCUSSION
This present study validates the usefulness of CNB as a first-line

option for assessing thyroid nodules, accruing a higher rate of

conclusive results (88.1%) with low inconclusive (11.9%) and

nondiagnostic (4.9%) rates compared with conventional FNA.

The diagnostic accuracy of CNB was high (96.7%), with a PPV of

100% and no false-positive results. Moreover, the diagnostic per-

formance of this study was consistent with that in previous studies

(On-line Table 3).15,17-19,24,25 The un-

necessary surgery (0.6%) rate was also

compatible with that in a previous study

(0.5%).19 There were low rates of minor

complications (0.5%) without any ma-

jor complication in the course of biopsy

procedures. These findings indicate that

CNB is a safe and reliable method and

that repeated biopsies or unnecessary

operations are likely to be avoided

through this approach.

For small nodules (�10 mm), the di-

agnostic performance and the inconclu-

sive or nondiagnostic rate showed no

significant difference compared with

nodules of �10 mm in this study. These

findings are similar to the results re-

ported in previous studies,15,19 and they

suggest that CNB is a reliable and effec-

tive method for evaluating small and

large thyroid nodules.

US-guided FNA is safe, relatively accu-

rate, and cost-effective, but inconclusive

or false-negative results of FNA are prob-

lematic. The inconclusive results of up

to 25%–30% (nondiagnostic, 5%–17%;

AUS/FLUS readings, 3%–18%) and false-

negative results (17%–21%) of FNA are

the major drawback of this tech-

nique.2,3,26-28 Recently, several studies

have suggested that CNB is more useful

than repeat FNA for nodules with prior

nondiagnostic FNA results, especially if

CNB and FNA are combined.4,5,15,24

Some sources have also indicated that

CNB could be more useful for manage-

ment decisions than repeat FNA in nod-

ules with prior AUS/FLUS.4,29,30

Several studies have reported factors

associated with nondiagnostic FNA re-

sults. The following factors were associ-

ated with nondiagnostic results of FNA:

errors during tissue sampling (experi-

ence or skill of the operator, processing

errors); interpretation errors; and the

nature of the lesions, including cyst

dominancy, small size, type of calcification, vascularity, and be-

nign pathology.31-33 Performing repeat FNA for a nodule with a

previously nondiagnostic FNA was significantly associated with a

repeat nondiagnostic result.34 Distinct from FNA, the size of nod-

ules and the presence or type of calcification did not affect the

nondiagnostic and inconclusive results of CNB. However, nod-

ules with cystic components, which represented �50% of the

nodules, showed significantly higher nondiagnostic CNB results.

It is important to aspirate the internal fluid of any cystic lesion

before the CNB procedure. The location of the nodule was asso-

ciated with nondiagnostic results in our study. This association

Table 3: Univariate analysis for factors associated with nondiagnostic result on CNB

Study Outcomes
Nondiagnostic

Results
Diagnostic

Results
P

Value
Nodule size (mm) 13.3 � 8.0 14.4 � 9.7 .220

�10 mm 45 (5.1%) 843 (94.9%) .803
�10 mm 72 (4.8%) 1416 (95.2%)

Composition (No.) (%)
Solid (cystic component �50%) 98 (4.4%) 2135 (95.6%) �.001
Cyst (cystic component �50%) 19 (13.3%) 124 (86.7%)

Calcification (No.) (%)
None 82 (4.9%) 1576 (95.1%) .941
Macrocalcification 15 (4.1%) 349 (95.9%) .441
Microcalcification 20 (5.6%) 334 (94.4%) .494

Location (No.) (%)
Upper/lower 61 (6.4%) 896 (93.6%) .007
Mid 56 (3.9%) 1363 (96.1%)

Table 4: Univariate analysis for factors associated with conclusive and inconclusive results
on CNB

Study Outcomes Conclusive Inconclusive P Value
Age (mean) (yr) 51.2 � 12.6 48.5 � 12.2 �.001
Sex (M/F) 440:1653 44:293 .032
Nodule size (mm) 14.2 � 9.4 15.4 � 10.3 .064

�10 mm 788 (88.7%) 100 (11.3%) .450
�10 mm 1305 (87.7%) 183 (12.3%)

Composition (No.) (%)
Solid 1336 (87.4%) 192 (12.6%) .186
Predominantly solid 95 (84.8%) 17 (15.2%) .274
Predominantly cystic 99 (84.6%) 18 (15.4%) .234
Cystic 4 (66.7%) 2 (33.3%) .154

Shape (No.) (%)
Ovoid to round 2033 (87.9%) 279 (12.1%) .156
Irregular 60 (93.8%) 4 (6.3%)

Orientation (No.) (%)
Parallel 1728 (87.5%) 247 (12.5%) .047
Nonparallel 365 (91.0%) 36 (9.0%)

Margin (No.) (%)
Smooth 1360 (85.6%) 228 (14.4%) �.001
Spiculated 366 (94.6%) 21 (5.4%) �.001
Ill-defined 367 (91.5%) 34 (8.5%) .020

Echogenicity (No.) (%)
Isoechoic 767 (88.5%) 100 (11.5%) .667
Hypoechoic 913 (86.0%) 149 (14.0%) .004
Markedly hypoechoic 402 (92.6%) 32 (7.4%) .001
Hyperechoic 11 (84.6%) 2 (15.4%) .662

Calcification (No.) (%)
None 1456 (87.8%) 202 (12.2%) .533
Macrocalcification 321 (88.2%) 43 (11.8%) .950
Microcalcification 316 (89.3%) 38 (10.7%) .459

Location (No.) (%)
Upper/lower 1100 (87.6%) 156 (12.4%) .417
Mid 993 (88.7%) 127 (11.3%)
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might be caused by the level of the operator’s skill or experience.

Most of the CNB procedures were performed via a craniocaudal

approach, which could restrict accurate targeting when ob-

structed by the clavicle or mandible. Although it has been previ-

ously reported that the operator’s experience does not affect the

conclusive results on CNB,19 the operator’s experience or skill

might be a factor.

In our study, there were 8 false-negative cases (1.1%) with

benign CNB results consistent with previous studies (0%–

1%).4,15,24,29 This rate remains superior to the false-negative re-

sults of FNA, reported up to 17%–21%.35,36 A recent study re-

ported that one-third of sonographically suspicious nodules with

initially benign cytology were upgraded after CNB, and among

them, about 32% were proved malignant.37 False-negative FNA

diagnoses may be explained by the nature of the lesions, intrinsic

procedural limitations, levels of operator skill/experience,38,39

and interpretation errors.40 Unlike false-negative findings on

FNA, the false-negative results of CNB in our study may reflect

inaccurate targeting (6 nodules confirmed malignant at follow-up

CNB or FNA, 1 nodule at the posterior margin of lower isthmus,

and 1 nodule in a case of lymphocytic thyroiditis) due to proce-

dural inexperience. An advantage of CNB is less operator depen-

dency if the biopsy device successfully penetrates the nodule.15

Our study suggested that the ability of accurate targeting of the

nodule might be important to reduce false-negative and nondiag-

nostic results on CNB. Awareness and expertise in several ap-

proach methods (transisthmic, craniocaudal, and lateral ap-

proaches) might be necessary.41

According to the Bethesda system for reporting thyroid cyto-

pathology, the category of AUS/FLUS is related to a FNA speci-

men that manifests as scenarios of nuclear atypia, architectural

atypia, and an oncocytic pattern in paucicellular aspirates.42 Al-

though this category is regarded as having inconclusive results,

nodules with AUS on FNA showed a significantly higher risk of

malignancy than nodules with FLUS on FNA.29 Repeat FNA has

been recommended for this subcategory, but inconclusive results,

including nondiagnostic and AUS/FLUS readings, occur in 20%–

49.1% of nodules with prior AUS/FLUS FNA results.4,6,27 Re-

cently, several studies have shown that CNB is more useful than

repeat FNA in cases with previous AUS/FLUS results.4,29,30 Al-

though it is possible to get larger tissue samples through CNB

procedures, there was still a low rate of AUS/FLUS on CNB for

thyroid nodules in this study. It might be caused by the variable

heterogeneity of this group and the lack of standardized diagnos-

tic CNB categorization. In our study, malignancy was diagnosed

significantly higher in nodules with AUS on CNB (63.2%) than

nodules with FLUS (13.8%). Further investigations are needed to

manage AUS/FLUS on CNB.

Although CNB conducted by experienced radiologists is safe

and well-tolerated, there are still safety concerns.6,13,14,43 How-

ever, we encountered no major complications. To minimize the

potential for complications and patient discomfort, technical

provisions are in place, including strict color Doppler US moni-

toring and immediate compression of biopsy sites after CNB pro-

cedures. Compared with FNA, CNB may be technically unfeasible

or difficult at times (typically in small nodules at the posterior

thyroid margin).15 Furthermore, CNB can be uncomfortable for

the patient, requiring local anesthesia and greater experience in

image-guided thyroid interventions.

Our study has several limitations. First, it was a retrospective

study performed during a relatively long period. This feature may

cause selection bias. This study involved multiple radiologists and

pathologists performing US-guided CNB and histopathologic in-

terpretation. Second, up to 50% of total enrolled cases do not have

final results. This lack of results might be due to loss of follow-up

or lack of final surgery in 1 (general hospital) of 2 participating

hospitals. Finally, we did not apply the standardized diagnostic

CNB categorization of a recent publication.22

CONCLUSIONS
We have demonstrated that the first-line use of CNB may improve

the diagnostic accuracy in thyroid nodules, reducing nondiagnos-

tic or inconclusive results. The high PPV and NPV of CNB for a

diagnosis of malignancy could prevent repeat biopsy or unneces-

sary surgery. Such benefits underscore the promising role of CNB

in managing thyroid nodules and optimizing related surgical

decision-making.
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CT Accuracy of Extrinsic Tongue Muscle Invasion in Oral
Cavity Cancer

X J.C. Junn, X K.L. Baugnon, X E.A. Lacayo, X P.A. Hudgins, X M.R. Patel, X K.R. Magliocca, X A.S. Corey, X M. El-Deiry,
X J.T. Wadsworth, X J.J. Beitler, X N.F. Saba, X Y. Liu, and X A.H. Aiken

ABSTRACT

BACKGROUND AND PURPOSE: Extrinsic tongue muscle invasion in oral cavity cancer upstages the primary tumor to a T4a. Despite this
American Joint Committee on Cancer staging criterion, no studies have investigated the accuracy or prognostic importance of radiologic
extrinsic tongue muscle invasion, the feasibility of standardizing extrinsic tongue muscle invasion reporting, or the degree of agreement
across different disciplines: radiology, surgery, and pathology. The purpose of this study was to assess the agreement among radiology,
surgery, and pathology for extrinsic tongue muscle invasion and to determine the imaging features most predictive of extrinsic tongue
muscle invasion with surgical/pathologic confirmation.

MATERIALS AND METHODS: Thirty-three patients with untreated primary oral cavity cancer were included. Two head and neck radiol-
ogists, 3 otolaryngologists, and 1 pathologist prospectively evaluated extrinsic tongue muscle invasion.

RESULTS: Fourteen of 33 patients had radiologic extrinsic tongue muscle invasion; however, only 8 extrinsic tongue muscle invasions were
confirmed intraoperatively. Pathologists were unable to determine extrinsic tongue muscle invasion in post-formalin-fixed samples.
Radiologic extrinsic tongue muscle invasion had 100% sensitivity, 76% specificity, 57% positive predictive value, and 100% negative
predictive value with concurrent surgical-pathologic evaluation of extrinsic tongue muscle invasion as the criterion standard. On further
evaluation, the imaging characteristic most consistent with surgical-pathologic evaluation positive for extrinsic tongue muscle invasion
was masslike enhancement.

CONCLUSIONS: Evaluation of extrinsic tongue muscle invasion is a subjective finding for all 3 disciplines. For radiology, masslike
enhancement of extrinsic tongue muscle invasion most consistently corresponded to concurrent surgery/pathology evaluation
positive for extrinsic tongue muscle invasion. Intraoperative surgical and pathologic evaluation should be encouraged to verify
radiologic extrinsic tongue muscle invasion to minimize unnecessary upstaging. Because this process is not routine, imaging can add
value by identifying those cases most suspicious for extrinsic tongue muscle invasion, thereby prompting this more detailed
evaluation by surgeons and pathologists.

ABBREVIATIONS: AJCC � American Joint Committee on Cancer; CECT � contrast-enhanced CT; ETM � extrinsic tongue muscle; ETMI � extrinsic tongue muscle
invasion; FOM � floor of the mouth; OCC � oral cavity cancer; SCC � squamous cell carcinoma

Oral cavity cancer accounts for nearly 30% of all head and

neck malignancies. The diagnosis is often made at a more

advanced stage, resulting in low 5-year survival rates: 50%– 60%

overall and as low as 22% for advanced-stage disease.1,2 Preoper-

ative imaging provides the basis for staging and surgical planning

for advanced oral cavity cancer (OCC). While the T1–T3 classifi-

cation is based on tumor size, the T4 classification is based on

identification of locally advanced disease with invasion of sur-

rounding structures.

In the seventh edition of the American Joint Committee on

Cancer (AJCC) staging, extrinsic tongue muscle invasion (ETMI)

or bone involvement upstages the primary tumor to a T4a classi-

fication.3 Although all extrinsic tongue muscles (genioglossus,

hyoglossus, palatoglossus, and styloglossus) are currently in-

cluded in the AJCC staging system, only genioglossus and hyo-

glossus muscles are easily and routinely identified on cross-sec-

tional imaging. The definitive determination of ETMI is often

more difficult than bone invasion, but its presence also upstages
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to T4a. ETMI and upstaging a tumor may not only necessitate

adjuvant radiation therapy but may also change the eligibility for

enrollment in certain therapy clinical trials.

The current American College of Radiology guidelines advo-

cate postoperative radiation therapy “in patients with higher-risk

features for locoregional recurrence after surgery. These include

advanced T stage (T3/T4), the presence of lymphovascular inva-

sion, the presence of perineural invasion, positive surgical margins,

lymph node involvement, extracapsular nodal extension, and bone

involvement.”4 For instance, postoperative radiation therapy would

not be indicated for a patient with a T2N0 tumor with negative mar-

gins at surgery, no perineural invasion, or other high-risk factors.

However, a size-matched OCC with similar characteristics staged

T4a due to ETMI would require adjuvant radiation treatment or

could influence the enrollment in current clinical trials that examine

the role of adding systemic agents to radiation.

In current practice, head and neck radiologists evaluate invasion

of at least the genioglossus muscle and, in many cases, the hyoglossus

muscle.5-7 The styloglossus and palatoglossus muscles are more dif-

ficult to evaluate on imaging, though deep extension to involve the

anterior tonsillar pillar would imply palatoglossus muscle invasion.

Contrast-enhanced CT (CECT), MR imaging, and ultrasound can be

used in OCC staging.8,9 MR imaging is usually reserved for questions

of perineural tumor or when extensive dental artifacts obscure oral

cavity anatomy on CECT. While some authors favor MR imaging for

T staging because of its soft-tissue resolution, recent studies have

demonstrated the accuracy of CECT in the oral cavity.10-15 Propo-

nents of CECT prefer this technique because of its accuracy in staging

the primary tumor of the head and neck and its ability to combine

with PET imaging for additional metabolic information regarding

regional and distant metastases.

One of the shortcomings in evaluating the accuracy of radio-

logic ETMI is that there is no definite surgical or pathologic cri-

terion standard to confirm invasion. Intraoperative evaluation

and documentation of ETMI remains inconsistent without a set

of guidelines. ETMI has not been consistently recorded within

pathology reports at our institution; this inconsistency has cre-

ated opportunities for inaccurate final pathologic staging and/or

dependence on the radiologic stage. Currently, clinical and prog-

nostic implications of ETMI in OCC remain elusive.16 Since the

introduction of ETMI as a determinant for T4a disease in 1998

(3rd edition of the AJCC Manual for Staging of Cancer), no pro-

spective radiologic-surgical-pathologic correlative studies have

been performed to confirm the accuracy or prognostic importance

of radiologic identification of ETMI. Boland et al17 questioned the

prognostic implications and rationale behind automatic upstaging

when only superficial extrinsic tongue muscles such as the hyoglossus

and styloglossus are involved. Despite the lack of literature support-

ing the prognostic value and accuracy of radiologic ETMI, current

practice often relies on radiologic staging for ETMI.

Although radiologic staging and determination of ETMI does

not affect surgical eligibility, it can affect the postoperative treat-

ment course, specifically the radiation treatment plan and eligi-

bility for certain clinical trials. Because surgeons and pathologists

do not routinely assess or report ETMI, the radiologic staging can

“unofficially” persist despite the lack of data on CT accuracy.

Therefore, our study investigates the feasibility of routine evalu-

ation and reporting of ETMI across all 3 disciplines, in addition to

the degree of agreement among radiology, surgery, and pathology

to determine the accuracy of CECT for determining ETMI in cases

of OCC.

MATERIALS AND METHODS
Inclusion Criteria
This institutional review board–approved prospective study ac-

crued patients during a 12-month period. Before the initiation of

this study, members of head and neck radiology, head and neck

surgery, and head and neck subspecialty– designated pathology

faculty agreed on consistent reporting of ETMI in radiology, op-

erative, and pathology reports, respectively. After 1 year of pro-

spectively recording ETMI, we searched the institutional radiol-

ogy data base for untreated primary OCCs with preoperative

CECT available for review and surgical resection at our institu-

tion. This search yielded 50 patients.

The inclusion criteria were the following:

1) Untreated OCC, accrued during the 12-month period

2) Preoperative CECT available for review

3) Surgical resection at our institution with operative and

pathologic ETMI documentation.

Patients who did not undergo an operation at our institution

and those who did not have intraoperative ETMI documentation

were excluded from the study. Thirty-three patients met the in-

clusion criteria.

Imaging Methods
Patients underwent CECT on 1 of several commercially available

CT systems with multidetector capability ranging from 16 to 64

channels. Onsite imaging CT studies were performed on Light-

Speed VCT 64-section, Discovery HD 750, Discovery 16-section,

and BrightSpeed 16-section scanners (GE Healthcare, Milwaukee,

Wisconsin) or 16- to 64-channel scanners (Somatom Definition,

Somatom Definition Flash; Siemens, Erlangen, Germany). Our

split-bolus technique used 110 mL of intravenous iopamidol (Is-

ovue-370; Bracco, Princeton, New Jersey), with 55 mL injected

first at a rate of 2.5 mL/s, followed by a 40-second delay, then

another 55 mL at the same rate, with a total scan delay of 90

seconds, including a pre- and postcontrast saline bolus. We ac-

quired contiguous axial images from the skull base through the

mediastinum with the following settings: 1.25-mm section thick-

ness; pitch, 0.984:1; 0.7-second gantry rotation time; 25-cm FOV;

120 kV(peak); and automatic exposure control with a noise index

of 13.78. Reformatted images at 2.5-mm section thickness in the

axial planes and 3-mm sagittal and coronal reformations were

sent to the PACS.

Image Review
Members of all 3 disciplines used a 4-point “Likert-type” scale to

record an assessment of ETMI: “no” (definitely no ETMI), “prob-

ably no,” “probably yes,” and “yes” (definite ETMI). For radiol-

ogy, 2 dedicated head and neck radiologists with Certificates of

Added Qualification (10 years and 9 years of experience, respec-

tively) blindly and independently reviewed these images. Discrep-

ant cases were resolved by a consensus read. For each case, they

recorded their overall impression regarding the presence of ETMI
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but also evaluated each individual muscle: genioglossus, hyoglos-

sus, styloglossus, and palatoglossus.

After the initial review, there were 5 imaging patterns: no con-

tact, narrow contact, broad contact, linear enhancement within

the muscle, and masslike enhancement within the muscle. “Nar-

row contact” was defined as �50% of tumor contacting the ex-

trinsic tongue muscle (ETM), and “broad contact” was defined as

�50% of the tumor contacting the ETM. After establishing these

imaging features, the radiologists re-evaluated the cases and put

each case into 1 of the 5 categories.

Surgery Review
One of 3 head and neck surgeons was always present during each

operation, and an otolaryngology resident was routinely present

to accurately record surgical ETMI prospectively. Before and dur-

ing resection, the operating head and neck surgeon palpated the

tumor en bloc for muscle tension anywhere between the proximal

and distal insertion site to subjectively evaluate muscle invasion.

Three of the muscles (genioglossus, styloglossus, and hyoglossus)

originate from bone attachments, while the palatoglossus origi-

nates from the buccopharyngeal fascia. On completion of the re-

section, the operating surgeon carefully oriented the en bloc fresh

specimen and evaluated the frozen section specimen in consulta-

tion with the pathologist performing gross examination. Any con-

sensus evaluation during this intraoperative consultation was re-

corded under “surgery” for the purposes of this study.

Pathology Review
On completion of the intraoperative evaluation, the residual spec-

imen was completely immersed in 10% buffered formalin. The

formal pathology gross examination of the surgical specimen oc-

curred on a formalin-fixed specimen within 1–2 days of receiving

the specimen. During examination of the formalin-fixed speci-

men, a single head and neck pathology faculty member evaluated

ETMI by macroscopic examination in cases lacking the interdis-

ciplinary intraoperative notation of ETMI. The same pathologist

retrospectively reviewed all finalized pa-

thology reports and the corresponding

hematoxylin-eosin–stained slides to en-

sure pathologic staging accuracy.

For statistical purposes, “probably

yes” cases were included as “yes” and

“probably no” cases were included as

“no.” Statistical analysis included calcu-

lation of the frequency of findings and

the sensitivity, specificity, positive pre-

dictive value, and negative predictive

value of radiologic assessment of ETMI

by using surgery as the criterion stan-

dard. � statistics were used to assess interobserver reliability of

radiologic ETMI determination.

RESULTS
This study recruited 50 consecutive patients with primary OCC

during a 12-month period. Thirty-three patients met the inclu-

sion criteria, with 9 women (27%) and 24 men (73%). Patient

ages ranged from 31 to 88 years. Most of the subsites were the floor

of the mouth (FOM) and oral tongue (n � 29), with only 5 cases

from the alveolar ridge or buccal mucosa. The time from imaging

to surgery ranged from 4 to 112 days, with an average imaging-

to-surgery time lapse of 36.3 days.

Of the 33 cases, 14 had radiologic findings of ETMI (7 yes and

7 probably yes). The 14 no and 5 probably no cases were all con-

cordant with surgical findings.

Of the 7 yes cases, 2/7 involved the genioglossus; 1/7, the hyoglos-

sus; 3/7, the genioglossus and hyoglossus; and 1/7 the genioglossus,

hyoglossus, and palatoglossus muscles. Of the 7 probably yes cases,

there were 5 genioglossus and 2 hyoglossus involvements (Fig 1).

There were 8 surgical/gross pathologic ETMI cases during the

routine intraoperative consultation for margin analysis (7 yes

cases and 1 probably yes). Of the 7 radiologic yes cases, 5 agreed

with surgery, and of the 7 radiologic probably yes cases, 3 were

concordant with surgery (Fig 1). Due to tissue distortion and lack

of orientation, it was not possible to evaluate ETMI in the delayed,

post-formalin-fixed specimen in the postoperative setting.

The results of individual radiologist and surgical/gross patho-

logic determination of ETMI are represented in Table 1. These

findings underscore the degree of uncertainty by radiologists

when evaluating ETMI, as 40% of radiologist 1 and 33% of radi-

ologist 2 findings fell under either the probably yes or probably no

category. Despite the number of questionable cases, there was

high interobserver agreement between the 2 radiologists: 0.937.

When cases with the original radiologic ETMI assessment were

compared with surgical ETMI as the criterion standard, radio-

logic findings were 100% sensitive but specificity was only 76%.

The positive predictive value was 57.1%, whereas the negative

predictive value was 100%. If surgery/pathology intraoperative

evaluation was assumed to be the criterion standard, our study

suggests that radiologic ETMI results in too many false-positives,

especially if this finding leads to additional treatment and is not

confirmed at the time of the operation.

Subsequently, the radiologists re-reviewed, without knowl-

edge of surgical or pathologic findings with respect to ETMI, all

FIG 1. Schematic illustration of radiologic ETMI. Of the 33 included patients, 14 patients have
radiologic ETMI. Of the 14 radiologic ETMI cases, 3 of 7 “probably yes” cases were concordant with
surgery and 5 of 7 “yes” cases were concordant with surgery. GG indicates genioglossus; HG,
hyoglossus; PG, palatoglossus.

Table 1: Radiologic and surgical assessment of ETMIa

Parameters Radiologist 1 Radiologist 2 Surgery
Yes 6 7 7
Probably yes 7 7 1
Probably no 6 4 1
No 14 15 24

a Individual ETMI responses by each radiologist and collective responses by head and
neck surgeons.
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cases to determine radiologic features most predictive of ETMI to

establish whether more specific imaging features could improve

accuracy. For all cases scored “no” for ETMI, the tumor had no

contact with any extrinsic tongue muscle. For cases scored prob-

ably no, probably yes, or yes, there were 4 imaging patterns: mass-

like enhancement, linear enhancement, broad contact, or narrow

contact (Table 2). Masslike enhancement was the only imaging

feature that accurately predicted surgical/gross pathologic ETMI

(100% specificity, 75% sensitivity, 100% positive predictive value,

and 93% negative predictive value). Narrow contact alone never

predicted (100% negative predictive value) surgical/gross patho-

logic ETMI. Broad contact and linear enhancement were less re-

liable with 33% and 25% positive predictive values, respectively.

DISCUSSION
As we continue to advance the role of imaging in the staging of

head and neck cancer, it is important to review and understand

the implications and accuracy in a multidisciplinary setting. On

our multidisciplinary tumor board,

the oncologists and radiation oncolo-

gists often request that head and neck

radiologists prospectively determine

ETMI on imaging, regardless of patho-

logic and surgical confirmation. After

discussing ETMI as a group, we learned

that not only are pathologists not

trained to routinely look for ETMI but it

is also not possible to accurately deter-

mine ETMI retrospectively on a forma-

lin-fixed specimen. Furthermore, sur-

geons also did not routinely record

ETMI. Representatives from radiology,

surgery, and pathology decided to pro-

spectively look closely for ETMI for this

study.

Multidisciplinary ETMI Evaluation
This prospective study proposes a more

standardized approach for multidisci-

plinary evaluation and documentation

of ETMI. Our findings highlight the im-

portance of a true multidisciplinary

team to coordinate the effort of radiolo-

gists, surgeons, and pathologists. We

have initiated a sequence of events for the most accurate and op-

timal OCC staging based on ETMI. First, the radiologist evaluates

and documents ETMI on the preoperative imaging examination.

Then the surgeon performs a primary resection in most cases. At

the time of the operation, the surgeon subjectively evaluates

ETMI by palpating the tumor and observing tension on the mus-

cle insertions. After the en bloc resection, the specimen is simul-

taneously evaluated in the frozen section suite by the surgeon and

the pathology team. The suspicion or presence of ETMI or both

are documented on the fresh specimen, before formalin fixation.

We have found that collaborative intraoperative evaluation by

the surgeons and pathologists is the best opportunity to identify

ETMI. The ETMs are identified when the specimen is fresh; then,

serial cuts are made through the tumor to evaluate specific muscle

invasion grossly, which is subsequently confirmed by microscopic

examination. On completion of the intraoperative pathology

evaluation, fresh resection specimens immersed in formalin will

then be macrodissected to capture key relationships between tu-

mor and resected normal anatomic structures and to evaluate any

remaining surgical margins. Microscopic examination of these

selected sections provides the basis of the final pathology report.

However, retrospective determination of ETMI after formalin fix-

ation alone is challenging or, in most cases, impossible due to

tissue fixation/distortion, muscle retraction, and inability to iden-

tify a small portion of the ETM on a completely sectioned speci-

men (Fig 2).

ETMI Imaging Features
When we reassessed all of the probably yes, yes, and probably no

cases, we discovered 4 different imaging patterns: masslike en-

hancement, narrow contact, broad contact, and linear enhance-

FIG 2. Partial glossectomy specimen entirely sectioned. Once forma-
lin-fixed, ETMI or subtle tongue muscle anatomy are nearly impossi-
ble to precisely identify.

Table 2: Detailed review of specific imaging featuresa

Initial Radiologic
Assessment Radiologic Features on Reassessment Surgical Finding

7 Probably yes
GGb Masslike enhancement GG
GGb Broad contact (some borders not visualized

due to amalgam)
ETMI without

specification
GG Narrow contact None
GG Narrow contact None
GG Narrow contact None
HG Linear enhancement None
HGb Linear enhancement, also not definitive

intraoperatively
HG (probably yes)

7 Yes
GGb Masslike enhancement GG HG
GG Broad contact None
HG Narrow contact None
GG HGb Masslike enhancement GG HG
GG HGb Masslike enhancement GG HG
GG HGb Masslike enhancement GG HG
GG HG PGb Masslike enhancement GG HG PG

5 Probably no
GGb Narrow contact None
GGb Broad contact (partially obscured by amalgam) None
HGb Linear enhancement None
HGb Linear enhancement None
GG HGb Narrow contact None

Note:—GG indicates genioglossus; HG, hyoglossus; PG, palatoglossus.
a Detailed list of the imaging features in the 19 cases with initial “probably yes,” “yes,” and “probably no” classifications.
b Agree with operational findings.
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ment. All 6 patients with masslike enhancement also had ETMI on

surgical/pathologic intraoperative evaluation. None of the 6 pa-

tients with narrow contact had surgical/pathologic ETMI. Only 1

of 3 patients with radiologic broad contact had surgical/gross

pathologic ETMI. Similarly, only 1 of 4 patients with linear en-

hancement had surgical/pathologic ETMI.

Therefore, masslike enhancement

indistinguishable from the ETM is the

most specific finding that leads to an

agreement among radiology, surgery,

and gross pathology (Figs 3–5). Linear

enhancement (Fig 6) and broad contact

are less reliable imaging signs with vari-

able intraoperative findings. On the ba-

sis of our results, narrow contact (Figs 7

and 8) does not predict surgical/patho-

logic ETMI and should not be used to

determine ETMI. Of the 6 radiologic

ETMI cases without surgical ETMI, 1

patient had linear enhancement, 4 pa-

tients had anterior floor of the mouth

tumor near the genioglossus genial tu-

bercle insertion site with only narrow

contact, and 1 patient had a large oral

tumor mass above the genioglossus

muscle with broad contact.

Limitations in Other Disciplines
Surgical evaluation is imprecise for de-

termining ETMI. Intraoperative assess-

ment by surgical palpation alone is a

subjective evaluation and, in our experi-

ence, is not consistently documented in

the operative report. Additionally, there

is often not a definitive answer regarding

invasion of the small, thin hyoglossus

muscle because it may not be readily vis-

ible to the surgeons intraoperatively. In

turn, hyoglossus invasion is not discern-

ible by the pathologist. Therefore, to op-

timize evaluation of ETM, a careful and

deliberate “consensus” examination and

analysis of the fresh resection specimen by

the surgeon and pathology team at the

time of intraoperative consultation, and

before formalin fixation, appear to result

in the highest level of confidence among

the surgeons and pathologists and should

be the criterion standard.

Although documentation of patho-

logic ETMI is important,18 a review of

the current pathology dissection texts

and literature reveals no systematic ap-

proach to ETMI determination in the

fresh or formalin-fixed state.19,20 While

this study highlights a mechanism to fa-
cilitate identification of ETMI, particu-
larly in collaboration with surgical col-

leagues, variations in intraoperative and interdisciplinary work
flow and resources may preclude replication at some institutions.
In cases in which portions of the oral tongue are resected from
their bony attachments, the surrounding anatomic context and
relationships can be difficult to discern in a formalin-fixed speci-
men because they may have been multiply-sectioned or key por-

FIG 3. A 70-year-old woman with anterior FOM squamous cell carcinoma (SCC), pT4aN0M0.
Concordant: Radiology and surgery positive for ETMI (genioglossus). A, Anterior floor of the
mouth tumor with masslike invasion into the genioglossus muscle at its insertion site (arrow). B,
Dilated left submandibular duct lateral to the hyoglossus muscle (arrow).

FIG 4. A 53-year-old man with left FOM SCC, pT4aN2cM0. Concordant: Radiology and surgery
positive for ETMI (genioglossus and hyoglossus muscles). A, Axial image shows broad contact
along the genioglossus muscle with obliteration and masslike enhancement in the expected
location of the hyoglossus muscle (asterisk). Note the uninvolved hyoglossus muscle on the
contralateral side (arrow). B, Coronal image shows complete replacement of the hyoglossus
muscle with tumor and masslike invasion into the genioglossus muscle (arrow).

FIG 5. A 56-year-old man with right FOM SCC, pT4aN2bM0. Concordant: Radiology and surgery
positive for ETMI (genioglossus and hyoglossus muscles). A, Axial image shows masslike enhance-
ment involving the entire genioglossus and hyoglossus muscles (asterisk). A normal hyoglossus
muscle is seen on the contralateral side (arrow). B, The coronal image confirms masslike tumor
enhancement involving the genioglossus and hyoglossus muscles (asterisk).
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tions of the specimen may have been removed for frozen section
analysis intraoperatively. We believe this scenario represents a
hurdle in providing microscopic confirmation of ETMI. Other
obstacles to pathologic confirmation of ETMI include the fol-
lowing: the relatively nonspecific microscopic appearance of
intrinsic tongue skeletal muscle in comparison with extrinsic
tongue muscle, the procedures performed to evaluate tumor
margin status intraoperatively, piecemeal submission of sub-
sequent portions of tissue/margins (which may or may not
include ETM), distortion induced by formalin fixation, the
range of expertise or familiarity of the person performing gross
examination with an oral resection specimen, and the appreci-
ation of the importance of ETMI by the pathologist performing
gross examination. Furthermore, it seems impossible to expect
pathologic confirmation of hyoglossus invasion once the mus-
cle is detached from insertions because it is too small for rou-
tine identification.

All specialties need to be aware, therefore, that hyoglossus
muscle invasion appears, on the basis of our results, to be an
observation that might be best made on cross-sectional imaging
when there is masslike enhancement in the muscle.

Importance of Multidisciplinary ETMI Confirmation
Upstaging a tumor from T1 or T2 to T4a based on ETMI may have

treatment implications and/or may impact eligibility for therapy

trials. Currently, postoperative radiation therapy is indicated in

patients with higher risk features for locoregional recurrence

postoperatively: advanced T stage (T3/4), lymphovascular inva-

sion, perineural invasion, positive surgical margins, lymph node

involvement, nodal extracapsular spread, and bone invasion.4 In
addition, the radiation fields themselves may be influenced by the
determination of ETMI, because the coverage at our institution is
extended caudally to include the hyoid bone. Because the surgeon
and pathologist closely collaborating and orienting the specimen
is not routine practice and may not be feasible in all settings,
radiology can best add value by identifying those cases most sus-
picious for ETMI, thereby prompting more careful evaluation by
the surgeons and pathologists. Furthermore, now that we have
established imaging features that are more predictive of ETMI, it
will be important to look at patient outcomes to determine
whether radiologic ETMI is indeed prognostic. It is crucial to
determine whether invasion of certain ETMs is more important
than invasion of others (eg, deeper genioglossus versus more su-

perficial hyoglossus muscle). If radio-
logic ETMI is prognostic and a routine
consensus read between surgeons and
pathologists is not practical, then imag-
ing can serve as a biomarker for more
aggressive disease.

These preliminary radiologic data
combined with surgical and pathologic
limitations suggest that the AJCC stag-
ing of OCC based on ETMI should be
carefully re-evaluated, especially since
ETMI involving 2 of the 4 muscles is not
routinely evaluated by any of the disci-
plines (only genioglossus and hyoglos-
sus muscles are routinely described). If
surgical and pathologic documentation
of ETMI does not become the criterion
standard and if the upcoming revisions
to the AJCC Manual maintain ETMI for
upstaging to T4a, then MR imaging may

FIG 6. A 33-year-old woman with right lateral tongue SCC, pT1N0M0. Discordant: Radiology
positive for ETMI (hyoglossus muscle) and surgery negative. Initial radiologic evaluation was
probably yes due to linear enhancement along the hyoglossus muscle. A, Small right lateral
tongue mass (arrow). B, Linear enhancement of the hyoglossus muscle (arrow).

FIG 7. A 55-year-old woman with anterior FOM SCC, pT2N0M0. Discordant: Radiology positive (genioglossus muscle) and surgery negative for ETMI.
A and B, Axial images show an anterior FOM tumor with apparent broad contact at the genioglossus insertion site (arrow). C, A closer look at the axial
and sagittal images shows the tumor just above the insertion site with only narrow contact at the superior margin of the genioglossus insertion (arrow).
This finding highlights a possible pitfall of the axial acquisition because volume averaging could depict the tumor with more masslike involvement of the ETM.
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play a role in evaluating equivocal cases, given its greater soft-
tissue detail.

The limitations of this study include the small sample size and
multiple different surgeons and pathologists involved in the surgical
determination of ETMI, though we attempted to minimize this lim-
itation by meeting prospectively to standardize our approach. The
high interobserver agreement regarding radiologic ETMI determina-
tion is likely because both readers are subspecialty trained neurora-
diologists with a focus on head and neck imaging.

CONCLUSIONS
CECT is sensitive for ETMI but has reduced specificity (76%)

compared with intraoperative surgical and pathology consensus

evaluation. Masslike enhancement is the most specific imaging

feature for predicting ETMI. Broad contact and linear enhance-

ment of ETM are equivocal and often lead to false-positives; and

narrow contact is not predictive.

A careful but perhaps time-intensive consensus read between

the operating surgeon and the pathologist performing gross ex-

amination (in which the surgeon properly orients the fresh spec-

imen for the pathologist) should be the criterion standard for

ETMI. Because this process is currently not standard practice,

imaging can best add value by identifying those cases most suspi-

cious for ETMI, thereby prompting a more detailed evaluation by

the surgeons and pathologists in these cases. This preliminary

study has established imaging features that are more predictive of

ETMI and will facilitate future correlation with patient outcomes

to determine whether radiologic ETMI is indeed prognostic.
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Fetal Brain Anomalies Associated with Ventriculomegaly or
Asymmetry: An MRI-Based Study

X E. Barzilay, X O. Bar-Yosef, X S. Dorembus, X R. Achiron, and X E. Katorza

ABSTRACT

BACKGROUND AND PURPOSE: Fetal lateral ventriculomegaly is a relatively common finding with much debate over its clinical signifi-
cance. The purpose of this study was to examine the association between ventriculomegaly and asymmetry and concomitant CNS findings
as seen in fetal brain MR imaging.

MATERIALS AND METHODS: Fetal brain MR imaging performed for various indications, including ventriculomegaly, with or without
additional ultrasound findings, was assessed for possible inclusion. Two hundred seventy-eight cases found to have at least 1 lateral
ventricle with a width of �10 mm were included in the study. Ventriculomegaly was considered mild if the measurement was 10 –11.9 mm;
moderate if, 12–14.9 mm; and severe if, �15 mm. Asymmetry was defined as a difference of �2 mm between the 2 lateral ventricles. Fetal
brain MR imaging findings were classified according to severity by predefined categories.

RESULTS: The risk of CNS findings appears to be strongly related to the width of the ventricle (OR, 1.38; 95% CI, 1.08 –1.76; P � .009). The
prevalence of associated CNS abnormalities was significantly higher (P � .005) in symmetric ventriculomegaly compared with asymmetric
ventriculomegaly (38.8% versus 24.2%, respectively, for all CNS abnormalities and 20% versus 7.1%, respectively, for major CNS abnormalities).

CONCLUSIONS: In this study, we demonstrate that the rate of minor and major findings increased with each millimeter increase in
ventricle width and that the presence of symmetric ventricles in mild and moderate ventriculomegaly was a prognostic indicator for CNS
abnormalities.

Fetal lateral ventriculomegaly is a relatively common finding.

Some have estimated the incidence of ventriculomegaly iden-

tified on sonography to be about 1%.1 Fetal ventriculomegaly is

defined as a dilation of the lateral ventricle atrium to a width of

�10 mm.2,3 A measurement of 10 –12 mm is commonly referred

to as mild ventriculomegaly, while measurements of 12–15 and

�15 mm are defined as moderate and severe ventriculomegaly,

respectively.4 Severe ventriculomegaly has been associated with

poorer neurodevelopmental outcome compared with mild ven-

triculomegaly5,6; however, it has been previously suggested that

the neurodevelopmental outcome in cases of moderate ventricu-

lomegaly is similar to that observed in mild ventriculomegaly.7

Many studies have focused on the neurodevelopmental out-

come of children who were diagnosed in utero with lateral ven-

triculomegaly.6,8-16 One of the most important factors determin-

ing outcome is the presence and severity of additional CNS

anomalies. Although most anomalies can be identified by using

sonography, MR imaging was shown to be superior in identifying

CNS anomalies. A recent study found that MR imaging could

detect additional findings in 15.3% of the seemingly isolated

ventriculomegaly/ventricle asymmetry cases.17 In this study, we

aimed to establish the proportion of MR imaging– detected CNS

anomalies associated with ventriculomegaly in correlation with

the severity of ventriculomegaly and ventricle asymmetry. To pre-

vent underestimation of associated anomalies, we did not exclude

cases with CNS anomalies previously identified on sonography.

To the best of our knowledge, this is the first large-scale MR im-

aging study that has examined the association between lateral ven-

tricle width and asymmetry and CNS anomalies.

MATERIALS AND METHODS
We conducted a cross-sectional study of all brain MR imaging

scans performed in a single tertiary center (Sheba Medical Center,

Tel-Hashomer, Israel) between January 2011 and December 2014.
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“Ventriculomegaly” was defined as a lateral ventricle width of

�10 mm.2-4 Lateral ventricle asymmetry was defined as a differ-

ence of �2 mm between the 2 lateral ventricles. All MR imaging

scans during the study period were assessed for possible eligibility,

regardless of the reason for the referral. Inclusion criteria for this

study were singleton pregnancy and ventriculomegaly (at least 1

lateral ventricle with a width of �10 mm). Exclusion criteria were

fetal cytomegalovirus or toxoplasma infection and cases with ab-

normal genetic tests (karyotype or microarray). Two hundred

seventy-eight cases met the inclusion/exclusion criteria.

Fetal MR imaging was performed with a 1.5T system (Optima

1.5T; GE Healthcare, Milwaukee, Wisconsin) as previously pub-

lished.17 Single-shot fast spin-echo T2-weighted sequences in 3

orthogonal planes were performed by using the following param-

eters: section thickness, 3– 4 mm; no gap; flexible coil (8-channel

cardiac coil); matrix, 320 � 224; TE, 90 ms; and TR, 1298 ms. The

FOV was determined by the size of the fetal head: 24 cm for the

smaller fetuses and 30 cm for the larger fetuses. T1 fast-spoiled

gradient-echo sequences were performed only in the axial plane

with a larger FOV (400 mm), with section thickness, 4 mm; gap,

0.5 mm; TR, 160 ms; and TE, 2.3 ms. Measurements of the lateral

ventricle widths were obtained on the coronal plane at the level of

the ventricles (with good visibility of the choroid plexuses). For

this study, ventriculomegaly was considered mild if the measure-

ment was 10 –11.9 mm; moderate if, 12–14.9 mm; and severe if,

�15 mm. Asymmetry was defined as a difference of �2 mm be-

tween the 2 lateral ventricles.

Fetal brain MR imaging findings were classified according to

severity by predefined categories as shown in the Table. Classifi-

cation of findings into minor or major was determined on the

basis of previously published data.18-27

Statistical analyses were conducted by using the Statistical

Package for the Social Sciences (SPSS, Version 23; IBM, Armonk,

New York). Q-Q plots were used to assess normality. Continuous

variables were described as mean (SD) or median (interquartile

range) as appropriate. Continuous variables were compared by us-

ing an unpaired t test and a 1-way ANOVA test as appropriate or by

using the Mann-Whitney U test and Kruskal Wallis test for nonpara-

metric continuous variables as appropriate. The �2 test was used for

comparison of categoric variables. Logistic regression analysis was

used to examine the relationship among ventricle width, width dif-

ference, and CNS findings. Significance was P � .05.

The study was approved by the local institutional review board

of the Sheba Medical Center.

RESULTS
Two hundred seventy-eight pregnancies were included in the

study. The average maternal age was 31.8 � 5.2 years. Maternal

age did not differ significantly between cases with or without ven-

tricle asymmetry (32 versus 31.4 years, respectively; P � .693) or

among cases of mild, moderate, and severe ventriculomegaly (32,

31.5, and 29.5 years of age, respectively; P � .235). The median

gestational age at MR imaging acquisition was 32 weeks (inter-

quartile range, 31–34 weeks). There was no difference in median

gestational age between cases with or without ventricle asymme-

try (32 versus 32 weeks, respectively; P � .079) or among cases of

mild, moderate, and severe ventriculomegaly (32, 32, and 31.5

weeks, respectively, P � .785).

Median ventricle width for the widest ventricle was 11 mm

(interquartile range, 11–13 mm), and for the contralateral ventri-

cle, it was 9 mm (interquartile range, 7–11 mm). Median ventricle

width difference was 3 mm (interquartile range, 1– 4 mm).

Figure 1 depicts the distribution of ventriculomegaly cases ac-

cording to severity and the presence or absence of asymmetry.

Classification of MRI findings according to severity

Malformation
Type

Severity

Normal Variant Minor Findings Major Findings
NTD Meningocele Acrania/anencephaly encephalocele

Myelocele
Cystic lesions CPC Isolated PVPC Nonisolated PVPC

Cavum verge Arachnoid cyst PVL
CVI Porencephalic cyst

Bleeding IVH grade 1 IVH grade 2–4
Ischemia Parenchymatic damage
Cortical disorders Delayed sulcation (up to 2 weeks) Lissencephaly

Schizencephaly
Heterotopia
Microcephaly

White matter Isolated T2 hypersignal Nonisolated T2 hypersignal
Midline CC Lipoma Short intact CC Complete/partial CC agenesis

thick/thin
Midline CSP Isolated septal agenesis SOD
Posterior fossa MCM Blake pouch cyst Chiari 2

DWS
Primary disruption of

cerebellum/vermis/brain stem
Secondary disruption of

cerebellum/vermis/brain stem
Vascular Vein of Galen aneurysm

Note:—NTD indicates neural tube defect; CPC, choroid plexus cyst; CVI, cavum vellum interpositum; PVPC, periventricular pseudocyst; PVL, periventricular leukomalacia; IVH,
intraventricular hemorrhage; CMV, cytomegalovirus; CC, corpus callosum; CSP, cavum septum pellucidum; SOD, septo-optic dysplasia; MCM, mega cysterna magna; DWS,
Dandy-Walker syndrome; CSVT, cerebral sinovenous thrombosis.
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Most cases were defined as mild ventriculomegaly (73%), while

moderate and severe ventriculomegaly comprised 22.7% and

4.3% of the cases, respectively. Most cases of ventriculomegaly

were asymmetric (71.2%).

Figure 2 depicts the distribution of CNS findings according to

the width of the ventricle (the larger of the 2 ventricles). The risk

of CNS findings appears to be strongly related to the width of the

ventricle. The association between CNS findings and ventricle

width was particularly evident in moderate ventriculomegaly, in

which each 1-mm increase in ventricle width increases the risk for

both minor and major CNS findings. Logistic regression analysis,

with each ventricle width along with maternal age, gestational age

at the time of MR imaging, and fetal sex as variables, demon-

strated that the widths of both ventricles were positively associ-

ated with an increased risk for CNS anomalies (OR, 1.38; 95% CI,

1.08 –1.76; P � .009, for the maximal ventricle; and OR, 1.21; 95%

CI, 1.03–1.44; P � .025, for the contralateral ventricle). Gesta-

tional age at the time of MR imaging was found to be negatively

associated with CNS anomalies (OR, 0.86; 95% CI, 0.77– 0.95;

P � .003), possibly indicating that the more complicated cases

tended to be diagnosed earlier. Maternal age (P � .75) and fetal

sex (P � .304) were not found to be associated with CNS anom-

alies. The correlation between ventricle width and associated

anomalies appears to be strongest within the 12- to 15-mm range

because the OR for CNS anomalies increased from 1.38 (95% CI,

1.08 –1.76; P � .009) to 2.53 (95% CI, 1.48 – 4.34; P � .001) when

the analysis was restricted to cases with a ventricle width of 12–15

mm.

Most cases in this study were asymmetric ventriculomegaly

(71%). We have found more CNS abnormalities in symmetric

ventriculomegaly compared with asymmetric ventriculomegaly

(38.8% versus 24.2%, respectively) and more major CNS abnor-

malities in symmetric ventriculomegaly compared with asym-

metric ventriculomegaly (20% versus 7.1%, respectively). These

differences between symmetric and asymmetric ventriculomegaly

were found to be statistically significant (P � .005).

Figure 3 illustrates the distribution of CNS abnormalities ac-

cording to ventriculomegaly severity and the presence or absence

of asymmetry. We found that the differences in the risk of CNS

abnormalities between symmetric and asymmetric ventriculo-

megaly were only apparent in the mild and moderate groups. In

cases of severe ventriculomegaly, the rates of minor (25%) and

major (50%) findings were identical in symmetric and asymmet-

ric ventriculomegaly. The number of cases in the severe ventricu-

lomegaly group (n � 12) was much smaller than in the moderate

(n � 63) and mild (n � 203) groups.

Next, we used regression analysis to explore the individual

impact of ventricle width and ventricle asymmetry on the risk of

CNS findings. Using maximal ventricle width and width differ-

ence as variables, we found that ventricle width was an indepen-

dent risk factor for CNS findings (OR, 1.56; 95% CI, 1.32–1.85;

P � .001), while ventricle width difference was inversely associ-

ated with CNS findings (OR, 0.79; 95%

CI, 0.68 – 0.92; P � .003). When average

ventricle width was used in the regres-

sion model instead of maximal ventricle

width, average ventricle width appeared

to be independently associated with

CNS findings (OR, 1.56; 95% CI, 1.32–

1.85; P � .001). However, width differ-

ence lost its significant association with

CNS findings (OR, 0.99; 95% CI, 0.84 –

1.16; P � .896).

DISCUSSION
In this study we analyzed a large number

MR imaging scans of fetuses diagnosed

with fetal ventriculomegaly. We have

shown that the risk of minor and major
CNS findings is closely related to the
width of the lateral ventricle. The associ-
ation between ventricle width and CNS
findings is particularly evident in mod-
erate ventriculomegaly. As seen in Fig 2,
the rate of minor and major findings sig-
nificantly increased with each millime-

FIG 1. Distribution of ventriculomegaly cases according to severity
and the presence or absence of asymmetry. Filled bars represent
asymmetric ventriculomegaly; empty bars represent symmetric
ventriculomegaly.

FIG 2. Distribution of additional CNS findings in cases of fetal ventriculomegaly according to
maximal ventricle width. Filled bars represent major CNS findings, dotted bars represent minor
CNS findings, and empty bars represent no additional CNS findings. Due to small numbers, cases
with dilation of �16 mm were grouped together.
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ter increase in ventricle width. Thus, while the prevalent catego-
rization of mild, moderate, and severe ventriculomegaly appears
to adequately portray the risk of CNS anomalies, taking into ac-
count the ventricle width greatly improves the risk estimation.
Moreover, these findings are contrary to those in previous studies
that defined mild ventriculomegaly at an atrial width of 10 –15
mm.7,16

Another intriguing result of this study is the correlation be-
tween ventricle asymmetry and CNS findings in fetal MR imag-
ing. We have found that symmetric ventriculomegaly was associ-
ated with more CNS findings than asymmetric ventriculomegaly.
This difference was apparent in mild and moderate ventriculo-
megaly, while the rates of minor and major CNS findings were
similar between symmetric and asymmetric severe ventriculo-
megaly. The apparent advantage of asymmetric ventriculomegaly
might be somewhat counterintuitive. However, the presence of
asymmetry for a case with a given ventricle width translates to a
smaller contralateral ventricle. Thus, in asymmetric mild ven-
triculomegaly, the contralateral ventricle will be in the normal
range, while in moderate ventriculomegaly, most cases will have a
contralateral ventricle width in the normal-to-mild ventriculo-
megaly range. This hypothesis gains support from our regression
analysis that demonstrated that the association between width
difference and CNS findings was eliminated when average ventri-
cle width was used as a variable in the analysis instead of maximal
ventricle width, thereby encompassing data on both ventricles.

The relatively low incidence of major anomalies in cases of
mild symmetric ventriculomegaly (2.6%) may merit re-evalua-
tion of the cost-effectiveness of fetal MR imaging in these cases.
Nevertheless, we believe that given the clinical implications of
major CNS anomalies and in light of the prevalence of minor
findings in mild asymmetric ventriculomegaly (14.5%), fetal
brain MR imaging still plays an important role in the work-up of
these cases.

The data portrayed in this study aid in establishing the corre-
lation between lateral ventricle width and CNS anomalies. The

high rate of CNS anomalies observed in this study stresses the
need for a thorough investigation of fetal ventriculomegaly and
especially for meticulous examination in cases of moderate-to-
severe ventriculomegaly and bilateral ventriculomegaly.

This study is in accordance with previous studies that found
more CNS anomalies in moderate and severe ventriculomegaly
compared with mild ventriculomegaly.10,11 However, in most of
these studies, imaging was based almost exclusively on ultra-
sound,9-11 despite the known advantages of fetal brain MR imag-
ing.17 Moreover, none of these studies, including those with fetal
MR imaging as an imaging technique,15,17 have analyzed the im-
pact of ventricle width on the risk of CNS anomalies.

One of the advantages of this study is that it included a large
number of fetal MR imaging scans, enabling us to examine in
depth the association between ventriculomegaly and CNS find-
ings. Thus, we could identify differences in the rate of CNS find-
ings not only among mild, moderate, and severe ventriculo-
megaly but also due to minute increases in ventricle width.
Another major advantage is that the study is MR imaging– based,
thereby increasing the ability to identify CNS abnormalities com-
pared with neurosonography.17,28-31

This study is limited by the lack of data on neurodevelopmen-
tal outcome. Here we examined the association between ventricu-
lomegaly and CNS anomalies in the fetus without assessing the
outcome of the child. Nevertheless, because the presence of CNS
abnormalities has been shown to be closely related to the neuro-
developmental outcome of the child,6 findings in fetal MR imag-
ing can be used as an indication of the outcome. Moreover, to
improve the clinical significance of the association between ven-
triculomegaly and CNS anomalies, we classified CNS anomalies
according to severity (Table).

CONCLUSIONS
In this study, we demonstrate that the rate of minor and major

findings increases with each millimeter increase in ventricle width

and that the presence of symmetric ventricles in mild and mod-

erate ventriculomegaly is a prognostic indicator for CNS anoma-

lies in MR imaging examinations.
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Ceroid Lipofuscinosis

X E.H. Baker, X S.W. Levin, X Z. Zhang, and X A.B. Mukherjee

ABSTRACT

BACKGROUND AND PURPOSE: Infantile neuronal ceroid lipofuscinosis is a devastating neurodegenerative storage disease caused by
palmitoyl-protein thioesterase 1 deficiency, which impairs degradation of palmitoylated proteins (constituents of ceroid) by lysosomal
hydrolases. Consequent lysosomal ceroid accumulation leads to neuronal injury, resulting in rapid neurodegeneration and childhood
death. As part of a project studying the treatment benefits of a combination of cysteamine bitartrate and N-acetyl cysteine, we made
serial measurements of patients’ brain volumes with MR imaging.

MATERIALS AND METHODS: Ten patients with infantile neuronal ceroid lipofuscinosis participating in a treatment/follow-up study
underwent brain MR imaging that included high-resolution T1-weighted images. After manual placement of a mask delineating the surface
of the brain, a maximum-likelihood classifier was applied to determine total brain volume, further subdivided as cerebrum, cerebellum,
brain stem, and thalamus. Patients’ brain volumes were compared with those of a healthy population.

RESULTS: Major subdivisions of the brain followed similar trajectories with different timing. The cerebrum demonstrated early, rapid
volume loss and may never have been normal postnatally. The thalamus dropped out of the normal range around 6 months of age; the
cerebellum, around 2 years of age; and the brain stem, around 3 years of age.

CONCLUSIONS: Rapid cerebral volume loss was expected on the basis of previous qualitative reports. Because our study did not include
a nontreatment arm and because progression of brain volumes in infantile neuronal ceroid lipofuscinosis has not been previously
quantified, we could not determine whether our intervention had a beneficial effect on brain volumes. However, the level of quantitative
detail in this study allows it to serve as a reference for evaluation of future therapeutic interventions.

ABBREVIATIONS: CLN � ceroid-lipofuscinosis, neuronal; EEG � electroencephalogram; ERG � electroretinogram; INCL � infantile neuronal ceroid lipofuscinosis

Neurodegeneration is a devastating manifestation in most of

the �50 known lysosomal storage disorders. Among the

neurodegenerative lysosomal storage disorders, neuronal ceroid

lipofuscinoses,1-3 also known as Batten disease,4,5 are the most

common. Mutations in at least 13 different genes (ceroid-lipofus-

cinosis, neuronal [CLN]) cause various types of neuronal ceroid

lipofuscinoses.6 Among these genes, CLN1, CLN2, CLN10, and

CLN13 encode lysosomal enzymes; CLN4 and CLN14 encode pe-

ripherally associated cytoplasmic proteins; CLN5 encodes a solu-

ble lysosomal protein; CLN11 encodes a protein in the secretory

pathway; and several transmembrane proteins with varying sub-

cellular localizations are encoded by CLN3, CLN6, CLN7, CLN8,

and CLN12.7 The infantile type, infantile neuronal ceroid lipofus-

cinosis (INCL),8 has an early age of onset and rapid progression to

death. INCL is caused by mutations in the CLN1 gene,9 which

encodes palmitoyl-protein thioesterase 1. Patients with INCL ap-

pear healthy at birth, but by 11–18 months of age, they exhibit

developmental delay, followed by loss of developmental mile-

stones. Many develop seizures. By 2 years of age, they are blind

due to retinal degeneration, and they reach a persistent vegetative
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state at around 4 years of age, manifested by an isoelectric electro-

encephalogram (EEG) (including visual-evoked potentials).10

This grim trajectory highlights the desirability of developing an

effective therapy for this disease.

The pathologic findings include intralysosomal accumulation

of autofluorescent material (ceroid), rapidly progressing brain

atrophy resulting predominantly from loss of neurons in the ce-

rebral cortex, and neuroinflammatory findings11 in the early

stages. The accumulation of ceroid results in the formation of

granular osmiophilic deposits,12,13 which can be visualized in the

brain and other tissues by using electron microscopy.

Previous in vitro studies demonstrated that phosphocysteam-

ine had a beneficial effect on INCL-derived cell cultures, resulting

in depletion of ceroid deposits and suppression of apoptosis.14

The antioxidant N-acetyl cysteine has been reported to be bene-

ficial in other neurogenerative diseases.15 These 2 observations led

us to conceive a study of a combination therapy with these 2

drugs. Because INCL is a rare disease (1 in �100,000 births) with

a short life expectancy, recruitment of a large study group is im-

practical; this issue led to a “compassionate use” type of experi-

mental design in which all patients received treatment, without a

control group. The intention was to compare with the natural

history and future treatment interventions by using behavioral

and developmental assessments and quantifiable measures such

as electroencephalography, electroretinography, MR imaging–

derived brain volume measurements, MR spectroscopy, and

quantification of intralysosomal ceroid deposits. An overview of

the study results has been published recently16; the current report

details the MR imaging– derived brain volume measurements.

MATERIALS AND METHODS
Study Participants
Recruitment and inclusion criteria for this study have been

described in detail elsewhere (ClinicalTrials.gov number

NCT00028262).16 Ten patients were recruited for the study, 9 of

whom had treatment initiated after the baseline study and re-

turned for follow-up; the other patient dropped out of the study

after the baseline evaluation and did not undergo treatment. The

CLN1 gene mutations represented in our patient sample were

C451T, T29A, A364T, A169i, and 798�2T�C. The patients were

all younger than 3 years of age on entry to the study.

Treatment
Following initial evaluation, the 9 patients who continued in the

study began oral treatment with cysteamine bitartrate (Cystagon)

at 10 mg/kg per day, escalated weekly to a target of 60 mg/kg per

day. After achieving this target dose, oral treatment with N-acetyl

cysteine (Mucomyst) was added at 10 mg/kg per day and escalated

weekly to a target of 60 mg/kg per day. Treatment was discontin-

ued after demonstration of an isoelectric electroencephalogram

or when the patient was too sick to travel for follow-up appoint-

ments; this was an interval of 8 –75 months after initiation of

treatment, at which time follow-up also stopped.

MR Imaging

Patients. Eight patients were studied by using a 1.5T Signa scan-

ner (GE Healthcare, Milwaukee, Wisconsin) with a quadrature

transmit-receive head coil. Two patients were studied by using a

3T Achieva scanner (Philips Healthcare, Best, the Netherlands)

with an 8-channel SENSE head coil. A standard noncontrast clin-

ical MR imaging examination was performed in all patients; this

included either axial or sagittal 3D-SPGR images or axial 3D-

MPRAGE images. Axial or sagittal 3D-SPGR images were ac-

quired with the following parameters: FOV � 200 � 200 mm or

240 � 240 mm, acquisition matrix � 256 � 256, reconstruction

matrix � 256 � 256, section thickness � 1–2 mm, NEX � 1, TE �

2.2–5.5 ms, TR � 9.5–12.8 ms. Axial 3D-MPRAGE images were

acquired with the following parameters: FOV � 220 � 220 mm,

acquisition matrix � 256 � 131, reconstruction matrix � 256 �

256, section thickness � 1 mm, NEX � 2, TE � 6.6 ms, TR � 11.5

ms, echo-train length � 131.

Sedation
Because all patients were young children, most examinations were

performed with the patient under sedation with propofol.17 Some

late-stage patients did not require sedation for the MR imaging

examinations.

Brain Volume Measurement
Brain volumes were calculated by using the 3D-SPGR or 3D-

MPRAGE images. Medical Image Processing, Analysis, and Visual-

ization software18 (MIPAV; http://mipav.cit.nih.gov/) was used to

manually generate a mask that stripped the skull, meninges, and

other tissues away from the brain; a shading correction was applied to

compensate for radiofrequency transmission nonuniformity; and fi-

nally, a single-channel 3-tissue maximum likelihood classifier was

applied to the area within the mask to estimate the volume of the

brain parenchyma. The mask was manually subdivided into cere-

brum, cerebellum, and brain stem to separately measure these vol-

umes. For healthy controls, we used images from 23 healthy volun-

teers (12 girls, 11 boys; 1.1–9.6 years of age) participating in other

research studies at our institution who had been scanned using im-

aging parameters similar to ours; control brain volumes were mea-

sured in the same manner as the brains of patients with INCL.

Measurement of the thalamus volumes was challenging due to

the abnormal intrinsic tissue contrast that obscures the boundar-

ies between the deep nuclei and adjacent structures (Fig 1); this

FIG 1. MR imaging findings in end-stage INCL. T1-weighted (A) and
T2-weighted (B) images in the plane defined by the anterior and pos-
terior commissures. These images demonstrate findings that include
extreme atrophy, near-complete lack of gray matter, extensive ab-
normal signal in the white matter, loss of internal landmarks separat-
ing the basal ganglia, and subdural effusions.

AJNR Am J Neuroradiol 38:376 – 82 Feb 2017 www.ajnr.org 377



issue becomes worse as the disease advances. Therefore, we de-

vised a scheme based on using surface landmarks to draw 3 per-

pendicular diameters of an ellipsoid to approximate the volume of

the thalamus (On-line Fig 1). The same measurements were per-

formed on our images of healthy volunteers.

Statistical Tests
We applied the Student t test to our total and segmental brain

volumes to check for sexual dimorphism in our patients and

healthy volunteers. The SD of the healthy volunteers (difference

from the fitted curve) was also calculated.

Curve Fitting
For both patients and healthy volunteers, linear, quadratic,

power, and logarithmic curves were fitted to the volume measure-

ments as a function of age. For each measurement, the curve with

the highest r value (Pearson correlation coefficient) is shown in

the relevant figure.

RESULTS
Demographics
Forty-five scans were obtained in 10 patients; 43 of these scans

could be used for volume calculations, while the other 2 had mo-

tion artifacts severe enough to exclude them from the analysis. Of

the 43 useable scans, 25 were obtained in girls, and 18, in boys; the

number of volume calculations performed for each patient

ranged from 1 to 8. The overall age range of the patients at the time

of the examination was 0.88 – 8.40 years. Applying the Student t

test to the total brain volume and to the segmental brain volumes

did not reveal sexual dimorphism in our sample; therefore, fur-

ther analysis combined the results for boys and girls. Plotting

segmental volumes for each mutation separately revealed over-

lapping curves with similar slopes (On-line Fig 2), confirming

previous observations that these genotypes produce a uniform

phenotype19; therefore, further analysis combined the results of

all genotypes.

Thalamus Volume
The evolution of thalamus volumes is shown in Fig 2. The plot

shows that the measurements on even the youngest patients were

out of the normal range; the curve extrapolates into the normal

range, suggesting that thalamus volume could have been normal

(or near-normal) for a few months after birth. The initial decline

in thalamus volume was gradual, and the rate of decline decreased

with age. The pattern was best described by an exponential

equation.

Brain Stem Volume
The evolution of brain stem volumes is shown in Fig 3. The plot

shows that the measurements on the youngest patients fell within

the normal range; therefore, we presume that the evolution before

our measurements was normal. The initial decline in the brain

stem volume was gradual, but the rate of decline increased with

age. The pattern was best described by a quadratic equation. The

patients’ average fell out of the normal range (below the 2.5th

percentile) by 3 years of age.

FIG 2. Thalamus volume measurements in patients with INCL. Due to
lack of visible boundaries of the thalamus (secondary to disease-re-
lated alterations in intrinsic contrast), an ellipsoidal approximation to
the volume was made on the basis of brain surface landmarks. Thala-
mus volumes were out of the normal range by the time of our earliest
measurements and further decreased with time. The equation for the
best curve fit is shown. We did not detect a difference between INCL
in boys and girls (P � .98). The normal curve reflects thalamus volumes
measured on 23 healthy volunteers 1.1–9.6 years of age participating in
other studies at our institution; for the healthy volunteers, we did not
find a statistical difference between boys and girls (P � .89) or be-
tween right and left (P � .86) (dark line � mean, light lines � �2 SDs).
For comparison, the onset ages of major clinical findings (mean and
95% CI) observed in our patients are plotted below the volume curve.
A indicates developmental regression; B, cerebral atrophy noted in
clinical MR imaging report; C, myoclonic jerks and seizures; D, loss of
vision; E, deceleration of head growth; F, isoelectric visual-evoked
potentials; and G, isoelectric EEG or electroretinogram.

FIG 3. Brain stem volume measurements in patients with INCL. Brain
stem volumes decreased with time, dropping below the 2.5th percen-
tile before 3 years of age. The equation for the best curve fit is shown.
We did not detect a difference between INCL in boys and girls (P �
.88). We defined the brain stem as including the cerebral peduncles,
midbrain, pons, and medulla. The normal curve reflects brain stem
volumes measured on 23 healthy volunteers 1.1–9.6 years of age par-
ticipating in other studies at our institution; for the healthy volun-
teers, we did not find a statistical difference between boys and girls
(P � .94) (dark line � mean, light lines � �2 SDs). For comparison, the
onset ages of major symptoms (mean and 95% CI) observed in our
patients are plotted below the volume curve. A indicates develop-
mental regression; B, cerebral atrophy noted in clinical MR imaging
report; C, myoclonic jerks and seizures; D, loss of vision; E, decelera-
tion of head growth; F, isoelectric visual-evoked potentials; and G,
isoelectric EEG or electroretinogram.
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Cerebellum Volume
The evolution of the cerebellum volumes is shown in Fig 4. Our

measurements of the youngest patients were in the normal range;

therefore, we presume that the evolution before our measure-

ments was normal. The decline in cerebellum volume was initially

rapid (the patients’ average dropped out of the normal range just

after age 2 years) and slowed later. The pattern was best described

by a logarithmic equation.

Cerebrum Volume
The evolution of the cerebrum volumes is shown in Fig 5. Only the

baseline measurement of our youngest patient (at 10 months of

age) was above the 2.5th percentile; all other measurements of

cerebral volume were far below normal, and extrapolation of the

curve to intersect the normal curve suggests that if the cerebral

volumes were ever normal in the patients with INCL, it would

have been only in the first few months after birth. The initial

decline in cerebral volume was rapid, slowing later (possibly be-

coming asymptotic). The pattern was best described by a logarith-

mic equation.

Total Brain Volume
Because the total brain volume is thoroughly dominated by the

cerebral volume, the pattern for the total brain volume closely

followed that of the cerebral volume, with a rapid initial decline

and slower decline later. However, because the decline of the cer-

ebellum started later and did not proceed as rapidly, we did not

observe asymptotic behavior in the total brain volume within the

timeframe of the study. The pattern was best described by a loga-

rithmic equation. The evolution of the total brain volume is

shown in Fig 6.

Ratio of Segmental Volumes to Cerebrum Volume
In the healthy children, the cerebellum/cerebrum ratio and thal-

amus/cerebrum ratio changed very gradually with age, following a

pattern best described by a quadratic equation; for the cerebel-

lum, the peak ratio was at 5.8 years of age, and for the thalamus,

the peak ratio was at 7.0 years of age. The normal brain stem/

cerebrum ratio rose gradually throughout the age range we

measured.

In the patients with INCL, the cerebellum/cerebrum ratio was

more than twice the normal mean in nearly all of our baseline

measurements. The ratio in the patients with INCL rose until

about 5 years of age (the maximum of the fitted curve occurred at

4.97 years) and then fell off somewhat. This rising and falling

pattern reflects the earlier involvement of the cerebrum relative to

the cerebellum. The pattern was best described by a quadratic

equation. Extrapolation of the fitted curve to earlier ages does not

intersect with the normal curve; this finding suggests that the ratio

may never have been normal in these patients. Because the initial

measurements of cerebellum volumes were within the normal

range, this suggests that the cerebral volume may never be really

normal in these patients, not even in neonates or fetuses. The

evolution of the ratio of cerebellum volume to cerebral volume is

shown in Fig 7A.

The evolution of thalamus/cerebrum and brain stem/cere-

brum volume ratios followed a pattern similar to that of the evo-

lution of the cerebellum/cerebrum ratio, all best described by a

FIG 4. Cerebellum volume measurements in patients with INCL. Cer-
ebellar volumes were initially near normal but decreased with time
and dropped below the 2.5th percentile by about 2.5 years of age. The
equation for the best curve fit is shown. We did not detect a differ-
ence between INCL in boys and girls (P � .94). We included the cer-
ebellar peduncles in our measurement of cerebellar volume. The nor-
mal curve reflects cerebellum volumes measured on 23 healthy
volunteers 1.1–9.6 years of age participating in other studies at our
institution; for the healthy volunteers, we did not find a statistical
difference between boys and girls (P � .91) (dark line � mean, light
lines � �2 SDs). For comparison, the onset ages of major symptoms
(mean and 95% CI) observed in our patients are plotted below the
volume curve. A indicates developmental regression; B, cerebral at-
rophy noted in clinical MR imaging report; C, myoclonic jerks and
seizures; D, loss of vision; E, deceleration of head growth; F, isoelectric
visual-evoked potentials; and G, isoelectric EEG or electroretinogram.

FIG 5. Cerebrum volume measurements in patients with INCL. Even
our earliest measurements of cerebral volumes were lower than nor-
mal, and volumes decreased dramatically with time. The equation for
the best curve fit is shown. We did not detect a difference between
INCL in boys and girls (P � .94). We defined the cerebrum as including
the deep nuclei but not the cerebral peduncles. The normal curve
reflects cerebrum volumes measured on 23 healthy volunteers 1.1–9.6
years of age participating in other studies at our institution; for the
healthy volunteers, we did not find a statistical difference between
boys and girls (P � .78) (dark line � mean, light lines � �2 SDs). For
comparison, the onset ages of major symptoms (mean and 95% CI)
observed in our patients are plotted below the volume curve. A indi-
cates developmental regression; B, cerebral atrophy noted in clinical
MR imaging report; C, myoclonic jerks and seizures; D, loss of vision; E,
deceleration of head growth; F, isoelectric visual-evoked potentials;
and G, isoelectric EEG or electroretinogram.
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quadratic equation. The thalamus/cerebrum volume ratio (Fig

7B) peaked at 4.96 years of age, and the brain stem/cerebrum

volume ratio (Fig 7C) peaked at 5.89 years of age. The thalamus/

cerebrum ratio started in the upper part of the normal range, rose

out of the normal range (to about 50% more than the normal

mean), and later returned to the upper part of the normal range.

The brain stem/cerebrum ratio started at the upper extreme of the

normal range and peaked at 3 times the normal mean. The later

and higher peak of the brain stem/cerebrum ratio relative to the

cerebellum/cerebrum ratio and thalamus/cerebrum ratio sug-

gests later and less severe involvement of the brain stem relative to

the cerebrum, thalamus, and cerebellum.

DISCUSSION
In this analysis, we have made detailed, quantitative serial mea-

surements of brain volumes in a group of patients with INCL

followed for up to 7 years. We have demonstrated that among the

regions that we measured separately, atrophy begins earliest and

proceeds fastest in the cerebrum, with the thalamus lagging

slightly behind; there is later involvement of the cerebellum and

then the brain stem. Although our patients had a variety of differ-

ent gene mutations, the pattern and rate of atrophy that we ob-

served did not appear to vary by genotype, in agreement with

previous reports that these particular gene mutations are clini-

cally indistinguishable.16,19

In the palmitoyl-protein thioesterase (Ppt1�/�) mouse model

of INCL, a previous microscopy study demonstrated that neuron

loss starts in the sensory relay nuclei of the thalamus, first involv-

ing the visual system, then the auditory and somatosensory relay

nuclei, and then the inhibitory reticular thalamic nucleus.20 Loss

of thalamic relay neurons was followed by loss of other neurons in

the interconnected chains, with cortical interneurons preceding

cortical granule neurons. Segmental atrophy of the cortex pro-

ceeded in the same order as the related thalamic nuclei; and within

each segment, the interneuron layer was involved before the gran-

ule layer. The much coarser resolution of our MR imaging mea-

surements could not resolve individual thalamic nuclei or reliably

measure the thickness of the atrophied cerebral cortex, so we were

unable to observe these processes in our patients. In contrast to

the results in Ppt1�/� mice,20 we observed that measurable cere-

bral atrophy preceded measurable thalamus atrophy. An earlier

study of the mouse model21 found that fractional volume loss in

the thalamus was greater than that in the cerebrum, also opposite

to our findings; these discrepancies are consistent with previously

reported differences between the mouse model and human dis-

ease.21 Our results are in agreement with the mouse model in

demonstrating that atrophy of the cerebrum precedes atrophy of

the cerebellum.21

Extrapolation of our cerebral volume curve to ages younger

than those included in our study suggests that if the cerebral vol-

ume was ever normal, it would have been in the normal range for,

at most, a few months after birth. Extrapolation of the cerebel-

lum-to-cerebrum volume ratio suggests that the cerebral volume

may never have been normal, not even in the fetus. A previous MR

spectroscopy study22 found low NAA in the cerebral white matter

of a patient at 4 months of age. In the separately reported MR

spectroscopy component of the current study,11 we found that

extrapolation of cerebral NAA levels beyond the age of our young-

est patient does not appear to intersect the normal curve. NAA is

produced mainly (or perhaps exclusively) by healthy neu-

rons,23,24 and a decline in the level of NAA indicates loss or injury

of neurons. Logically, loss or injury of neurons should precede

atrophy; therefore, the timing of our cerebral atrophy observa-

tions is consistent with the timing of NAA decline observed in the

previous MR spectroscopy reports.

Extrapolation of our thalamus volume curve suggests that the

thalamus volume may have been in the normal range before 6

months of age. Extrapolation of our previously published mea-

surements of NAA in the thalamus11 suggests that NAA in the

thalamus may be in the normal range for a few months after birth;

previous measurements22 on very young children with INCL have

demonstrated normal NAA in the thalamus of a 2-month-old

child and a slight deficit of NAA in the thalamus of a 4-month-

old child. Thus, the relative order of volume loss (cerebrum

before thalamus) that we report in this study is concordant

with the order of previously reported MR spectroscopy

changes in humans.

Both cerebellum and brain stem volumes measured on our

youngest patients fell into the normal range, with the curve for the

cerebellum volume dropping below the 2.5th percentile at about

2.5 years of age and the curve for the brain stem volume dropping

below the 2.5th percentile by about 3 years of age. Extrapolation of

the MR spectroscopy results that we previously reported measur-

ing NAA in the cerebellum and brain stem11 suggests that NAA

levels are probably normal at these locations for up to a year after

birth. As with NAA in the cerebrum, it would be expected that

neuron injury or loss would precede the observation of atrophy,

FIG 6. Total brain volume measurements in patients with INCL. Total
brain volumes (dominated by the cerebral volume) were initially
lower than normal and decreased dramatically with time. The equa-
tion for the best curve fit is shown. We did not detect a difference
between INCL in boys and girls (P � .96). The normal curve reflects
total brain volumes measured on 23 healthy volunteers 1.1–9.6 years of
age participating in other studies at our institution; for the healthy
volunteers, we did not find a statistical difference between boys and
girls (P � .80) (dark line � mean, light lines � �2SD). For comparison,
the onset ages of major symptoms (mean and 95% CI) observed in our
patients are plotted below the volume curve. A indicates develop-
mental regression; B, cerebral atrophy noted in clinical MR imaging
report; C, myoclonic jerks and seizures; D, loss of vision; E, decelera-
tion of head growth; F, isoelectric visual-evoked potentials; and G,
isoelectric EEG or electroretinogram.

380 Baker Feb 2017 www.ajnr.org



so the patterns we observed in the cerebellum and brain stem

volume measurements are consistent with the pattern observed in

our MR spectroscopy measurements.

We would have liked to have compared our quantitative atro-

phy measurements with previous reports on the natural history of

volume loss in INCL,16,25 to evaluate the treatment benefits of

cysteamine bitartrate and N-acetyl cysteine; in particular, we

would have liked to determine whether the treatment resulted in

any delay in atrophy onset or any slowing of the rate of atrophy.

However, because all previous studies evaluating atrophy in INCL

used qualitative scoring without correspondence to any particular

absolute or fractional volume loss, we could not determine the

effect of the treatment on brain atrophy. The sequence of brain

involvement we observed agreed with that in the previous quali-

tative reports.

The measurements we present here are quantitative and

should be reproducible. Although we were not able to compare

our results directly with the previous qualitative studies of brain

atrophy in INCL, the detailed quantitative measurements we have

made of the temporal progression of atrophy in INCL in the pa-

tients under treatment with cysteamine bitartrate and N-acetyl

cysteine will be useful as a reference for comparative evaluation of

future treatment trials.

CONCLUSIONS
We made quantitative measurements of brain volumes in treated

patients with INCL. The pattern of volume loss suggests that the

order of involvement was cerebrum, thalamus, cerebellum, and

brain stem, in agreement with other previously published studies

of this disease in humans. In contrast to other previously pub-

lished reports, we have made quantitative measurements of the

volume of the brain (and several major divisions). As a reproduc-

ible quantitative measure, these volumes can be used as a surro-

gate outcome measure in future treatment trials to compare pro-

posed treatments with one another and potentially detect small

FIG 7. Relative segmental volumes in patients with INCL. A, In INCL, the cerebellum is large relative to the cerebrum, reflecting the observation
that volume loss begins earlier and progresses faster in the cerebrum than elsewhere in the brain. The ratio initially rises as cerebral loss outpaces
cerebellar loss and decreases later because the cerebrum reaches asymptotic volume earlier than the cerebellum. B, In INCL, the thalamus
becomes somewhat large relative to the cerebrum for a while, reflecting the tight linkage between the volumes of these structures with a bit
of a delay in involvement of the thalamus relative to the cerebrum. C, In INCL, the brain stem is also large relative to the cerebrum, with a later
peak relative to both the thalamus/cerebrum ratio and cerebellum/cerebrum ratio, indicating that the brain stem is involved last among the
structures that we measured. In all plots, the equation describes the best curve fit to the INCL results. We did not detect a difference between
boys and girls for either patients with INCL or healthy volunteers. The normal curves reflect volume ratios measured on 23 healthy volunteers
1.1–9.6 years of age participating in other studies at our institution (dark line � mean, light lines � �2 SDs).
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differences that may not be apparent if coarser outcome measures

(such as qualitative evaluation of symptoms) are used.
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ORIGINAL RESEARCH
PEDIATRICS

The Prevalence of Malformations of Cortical Development in a
Pediatric Hereditary Hemorrhagic Telangiectasia Population

X G.J. Palagallo, X S.R. McWilliams, X L.A. Sekarski, X A. Sharma, X M.S. Goyal, and X A.J. White

ABSTRACT

BACKGROUND AND PURPOSE: Brain AVM, cerebral abscess, and ischemic stroke are among the well known neurologic manifestations
of hereditary hemorrhagic telangiectasia. However, recently reported data suggest an additional association with malformations of
cortical development. The purpose of this study was to determine the prevalence of malformations of cortical development in a
population of pediatric patients with hereditary hemorrhagic telangiectasia.

MATERIALS AND METHODS: A retrospective review of brain MRIs from 116 pediatric patients was performed. Each patient was referred
from our institution’s Hereditary Hemorrhagic Telangiectasia Clinic. Each MRI included a 3D sequence, most frequently MPRAGE. The 3D
sequence was evaluated by a neuroradiology fellow, with specific attention to the presence or absence of malformations of cortical
development. Positive studies were subsequently reviewed by 2 attending neuroradiologists, who rendered a final diagnosis.

RESULTS: Fourteen of 116 (12.1%) patients were found to have a malformation of cortical development. Among these 14, there were 12 cases
of polymicrogyria and 2 cases of bifrontal periventricular nodular heterotopia.

CONCLUSIONS: Pediatric patients with hereditary hemorrhagic telangiectasia have a relatively high prevalence of malformations of
cortical development, typically perisylvian polymicrogyria.

ABBREVIATIONS: HHT � hereditary hemorrhagic telangiectasia; MCD � malformation of cortical development; PMG � polymicrogyria

Hereditary hemorrhagic telangiectasia (HHT) is an autosomal

dominant disorder with a geography-dependent prevalence

that ranges from approximately 1/5000 to 1/8000 in Japan to

1/10,000 in the United Kingdom.1,2 HHT is diagnosed clinically

based on the Curacao criteria, which include: 1) spontaneous and

recurrent epistaxis, 2) mucocutaneous telangiectasias, 3) visceral

AVMs, and 4) a first-degree relative who has the disease. If 3 or 4

of the criteria are present, a patient is considered to have “defi-

nite” HHT. “Possible” HHT requires that 2 criteria be present,

whereas patients with fewer than 2 positive criteria are considered

“unlikely” to have the disease. HHT results from various muta-

tions in genes involved in signaling in the transcription growth

factor–� pathway in vascular endothelial cells. Known mutations

include endoglin (ENG), activin receptor-like kinase (ALK1), and

SMAD4.3-6 Cerebral manifestations of HHT include brain AVMs,

which are estimated to occur in 10%–20% of patients.7 In addition,

pulmonary AVMs are present in approximately 30% of patients with

HHT. The presence of a right-to-left pulmonary shunt predisposes

patients with HHT to cerebral abscess and embolic stroke.8,9

Malformations of cortical development (MCDs) encompass a

broad array of disorders seen in patients with developmental de-

lay and epilepsy. Included in this category is polymicrogyria

(PMG), a term that refers to cerebral cortex that contains unusu-

ally small convolutions.10 MRI features of PMG include small gyri

separated by thin, shallow sulci. This often results in the appear-

ance of a thickened cortex with irregularity of the cortical surface

and gray-white junction.11 Heterotopia is another MCD, result-

ing from abnormal neuronal migration and most commonly

manifesting in a nodular periventricular form.12 A variety of syn-

dromes and genetic mutations have been shown to be associated

with PMG.10,12 Data reported at the 10th International Scientific

HHT Conference in 2013 suggested an 8% prevalence of MCDs

in the HHT population.13 However, to date, there have been no

publications in the scientific literature describing an association be-
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tween MCDs and HHT. Our study aims to determine the prevalence

of PMG and other MCDs in pediatric patients with HHT.

MATERIALS AND METHODS
We identified 116 pediatric patients—referred to our institution’s

HHT clinic between 2005 and 2015—who underwent a brain

MRI that included at least 1 high-resolution 3D sequence. At our

institution, children being evaluated for HHT are routinely

screened with brain MRI. In most cases, the 3D sequence was T1

MPRAGE, which is routinely performed at our institution for

pediatric brain MRI. All MRI examinations were performed at

either 1.5T or 3T. Each MRI was retrospectively evaluated with

specific attention to the presence or absence of MCDs by a neu-

roradiology fellow (G.J.P.). For each case, the radiology report

was consulted with attention to documentation of MCDs. Poten-

tially positive cases were then confirmed by 2 board-certified at-

tending neuroradiologists (M.S.G., A.S.), with 2 and 10 years of

experience, respectively. For each of the 116 patients, the follow-

ing information was acquired from the electronic medical record

and a pediatric HHT data base: sex, age, diagnosis by Curacao

criteria, genetic testing (if available), and the presence or absence

of pulmonary and brain AVMs. For each patient who screened

positive, the medical record was reviewed to document history of

neurologic symptoms with particular attention to the presence or

absence of epilepsy. Descriptive statistics were computed, and as-

sociations were tested with the Fisher exact test. The criterion for

statistical significance was P � .05.

RESULTS
Demographic information, genetic mutation status, and other

clinical data for the 116 patients are detailed in Table 1. Because

our institution is an HHT Center of Excellence for adults and

children, most patients included in our pediatric HHT data base

are the children of adults with known HHT, thus accounting for

the higher proportion of children meeting Curacao criteria for

definite HHT. Fourteen of 116 (12.1%) patients were found to

have an MCD (Table 2). The positive studies included 12 cases of

PMG (12/116, 10.3%) and 2 cases of bifrontal periventricular

nodular heterotopia (2/116, 1.7%). Two sets of siblings were pos-

itive for MCD. This included a set of 3 boys, 2 of whom had

perisylvian PMG, with the other sibling having periventricular

nodular heterotopia (Fig 1). An additional set of 2 sisters each had

perisylvian PMG, but in opposite cerebral hemispheres. The sib-

lings of 2 other positive cases were negative for MCD.

PMG was seen unilaterally in all 12 instances. Multifocal PMG

was seen in 4/12 cases. In 1 case, PMG was seen adjacent to a previ-

ously resected AVM. In 2 patients, focal PMG was seen immediately

adjacent to a small AVM (Fig 2). In another case, PMG was noted to

line a large porencephalic cyst. Clinically, this patient had both epi-

lepsy and hemiplegia and was the only patient to exhibit either of

those manifestations among the cases of MCD. Additional neuro-

logic symptoms included 6 patients with headaches, 1 with a gait

disorder, and 1 with a prior stroke (Table 2).

AVMs were seen more frequently in patients with MCD com-

pared with those without MCD. Eight of 13 (61.5%) patients with

MCD who underwent testing had a pulmonary AVM; 30/100

(30.0%) of patients without MCD who underwent testing had a

pulmonary AVM (P � .029). Five of 14 (35.7%) patients with

MCD also had a brain AVM, compared with 13/102 (12.7%) pa-

tients without MCD (P � .042).

Table 1: Summary of 116 patients
Characteristic Summary

Demographics, no. (%)
Female sex 63/116 (54.3)
Age (yr) 9.2 � 4.4

HHT-causing mutation, no. (%)
Endoglin 31/46 (67.4)
ALK1 10/46 (21.7)
SMAD4 1/46 (2.2)
All tests negative 4/46 (8.7)

Vascular malformations, no. (%)
Brain AVM 18/116 (15.5)
Pulmonary AVM 38/113 (33.6)

Curacao criteria, no. (%)
Definite 78/116 (67.2)
Possible or suspected 34/116 (29.3)
Unlikely 4/116 (3.4)

Table 2: Description of 14 patients with MCD

Patient Age Sex Curacao Genetics
Family

Genetics
Pulmonary

AVM
Brain
AVM

Neurologic
History MCD

A 8 yr F 4 ENG ENG Y Y Headache L perisylvian PMG
B 3 yr M 3 ENG Y N 1) L perisylvian PMG, 2) L inferior temporal PMG
C 3 yr F 4 Ind Y Y Headache L perisylvian PMG
D 7 yr F 4 Y N Headache 1) R perisylvian PMG, 2) R parietal PMG
E 8 yr F 4 Y N Headache L temporal PMG
F 3 mo F 2 ENG ENG N N Gait disorder R perisylvian PMG
G 5 yr F 4 ENG ENG Y Y Stroke L perisylvian PMG along margin of AVM resection cavity
H 9 yr M 3 N N Headache Bifrontal periventricular nodular heterotopia
I 11 yr M 3 N N L parietal PMG
J 12 yr M 4 Ind N L perisylvian PMG
K 11 yr M 2 ENG N Y Headache 1) R parietotemporal PMG, 2) R frontal PMG adjacent to

AVM
L 15 yr F 2 SMAD4 N N Bifrontal periventricular nodular heterotopia
M 8 yr M 4 Y Y 1) R frontal PMG adjacent to small AVM, 2) R mesial

temporal PMG
N 7 yr F 4 Y N Hemiplegia,

epilepsy
L frontal PMG adjacent to large porencephalic cyst

Note:—Ind indicates indeterminate; L, left; R, right.
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DISCUSSION
This study demonstrated a relatively high prevalence (12.1%) of

MCD within a pediatric HHT population, consistent with the

results reported in the conference abstract by Bergerot et al13 in

2013. Most cases of MCD were PMG, seen predominantly in a

perisylvian distribution, which is the most common location for

PMG in general.14 The prevalence of PMG in the general popula-

tion is unknown, but is likely quite rare. Large series of brain MRIs

of healthy, asymptomatic patients reported no cases of PMG.15,16

A study looking at incidental brain MRI findings in 120 healthy

Japanese children, which included MPRAGE sequences, also re-

ported no cases of PMG.17 Many possible causes for PMG have

been identified, including various in utero neurologic insults.

Prenatal infection with cytomegalovirus has been associated with

the development of PMG.18 In utero ischemic insults have also

been implicated as a cause of both layered and unlayered PMG.19

PMG has been described in association with several genetic mu-

tations and metabolic diseases.10,12

Although the cause for MCD in HHT is unclear, the distribu-

tion of PMG in our cases supports a regional rather than global

pathogenesis. Twelve of 12 cases were

unilateral, which is notable for the fact

that a prior series of 71 cases of PMG

showed unilaterality in only 42% of

cases.14 In another series of 328 patients

with PMG, the unilateral perisylvian

pattern was seen only 9% of the time.20

The genetic basis for HHT is abnormal

vascular development related to various

mutations in the transcription growth

factor-� pathway. Three of our cases

provide circumstantial support of ab-

normal vascular development being as-

sociated with PMG by virtue of spatial

proximity. This includes 2 cases of a

small AVM directly adjacent to focal

PMG and another case with PMG lining

an AVM resection cavity.

Notably, the prevalence of both brain

AVMs and pulmonary AVMs was signif-

icantly higher in our patients with MCD

compared with those without MCD. In

1 of our cases, PMG was seen adjacent to

a porencephalic cyst, an association that

has been described previously and at-

tributed to prenatal ischemia.21 The

pathogenesis of brain AVMs and vascu-

lar dysplasia has been recently investi-

gated in mouse models of HHT. Given

the results of our study, it would be in-

formative to investigate for cortical mal-

formations in these mouse models.

Genetic testing was not available for

most of our cases, but at least 5 of 12

cases with PMG were very likely in pa-

tients with ENG mutations. Endoglin

mRNA expression peaks throughout the

brain during the latter half of gestation

and the perinatal period and, in the brain, spatiotemporally cor-

relates with the expression of other genes involved with transcrip-

tion growth factor-�–mediated angiogenesis, such as ALK1, an-

other gene implicated in HHT.22

The clinical manifestations of PMG are widely variable, in-

cluding developmental delay, cognitive abnormalities, and epi-

lepsy. The incidence of epilepsy in the setting of PMG has been

reported to be as high as 78%.20 However, in our study, only 1

patient, who had a large porencephalic cyst in the left cerebral

hemisphere, had documented epilepsy. A review of 87 patients

with PMG and epilepsy found that a more extensive distribu-

tion of PMG correlated with an earlier age of seizure onset.23

More favorable clinical outcomes are seen when PMG is uni-

lateral, localized, and not associated with other structural mal-

formations.10 Our findings suggest that PMG in the HHT pop-

ulation may be subclinical, possibly because of its unilaterality

and lack of association with other major structural abnormal-

ities. Nevertheless, it is likely prudent to consider the possibil-

ity of PMG as a cause for seizures in patients with HHT and

FIG 1. Three siblings with HHT and malformations of cortical development. Axial T1 MPRAGE
demonstrates bilateral periventricular nodular heterotopia (A, arrows) in a 9-year-old boy. Sag-
ittal T1 MPRAGE demonstrates extensive perisylvian PMG (B) in a 12-year-old boy. Axial T1
MPRAGE demonstrates thickened and excessively convoluted cortex in the left posterior fron-
toparietal region (C, arrow), consistent with PMG.

FIG 2. Eleven-year-old boy with unilateral, multifocal PMG and an AVM. Sagittal T1 MPRAGE
shows extensive PMG in the right parietotemporal region (A, arrow). An additional, smaller focus
of PMG is seen in the right frontal lobe (B, arrow). Immediately adjacent to the right frontal PMG,
postcontrast MRA demonstrates a small enhancing nidus (C, arrow) with cortical venous drainage,
consistent with an AVM.
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epilepsy, in addition to the more well-known causes such as

brain AVM, abscess, and infarct.

Our study is limited by its retrospective nature and variability

in MR imaging protocols that may alter the sensitivity for cortical

malformations or brain AVMs. At present, PMG is likely under-

diagnosed in the HHT population, as evidenced by the fact that

several of the cases with PMG were only identified in this retro-

spective review. Our results suggest that a high spatial resolution

sequence in brain MRIs performed for HHT evaluation may be

useful.

CONCLUSIONS
In summary, our study confirms a high prevalence of MCDs in the

pediatric HHT population, particularly perisylvian PMG. Our

data suggest that PMG in this setting is typically subclinical, but

can be associated with epilepsy and often coexists with other man-

ifestations of HHT. Moreover, though the underlying pathogen-

esis of MCDs in HHT remains unknown, our findings suggest an

association between vascular anomalies and PMG.
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Palliative CT-Guided Cordotomy for Medically Intractable Pain
in Patients with Cancer

X T.M. Shepherd, X M.J. Hoch, X B.A. Cohen, X M.T. Bruno, X E. Fieremans, X G. Rosen, X D. Pacione, and X A.Y. Mogilner

ABSTRACT
SUMMARY: Palliative cervical cordotomy can be performed via percutaneous radiofrequency ablation of the lateral C1–2 spinothalamic
tract. This rare procedure can be safe, effective, and advantageous in mitigating medically intractable unilateral extremity pain for selected
patients with end-stage cancer. This report reviews the indications, techniques, risks, and potential benefits of cordotomy. We describe
our recent experience treating 3 patients with CT-guided C1–2 cordotomy and provide the first characterization of spinal cord diffusion
MR imaging changes associated with successful cordotomy.

Up to 50% of patients with cancer have undertreated pain1 and

continue to experience pain even after oral and intrathecal

therapy are maximized.2,3 Intrathecal opioid administration can

provide potent anesthesia but requires an operation with general

anesthesia, regular medical follow-up, restricts patient mobility,

and increases infection risks. These requirements may be detri-

mental to quality of life for patients with end-stage cancer. In such

patients, percutaneous CT-guided C1–2 cordotomy can provide

immediate pain relief by selective ablation of the lateral spinotha-

lamic tract that transmits pain, temperature, and deep touch sen-

sation. This procedure is inexpensive and does not require an

operating room, hospitalization, or outpatient follow-up. Cor-

dotomy can reduce oversedation and memory disturbance asso-

ciated with high-dose opioid therapy, thus enabling patients bet-

ter interpersonal interactions at the end of their lives. Two recent

series outside North America reported that patients with end-

stage cancer with extremity pain experienced 40%– 83% increases

in Karnofsky Performance Status and 83%– 86% reductions in

pain immediately after cordotomy.4,5 Pain relief was sustained for

6 months in most patients.5,6 Furthermore, there is a GRADE 1c

recommendation7 for cordotomy to treat patients with cancer

with poorly controlled pain.8

The CT-guided cordotomy procedure was previously de-

scribed in the neurosurgery literature.4,9-11 Fig 1 and On-line Ta-

ble 1 characterize the key relevant cervical spinal cord anatomy for

understanding the procedure. The Table provides a summary of

the ideal patient, absolute and relative contraindications for the

procedure. The risk/benefit ratio6 of the procedure has improved

with CT myelography image guidance, dynamic real-time elec-

trode impedance measurements, and confirmation of electrode

position via stimulation. In a recent series, �3% of patients experi-

enced temporary paresis, ataxia, dysesthesia, hypotension, or urinary

retention.4 Cordotomy also has been performed safely in a child.12

Recent improvements in pain management have reduced the

need for cordotomy to the point that the neurosurgery commu-

nity is concerned that expertise in this procedure is disappear-

ing.8-10,13 Only 3 medical centers in the United States have reported

performing cordotomy during the past decade.12,14-17 Yet, a subset of

patients with end-stage cancer with persistent incapacitating extrem-

ity pain not relieved by medical and intrathecal therapy could benefit

from cordotomy if it were offered. Most interventional neuroradi-

ologists have more experience than neurosurgeons in performing

CT-guided ablative procedures and thus can help with these proce-

dures as part of a multidisciplinary team. Here, we provide a sum-

mary of the procedure based on our recent experiences.

CT-Guided Cordotomy
The procedure first requires a cervical myelogram. For C1–2

puncture, the needle is directed toward the lateral cervical spinal
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cord anterior to the dentate ligament (On-line Fig 1). The spino-

thalamic tract has a ventromedial-to-dorsolateral axis of somato-

topy. For intractable lower extremity pain, the needle is directed

1–2 mm anterior to the ligament to target the dorsolateral por-

tion, whereas for upper extremity pain, the needle is directed 2–3

mm anterior to the ligament to target the ventromedial portion

(Fig 1). After the outer needle has penetrated the tented dura,18

the stylet is exchanged for the inner electrode (Cosman Medical,

Burlington, Massachusetts), which has demarcations to precisely

control electrode extension beyond the needle. Electrical imped-

ance measurements from the electrode tip provide real-time feed-

back of anatomic location. Impedance is �200 � for CSF, �400

� for pial surface, and �700 � for cord parenchyma. Once the

electrode appears correctly positioned by CT, sedation is removed

and the functional position is confirmed with stimulation. With

high-frequency sensory stimulation (50 –100 Hz, 0.2–1.5 V), pa-

tients should report warmth that increases to a burning sensation

in the symptomatic contralateral extremity.9 Voltage is slowly in-

creased because 0.2 V is often sufficient for confirming the correct

electrode position. Next, the patient is observed during low-fre-

quency motor stimulation (2–5 Hz, 0.2–1.5 V), which ideally does

not provoke a motor response. Trapezius contractions suggest that

the electrode tip is too deep and stimulating the ventral horn neu-

rons, whereas ipsilateral lower extremity movements indicate that

the electrode is too posterior in the corticospinal tract. Once the elec-

trode position appears acceptable, a test ablation is obtained with the

tip heated to 80°C for 60 seconds, then the patient is reassessed. As-

suming that patient-reported sensory changes are acceptable, 2 addi-

tional radiofrequency ablations are performed. The patient must be

sedated throughout the ablations. The procedure requires 2–3 hours

for completion; if available, CT fluoroscopy could reduce this time,

but the dominant time factor is alternating patient sedation. The

procedure-related CT radiation dose was not a primary concern for

terminally ill patients, but should be within normal limits. Afterward,

we monitored patients overnight for changes in pain control, limb

strength or ataxia, respiratory status, bowel or bladder function. Pa-

tients then were followed as outpatients by their oncologist.

Individual Cases

Case 1. A 52-year-old man with right pelvic osteosarcoma pre-
sented with severe lancinating hip pain not relieved by high doses of

methadone and hydromorphone. Intrathecal narcotics and bupiva-

caine did not relieve his pain. A myelogram was obtained via direct

injection into the intrathecal pump reservoir. Electrode placement

was challenging because the patient rotated his head to the left during

the procedure, but after confirmation of the correct electrode posi-

tion with stimulation, left C1–2 dorsolateral spinothalamic tract ra-

diofrequency ablation was performed without complications. The

patient immediately noticed pain relief and was now comfortable

moving himself independently onto the hospital bed from the scan-

ner. Marked improved function and pain relief were sustained until

the patient died from complications of pulmonary metastases 2

months later.

Case 2. A 59-year-old woman with right pelvic leiomyosarcoma

presented with burning, aching pain in the right buttock, hip, and

thigh not relieved by high doses of gabapentin, methadone, fen-

tanyl, or hydromorphone. Intravenous fentanyl was effective, but

“knocked her out completely.” The intrathecal pump was de-

ferred because of her infection risk from chemotherapy immuno-

suppression. A myelogram was obtained by lumbar puncture. Initial

electrode placement resulted in unintended right upper extremity

sensory stimulation, but after we repositioned the electrode, left

C1–2 dorsolateral spinothalamic tract radiofrequency ablation was

performed without complications (Fig 2). The patient no longer ex-

perienced right lower extremity pain but remained concerned about

her persistent right lower extremity numbness, an expected result of

the procedure. The patient died from systemic disease 5 months later.

Case 3. A 67-year-old woman with C7–T2 vertebral body metasta-

ses from esophageal cancer presented with severe right upper ex-

FIG 1. Schematic for the relevant functional anatomy of the axial
cervical spinal cord when performing C1–2 cordotomy (V indicates
ventral; and D, dorsal). Important ventral and lateral white matter
pathways include the lateral spinothalamic tract (1), ventral reticu-
lospinal tract (2), ventral spinocerebellar tract (3), lateral reticulospinal
tract (4), rubrospinal tract (5), lateral corticospinal tract (6), dorsal
spinocerebellar tract (7), and dentate ligament (8). Furthermore, it is
important to understand the somatopic organization of the lateral
spinothalamic tract delineated on the opposite side. A indicates arm;
T, trunk; L, leg; and S, sacrum. Please also see the Table.

Summary of ideal patient for cordotomy, contraindications, and specific additional material risks to the procedure
Ideal Patient Contraindications Additional Risk

Unilateral nociceptive pain from
extremity

Bilateral upper extremity pathology Ondine’s curse (apnea during sleep) if bilateral ablation

pO2 � 80% on room air Severe pulmonary dysfunction Insufficient reserve to tolerate decreased function
Life expectancy between 3 and 12 mo Survival �3 moa or �12 mo Deafferentation pain �6 mo after procedure
Normal ICP Intracranial metastasis and/or mass effect Brain herniation during procedure
Absence of psychiatric comorbidities Opiate dependence or emotional problems Persistent pain control problems after cordotomy
Intact autonomic system Sympathetic dysfunctiona Hypotension, Horner syndrome, bladder dysfunction
Comfortable in supine position Orthopneaa Inability to be supine long enough to complete

procedure

Note:—pO2 indicates partial pressure of oxygen; ICP, intracranial pressure.
a Relative contraindication.
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tremity stabbing pain not controlled by high doses of gabapentin,

methadone, and morphine. A myelogram was obtained by CT-

guided cisternal puncture. Initial electrode placement resulted in vis-

ible trapezius contractions during motor stimulation. After the elec-

trode penetration was reduced 1 mm, muscle contractions were not

observed during repeat stimulation, and left C1–2 ventromedial spi-

nothalamic tract radiofrequency ablation was performed without

complications. A contrast MRI with diffusion (20 directions,

b�1000 s/mm2) was performed 2 days later to characterize the abla-

tion (Fig 3 and On-line Fig 2). Five months later, the patient’s right

upper extremity pain remains well-controlled by using a methadone

regimen that had been ineffective before cordotomy.

DISCUSSION
We successfully performed 3 CT-guided palliative C1–2 spinal

cordotomies without complications. Our subjects all experienced

meaningful postcordotomy improvement in pain control. Our

series is limited in size, but the results and safety corroborate 2

larger cohorts reported from outside North America4,5 and case

reports from 3 institutions in the United States documenting CT-

guided cordotomies during the past decade.12,14-17 Needle place-

ment by using CT myelography with dynamic real-time imped-

ance feedback during electrode penetration increases the safety of

modern cordotomy. Radiofrequency ablation also enabled us to

physiologically confirm the target with patient-reported feedback

during motor and sensory stimulation. Another key factor for

success is selecting the correct patient—ideally this is a patient

with end-stage cancer with medically refractory nociceptive

pain from a single extremity (other major sources of pain

should be excluded).

Several groups have performed myelography during the C1–2

puncture, but published images4,12,14,15 suggested limited redis-

tribution of viscous contrast because the patient cannot be

moved.5 We preferred a separate myelogram injection to plan the

trajectory to the spinothalamic tract relative to the skin entry,

lateral C1–2 window, and intrathecal spinal cord position. Fur-

thermore, we found that a CT-guided cisternal myelography has

practical advantages once contrast is instilled and the needle is

removed; alternating the patient between supine, right and left

decubitus positions gave excellent myelographic contrast in �5

minutes (Fig 2)18 without moving the patient off the table or

removing monitoring equipment for sedation.

We also used volumetric 3D T2 MR imaging multiplanar re-

FIG 2. Coronal (A), sagittal (B), and axial (C) reformats of the CT myelogram demonstrate outer needle and inner electrode placement
immediately before completion of a left lateral C1–2 cordotomy via radiofrequency ablation. The outer needle was placed into the thecal space
near the pial surface of the cord approximately 2 mm ventral to the dentate ligament. The electrode was then advanced into the CSF, pia mater,
and spinal cord with real-time monitoring of dynamic electrical impedance changes. Multimodal data, including the CT images, confirmed that
the electrode was in the left spinothalamic tract. Note that the upper cervical cord is displaced to the right (we observed this in all 3 cases).

FIG 3. Coronal diffusion trace (A), apparent diffusion coefficient (B), fractional anisotropy (C), and color-encoded fractional anisotropy maps (D)
of the cervical cord 48 hours after technically successful CT-guided left C1–2 cordotomy. There is a small focus of hyperintensity on the
diffusion trace image with corresponding reduced diffusion indicative of focal cytotoxic edema (arrow) and more extensive surrounding
vasogenic edema. Manual ROI quantitation of these diffusion changes is summarized in On-line Table 2.
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constructions to plan the procedure. A previous study reported

precordotomy cervical spine MR imaging for frameless intraop-

erative stereotaxy.19 MR imaging may be contraindicated in some

patients but helped us identify individual-specific anatomic cor-

ridors to reach the desired part of the spinothalamic tract before

the procedure (On-line Fig 1). A previous study found that verte-

bral arteries overlaid the C1–2 spinal canal in 31% of cases.20 In

case 3, preprocedural 3D T2-weighted structural MR imaging

identified the left vertebral artery lateral to the canal just antero-

superior to the planned trajectory.

For all 3 cases, we observed lateral displacements of the spinal

cord away from the electrode (Fig 2). Cord displacement up to 0.5

cm has been reported historically21 and also can be observed in

recent CT-guided cordotomies.5,11,12,15 We observed no prob-

lems in our subjects due to spinal cord displacement, and the cord

in subject 3 had returned to a normal position on MR imaging 2

days later (On-line Fig 2).

Postprocedural MR imaging demonstrated focal enhance-

ment at the electrode ablation zone in the anteromedial spinotha-

lamic tract. More extensive surrounding edema (On-line Fig 2)

was similar to observations in a previous report.14 We character-

ized diffusion changes associated with cordotomy (Fig 3 and On-

line Table 2). Compared with the contralateral homolog, diffusiv-

ity and fractional anisotropy for the ablative lesion decreased 12%

and 30%, respectively. A 13% increase in radial diffusivity was

attributed to electrode penetration trauma in the transverse

plane, while a 33% reduction in axial diffusivity was attributed to

axonal injury from the ablation. It would be informative to study

the evolution of diffusion changes after a precise cord injury at a

specific time, but it is challenging to obtain MR imaging in these

patients. A previous study demonstrated focal spinal cord atrophy

in a patient 41 years after cordotomy.15

A subset of patients with end-stage cancer who continue to expe-

rience extremity pain even with maximal medical and/or intrathecal

therapy1-3 could benefit from CT-guided cordotomy, but only 3

medical centers in North America have reported performing this

procedure during the past decade.12,14-17 Our small series corrobo-

rates that this relatively precise, ablative procedure can be safe and

effective in reducing both oversedation and the need for medical

follow-up for carefully selected patients with end-stage cancer.4,5 Un-

deruse of cordotomy may be due to unfamiliarity, reluctance, and/or

insufficient experience to perform palliative ablative procedures

safely and effectively, even in the neurosurgery community.8-10,13

Many neuroradiologists frequently perform similar CT-guided spine

procedures and ablations. These neuroradiologists can provide the

missing expertise to safely perform this procedure as part of a multi-

disciplinary team for improved patient care.
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Doing More with Less: Diagnostic Accuracy of CT in Suspected
Cauda Equina Syndrome

X J.G. Peacock and X V.M. Timpone

ABSTRACT

BACKGROUND AND PURPOSE: Cauda equina syndrome typically requires emergent MR imaging to detect compressive lesions on the
cauda equina, which may require surgical decompression. While CT is sometimes performed as a complementary imaging technique to
evaluate osseous integrity in patients with cauda equina syndrome, the accuracy of CT in detecting significant spinal stenosis and cauda
equina impingement is not well-defined in the literature. We hypothesized that percentage thecal sac effacement on CT of the lumbar
spine would have high sensitivity and high negative predictive value in evaluating significant spinal stenosis and cauda equina impingement.

MATERIALS AND METHODS: We analyzed imaging studies for 151 consecutive patients with clinically suspected cauda equina syndrome.
The percentage thecal sac effacement (�50%, �50%) was determined on CT and MR imaging. The presence or absence of cauda equina
impingement was determined on MR imaging. Using MR imaging as the reference standard, we performed statistical analysis to determine
the accuracy of CT in predicting significant spinal stenosis (percentage thecal sac effacement, �50%) and cauda equina impingement.

RESULTS: Forty of 151 patients had a percentage thecal sac effacement of �50% on MR imaging. Nineteen of 40 had cauda equina
impingement. Readers determined that there was a CT percentage thecal sac effacement of �50% in 97/151 cases, and CT percentage
thecal sac effacement of �50% in 54/151 cases. Reader sensitivity for the detection of significant spinal stenosis (MR percentage thecal sac
effacement of �50%) was 0.98; specificity, 0.86; positive predictive value, 0.72; and negative predictive value, 0.99. No cases read as CT
percentage thecal sac effacement of �50% were found to have cauda equina impingement.

CONCLUSIONS: CT percentage thecal sac effacement of �50% predicts significant spinal stenosis on MR imaging in patients with
clinically suspected cauda equina syndrome. CT percentage thecal sac effacement of �50% appears to reliably rule out cauda equina
impingement. This imaging marker may serve as an additional tool for the clinician in deciding whether MR imaging can be deferred.

ABBREVIATIONS: CEI � cauda equina impingement; CES � cauda equina syndrome; PTSE � percentage thecal sac effacement

Cauda equina syndrome (CES) requires emergent imaging to

rule out compressive lesions on the cauda equina, which

could necessitate emergent surgical decompression. Failure of the

timely recognition and treatment of CES can result in debilitating

long-term neurologic complications such loss of bowel, bladder,

and sexual function. MR imaging is the established imaging cri-

terion standard to screen for the various etiologies accounting for

CES, including degenerative disc disease, trauma, neoplasm, in-

fection, and hematoma.1-5

The clinical presentation of CES is defined by a broad range of

symptoms and physical examination findings including severe

low back pain, bilateral sciatica, lower extremity weakness, blad-

der/bowel dysfunction, saddle numbness, or reduced rectal tone.

Some of these symptoms are common and nonspecific to CES,

presenting the clinician with the diagnostic challenge of deciding

which patients warrant further evaluation with MR imaging.4,6-9

The prevalence of cauda equina syndrome among the general

population is estimated between 1 in 33,000 to 1 in 100,000 and is

diagnosed in approximately 0.04% of patients presenting to the

emergency department with low back pain.10-13 Friedman et al13

reviewed data for the 2.63 million annual emergency department

visits in the United States for low back pain and found imaging

performed in 45% of cases, with 2.8% of all patients scanned with

MR imaging and 5.5% scanned with CT, resulting in an overall

cost of �$819 million to US payers.11,13 Studies have demon-

strated that most MR images obtained to evaluate CES do not

demonstrate concordant pathology; however, these scans are
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nonetheless frequently ordered, given the impact of missing or

delaying a diagnosis of CES.1,4-6,9,11,14

While CT is sometimes performed as a complementary imag-

ing technique to evaluate osseous integrity in patients with CES,

the diagnostic accuracy of CT in detecting significant spinal ste-

nosis and cauda equina impingement (CEI) compared with MR

imaging is not well-defined in the literature.

The purpose of this study was to evaluate whether CT could

reliably identify significant spinal stenosis and rule out cauda

equina impingement in patients presenting with clinically sus-

pected cauda equina syndrome.

MATERIALS AND METHODS
Patient Selection
This study was Health Insurance Portability and Accountability

Act– compliant and was approved by our institutional review

board. During a 12-month period, we reviewed the clinical and

imaging data of 4691 consecutive lumbar spine MR imaging ex-

aminations performed at our institution. One hundred fifty-one

patients met the following inclusion criteria: 1) acute neurologic

symptoms (new onset or worsening of symptoms within the past

48 hours) with clinical suspicion of cauda equina syndrome

(symptoms include severe low back pain, bilateral sciatica, lower

extremity weakness, bladder/bowel dysfunction, saddle numb-

ness, or reduced rectal tone); 2) CT of the lumbar spine per-

formed within 48 hours of MR imaging; and 3) no interval oper-

ation or change in symptoms between CT or MR imaging.

Image Acquisition
All imaging was performed in accordance with standard institu-

tional spine imaging protocols. Noncontrast lumbar spine CT was

acquired in the helical mode (5-mm thickness, 100 kV, auto-mAs)

and reformatted at 2-mm intervals. Lumbar spine CTs obtained

in conjunction with CT abdomen/pelvic examinations were re-

constructed from the CT abdomen/pelvis source data and had the

same scanning parameters following administration of 80 –90 mL

of nonionic contrast (iopamidol, Isovue Multipack-370; Bracco,

Princeton, New Jersey). All axial CT acquisitions were recon-

FIG 1. A 50-year-old man with acute-onset bilateral lower extremity numbness and severe low back pain. Application of the CT-PTSE imaging
marker is demonstrated. Spinal stenosis from a disc protrusion at the L5/S1 level is assessed by delineating the estimated area of the thecal sac
at this level (dashed black line, A and B). A normal reference level is identified just cranial to the stenosis (solid black line, A and C). The readers
determined that CT-PTSE for this stenosis and others throughout the lumbar spine was �50%. MR imaging of the lumbar spine performed on
the same day (D–F), with axial images through the L5–S1 stenosis (E) and the reference level (F), demonstrates concordant results with �50%
thecal sac effacement and no evidence of cauda equina impingement.

Demographic and clinical characteristics of the study
populationa

Characteristics
Patients (No.) 151
Female (No.) 46 (30.5%)
Age (mean) (yr) 54.5 � 19.5
MR-PTSE �50% (No.) 40 (26.5%)
MR-PTSE �50% (No.) 111 (73.5%)
CEI (No.) 19 (12.6%)
MR-PTSE �50%, degenerative changes (No.) 23 (15.2%)
MR-PTSE �50%, traumatic osseous

retropulsion (No.)
12 (8%)

MR-PTSE �50%, neoplastic (No.) 3 (1.9%)
MR-PTSE �50%, hematoma (No.) 1 (0.7%)
MR-PTSE �50%, infection (No.) 1 (0.7%)

a Results are expressed as absolute numbers (%) and mean.
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structed in the sagittal and coronal planes, in both soft-tissue and

bone algorithms.

MR imaging was performed on multiple different 1.5T and 3T

scanners across our institution. Sagittal T2WI parameters were

the following: TR/TE � 3600/100 ms, matrix � 290 � 230,

NEX � 2, section thickness � 3 mm, gap � 0 mm. Axial T2WI

parameters were the following: TR/TE � 5500/100 ms, matrix �

290 � 230, NEX � 1.5, section thickness � 3 mm, gap � 0 mm.

Image Analysis
We analyzed by visual inspection the percentage thecal sac efface-

ment (�50%, �50%) on lumbar spine CT and the percentage

thecal sac effacement (�50%, �50%) on lumbar spine MR im-

aging. The percentage thecal sac effacement was determined by

visually inspecting the area of the thecal sac at the most stenotic

level by using the axial and sagittal planes and comparing it with a

normal level above or below the stenosis (Fig 1). A threshold of

50% thecal sac effacement was used because this was easily repro-

ducible and, on the basis of preliminary analysis, was a threshold

below which the cauda equina and conus medullaris would not be

impinged.

Images were reviewed independently by 2 radiologists: a Certifi-

cate of Added Qualification–certified neuroradiologist with 9 years

of radiology experience and a radiology resident with 1 year of radi-

ology experience. The presence or absence of cauda equina impinge-

ment on MR imaging was also recorded. Cauda equina impingement

was defined as complete effacement of CSF within the thecal sac

secondary to an extrinsically compressing lesion. The underlying

dominant cause of spinal stenosis on MR imaging was recorded

(traumatic osseous retropulsion, degenerative changes, tumor, he-

matoma, infection). Levels analyzed spanned T12/L1 through L5/S1.

Early tapering of the thecal sac secondary to prominent epidural fat

was not considered positive for cauda equina impingement unless

associated with a superimposed compressive lesion. Interpreting ra-

diologists were blinded to all clinical and imaging report informa-

tion. MR images were reviewed 2 weeks following review of CT

images with readers blinded to the CT interpretation. Any disagree-

ments were resolved by consensus.

Statistical Analysis
Using lumbar spine MR imaging as the reference standard, we

performed statistical analysis to determine the sensitivity, speci-

ficity, positive predictive value, and negative predictive value of

lumbar spine CT in detecting percentage thecal sac effacement of

FIG 2. A 61-year-old man with acute bilateral increased lower extremity paresthesias. CT (A and B) demonstrates degenerative spinal stenoses,
most severe at L3/4 and L4/5 (solid arrow). Readers determined that CT-PTSE was �50%. MR imaging (C and D) confirms PTSE of �50% and
demonstrates early impingement of the cauda equina.
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�50% and cauda equina impingement on MR imaging. MedCalc

11.5.1.0 software (MedCalc Software, Mariakerke, Belgium) was

used to perform statistical analysis. Statistical significance was P �

.05. Interrater agreement for imaging markers was determined by

using the � statistic.

RESULTS
Patient demographics and clinical characteristics of the study

population are listed in the Table. Of 151 patients, 40 had MR

imaging percentage thecal sac effacement (MR-PTSE) of �50%

(23 degenerative, 12 traumatic, 3 neoplastic, 1 hematoma, 1 in-

fection). Of 40 patients with MR-PTSE of �50%, 19 had cauda

equina impingement (10 degenerative, 6 traumatic, 2 neoplastic,

1 hematoma). One hundred eleven patients had MR-PTSE of

�50%. No patients with MR-PTSE of �50% had cauda equina

impingement.

On the basis of the evaluation of lumbar spine CT, the readers

determined that there was CT-PTSE of �50% in 97/151 cases and

CT-PTSE of �50% in 54/151 cases. Reader sensitivity for the de-

tection of significant spinal stenosis (MR-PTSE of �50%) was

98% (95% CI, 87%–100%), specificity was 86% (95% CI, 79%–

92%), positive predictive value was 72% (95% CI, 58%– 84%),

and negative predictive value was 99% (95% CI, 94%–100%).

No cases read as CT-PTSE of �50% were found to have cauda

equina impingement. One false-negative case of CT-PTSE of

�50% underestimated the stenosis in a patient with MR-PTSE of

�50% without cauda equina impingement. All cases of CT-PTSE

of �50% corresponded to the concordant level of maximum

lumbar spinal stenosis on MR imaging.

Of 151 cases, 86 CTs were performed with contrast and 65 CTs

were performed without contrast. There was no significant differ-

ence in sensitivity (P � .37) or specificity (P � .06) for predicting

MR-PTSE of �50% between the 2 groups. Interreader agreement

for determination of CT-PTSE was good (� � 0.62).

Soft-tissue resolution of lumbar spine CT with the application

of the CT-PTSE marker to rule out degenerative CEI (Fig 1), iden-

tify patients at risk for degenerative CEI (Fig 2) and neoplastic CEI

(Fig 3) is demonstrated. Figure 4 shows how, in the setting of

trauma, CT can readily identify a patient at risk for traumatic CEI

by delineating osseous effacement of the thecal sac. In certain

FIG 3. A 59-year-old man with metastatic renal cell carcinoma with worsening left lower extremity pain and difficulty ambulating. CT (A and B)
demonstrates sclerotic osseous metastasis at L3, with a hyperdense soft-tissue component bowing and extending through the posterior
vertebral body wall (solid arrow). Readers determined that CT-PTSE was �50%. MR imaging (C and D) confirms PTSE of �50 and demonstrates
impingement of the cauda equina by tumor.
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cases, streak artifacts from hardware or surrounding bone limited

the diagnostic accuracy of the CT-PTSE marker (Fig 5).

DISCUSSION
The purpose of this study was to determine whether CT could

reliably and safely identify patients with significant spinal stenosis

and cauda equina impingement. Our results demonstrate that

CT-PTSE has a high sensitivity and high negative predictive value

for detecting significant spinal stenosis on MR imaging. On the

basis of careful analysis of CT alone, the readers missed no cases of

cauda equina impingement.

The American College of Radiology Appropriateness Criteria

for the evaluation of cauda equina syndrome lists MR imaging of

the lumbar spine as a level 9 rating (“usually appropriate”), with

CT of the lumbar spine listed as a level 5 rating (“may be appro-

priate”).2 This determination is based on the superior soft-tissue

contrast resolution of MR imaging in evaluating lumbar spine

pathology, particularly for visualizing nerve roots within the the-

cal sac, anatomy not readily visible on CT. We found that with

careful adjustment of the CT window-level settings, in addition to

bone, CT can distinguish the margins of the thecal sac by identi-

fying various levels of soft-tissue attenuation within and around

the spinal canal, including intervertebral discs, epidural fat, and

CSF within the thecal sac. This limited soft-tissue resolution of CT

allows one to reliably determine the PTSE, a marker that we hy-

pothesized could infer the presence or absence of underlying

cauda equina impingement when applied with a threshold of

50%. We found CT-PTSE a useful imaging marker in predicting

significant spinal stenosis on MR imaging and one that excluded

cauda equina impingement in our patient population.

While CT cannot replicate the superior soft-tissue contrast

resolution of MR imaging in evaluating lumbar spine pathol-

ogy, careful analysis of CT-PTSE can help radiologists commu-

nicate to the clinician their suspicion of significant spinal ste-

nosis and cauda equina impingement. This imaging marker

may be particularly useful in the community setting where

some centers may have limited access to MR imaging in the

emergency department. On the basis of our observations, a

clinician could potentially decide to defer MR imaging in cases

with a low clinical suspicion and CT-PTSE of �50% or to

expedite MR imaging in cases of CT-PTSE of �50%.

As a screening tool, application of the CT-PTSE imaging

marker could potentially lower associated health care costs by

FIG 4. A 55-year-old man with severe low back pain following a fall from a roof. CT (A and B) demonstrates an L3 burst fracture with osseous
retropulsion into the spinal canal (solid arrow). Readers determined that CT-PTSE was �50%. MR imaging (C and D) confirms PTSE of �50% and
demonstrates impingement of the cauda equina.
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decreasing the number of low-diagnostic-yield MR imaging ex-

aminations or shifting visits to primary care settings, where costs

and the propensity for imaging may be less.15 In our study, we

identified 97/151 (64%) patients with CT-PTSE of �50%, none of

whom had cauda equina impingement on MR imaging. Provided

that there is a corresponding low clinical suspicion for CES, this

represents nearly two-thirds of our patient population where MR

imaging could have been deferred on the basis of CT results. Using

the national average of combined technical and professional com-

ponent 2016 Medicare payment rates for MRI and CT of the lum-

bar spine without contrast of $245.26 and $180.81 respectively, we

determined that the estimated cost savings per 1000 patients im-

aged with CT would be approximately $41,248. We recognize that

this is likely a low estimate considering the higher costs paid by

private commercial insurers and potential additional expendi-

tures associated with hospital admissions or transferring patients

to other facilities for MR imaging.13

There were several limitations to our study. We used a retro-

spective design and included both contrast and noncontrast CT

examinations of the lumbar spine; however, there was no signifi-

cant difference in our results when adjusting for the presence of

contrast. Most of our cases were degenerative and traumatic in

etiology, and we had few cases of tumor, infection, or hemor-

rhage. The level of reader experience was also relatively low (9

years and 1 year, respectively); however, neither reader missed any

case of cauda equina impingement, and increased reader experi-

ence might have improved the specificity and positive predictive

value of results obtained in this study. Additionally, there are lim-

itations related to the 50% PTSE threshold. While we did not

encounter patients with a low-lying conus medullaris, it is possi-

ble that those patients could experience distal thoracic cord or

conus impingement at a PTSE of �50%. It is also possible that in

patients with congenital spinal stenosis, a PTSE of �50% could

result in cauda equina impingement.

Considering the aforementioned limitations of this study, the

CT-PTSE marker to exclude cauda equina impingement may be

best-suited for those with a low pretest clinical suspicion. Clinicians

may choose to lower their threshold for obtaining MR imaging in

cases of suspected infection, hemorrhage, tumor, congenital spinal

stenosis, when symptoms or findings are localized to the thoraco-

lumbar junction or in cases in which CT is degraded by artifacts.

These results should be validated in a larger prospective study.

FIG 5. A 42-year-old woman with lumbar back pain following trauma. CT (A and B) demonstrates a burst fracture of L1 with retropulsion of bone
into the spinal canal (solid arrow). Streak artifacts from bone and the patient’s upper extremities obscure the margins of the thecal sac, and
readers determined that CT-PTSE may be �50%. This case proved to represent a false-positive because MR imaging (C and D) demonstrates a
PTSE of �50% and no evidence of cauda equina impingement.
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Areas for additional future investigation may include optimizing

CT scanning parameters to reduce artifacts and further improve

the accuracy of the CT-PTSE imaging marker.

CONCLUSIONS
CT-PTSE of �50% predicts significant spinal stenosis on MR

imaging in patients with clinically suspected cauda equina syn-

drome. CT-PTSE �50% appears to reliably rule out cauda equina

impingement. This imaging marker may serve as an additional

tool for the clinician in helping to decide whether MR imaging can

be deferred, and it has the potential to lower associated health care

costs.
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Inadvertent Intrafacet Injection during Lumbar Interlaminar
Epidural Steroid Injection: A Comparison of CT Fluoroscopic

and Conventional Fluoroscopic Guidance
X P.G. Kranz, X A.B. Joshi, X L.A. Roy, X K.R. Choudhury, and X T.J. Amrhein

ABSTRACT

BACKGROUND AND PURPOSE: Inadvertent intrafacet injection can occur during interlaminar epidural steroid injection, resulting in a
false-positive loss of resistance and nontarget injection of medication. The purpose of this investigation was to compare the observed
rates of this phenomenon during lumbar interlaminar epidural steroid injection performed by using conventional fluoroscopic and CT
fluoroscopic guidance.

MATERIALS AND METHODS: We retrospectively reviewed 349 lumbar interlaminar epidural steroid injections performed by using
conventional fluoroscopy or CT fluoroscopic guidance to determine the observed rates of inadvertent intrafacet injection with each
technique. Cases of inadvertent intrafacet injection were classified as either recognized or unrecognized by the proceduralist at the time
of the procedure. Multivariate logistic regression was used to determine the independent effect of imaging guidance technique, age, and
sex.

RESULTS: The rate of inadvertent intrafacet injection was observed to be 7.5% in the CT fluoroscopic group and 0.75% in the conventional
fluoroscopy group. All 16 cases identified from CT fluoroscopic procedures were recognized during the procedure; the single case
identified from conventional fluoroscopy procedures was not recognized prospectively. The type of imaging guidance showed a statis-
tically significant effect on the detection of the phenomenon (OR for conventional fluoroscopy versus CT fluoroscopy � 0.10, P � .03) that
was independent of differences in age or sex.

CONCLUSIONS: Inadvertent intrafacet injection is identified during CT fluoroscopic– guided interlaminar epidural steroid injection at a
rate that is 10-fold greater than the same procedure performed under conventional fluoroscopy guidance.

ABBREVIATIONS: CF � conventional fluoroscopy; CTF � CT fluoroscopy; ILESI � interlaminar epidural steroid injection

Inadvertent intrafacet injection during interlaminar epidural

steroid injection (ILESI) can result in nontarget injection out-

side the epidural space.1 It is thought to be due to unintentional

needle entry into the retrodural space of Okada, a space located

dorsal to the ligamentum flavum that allows communication be-

tween the bilateral facet joints and interspinous bursa.2,3 Needle

placement into this space causes a false-positive loss of resistance,

which can mimic the loss of resistance normally felt during en-

trance into the epidural space.

The observed incidence of inadvertent intrafacet injection

during attempted ILESI by using fluoroscopic guidance has been

previously reported to be 1.2%.4 However, most cases (63%) are

not recognized by the operator at the time of the injection.4 Thus,

most instances of this type of injection result in nontarget delivery

of medication and, as a result, do not successfully treat the in-

tended pathology. Although the observed incidence of this phe-

nomenon has been studied by using fluoroscopic guidance, the

rate of occurrence during CT fluoroscopy (CTF)– guided injec-

tions, which may be more sensitive to detection of small amounts

of intrafacet contrast, has not yet been studied, to our knowledge.

The purpose of this investigation was to determine the ob-

served rate of inadvertent intrafacet injection resulting in false-

positive loss of resistance during CTF-guided ILESI and to com-

pare that with the rate observed during conventional fluoroscopy

(CF)– guided ILESI at a single institution.

MATERIALS AND METHODS
This study is a retrospective investigation of lumbar ILESIs per-

formed under CTF or CF guidance at a single institution. Cases
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were identified by using the institutional electronic medical re-

cord to review procedure schedules. For the CTF-guided cases, all

consecutive outpatient lumbar ILESIs performed by a single

proceduralist during an 18-month period were included. For

the CF-guided cases, all consecutive outpatient lumbar ILESIs

performed by 7 proceduralists during an 18-month period

were included. The start time for collection of CF-guided cases

was 17 months later than that for CTF-guided cases because of

differences in when CF-guided cases were archived in a unified insti-

tutional PACS. The exclusion criteria were technically inadequate

intraprocedural images or images that were missing from the

institutional PACS.

The proceduralist performing the CTF-guided ILESIs was a

board-certified radiologist with a Certificate of Added Qualifica-

tion in neuroradiology with 8 years’ experience performing spine

interventions under CTF guidance. The CF-guided injections

were performed by 7 proceduralists (1 board-certified physiatrist

and 6 board-certified anesthesiologists) with 2–29 years’ experi-

ence performing spine interventions under fluoroscopic guid-

ance. The average number of years of proceduralist experience per

injection in the CF cohort was 7.7 years.

Demographic data and procedural reports were obtained from

the electronic medical record. The study was approved by our

local institutional review board and was compliant with Health

Insurance Portability and Accountability Act regulations.

Injection Technique
CTF-guided procedures were performed by using a posterior

oblique interlaminar approach, as previously described.5

Briefly, a 22-ga Quincke-Point Needle (Becton-Dickinson,

Washington, DC) was placed into the ligamentum flavum by

using intermittent CTF, a syringe containing contrast (iopami-

dol, Isovue-M 200; Bracco, Princeton, New Jersey) was attached,

and the needle was then advanced until loss of resistance was

obtained. The volume of contrast injected was typically ap-

proximately 0.5 mL. Immediately on loss of resistance, an ad-

ditional image was obtained to evaluate the location of the

injected contrast. All images from the procedure were archived

in the PACS.

CF-guided injections were performed

by using a method similar to that of injec-

tions performed under CTF.6 However,

an 18- or 20-gauge Tuohy needle was

used, and the epidurogram was obtained

under either live or spot fluoroscopy, ac-

cording to operator preference. Some

proceduralists in the CF group used sa-

line to judge loss of resistance; location

was subsequently confirmed by all pro-

ceduralists with approximately 2 mL of

contrast (Isovue-M 300). All procedur-

alists used at least 2 views, an anteropos-

terior view and either a lateral or 55°

contralateral oblique view. The fluoro-

scopic images documenting the injected

contrast and final needle position were

archived in the PACS.

Image Analysis
Intraprocedural images from both CTF- and CF-guided proce-

dures were retrospectively reviewed on the PACS to determine

whether inadvertent contrast injection into the facet joints oc-

curred. A false-positive loss of resistance was determined to have

occurred if contrast medium was documented in the facet joint

before injection of contrast into the epidural space (Fig 1). Cases

of inadvertent facet injection were classified as either recognized

or unrecognized. Cases were considered recognized if images con-

firmed subsequent advancement of the needle with resultant con-

trast injection into the epidural space. Cases were considered un-

recognized if no further needle adjustment was made.

Initial image review was performed by one of the study proce-

duralists who performed injections with the same type of imaging

technique. For the CTF-guided procedures, cases were reviewed

by the performing neuroradiologist. For the CF-guided proce-

dures, cases were reviewed by the study physiatrist. All cases con-

sidered either equivocal or positive for inadvertent facet injection

were then independently reviewed by a second board-certified

radiologist with a Certificate of Added Qualification in neurora-

diology who has 5 years’ experience performing injections by us-

ing both CTF and CF guidance. Cases of disagreement between

readers were resolved by consensus.

Statistical Analysis
Initial univariate analysis compared differences in patient ages

between groups by using the Mann-Whitney U test, and sex, by

using the Fisher exact test. This analysis revealed an unequal age

distribution between the CTF and CF groups; multivariate logistic

regression was therefore used to examine the independent effect

of 3 variables on intrafacet injection: imaging technique (ie, CTF

or CF), age, and sex.

Statistical analyses were performed by using commercially avail-

able software (univariate analysis was performed with GraphPad

Prism 6 software, Version 6.0b; GraphPad Software, San Diego, Cal-

ifornia; multivariate analysis was performed with R statistical and

computing software, Version 3.0.2; http://www.r-project.org/). P

values � .05 were considered statistically significant.

FIG 1. Inadvertent intrafacet injection in an 84-year-old woman with back pain who underwent
ILESI with CTF. A, Preinjection axial CTF image before needle placement into the ligamentum
flavum. B, Initial CTF image obtained after loss of resistance shows contrast in the facet joint
ipsilateral to the injection (arrow). Contrast also pools around the needle tip in the retrodural
space of Okada and extends into the interspinous bursa (arrowhead). C, The needle was subse-
quently advanced through the ligamentum flavum. Contrast is now seen in the epidural space
(arrow).
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RESULTS
A total of 349 lumbar ILESIs were identified. Of these, 214 were

performed under CTF-guidance and 135 were performed under

CF guidance. No cases were excluded.

The mean subject age for the CTF group was slightly older than

the CF group (65.6 � 14.4 versus 60.6 � 13.7 years), a difference

that was statistically significant (P � .002). Female patients com-

posed 56% of the CTF group and 59% of the CF group, a differ-

ence that was not significant (P � .51).

Sixteen cases of inadvertent intrafacet injection were identified

in the CTF cohort, resulting in a rate of 7.5% (16/214). All 16 cases

(100%) were identified during the procedure, and the needle was

repositioned into the epidural space with subsequent technically

successful completion of the procedure (Fig 2). All 16 cases iden-

tified as positive for inadvertent intrafacet injection by the first

reader were also considered positive by the second reader.

In the CF cohort, 1 case of inadvertent facet injection was

identified (Fig 3), resulting in an overall

rate of 0.75% (1/135). In this case, the

proceduralist did not recognize the in-

advertent injection during the proce-

dure. This case was considered equivocal

by the first reader, positive for inadver-

tent intrafacet injection by the second

reader, and positive on consensus read.

No disagreement between readers oc-

curred in the remaining CTF or CF

cases.

Because of the unequal age distribu-

tion between the CTF and CF groups,

multivariate logistic regression was used

to determine the independent effect of 3

variables on the rate of recognition of intrafacet injection: type of

image guidance, age, and sex. Of these 3 factors, the only variable

that showed a statistically significant effect was the type of image

guidance: The CF group showed a significantly lower rate of rec-

ognized intrafacet injections compared with the CTF group (OR

for CF versus CTF � 0.10; 95% CI, 0.01– 0.80; P � .03). Increas-

ing age was associated with a nonsignificant trend toward a small

increase in risk (OR � 1.04, P � .06). Sex was not significantly

associated with the risk of intrafacet injection (P � .09).

Of the 17 cases in which intrafacet injection was identified, all

(100%) had contrast flow into the facet ipsilateral to the injection.

Additional contrast flow into the contralateral facet joint was seen

in 2 cases (12%) and into the interspinous bursa in 3 cases (18%).

Injections were distributed along the entire lumbar spine, with

cases positive for intrafacet injection seen at L1–2 (n � 1), L3– 4

(n � 7), L4 –5 (n � 8), and L5–S1 (n � 1). Of the cases performed

under CTF guidance, a widened facet joint (�2 mm), with or

without gas in the joint, was noted at the injected level in 5 cases

(31%).

DISCUSSION
Identification of inadvertent intrafacet injection during at-

tempted lumbar ILESI is important because it results in the false-

positive loss of resistance and, if not recognized, may decrease the

effectiveness of the procedure due to nontarget delivery of medi-

cation. Previous studies of CF-guided ILESI have demonstrated

that these injections are often overlooked at the time of the pro-

cedure and that the contrast pattern associated with such injec-

tions may mimic a true epidural injection.1,4 Our investigation

showed that inadvertent intrafacet injection was identified during

7.5% of CTF-guided lumbar ILESIs, a rate 10-fold higher than the

rate observed during CF-guided injections. The rate of 0.75% we

observed for CF-guided injections is generally comparable with

the rate of 1.2% previously reported in the literature for CF-

guided procedures.4

Previous anatomic investigations have identified mechanisms

for the communication between the interlaminar space and the

facet joint. In 1981, Okada7 described an anatomic space located

dorsal to the ligamentum flavum that allows communication be-

tween the bilateral facet joints and the interspinous region at a

single spinal level. This space has become known as the “retro-

dural space of Okada” and may be identified on imaging during

FIG 2. Inadvertent intrafacet injection in a 67-year-old man with spinal stenosis and back pain
who underwent ILESI with CTF. A, Preinjection axial CTF image before needle placement into
the ligamentum flavum. B, Initial CTF image obtained after loss of resistance shows contrast
in the facet joint (white arrow). C, Image obtained after needle advancement shows contrast
in the epidural space (arrowhead).

FIG 3. Inadvertent intrafacet injection in a 63-year-old man with a
painful L4 –5 central disc protrusion who underwent ILESI by using
conventional fluoroscopic guidance. The final procedural image
shows a triangular configuration of contrast overlying the inferior
aspect of the left L4 –5 facet joint, consistent with intrafacet
injection.
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spinal procedures in which contrast is injected or in cases in which

infection spreads along this space.2,8 Spread of contrast in the

retrodural space of Okada specifically during lumbar ILESI, re-

sulting in intrafacet injection, has been previously documented in

the literature.3 In a postmortem anatomic study, Xu et al9 showed

that in some patients, the facet joint capsule extends not only

dorsal to the ligamentum flavum but also into the ligamentum

flavum itself. This relationship would provide a pathway for in-

trafacet spread of contrast (and resultant loss of resistance) while

a needle passes through the ligamentum flavum before entry into

the epidural space.

There are 2 possible explanations for the difference in rates of

identified inadvertent intrafacet injections between CTF and CF:

The phenomenon may be more common during CTF-guided

procedures or it may be more readily recognized during CTF-

guided procedures.

For the first explanation to be true, there would need to be

procedural differences between CTF- and CF-guided ILESI that

could account for this difference. The techniques for performing

the ILESI under fluoroscopic guidance and CTF-guidance are

generally the same; however, in our investigation, the procedur-

alists used different needle types (Tuohy for CF versus Quincke-

Point Needle for CTF). This difference might have had an effect

on the observed rates of intrafacet injection. Other procedural

variables such as the spinal level of injection and relative laterality

of needle placement within the interlaminar space would not be

likely to account for the difference because they have been previ-

ously investigated and shown not to affect the likelihood of inad-

vertent intrafacet injection.1,4

An alternate explanation is that the cross-sectional nature of

the imaging used with CTF is more sensitive for the detection of

this type of injection. Fluoroscopic imaging would be expected to

be less likely to detect inadvertent facet injection, and indeed pre-

vious evidence shows that most cases occurring during CF-guided

procedures go unrecognized. In a study examining inadvertent

intrafacet injections during 686 lumbar ILESIs performed under

CF guidance, only 37.5% of inadvertent intrafacet injections were

prospectively identified by the proceduralist at the time of the

original procedure.4 The same investigators, in a separate report

describing the appearance of the phenomenon by using CF, indi-

cated that the imaging appearance of an intrafacet injection might

mimic the appearance of a successful epidural injection. They

noted that differentiation of intrafacet injection from epidural

injection may require injection of a larger volume of contrast

sufficient to distend the facet joint capsule, producing more

clearly visible contrast in the joint on lateral projection.1 This

increase in the volume of contrast injection is not commonly per-

formed in routine practice, however. Furthermore, the best

projection for recognizing intrafacet injection under fluoros-

copy would be an oblique image oriented in the same plane as

the facet joint; this view is not routinely obtained during most

CF-guided lumbar ILESIs. Given the difficulty in recognizing

this injection type, it is certainly plausible that previous esti-

mates of an incidence of 1.2% during CF-guided procedures

may be underestimations.

If the true incidence of intrafacet injection is indeed closer to

our estimate of 7.5% as seen with CTF-guided cases, the clinical

impact of this phenomenon would not be trivial. Based on 2011

use data from Medicare alone, more than 914,000 lumbar ILESIs

are performed per year in the United States.10 Assuming a true

rate of 7.5% for intrafacet injections, the number of attempted

ILESIs that resulted in inappropriate intrafacet injection would be

in excess of 68,500 per year, with most of those cases likely going

unrecognized. These cases represent patients for whom the in-

tended epidural injection of steroid would not occur; thus, the

target pathology would go untreated.

Elimination of these cases should have the effect of increasing

clinical success rates for ILESIs. Of note, all instances of inadver-

tent intrafacet injection during CTF-guided procedures were pro-

spectively recognized, which would markedly decrease the risk of

nontarget injection when this method of imaging guidance is

used. Further investigation into how to more reliably detect these

injection types during CF-guided ILESI, including the possibility

of additional fluoroscopic views to optimize the chances of its

visualization, is necessary.

When performing ILESI, one must also remember that intra-

facet injection may not be the only potential source of false-pos-

itive loss of resistance. False-positive rates of loss of resistance of

up to 25%–30% have been reported when using air-filled syringes

to enter the epidural space.11,12 It is possible that some of these

previously reported cases may have been due to unrecognized

entry into the retrodural space of Okada. The use of iodinated

contrast markedly decreases the rate of incorrect needle-tip place-

ment,13 but as mentioned previously, it does not completely pro-

tect against error because the appearance of contrast injected into

the facet may closely resemble an epidural injection on lateral

views.1 Proceduralists must take care to confirm that the sus-

pected epidural entry, whether judged by loss of resistance or

contrast injection, is confidently confirmed before medication

delivery.

Our study has limitations. First, and perhaps most important,

this investigation does not definitely establish the reason for the

observed difference in rates on intrafacet injection performed un-

der CF and CTF guidance. Although CTF may recognize cases

missed under CF, we cannot preclude the possibility that unrec-

ognized differences in the CTF and CF techniques predispose

CTF-guided procedures to a higher likelihood of this type of in-

jection. The implementation of conventional fluoroscopic tech-

niques or views that more reliably identify intrafacet injection

would help resolve this question by providing a better estimate of

the true incidence. Second, the small number of total cases of

intrafacet injections could result in failure to detect a statistically

significant influence of age and/or sex (ie, a type II error). Age, the

closest variable to achieving statistical significance, showed only a

very small effect size, however, suggesting that even if there was a

statistically significant effect, it would not explain the 10-fold in-

crease in the rate of intrafacet injection we observed under CTF.

Sex was equal between the CF and CTF groups (P � .51) and

would therefore not result in the observed difference in rates

either.

CONCLUSIONS
We detected inadvertent intrafacet injection resulting in a false-

positive loss of resistance during CTF-guided lumbar ILESI in
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7.5% of procedures, a 10-fold increase in the rate we observed

when the same procedure was performed under conventional flu-

oroscopy. Because this type of injection can result in nontarget

injection of medication if not recognized, further investigation is

needed to determine how to optimize detection during CF-

guided procedures and whether this observed difference in intra-

facet injection rates is attributable to differences in technique or

whether it is the result of the increased sensitivity of CTF imaging

to this type of phenomenon.

Disclosures: Lance A. Roy—UNRELATED: Consultancy: Medtronic, Comments:
neuromodulation; Grants/Grants Pending: Pfizer, Comments: drug study; Pay-
ment for Lectures including Service on Speakers Bureaus: Medtronic, Com-
ments: neuromodulation.

REFERENCES
1. Huang AJ, Rosenthal DI, Palmer WE. Inadvertent intra-articular

lumbar facet joint injection during fluoroscopically guided inter-
laminar epidural steroid injection. Skeletal Radiol 2011;40:33– 45
CrossRef Medline

2. Lehman VT, Murthy NS, Diehn FE, et al. The posterior ligamentous
complex inflammatory syndrome: spread of fluid and inflamma-
tion in the retrodural space of Okada. Clin Radiol 2015;70:528 –35
CrossRef Medline

3. Murthy NS, Maus TP, Aprill C. The retrodural space of Okada. AJR
Am J Roentgenol 2011;196:W784 – 89 CrossRef Medline

4. Huang AJ, Palmer WE. Incidence of inadvertent intra-articular
lumbar facet joint injection during fluoroscopically guided inter-

laminar epidural steroid injection. Skeletal Radiol 2012;41:157– 62
CrossRef Medline

5. Wagner AL. CT fluoroscopy-guided epidural injections: technique
and results. AJNR Am J Neuroradiol 2004;25:1821–23 Medline

6. Bogduk N. International Spine Intervention Society Practice Guidelines
for Spinal Diagnostic and Treatment Procedures. San Francisco: Inter-
national Spine Intervention Society; 2013:409

7. Okada K. Studies on the cervical facet joints using arthrography of
the cervical facet joint (author’s transl) [Japanese]. Nihon Seikeigeka
Gakkai Zasshi 1981;55:563–80 Medline

8. Sarazin L, Chevrot A, Pessis E, et al. Lumbar facet joint arthrography
with the posterior approach. Radiographics 1999;19:93–104 CrossRef
Medline

9. Xu GL, Haughton VM, Carrera GF. Lumbar facet joint capsule: ap-
pearance at MR imaging and CT. Radiology 1990;177:415–20
CrossRef Medline

10. Manchikanti L, Benyamin RM, Hansen H, et al. Reversal of epidural
cuts in 2015 physician payment schedule: two steps forward, one
step back. Pain Physician 2014;17:E565–73 Medline

11. White AH, Derby R, Wynne G. Epidural injections for the diagnosis
and treatment of low-back pain. Spine (Phila Pa 1976) 1980;5:78 – 86
CrossRef Medline

12. Bartynski WS, Grahovac SZ, Rothfus WE. Incorrect needle position
during lumbar epidural steroid administration: inaccuracy of loss
of air pressure resistance and requirement of fluoroscopy and epi-
durography during needle insertion. AJNR Am J Neuroradiol 2005;
26:502– 05 Medline

13. Johnson BA, Schellhas KP, Pollei SR. Epidurography and therapeu-
tic epidural injections: technical considerations and experience
with 5334 cases. AJNR Am J Neuroradiol 1999;20:697–705 Medline

402 Kranz Feb 2017 www.ajnr.org

http://dx.doi.org/10.1007/s00256-010-1025-y
http://www.ncbi.nlm.nih.gov/pubmed/20820772
http://dx.doi.org/10.1016/j.crad.2014.12.009
http://www.ncbi.nlm.nih.gov/pubmed/25577652
http://dx.doi.org/10.2214/AJR.10.5751
http://www.ncbi.nlm.nih.gov/pubmed/21606270
http://dx.doi.org/10.1007/s00256-011-1332-y
http://www.ncbi.nlm.nih.gov/pubmed/22159989
http://www.ncbi.nlm.nih.gov/pubmed/15569755
http://www.ncbi.nlm.nih.gov/pubmed/7310204
http://dx.doi.org/10.1148/radiographics.19.1.g99ja0193
http://www.ncbi.nlm.nih.gov/pubmed/9925394
http://dx.doi.org/10.1148/radiology.177.2.2217778
http://www.ncbi.nlm.nih.gov/pubmed/2217778
http://www.ncbi.nlm.nih.gov/pubmed/25247906
http://dx.doi.org/10.1097/00007632-198001000-00014
http://www.ncbi.nlm.nih.gov/pubmed/6444766
http://www.ncbi.nlm.nih.gov/pubmed/15760856
http://www.ncbi.nlm.nih.gov/pubmed/10319985


ORIGINAL RESEARCH
SPINE

Comparison of 3 Different Types of Spinal Arteriovenous
Shunts below the Conus in Clinical Presentation, Radiologic

Findings, and Outcomes
X T. Hong, X J.E. Park, X F. Ling, X K.G. terBrugge, X M. Tymianski, X H.Q. Zhang, and X T. Krings

ABSTRACT

BACKGROUND AND PURPOSE: Spinal arteriovenous shunts below the conus constitute 3 types of lesions, which have previously been
mainly described in case reports, given their rarity, and are sometimes misdiagnosed. The purpose of this study was to describe the features
of each type and compare these types as to epidemiologic features, clinical and radiologic presentations, treatment, and outcomes in a
consecutive series of 48 cases.

MATERIALS AND METHODS: The prospectively collected data bases of 2 referral centers for spinal vascular lesions were retrospectively
reviewed. Spinal arteriovenous shunts below the conus were defined as all dural and intradural shunts below the conus medullaris. Clinical
features, radiologic findings, treatment results, and clinical outcomes were assessed.

RESULTS: There were filum terminale arteriovenous fistulas in 11 patients (22.9%), radicular arteriovenous shunts in 7 patients (14.6%), and
spinal dural arteriovenous fistulas in 30 patients (62.5%). Radicular arteriovenous shunts presented at a younger age (P � .017) and with a
higher incidence of back pain symptoms (P � .037). A tethered spinal cord was found in 54.5% of patients with filum terminale arterio-
venous fistulas and 23.3% of patients with spinal dural arteriovenous fistulas. After treatment, the angiographic complete obliteration rate
was 89.4% and spinal function was improved significantly (P � .001).

CONCLUSIONS: Three groups of spinal arteriovenous shunts below the conus can be differentiated according to clinical and radiologic
features. Filum terminale arteriovenous fistulas are frequently associated with dysraphic malformations, which may suggest a particular
embryologic origin.

ABBREVIATIONS: ALS � Aminoff-Logue scale; FTAVF � filum terminale arteriovenous fistula; rAVS � radicular arteriovenous shunt; SDAVF � spinal dural
arteriovenous fistula

Spinal arteriovenous lesions are rare and complex neurovascu-

lar diseases that can be categorized according to embryologic

considerations,1 anatomic and imaging features,2 or their loca-

tions.3 Among the spinal vascular malformations, arteriovenous

shunts below the conus medullaris include some particular

groups of lesions and are sometimes misdiagnosed due to similar

clinical and radiologic presentations, which are worth addressing

and differentiating separately.4 This group of lesions is distant

from the spinal cord,5,6 presents mainly with progressive myelop-

athy rather than hemorrhage, and may be associated with dys-

raphic malformations, which suggest a unique embryologic ori-

gin. If diagnosis and angioarchitecture are correctly identified,

treatment is relatively simple compared with spinal vascular le-

sions in other locations.7,8

According to their feeding arteries, we can classify 3 different

types of spinal arteriovenous shunts below the conus: shunts fed

by the artery of the filum terminale (filum terminale arterio-

venous fistulas [FTAVFs]), shunts fed by dural branches (spinal

dural arteriovenous fistulas [SDAVFs]), and shunts fed by radic-
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ular arteries (radicular arteriovenous shunts [rAVSs]). Previ-

ously, these types of vascular malformations have been described

mainly in smaller case series or case reports. Since Djindjian et al9

reported the first case of FTAVF, several case reports10-13 and 2

patient series studies14,15 have been published. rAVSs that are

located on a nerve root of the cauda equina have been reported in

2 cases to date.16 SDAVFs in this region can have lumbar or sacral

segmental artery supply and constitute approximately 23% of the

dural AVFs in larger series.17 Clinical and epidemiologic features,

their relative proportion to each other, and the associated malfor-

mations of these 3 different shunts below the conus have not been

described however, and the differential diagnoses of the 3 groups

have not been investigated in greater detail, presumably given

their rarity.

In this study, we review a series of 48 spinal arteriovenous

shunts below the conus derived from the combined prospectively

maintained data bases of 2 referral centers (Xuanwu Hospital,

Beijing, China and Toronto Western Hospital, Toronto, Canada)

and thus aim to compare epidemiologic features, clinical presen-

tations, MR imaging and angiographic findings, treatment, and

outcomes of 3 types of lesion at this location.

MATERIALS AND METHODS
Patient Population and Clinical Evaluation
We retrospectively reviewed patients from the combined pro-

spectively maintained spinal vascular disease data bases (from

January 2000 to August 2015) of 2 tertiary hospitals after having

obtained local ethics board approval. Both institutions are referral

centers for treating spinal vascular lesions and share similar pro-

tocols on diagnosis, treatment, and data base maintenance. We

defined spinal arteriovenous shunts below the conus as all dural

and intradural vascular lesions with the shunt occurring below the

conus medullaris. For the SDAVF lesions, we selected those with

fistula points on DSA located lower than the vertebral level of the

conus, the latter was assessed by MR imaging in all screened

patients. The clinical follow-up plan was 3, 12, 24, and 60

months after treatment, and angiographic follow-up was per-

formed at 2– 4 months after embolization or within 1 week

after the surgical procedure to verify obliteration. Pretreat-

ment and follow-up spinal functions were evaluated for gait,

micturition, and defecation status according to the Aminoff-

Logue scale (ALS)18; these evaluations were performed on the

basis of the medical record by a clinician (T.H.) not directly

involved in the care of these patients. We added a defecation

subscale (On-line Table) due to frequent anal sphincter distur-

bance of lesions at the sacrum.

Radiologic Evaluation
Multisequence spinal MR images were available in all patients and

were reviewed by an independent diagnostic neuroradiologist

(J.E.P.), who was blinded to the clinical information of the pa-

tient. The evaluation included the presence of congestive edema,

engorged veins, hemorrhage, and associated MR imaging findings

(tethered spinal cord, lipoma, sacral cysts, or spina bifida). The

radiologic definition of the tethered cord was the tip of the conus

medullaris below the lower border of the L2 vertebral body.19

Standardized spinal DSA was performed, with evaluation of all

segmental arteries including the bilateral internal iliac arteries and

median sacral artery. Location of the shunt (dural, filum termi-

nale, or along a nerve root of the cauda equina), angioarchitec-

ture, and other associated vascular lesions were assessed. The an-

gioarchitecture was evaluated regarding the number and type of

the feeding arteries, the type of lesion (direct fistula versus inter-

vening network or nidus), location of the lesion, and direction of

venous drainage. Consensus diagnosis was made by the 2 senior

authors (H.Q.Z. and T.K.).

Treatment
Treatment options included endovascular embolization, open

surgery, or a combined approach. The decision to choose an open

surgical versus an endovascular route was mainly based on the

vascular anatomy and was done in a multidisciplinary conference.

In general, the features of a tortuous course of the parent artery, a

small caliber of the distal feeding artery, or a glomus-like archi-

tecture were considered unfavorable for an endovascular ap-

proach. Embolization was the first choice when the endovascular

operator predicted that the arterial approach was available and an

adequate safety margin to normal spinal feeding arteries was en-

sured. Only liquid embolic agents were used. Surgery was indi-

cated when the embolization was not feasible or failed to achieve

complete obliteration. The surgical approach varied according to

lesion location and involved identification of the distal feeding

artery and the proximal arterialized vein that was surgically

disconnected to cure the shunt. Motor- and sphincter-evoked

potential monitoring and indocyanine green video-angiogra-

phy facilitated identification and safety during the surgical

procedure.

Statistical Analysis
We performed mean age comparison with the ANOVA test and

incidence comparison among different groups with the Fisher

exact test. For the duration time data that deviated from a normal

distribution, the Kruskal-Wallis test was applied. The Wilcoxon

signed rank test was used to analyze the pre- and posttreatment

ALS scores. Statistical significance was set at P � .05. All analyses

were performed with SPSS software, Version 19.0.0 (IBM, Ar-

monk, New York).

RESULTS
Forty-eight patients with spinal arteriovenous shunts below the

conus were identified from the combined data bases that com-

prised a total of 359 spinal arteriovenous shunts (13.3%). There

were 36 males (75%) and 12 (25%) females with a mean age of

52.4 years (range, 5– 81 years). Mean clinical follow-up duration

was 25.7 months (range, 3–77 months). Ten patients (20.8%)

were lost to follow-up after treatment.

Angioarchitecture
In our series, there were 11 patients (22.9%) with FTAVFs, 7 pa-

tients (14.6%) with rAVSs, and 30 patients (62.5%) with SDAVFs

(Table 1).

The FTAVFs (n � 11) were shown on angiograms as a direct

communication of the filum terminale artery (distal continuation

of the anterior spinal artery) and the filum terminale vein, which

404 Hong Feb 2017 www.ajnr.org



drained upward to the perimedullary veins (Fig 1 and On-line Fig

1). The origin of the anterior spinal artery feeding the artery of the

filum terminale included the intercostal arteries (n � 4), lumbar

arteries (n � 4), iliac arteries (n � 2), and the median sacral artery

(n � 1). The fistula location ranged between the level of L2 and S2.

FTAVFs with extra supply were found in 3 of the 11 patients (Fig

1B), and in 1 patient, an FTAVF was present together with a sep-

arate conus AVM (On-line Fig 1).

The rAVSs (n � 7) were located on an intradural nerve root of

the cauda equina between the radicular artery and a radicular vein

draining to the perimedullary vein (Fig 2 and On-line Fig 2). The

origin of the feeding artery was from the lateral sacral artery of the

iliac artery in all 7 patients. The shunt presented as a direct fistula

without an intervening network of abnormal arteries (n � 4) or as

a micronidus-like structure with venous outpouching (n � 3).

The shunt was located between L4 and S1 off the midline but

intradurally (ie, on a nerve root). An rAVS was concomitant with

a conus AVM in 3 of the 7 patients (Fig 2).

SDAVFs (n � 30, 62.5%) constituted the largest group in our

case series and were defined as fistulous communications between

a radiculomeningeal artery and an intradural vein within the dura

mater with retrograde drainage toward the perimedullary veins

(Fig 3 and On-line Fig 3). The origin of the feeding artery included

lumbar arteries in 9 patients and the lateral sacral artery of the iliac

arteries in 21 patients. A single feeding artery was present in most

patients (n � 27); in 2 patients, the shunt was fed by bilateral iliac

arteries (On-line Fig 3); and in 1 patient, the shunt was fed by 2

adjacent lumbar segmental arteries. The location of the fistulas

was between L2 and S2.

Demographics, Clinical Presentation, and MR Imaging
Findings
Comparison of demographics, pretreatment clinical data, and

MR imaging findings according to 3 different types of the lesions

are summarized in Table 2. The mean ages among patients with

FTAVFs, rAVSs, and SDAVFs were significantly different (P �

.017). The post hoc analysis demonstrated that the patients with

rAVSs were younger at presentation compared with those with

FTAVFs (37.4 versus 52.9 years, P � .032) or SDAVFs (37.4 versus

55.6 years, P � .005). All 3 groups showed a male predominance,

though there was a nonsignificantly higher proportion of female

(42.9%) patients in the rAVS group compared with 27.3% in the

FTAVF group and 20% in SDAVF group.

At the time of diagnosis, the symptoms of arteriovenous

shunts below the conus were progressive paraparesis in 44 pa-

tients (91.7%), bowel/bladder dysfunction in 38 patients (79.2%),

progressive hypesthesia in 33 patients (68.8%), sensory numbness

FIG 1. The radiologic presentation of a 64-year-old man with a FTAVF. A, Spinal angiogram shows the FTAVF at the level of S2 (arrow). Note the
faint filum terminale artery (arrowhead) from the T10 intercostal artery, converging with the draining vein upwardly. B, Internal iliac artery
angiogram demonstrates the extra supply of the FTAVF lesion in A. Note the same appearance of the drainage vein (arrow) as in A. C, The T1
contrast-enhanced image demonstrates the abnormally dilated and tortuous vessels situated on the surface of the spinal cord (arrow).
D, T2-weighted image of the thoracic spine shows cord edema extending to the upper thoracic spinal cord.

Table 1: Proportion of 3 types of spinal arteriovenous shunts
below the conus

Classification
No. of

Patients (%) Feeding Artery
FTAVF 11 (22.9%) Artery of the filum

terminaleFTAVF with extra supply 3 (6.2%)
FTAVF with conus AVM 1 (2.1%)

rAVS 7 (14.6%) Radicular artery of
the segmental arteryrAVS with conus AVM 3 (6.3%)

SDAVF 30 (62.5%) Dural branch from the
lumbar artery or
lateral sacral artery
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in 24 patients (50%), and back pain in 8 patients (17.0%). The

incidence of the symptoms among 3 different groups showed

no statistical significance except for back pain. Three of 7 pa-

tients (42.9%) had arteriovenous shunts with back pain, which

was higher compared with those with

SDAVFs (P � .037, multiple comparison

analysis). The mean duration between the

initial symptoms and diagnosis was 12.4

months (range, 10 days to 13.1 years).

One patient with an rAVS presented with

subarachnoid hemorrhage as verified by

cranial CT and spinal MR imaging. None

of the other lesions presented with hem-

orrhage. Delay of diagnosis due to initial

misdiagnosis was recorded before admis-

sion and included lumbar degenerative

diseases in 6 patients (12.5%) and hypo-

kalemia in 1 patient (2.0%). Two patients

had symptom deterioration after pulsed

high-dose corticosteroid treatment.

On the MR imaging findings, 45 pa-

tients (93.8%) had engorged perimedul-

lary veins on T2-weighted or T1-weighted

gadolinium-enhanced MR images and 44

patients (91.7%) had spinal cord edema

on the lower thoracic cord or conus

medullaris. Both findings showed no ob-

vious differences among the 3 groups. A

tethered spinal cord was found in 6

(54.5%) patients with FTAVF, in 7

(23.3%) patients with SDAVF (Fig 3C), and in none of the pa-
tients with rAVS (P � .032). Ten patients had sacral lipomas on
MR imaging, which included 7 lipomas of the filum terminale and
3 lipomeningoceles. Patients with FTAVF showed a higher inci-

FIG 2. The radiologic presentation of a 34-year-old man with concomitant rAVS and conus AVM. A, Left L3 lumbar artery angiogram shows the
nidus-type conus AVM at the level of L1 (arrow). B, Right internal iliac artery angiogram demonstrates an rAVS (arrow), which shares the draining
vein of the AVM. C, Spinal CT angiography shows the draining vein of the rAVS and its connection to the conus AVM. D, Cast of liquid embolic
agent with complete occlusion of the rAVS from the right internal iliac artery.

FIG 3. The radiologic presentation of a 64-year-old man with an SDAVF below the conus
associated with a tethered cord. A, Left internal iliac artery angiogram shows the SDAVF at the
level of S2 (arrow). B, Embolic material cast reveals that the embolic agent is approaching
the proximal venous end (arrowhead). C, The patient also has a tethered cord (white arrow) on
the T1-weighted MR image.
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dence of sacral lipoma (5 in 11, 45.5%) compared with those with
SDAVF (5 in 30, 16.7%) and rAVS (0%). Four patients with sacral
cysts were noted, and 1 patient with an SDAVF had spina bifida.

Treatment and Outcomes
According to the therapeutic strategies, 21 (43.8%) patients un-

derwent embolization; 18 (37.5%), surgery; and 9 (18.8%), com-

bined embolization and surgery due to failure to achieve complete

obliteration by embolization (Table 3). The treatment patterns

were different among the 3 groups (P � .002). Of 11 patients with

FTAVF, 9 (81.8%) underwent surgery and 2 (18.2%) underwent

surgery after embolization failure, whereas patients with rAVS

and SDAVF primarily underwent embolization (71.4% and

53.3%, respectively).

Of 38 patients with long-term clinical and angiographic fol-

low-up data, angiographic complete obliteration was achieved in

34 patients (89.4%). Embolization resulted in a complete obliter-

ation rate of 56.0% (14 of 25), while surgery achieved a 100% (21

of 21) cure. The median pretreatment ALS grade was 9 (range,

4 –11) in patients with FTAVF, 7.5 (range, 0 –10) in those with

rAVS, and 7 (range, 0 –11) in those with SDAVF, which showed a

nonsignificant worse pretreatment function in patients with

FTAVF. After treatment, the ALS grade showed significant im-

provement (P � .001). According to the subgroups, the median

ALS grade of patients with FTAVF at last follow-up was 5 com-

pared with 9 before treatment (P � .023), 4 versus 7.5 in patients

with rAVS (P � .063), and 5 versus 7 in those with SDAVF (P �

.001).

DISCUSSION
To our knowledge, this is the first reported patient series focusing

solely on spinal arteriovenous shunts below the conus. Given the

consecutive inclusion and large series size, we were able to reveal

the profile of each type and compare the clinical presentations,

radiologic findings, and outcomes among FTAVF, rAVS, and

SDAVF with statistical analysis.

Comparison of Angioarchitecture
The angioarchitecture of the 3 types of spinal arteriovenous le-

sions below the conus share some common features. Our study

showed that most20 of these shunts were fistulous in nature, with

nidus-type shunts being very rare and indicating rAVS if present.

In addition, most shunts had a relatively slow flow and thus only

mildly dilated arteries and veins. Furthermore, the venous drain-

age pattern was similar because in all shunts, the veins of the

shunts drained upward to the perimedullary veins and thus

caused venous congestion of the spinal cord. This drainage pat-

tern explains that progressive myelopathy was the main symptom

of all 3 types and hemorrhage occurred only rarely. In our series,

Table 2: Comparison of demographics, clinical presentation, and MRI findings of 3 types of spinal arteriovenous shunts below the
conusa

Characteristics FTAVF (n = 11) rAVS (n = 7) SDAVF (n = 30) All (n = 48) P Valueb

Demographic
Age (mean) (yr) 52.9 � 12.6 37.4 � 15.7 55.6 � 14.9 52.4 � 15.5 .017c

Female sex 3 (27.3%) 3 (42.9%) 6 (20%) 12 (25%) .443
Clinical symptoms

Duration of symptoms (mean) (mo) 12.1 � 7.8 9.9 � 9.8 13.1 � 28.0 12.4 � 22.6 .396
Back pain 3 (27.3%) 3 (42.9%) 2 (6.7%) 8 (17.0%) .028c

Progressive paraparesis 11 (100.0%) 6 (85.7%) 27 (90.0%) 44 (91.7%) .598
Progressive hypesthesia 7 (63.6%) 6 (85.7%) 20 (66.7%) 33 (68.8%) .739
Numbness 5 (45.5%) 3 (42.9%) 16 (53.3%) 24 (50%) .844
Bowel/bladder dysfunction 8 (72.7%) 4 (57.1%) 26 (86.7%) 38 (79.2%) .167

MRI findings
Spinal cord edema 11 (100%) 5 (71.4%) 28 (93.3%) 44 (91.7%) .129
Engorged vein 10 (90.9%) 6 (85.7%) 29 (96.7%) 45 (93.8%) .313
Spinal cord tethering 6 (54.5%) 0 (0.0%) 7 (23.3%) 13 (27.1%) .032c

Sacral lipoma 5 (45.5%) 0 (0.0%) 5 (16.7%) 10 (20.8%) .061
a Data are number and percentage unless otherwise indicated.
b Comparison among FTAVF, rAVS, and SDAVF.
c Statistically significant values.

Table 3: Comparison of treatment and clinical outcomes of spinal arteriovenous shunts below the conus
FTAVF rAVS SDAVF All P Valuea

Treatment option (No.)
Embolization 0 5 16 21 .002b

Surgery 9 1 8 18
E�S 2 1 6 9

Mean FUc 24.0 � 26.1 21.3 � 5.3 27.6 � 20.6 25.7 � 20.2 .54
Complete obliteration (No.) (%) 9 (100%) 6 (100%) 19 (82.6%) 34 (89.4%) .476
Median ALS grade pretreatmentc 9 7.5 7 7.5 .273
Median ALS grade at last FUc 5 4 5 4.5
P valued .023b .063 �.001b �.001b

Note:—E�S indicates combined embolization-surgery; FU, follow-up.
a Comparison among FTAVF, rAVS, and SDAVF.
b Statistically significant values.
c Ten patients lost to follow-up after the treatments were excluded.
d Comparison between pretreatment and last FU ALS grades.
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it only occurred in 1 patient with an rAVS. Despite the above

similarities, the 3 types of lesions have distinctive features to

differentiate.

The filum terminale extends downward from the apex of the

conus medullaris to the cul de sac of the dura at S2, so the FTAVF

should be fed mainly by the filum terminale artery as the caudal

continuation of the anterior spinal artery below the arcade of the

cone. Whether the filum can have other blood supplies besides the

filum terminale artery is still debatable13,14; as Djindjian et al5

reported, the coccygeal nerve with a radicular artery supply was

adherent to the filum in its proximal portion. Thus, an explana-

tion for FTAVFs localizing in the distal portion of the filum hav-

ing an additional blood supply could be a radicular artery or dural

artery, as shown in our series and in 1 previous case report.10 In

some circumstances, a radicular artery may adhere to the distal

portion of the filum and provide an extra vascular supply. The

other possibility is a dural supply because the fistula localizes to

the dural attachment point of the filum at around the S2 level,

which then may include the dural arterial supply.

In our series, rAVSs were the type least often encountered,

which is reflected by the literature because previously only 2 cases

were reported.16 The arterial vascularization of the cauda equina

nerve roots includes both distal and proximal radicular arteries

with an anastomosis at the proximal one-third of the root.6

Ohtonari et al16 reported 2 cases of rAVSs fed by proximal radic-

ular arteries, while in our study, all 7 rAVSs were fed by distal

radicular arteries from segmental arteries. We believe that at least

some of our cases may have also had proximal radicular artery

feeders, which are suppressed by the main flow from their distal

counterpart.

SDAVFs below the conus usually present with a single segmen-

tal feeding artery, which implies that the fistula is located within

the dura directly adjacent to the nerve root (ie, where the radicu-

lomeningeal artery pierces the dura). In cases in which the fistula

is located between 2 adjacent nerve roots, dual segmental arterial

supply from adjacent segmental arteries may be seen. This config-

uration was present in 3 patients in our series with SDAVFs sup-

plied by 2 lumbar arteries or bilateral iliac arteries. During embo-

lization, embolic agents should always approach the proximal

venous end of the fistula to achieve complete obliteration, which

may be more difficult to achieve with N-butyl-cyanoacrylate

(glue) in cases of dual supply because the glue will harden on

contact with blood from the second feeder.

Embryologic Consideration
Development of the human spinal cord involves both primary

and secondary neurulation. Unlike the primary neurulation,

which establishes the brain and spinal cord and is derived from

the ectoderm, all neural elements of secondary neurulation are

developed from pluripotent mesodermal cells. These cells, termed

the “caudal cell mass,” coalesce and then epithelialize to form a

separate neural tube that will connect with the neural tube formed

by the primary neurulation.21,22 The exact level where the 2 neural

tubes meet is still debatable, ranging from the upper conus23 to

the lowest sacral level of the conus21; however, it is agreed that the

caudal cell mass will give rise to the filum terminale and the cauda

equina. Thus, the embryologic origin of FTAVFs and rAVSs be-

low the conus is associated with secondary neurulation, differing

from the remainder of intradural spinal vascular shunt origins

that are associated with the primary neurulation. This may ex-

plain the interesting finding in our study that FTAVFs below the

conus were often associated with spinal dysraphisms such as teth-

ered cord, spinal lipoma, and spina bifida; this association was

also shown in a previous case report.24 One may hypothesize that

patients with abnormal secondary neurulation are more prone to

develop abnormal vascular shunts: If during embryologic devel-

opment, pluripotent cells at the caudal end of the human embryo

were abnormally triggered to form a lipoma that will cause teth-

ering, these abnormal pluripotent cells may also be prone to de-

velop abnormal vascular shunts.25 The reason why SDAVFs were

associated with dysraphisms may also be due to the abnormal

pluripotent cells, which have a propensity to develop this acquired

vascular lesion. However, why rAVSs were not associated with

spinal dysraphisms in this series remains unclear.

The interesting finding that some patients demonstrated co-

existence of rAVS with a conus AVM is presumably related to a

low spinal arteriovenous metameric syndrome. We hypothesize

that similar to thoracic, cervical, and cerebral metameric syndromes,

abnormal cells that are prone to form arteriovenous shunts migrated

along their segment and seeded daughter cells along their migrational

path as previously described in cerebral arteriovenous metameric

syndromes (Wyburn-Mason syndrome).26

Differential Diagnosis and Treatment
Spinal arteriovenous shunts below the conus may not be as rare as

was previously thought because they represented 13.3% of all spi-

nal shunts in our data base. However, misdiagnosis is not uncom-

mon according to the similar clinical manifestation and nonspe-

cific radiologic findings among the different groups. Our study

suggests some differential diagnostic clues. rAVSs show a younger

age at first presentation, a larger female proportion, and a higher

incidence of pain symptoms and hemorrhage. FTAVFs and

SDAVFs share a similar age at onset, which may be related to the

same pathophysiology of venous hypertension. However, FTAVFs

present with a different feeding artery derived from the anterior

spinal artery and they are more commonly associated with dys-

raphic malformations. A standard spinal angiography, including

the bilateral internal iliac arteries and median sacral artery, is the

criterion standard to diagnose a lesion in this region. Treatment

outcomes are better compared with spinal vascular lesions in

other regions. Although embolization resulted in only a 56.0%

complete obliteration rate in our series (given the often tortuous

vascular anatomy and small caliber of the feeding arteries), surgi-

cal resection achieved 100% cure because disconnection of the

venous outflow could be easily achieved after accurate intraoper-

ative identification of the draining vein.

Limitations
Our study has some limitations pertaining to its retrospective

design and sample volume. Due to the rarity of the disease and the

potential of referral basis, our data may not represent the situation

in the general population. Because some statistical comparisons

are based on small numbers, there is the possibility of spurious

statistically significant associations. Additionally, some cases were
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associated with additional abnormalities (ie, conus AVMs or spi-

nal dysraphic disorders); thus, patient symptomatology may be

related to various sources.

CONCLUSIONS
Our study reveals the differences in 3 types of spinal arteriovenous

shunts below the conus. rAVSs have a younger age of onset and a

higher incidence of pain symptoms and hemorrhage. FTAVFs are

more commonly associated with dysraphic malformations. If di-

agnosed correctly, the treatment outcomes are better compared

with spinal vascular lesions in other regions.
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ORIGINAL RESEARCH
SPINE

MRI Atlas-Based Measurement of Spinal Cord Injury Predicts
Outcome in Acute Flaccid Myelitis

X D.B. McCoy, X J.F. Talbott, X Michael Wilson, X M.D. Mamlouk, X J. Cohen-Adad, X Mark Wilson, and X J. Narvid

ABSTRACT

BACKGROUND AND PURPOSE: Recent advances in spinal cord imaging analysis have led to the development of a robust anatomic template
and atlas incorporated into an open-source platform referred to as the Spinal Cord Toolbox. Using the Spinal Cord Toolbox, we
sought to correlate measures of GM, WM, and cross-sectional area pathology on T2 MR imaging with motor disability in patients
with acute flaccid myelitis.

MATERIALS AND METHODS: Spinal cord imaging for 9 patients with acute flaccid myelitis was analyzed by using the Spinal Cord Toolbox. A
semiautomated pipeline using the Spinal Cord Toolbox measured lesion involvement in GM, WM, and total spinal cord cross-sectional area.
Proportions of GM, WM, and cross-sectional area affected by T2 hyperintensity were calculated across 3 ROIs: 1) center axial section of lesion; 2)
full lesion segment; and 3) full cord atlas volume. Spearman rank order correlation was calculated to compare MR metrics with clinical measures
of disability.

RESULTS: Proportion of GM metrics at the center axial section significantly correlated with measures of motor impairment upon
admission (r [9] � �0.78; P � .014) and at 3-month follow-up (r [9] � �0.66; P � .05). Further, proportion of GM extracted across the full
lesion segment significantly correlated with initial motor impairment (r [9] � �0.74, P � .024). No significant correlation was found for
proportion of WM or proportion of cross-sectional area with clinical disability.

CONCLUSIONS: Atlas-based measures of proportion of GM T2 signal abnormality measured on a single axial MR imaging section and
across the full lesion segment correlate with motor impairment and outcome in patients with acute flaccid myelitis. This is the first
atlas-based study to correlate clinical outcomes with segmented measures of T2 signal abnormality in the spinal cord.

ABBREVIATIONS: %CSA � proportion of cross-sectional area; %GM � proportion of gray matter; %WM � proportion of white matter; AFM � acute flaccid
myelitis; EV � enterovirus; MRC � Medical Research Council; SC � spinal cord; SCT � Spinal Cord Toolbox

After the eradication of wild poliovirus, the clinical syndrome

of spinal motor neuron injury called acute flaccid myelitis

(AFM) nearly disappeared from North America. The reemer-

gence of this syndrome has coincided with the appearance of West

Nile virus in Europe and North America, enterovirus (EV) A71 in

Southeast Asia, and EV-D68 in North America.1,2 In fact, at the

same time that EV-D68 caused widespread outbreaks of respira-

tory illness in the United States in 2014, the number of patients

with AFM spiked.3 The Centers for Disease Control and Preven-

tion noted this association, describing the incidence of AFM in a

subset of patients with acute flaccid paralysis with evidence of

spinal cord (SC) injury.4

More recently, longitudinally extensive SC lesions predomi-

nantly affecting the central GM have been described in children

with AFM during the 2014 EV outbreak.5 These patients reported

acute limb weakness, cranial nerve dysfunction, or both. The

prognosis in such patients is variable, with few predictors of re-

covery aside from the severity of initial paralysis. However, in a

variety of SC pathologies, defining the pattern and extent of signal

abnormality on MR imaging can aid in diagnosis and prognosis.6

The recent development of a standard SC template7—as part of

the Spinal Cord Toolbox (SCT)8—that includes probabilistic maps

of GM and WM9 now makes it possible to quantify the severity of SC
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injury.10-12 We aimed to measure the proportion of GM and WM

damage in patients with AFM occurring in association with the

EV-D68 outbreak. We hypothesized that the degree of GM and WM

signal abnormality in these patients would both correlate with sever-

ity of initial symptoms and symptoms at follow-up after hospitaliza-

tion. Although several studies have investigated the association be-

tween GM and WM signal abnormality on MR imaging and disease

severity,13-18 to date, this is first study using this analysis method to

register SCs with abnormal signal to an unbiased average anatomic

template; quantify proportions of GM (%GM), WM (%WM), and

CSA (%CSA) occupied by lesion in the probabilistic template; and

correlate data with clinical outcomes.

MATERIALS AND METHODS
Case Definition
All patients (9 total) admitted to the Benioff Children’s Hospital

at the University of Califronia, San Francisco with AFM were

included in the study. Dates of hospital admission ranged from

February 12, 2012, to February 2, 2015. All patients included in

the study met the clinical case definition of AFM as described by

the Centers for Disease Control and Prevention. Patients were

defined as having acute limb weakness with MR imaging SC ab-

normality. Other infectious causes of AFM were excluded, such as

Guillain-Barré syndrome, West Nile virus, poliovirus, stroke,

transverse myelitis, myasthenia gravis, and botulism. Nasopha-

ryngeal swab, oropharyngeal swab, serum, stool, or CSF samples

were tested for EV RNA by using polymerase chain reaction for all

patients. EV polymerase chain reaction was conducted at ViraCor

for 3 patients, California Department of Public Health—Neuro-

logic Testing and Surveillance Viral & Rickettsial Disease Labora-

tory for 2 patients, Kaiser Permanente Medical Group for 2 pa-

tients, Lucile Packard Children’s Hospital for 1 patient, and

Stanford University Hospitals for 1 patient.

During initial hospitalization, all patients underwent com-

plete neurologic testing. Strength testing was formalized with the

composite Medical Research Council (MRC) Scale for Muscle

Strength scores, using 3 proximal muscles and 2 distal muscles in

the affected limb for a score ranging from 0 –25.19 At follow-up,

MRC strength testing was repeated and recorded. Improvement

in strength was recorded as the numeric difference in MRC score.

Local institutional review board approval was obtained

through the University of California, San Francisco Committee

on Human Research for retrospective review and analysis of pa-

tient clinical information and MR images.

MR Imaging Acquisition Parameters
All MR imaging studies were performed on a 1.5T Genesis

HDxt Signa scanner with software version 15 (GE Healthcare,

Milwaukee, Wisconsin). Axial and sagittal T2 FSE imaging was

performed with the following parameters (presented as

mean � SD from all 9 examinations): TR, 3398.78 ms �

1430.99 ms; TE, 99.04 ms � 12.93 ms; section thickness, 3.33

mm; echo-train length, 18.56 � 3.28. Average native plane

resolution after interpolation of images is (2D to 3D): X, 0.40;

Y, 0.40; Z, 4.17. Additional sequences performed as part of our

routine spine and brain MR imaging protocol were not evalu-

ated for the purposes of this study.

Image Processing
T2-weighted images for 9 patients with AFM were analyzed with

SCT. The FMRIB Software Library v5.0 (FSL; http://fsl.fmrib.ox.ac.

uk/)20 viewer module was used to manually mark the seed points for

analysis. These locations flag the beginning and end regions for

the propagation deformation model to segment the SC.21 During

automatic segmentation, detection of the SC is done in the axial

plane by using the Hough transform. This is followed by propa-

gation of an elliptical triangular tubular mesh built inside the SC.

The tubular mesh is then deformed toward the edges of the SC.21

Results of segmentation accuracy were unsatisfactory because of

the large signal hyperintensity in this cluster of patients. Because

of this, segmentation of normal tissue was done using the SCT

segmentation algorithm. Areas where segmentation deviated

from the SC as a result of hyperintensity were manually adjusted

by creating images of SC voxel locations by using FSL and 2 cen-

terline points to mark the beginning and end axial sections for

registration. Registration to the template took roughly 540 sec-

onds per patient. The SCT automatic pipeline to register, warp,

and extract WM and GM metrics for each SC consisted of (Fig 1):

1) A 3D labels file was created based on the coordinates of the first

(C2–C3) and last (through T6) vertebral level landmarks to be

analyzed by using the SC labeling utility;

2) A 3D mask file was created manually in FSL to identify voxels

within the SC. SC masks were confirmed by 2 radiologists as

identifying only areas within the SC;

3) A combination of affine and nonlinear registrations was done

of the T2-weighted image to the corresponding MNI-Poly-

AMU template. The MNI-Poly-AMU template is an image of

the SC averaged across multiple patients and is used as a reference

point for registration of patient SCs and atlas-based MR signal

quantification.7 Registration was done in 4 steps. In step 1, a non-

linear transformation was estimated to straighten the SC (to

match the MNI-Poly-AMU straight template). In step 2, an affine

transformation was found based on the input labels to match the

vertebral levels between the subject and the template. In step 3, a

2D section-wise registration was done to bring the subject closer

to the template, while ensuring robustness toward pathology by

using the cord segmentation instead of the image, by using the

mean-square metric and smoothing factor of 2. In step 4, local

registration adjustment was made using the B-Spline SyN algo-

rithm with the mean-square metric, gradient step of 0.5, and

smoothing factor of 0, with 5 iterations. The outputs were a T2-

weighted image warped to the template and a template warped to

the T2-weighted image, along with a pair of forward and reverse

deformation fields;

4) The reverse deformation field (template to subject) was then

applied to the WM and GM atlases, projecting them in the

subject space. These warping fields were used to register multipara-

metric data to a common space for quantification of image-derived

metrics;

5) Raw images were thresholded to provide binary ROI of lesion

area for analysis with the WM/GM and SC probabilistic atlases.

Thresholding of images was performed in ImageJ (National In-

stitutes of Health, Bethesda, Maryland),22 with manual percentile

adjustment to segment the lesions from surrounding normal-

appearing SC. Thresholded T2 images were confirmed by 2 neu-
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roradiologists (J.N., J.F.T.) who were blinded to clinical data, seg-

menting only areas affected by lesions. Metrics were extracted by

using the SCT extract metric function. The percentage of lesion

within GM/WM and SC probabilistic atlas voxel space was ex-

tracted as a cumulative partial volume by using the thresholded

MR images;

6) Cumulative partial volume metrics

for GM and WM were extracted

from the lesion axial center, lesion

segment, and full cord atlas volume.

A binary image of lesion area in this

analysis is used to summate the

voxel-wise probabilities occupied by

the lesion per axial section;

7) Spearman rho (r), P values, linear

regression slopes, and intercepts

were calculated by NumPy and

matplotlib in Python. Regression

plots and bar charts were also plotted us-

ing matplotlib; and,

8) To quantify differences in thresh-

olding, binary images, which were

thresholded by each neuroradiolo-

gist, were overlaid by using ImageJ.

Pixels identifying areas of the im-

ages that were different between

the reviewers were summed and di-

vided by total pixels of the axial sec-

tion image. These metrics are re-

ported as the percentile average,

SD, and range of pixel differences.

Atlas-Based Spinal Cord Injury
Assessment
Probabilistic maps containing all cer-

vical levels and extending to T6 were

created for all 9 patients. For analysis

at the lesion center, 2 neuroradiolo-

gists (J.N., J.F.T.) reviewed each SC

image and identified the axial section showing the most signif-

icant T2 hyperintensity, the so-called “lesion center.” In 1 pa-
tient, the lesion center showing the most extensive hyperintensity
could not be analyzed because it was below T6. In this case
(patient 1), the second-most severely affected region was ana-
lyzed. For analysis of the full lesion segment, sagittal T2 images

FIG 1. Steps for registering patient 5 (acute flaccid paralysis) to template. A, Red circles indicate manual marking of anatomic features C1 and C8.
Blue lines indicate axial sections illustrated in far right grid. B, Manual masking of SC centerline was done at each axial section because of signal
hyperintensity interfering with automatic reconstruction of centerline. C, MNI-Poly-AMU T2-weighted template. D, SC straightening using
thin-plate spline interpolation. E, Labeling of vertebral levels after registering to template and warping back to native space. F, Sagittal view of
GM and WM probabilistic atlas after registering to template and warping back to native space. Far right grid, Output of template-based atlas.
Column 1, Automatic vertebral body labeling and SC space. Column 2, Probabilistic masks of WM. Column 3, Probabilistic masks of GM. Column
4, Probabilistic masks of GM and WM overlaid.

FIG 2. MR imaging of patient 1. A, Sagittal plane T2-weighted image centered on lesion. B, Overlay
of binary thresholded image for lesion and T2-weighted sagittal image. C, Axial T2-weighted
image at lesion center. D, Overlay of binary thresholded image for lesion and T2-weighted axial
image.
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were used to identify the starting and ending axial section
where the lesion was involved (Fig 2). In the full cord atlas
volume analysis, the entire length of thresholded SC within the
probabilistic atlases was used. Cumulative partial volumes for
GM, WM, and SC affected by lesion at the center axial section,
full lesion segment, and full cord atlas volume for each patient
are described in Fig 3. A Spearman rank order correlation was
used to determine whether metrics from each lesion analysis
significantly correlated with MRC strength scores or clinical
outcome scores.

Statistical Analysis
Composite MRC for Muscle Strength scores, clinical outcomes

scores, and cumulative partial volumes of the binary thresh-

olded image in probabilistic GM and WM voxel space were

used in a Spearman rank order correlation. P values comparing

patients testing as EV positive and EV negative were calculated

by the Mann-Whitney U test. Furthermore, Mann-Whitney U

tests for medians were used to determine whether GM and WM

cumulative partial volumes were significantly different be-

tween outcome and MRC groups. An independent-samples

Kruskal-Wallis test on GM metrics was used to compare

groups. Spearman rank order correlations were also used to

determine the correlation between the neuroradiologists’ eval-

uation of the center axial section showing the most hyperin-

tensity, the vertebral body with the most hyperintensity, and

the thresholding level necessary to successfully segment the

lesion from surrounding SC space. The Student t test was used

to determine whether the pixel percent differences from

thresholding were significantly different from 0. An � of .05

was considered statistically significant for all tests of associa-

tion. No mathematic correction was made to adjust the � level

for multiple corrections because the comparisons were planned be-

fore data inspection.

FIG 3. First row, Axial T2 image from center of lesion. Second row: Probabilistic GM (orange) and WM (blue) map overlaid on thresholded axial
T2 image from lesion center. Lesion Center indicates %WM and %GM weighted average metrics at axial lesion center. Lesion Segment indicates
%WM and %GM weighted average metrics for lesion segment. Full Cord Atlas Volume indicates %WM and %GM weighted average metrics for
full cord atlas volume. CSA Lesion Center indicates %CSA weighted average metrics at axial lesion center. CSA Lesion Segment indicates %CSA
weighted average metrics at lesion segment.

Clinical description of 9 patients with AFM used in analysis

Patient
No.

Age,
yr Sex

Limb
Weakness

MRC
Composite

Score
Enterovirus
Detected

MRC Score
at Follow-Up Discharge Diagnosis

Days to
MRI

1 3 M Right UE 11 NP swab 2 Disease due to EV 9
2 7 M Bilateral LE 20 None 3 Encephalomyelitis, paraesthesia/hyperestheia 14
3 4 F Bilateral LE 9 None 1 Flaccid paralysis, unspecified 2
4 8 M Right UE 9 NP swab 0 Acute flaccid paralysis 13
5 27 M Bilateral LE 1 Serum 3 Virus-related myelitis 6
6 8 F Left UE 16 None 2 Viral meningitis 11
7 24 M Bilateral LE 24 None 3 Meningomyelitis 5
8 10 M Left UE 18 None 2 Postinfectious mycoplasma transverse myelitis 3
9 2 F Left UE 3 None 1 Hopkins syndrome 1

Note:—LE, lower extremities; NP, nasophyryngeal; UE, upper extremities.
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RESULTS
Clinical Findings
Patients were of age 2–27 years at the time of study, with most

patients being younger than 10 years old (6 male, 3 female). The

patient demographics, discharge diagnosis, MRC composite

score, and clinical outcome rating are detailed in the Table. Addi-

tional presenting symptoms included fever (8 patients), upper

respiratory infection (4 patients), body pain/pruritus/allo-

dynia/abnormal sensation (5 patients), nausea/food intoler-

ance/emesis (3 patients), urinary retention (2 patients), and

ataxia (1 patient). EV polymerase chain reaction of the CSF was

negative in all patients. Nasopharyngeal swabs tested positive

for EV RNA in 2 patients and serum samples for 1 patient

tested positive for EV. One nasopha-

ryngeal swab sample was positively

subtyped as EV-D68. Mean time be-

tween clinical symptoms and MR im-

aging was 6.89 days (interquartile

range, 3–11 days) (Table). Mean clin-

ical follow-up time was 396.33 days

(interquartile range, 262–362 days).

MR Imaging Findings
All patients had SC lesions involving the

central cord GM and some degree of

surrounding WM. Lesions consisted of

well-defined T2 hyperintensity predom-

inantly within anterior horn cells for 6

patients (2, 3, 4, 5, 6, 8) and ill-defined

lesions affecting the entire central SC

GM for 3 patients (1, 7, 9) (Fig 3). In 1

case, ill-defined T2 hyperintensity ex-

tended the entire length of the SC. Pa-

tients with the most longitudinally ex-

tensive hyperintensity throughout both

cervical and thoracic areas had bilateral

flaccid lower extremities. On MR T2 im-

ages, brain lesions were identified in 2

patients. One patient showed hyperin-

tensity in the right frontal lobe. The sec-

ond patient showed brain stem and tha-

lamic edema.

Spinal Cord Analysis
MR SC injury metrics were calculated

for each patient (Fig 3). Measuring at the

center of the lesion (lesion center

section), clinical outcome significantly

worsened as %GM increased (r [9] �

�0.66, P � .05) (Fig 4). Similarly, the

%GM injured showed significant corre-

lation with weakness at initial examina-

tion for both lesion center measurement

(r [9] � �.78, P � .014) and full lesion

segment volume measurements (r [9] �

�0.74, P � .024). There was no signifi-

cant association between %WM injured

and clinical outcome or MRC strength

scores at lesion center or full lesion seg-

ment volume. In full cord atlas volume analysis, neither GM nor

WM significantly correlated with either improvement or initial

weakness. No significant correlation was found between %CSA at

lesion center and clinical outcome (r [9] � 0.03, P � .95) or initial

MRC score (r [9] � �.46, P � .213). Furthermore, cumulative

partial volumes extracted for %CSA at lesion segment did not

significantly correlate with clinical outcome (r [9] � �0.05, P �

.89) or initial MRC score (r [9] � �.25, P � .52). No significant

differences were found between the EV-positive and EV-negative

groups or among clinical outcome groups in the degree of initial

weakness (strength score), extent of GM or WM injury in either

lesion center, or full lesion segment volume.

FIG 4. Scatterplots of numeric outcome of initial strength or improvement in strength MRC
score by %GM or %WM injury (weighted average metric ranking) separated by analysis types
(lesion center and lesion segment).
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Selection of the axial section showing the most hyperintensity

had good concordance between the 2 neuroradiologists (J.N.,

J.F.T.) (r [9] � 0.60, P � .088). Differences in axial section selec-

tion were mostly caused by several regions showing the same de-

gree of hyperintensity. A strong degree of correlation was found

between the neuroradiologists with regard to the vertebral body of

the most hyperintensity (r [9] � 0.92, P � .001) and with regard

to level of thresholding (r [9] � 0.98, P � .001). Average pixel

differences as a result of thresholding variation between the neu-

roradiologists was 0.86% (SD, 1.87%; range, 0%–5.8%). A

2-tailed t test comparing the percentage difference to 0 showed no

significant difference (P � .19).

DISCUSSION
In the present study, we have used a semiautomated analysis pipe-

line to quantify T2 signal abnormality in the SC of patients diag-

nosed with AFM. More specifically, T2-weighted MR imaging

sequences from 9 patients with AFM were successfully registered

to the recently developed MNI-Poly-AMU SCT. Using SCT, mea-

sures of %GM, %WM, and %CSA pathologic T2 signal hyperin-

tensity were derived after thresholded T2 images segmented rela-

tive to pathologic signal were compared with probabilistic GM,

WM, and SC maps from SCT. The primary aim of this study was

to determine the feasibility and prognostic validity of implement-

ing an atlas-based approach for MR imaging analysis in a popu-

lation of patients with AFM. To this end, the positive correlations

observed between SCT-derived MR imaging metrics of GM pa-

thology and clinical outcome validate this approach. Although

atlas-based analysis techniques have been applied to a variety of

brain pathologies,23,24 this is the first study to implement an atlas-

based approach for study of WM- and GM-specific pathology in

the SC.

Patients with AFM occurring in association with a recent EV-

D68 outbreak were studied because this type of myelopathy dis-

tinctively targets central GM, primarily the anterior horn cells.25

Accordingly, an atlas that allows specific evaluation of GM signal

abnormality would improve our ability to assess degree of injury

and prognosis. In precisely this way, %GM signal abnormality on

a single axial section at the injury center most strongly correlated

with neurologic impairment, whereas statistically insignificant

correlations were seen with measures of %WM and %CSA injury.

This is despite the presence of T2 signal abnormality involving

WM to a varying degree in all patients. These findings are consis-

tent with the presumed underlying pathophysiology of disease in

this cohort of patients, wherein anterior horn cells of SC GM are

particularly vulnerable to enteroviral toxicity and manifestations

of their injury would be expected to best predict outcome.26 Other

acute myelopathies, such as autoimmune demyelinating disease

and traumatic contusion injury, often involve some component

of direct myelin and axonal injury in WM with associated disrup-

tion of functionally significant ascending and descending WM

tracts.23 The relative prognostic significance of GM pathology on

MR imaging in this cohort of patients with AFM reflects the pri-

mary injury mechanism of AFM and highlights the value of seg-

mented evaluation of the SC with distinct GM and WM maps.

The %GM T2 signal hyperintensity on a single axial section at

the most affected level of the injury center (referred to as “lesion

center”) provided the strongest correlation with clinical measures

of motor impairment and recovery. The value of assessing the

transverse extent of T2 abnormality on a single axial section at the

injury center has been similarly demonstrated in the setting of

acute traumatic SC injury and compressive myelopathy,18,27 sug-

gesting that the transverse extent of injury in the SC on MR im-

aging carries significant diagnostic and prognostic information in

a variety of pathologies. This result is significant because it allows

for a more focused, rapid evaluation of the MR imaging findings

centered at the injury center. The full lesion segment volume of

%GM signal abnormality also significantly correlated with initial

motor scores and, to a lesser extent, with improvement. One po-

tential advantage of full lesion segment volume calculation is that

it does not rely upon the subjective determination of the most

severely affected axial section, thus potentially reducing variabil-

ity and making analysis more conducive to a fully automated pro-

cess. When the %GM involvement is calculated relative to the

entire interrogated SC GM volume, the significance of this mea-

sure with motor scores is lost, likely as a result of the dilution of

the pathologic signal within significantly larger volumes of nor-

mal GM when lesions are not longitudinally extensive.

Potential applications for SCT in quantifying SC pathology on

MR imaging are vast and may greatly advance data-driven, unbi-

ased approaches for assessing injury severity and guiding and

monitoring therapy.7,9,11,21,23,28 This proof-of-concept study

demonstrates the prognostic validity of this approach and how

segmented analysis of SC subregions (ie, %GM and %WM) may

reflect the underlying pathophysiology of disease.

Limitations
The intramedullary T2 hyperintensity observed in our patients

often resulted in obscuration of margins between SC and hyper-

intense CSF, thereby precluding completely automated SC seg-

mentation and necessitating manual adjustment for this step. An

algorithm that can robustly and accurately segment the SC in

patient populations with intramedullary T2 hyperintensity would

reduce time and any bias associated with manual segmentation of

the SC. Furthermore, 3T imaging would improve this delineation,

thereby improving automated segmentation. In the current

study, the segmentation and thresholding process were both re-

viewed by fellowship-trained neuroradiologists; however, in or-

der for large throughput analysis of patient SCs with minimal

manual image postprocessing, the propagated segmentation algo-

rithm will need the capacity to propagate through axial sections

with abnormal signal intensity. In addition, nonautomated

thresholding introduces the possibility of error and/or bias during

the image processing. Another limitation in the current study is

that signal abnormality below T6 cannot be analyzed because the

MNI-Poly-AMU template only covers C1–T6 vertebral levels.

This limitation resulted in 1 patient’s most severe axial section

being excluded from analysis and the second-most severe section

being used. This limitation will be overcome with the future re-

lease of the new PAM50 template, which includes the brain stem

and full SC.29 In addition, the existing template was created from

healthy young control patients similar in age to our older patients,

but did not include young children. Finally, power analysis for

this study by using an � of .05, and 9 patients indicates that an r
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value of 0.75 is required to detect a significant difference with a

power of 80%. Because of this, the current study is underpowered

in determining significance for weaker correlations between

atlas-derived quantitative metrics of tissue damage and clinical

outcomes.

CONCLUSIONS
This proof-of-concept study used a recently developed open-

source Spinal Cord Toolbox for atlas-based analysis of T2 signal

abnormality in the SCs of 9 patients with AFM occurring during

the EV-D68 outbreak in the western United States. This cluster of

patients showed distinctive SC lesions of the anterior central GM,

characteristic of EV myelopathy, with variable WM involvement.

An image processing and analysis pipeline was developed to reg-

ister thresholded T2 MR images to the MNI-Poly-AMU template,

enabling calculation of %WM, %GM, and %CSA pathology.

Quantitative measures of %GM signal abnormality on a single

axial section at the most severely affected level of the injury epi-

center were significantly associated with clinical outcome scores

and MRC muscle strength scores, reflecting the underlying patho-

physiology for these patients with AFM. In addition, cumulative

partial volumes of %GM involved in whole lesion segment were

significantly correlated with MRC Muscle Strength scores. %GM-

segmented calculations outperformed %WM and %CSA for pre-

dicting motor outcome. To date, this is the first study to use an

atlas-based approach to quantify T2 measures of pathology in the

SC and correlate extracted metrics with clinical outcomes.
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SPINE

Impact of MR Neurography in Patients with Chronic
Cauda Equina Syndrome Presenting as Chronic Pelvic

Pain and Dysfunction
X J.R. Petrasic, X A. Chhabra, and X K.M. Scott

ABSTRACT

BACKGROUND AND PURPOSE: Chronic cauda equina syndrome, defined as persistent damage of the cauda equina nerve roots within
the spinal canal can be a challenging diagnosis with varied presentations. MR neurography imaging is more commonly being used to
evaluate the lumbosacral spine of patients suspected of having subacute or chronic cauda equina syndrome. Our aim was to evaluate the
impact of lumbosacral plexus MR neurography in the diagnostic thinking and therapeutic management of patients presenting with chronic
pelvic pain and dysfunction and suspected chronic cauda equina syndrome.

MATERIALS AND METHODS: Consecutive MR neurography lumbosacral plexus examinations at our institution were reviewed retrospec-
tively. Relevant data collected included the following: patient demographics, clinical history, pertinent physical examination findings,
preimaging diagnostic impression, prior MR imaging lumbar spine findings, MR neurography findings, postimaging diagnosis, and post-
imaging treatment plan. The impact of imaging on the preimaging clinical diagnosis and therapeutic management was evaluated.

RESULTS: Of 185 studies of patients who presented with chronic pelvic pain and/or dysfunction, 23 with clinically suspected chronic
cauda equina syndrome and imaging findings were included in the study (2 subjects were lost to follow-up). The mean ages were 53 � 12
years and 53 � 16 years for men and women, respectively. The common etiologies included arachnoiditis (n � 8), tethered cord (n � 2), and
simple/Tarlov cysts (n � 3). Eighteen of 23 (78%) subjects had a change in diagnosis resulting from MR neurography findings, and 5/23 (22%)
had no change. Seventeen of 21 (81%) subjects had a change in management, and 4/21 (19%) had no change.

CONCLUSIONS: MR neurography impacts the diagnosis and therapeutic management of patients with suspected chronic cauda equina
syndrome.

ABBREVIATIONS: CES � cauda equina syndrome; LS � lumbosacral; MRN � MR neurography; SHINKEI � nerve-SHeath signal increased with INKed rest-tissue rarE
Imaging; SPAIR � spectral-attenuated inversion recovery

Cauda equina syndrome (CES) is a rare condition with an an-

nual incidence rate of approximately 3.4 per million and a

period prevalence of approximately 8.9 per 100,000 in developed

countries.1 Acute presentations are considered a true emergency;

however, chronic and/or incomplete presentations can occur

much more indolently and can produce major morbidity and

impact on the quality of life. Rapid recognition combined with

prompt neurosurgical intervention provide the best opportunity

for recovery.2 However, if symptoms are not recognized and/or

treated within a reasonable amount of time or if the initial damage

is quite significant, it can lead to permanent and severe neurologic

deficits. Chronic CES, defined as persistent damage of the cauda

equina nerve roots within the spinal canal, can be a challenging

diagnosis with varied presentations of lower spinal symptoms,

pelvic pain, gastrointestinal symptoms, urologic issues, and other

chronic neurologic problems.3

MR imaging is commonly used to evaluate the lumbosacral

spine of patients suspected of having acute or subacute CES; how-

ever, conventional MR imaging may not identify an attributable

cause of the patient’s symptoms.4,5 Electrodiagnostic studies are

not always useful in this setting, are technically difficult to perform,

and are often not practical in identifying more proximal lesions or

lesions involving predominantly sacral and pelvic nerves and mus-

culature. CT myelography has somewhat fallen out of favor due to its

invasive nature, involved radiation, and limited interrogation of ex-

traforaminal nerves. MR neurography (MRN) of the lumbosacral

(LS) plexus offers a comprehensive evaluation of the lumbar spine,
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conus and cauda equina, extraforaminal plexus nerves, and their pe-

ripheral branches due to inherent superior soft-tissue contrast and

excellent multiplanar spatial resolution.6-10

The aim of this study was to find the prevalence of chronic CES

in subjects with chronic pelvic pain and dysfunction, assess the

MRN findings in these patients, and identify how MRN findings

impacted the diagnosis and clinical management of such patients.

MATERIALS AND METHODS
Institutional review board approval was obtained for this Health

Insurance Portability and Accountability Act– compliant retro-

spective study, and informed consent was waived.

Subjects
All consecutive MRN LS plexus examinations (185 total) referred

by a board-certified physical medicine and rehabilitation pelvic

pain specialist (K.M.S.) during 2 years from July 2013 to Septem-

ber 2015 were screened for inclusion in this study. Twenty-three

of these patients presented with a chief symptom of chronic pelvic

pain and/or dysfunction and had clinical suspicion for chronic

CES (Table 1). One subject who deferred MRN imaging was ex-

cluded from this study. Of the final 23 subjects, 2 patients were

lost to follow-up after MRN results. All the remaining 21 patients

who presented with a chief symptom of chronic pelvic pain

and/or dysfunction had clinical suspicion for chronic CES (Table

1). Examinations were performed on either a 1.5T MR imaging

scanner (Avanto; Siemens, Erlangen, Germany) or a 3T MR im-

aging scanner (Achieva/Ingenia; Philips Healthcare, Best, the

Netherlands) by using standard MRN protocol8,11 and an XL

torso coil (Philips Healthcare) combined with posterior spine el-

ements. All the interpretations were performed as part of the reg-

ular care in light of clinical findings by an experienced radiologist

at our institution. Respective subject charts were reviewed to re-

trieve pertinent clinical data, including the following: clinical pre-

sentation (pertinent history and physical findings), patient demo-

graphics, preimaging diagnostic impression, prior MR imaging

lumbar spine findings (if any), pertinent MRN findings, postim-

aging diagnosis, and postimaging treatment plan.

MRN LS Plexus Protocol
Our institutional MRN LS plexus protocol includes the lumbosa-

cral spine and peripheral nerve evaluation in the abdomen and

pelvis. The protocol is outlined in Table 2. All examinations were

performed on a 3T scanner except for 1 subject due to known

metal in the lumbar spine, for whom a 1.5T scanner was used. All

examinations were reported by an experienced MRN reader

(A.C., 7 years of experience in reading MRN) using a structured

template as part of the clinical care. The template included patho-

logic findings of the spine (canal or neural foramina stenosis), any

bone lesions, cord or cauda equina lesions, muscle lesions, pe-

ripheral nerve lesions, masses, or other visceral findings. The

MRN findings confirming the clinical suspicion of CES included

thickening or clumping of cauda equina nerve roots, tethered

cord, lumbosacral perineural mass lesion, and increased signal

and/or thickening of sacral nerve roots with or without the pres-

ence of a focal lesion, such as a Tarlov cyst. Subject charts were

reviewed by a physiotherapy resident (J.R.P.) for pre- and post-

MRN clinical impressions and whether the diagnosis and clinical

management changed on the basis of the post-MRN clinical im-

pression. The impact on diagnosis and clinical management was

assessed as “no” (no change in diagnosis or pre-MRN treatment

strategy) or “yes” (change in diagnosis or change in proposed

treatment, such as ordering immediate follow-up/surgical con-

sultation, or transitioning from surgical to nonsurgical manage-

ment). Descriptive statistics were performed, and all data were

stored on Numbers software, Version 3.6.1 (Apple, Palo Alto,

California).

RESULTS
Prevalence of Cauda Equina Syndrome
Twenty-three of 185 (12.4%) subjects with chronic pelvic dys-

function presented with symptoms suggesting CES. There were 7

men and 16 women with a mean age of 53 years and a mean

duration of symptoms of 4.5 � 5.7 years. The subjects presented

with a chief symptom of pelvic dysfunction with varied histories

of pelvic pain, pelvic paresthesias, urinary/defecatory dysfunc-

tion, and sacral nerve deficits (Table 1).

MRN Findings
MRN findings and the impact on management are summarized in

the On-line Table. Eleven of 23 (48%) studies identified at least

mild lumbosacral spinal canal and/or neuroforaminal stenosis.

Thirteen of 23 (57%) subjects had MRN findings confirming the

diagnosis of chronic CES. Thirteen of 23 (57%) subjects had prior

conventional MR imaging studies of the LS spine (only 10 of those

Table 1: Patient demographics
Demographics

No. of male patients 7
No. of female patients 16
Mean male age (SD) (yr) 53 (12)
Mean female age (SD) (yr) 53 (16)
Age range (yr) 28–80
Pelvic pain (No.) 18
Urinary symptoms (No.) 21
Defecatory symptoms (No.) 17
Sensory deficit (No.) 9
Motor weakness (No.) 3

Table 2: Imaging protocol and parameters of MRN LS plexus
Sequence TR (ms) TE (ms) Gap Turbo Factor Acquisition Time Voxel (mm)

Axial T1 500 8 10% 8 4 min 39sec 4 � 0.6 � 0.6
Axial T2 SPAIR 4000 60 10% 7 6 min 13sec 1 � 1 � 4
SHINKEI 2000 78 0 100 8 min 1.5 � 15 � 1.5
Sagittal T2 spine 3500 120 10% 19 4 min 18sec 0.9 � 1.1 � 4.0
Axial T2 spine 3000 120 10% 27 4 min 19sec 1 � 1 � 5
Axial DTI 16,000 54 0 5 min 3.5 � 3.5 � 5

Note:—SPAIR indicates spectral-attenuated inversion recovery; SHINKEI, nerve-SHeath signal increased with INKed rest-tissue rarE Imaging.
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were available for review within the image-viewing system of our

institution), and 4/10 of these studies identified pertinent positive

findings (Fig 1). One patient had their conventional MR imaging

LS spine study completed after MRN, which notably did not re-

veal the notable findings seen on MRN (Fig 2). These positive

conventional MR imaging findings included 2 studies demon-

strating sacral Tarlov cysts, one showing calcified intradural

lesions, and an other showing arachnoiditis (Fig 3). Etiologies of

CES identified on MRN included arach-

noiditis (8/13), sacral/Tarlov cysts (3/13),

and tethered cord (2/13).

Impact of MRN on Diagnostic
Thinking
Eighteen of 23 (78%) subjects had a

change in diagnosis resulting from MRN

findings, and 5/23 (22%) had no change

in diagnosis. One patient underwent MR

imaging after MRN, but MR imaging

failed to detect arachnoiditis. MRN also

had incremental value in patients who

had positive MR imaging findings (eg, in

an MR imaging study with positive find-

ings, MRN further added thickening and

increased signal of the sacral nerves, sug-

gesting neuropathy; Fig 4). In another

case, additional findings of increased sig-

nal of the bilateral pudendal nerves added

an additional potential etiology to the dif-

ferential and prompted consideration of

nerve blocks.

Impact of MRN on Clinical
Management
Seventeen of 21 (81%) patients benefited

from a change in management due to

notable MRN findings. Four of 21 (19%)

patients had no change in clinical man-

agement. These changes included neuro-

surgical referral, peripheral nerve blocks,

epidural injections, and discontinuation of physical therapy, and so

forth, as detailed in the On-line Table.

DISCUSSION
This retrospective analysis of a series of subjects with clinically

suspected chronic cauda equina syndrome presenting with

chronic pelvic pain or dysfunction in a tertiary care setting con-

firms the ability of lumbosacral MRN to impact their diagnoses

FIG 1. A 43-year-old woman with an intradural calcified lesion and piriformis syndrome (patient 11, On-line Table). Sagittal T2-weighted (A) image
from an outside scan showed the intradural calcified lesion (arrow) at the L3 level, likely an ependymoma. 3T MRN images (B–D) obtained 6
months later. Sagittal LS spine (B) T2-weighted image again shows the lesion with an unchanged appearance (arrow). Coronal MIP 3D SHINKEI
image (C) shows the lesion displacing the cauda equina nerve roots (small arrow) and, in addition, a split and mildly hyperintense right sciatic
nerve (large arrows). Axial T1-weighted (D) image shows the split components of right sciatic nerve (arrows). The patient did well on physiotherapy.

FIG 2. MRN followed by MR imaging in a 61-year-old woman with chronic cauda equina syn-
drome (patient 5, On-line Table). Sagittal T2-weighted (A) image and axial T2 SPAIR image
obtained on a 1.5T scanner (B) show thickened and clumped nondependent cauda equina nerve
roots (arrows), consistent with arachnoiditis. MR image obtained 3 days later was read by a
neuroradiologist as showing no arachnoiditis. However, sagittal T2-weighted from that MRI
shows (C) similar clumping of nerve roots (arrow). This case reflects the importance of increased
sensitivity of the reader, which is enhanced while reading MR neurography studies.

FIG 3. Incidental detection of lymphoma in a 44-year-old man with suspected cauda equina
syndrome (patient 8, On-line Table). Coronal MIP SHINKEI images obtained on a 3T scanner (A
and B) show a normal LS plexus and numerous incidentally found lymph nodes (arrows, biopsy-
proved lymphoma). Axial T2 SPAIR image (C) shows a prominent and hyperintense right puden-
dal nerve at the ischial spine, suggesting pudendal neuropathy (arrow).
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and therapeutic strategies. No longer considered “experimental,”
this imaging technique has the potential of quick transition into
the community setting. Although CES is a challenging diagnosis,
our analysis suggests that this examination can add considerable
value to the evaluation of these patients because the clinical pre-
sentation, findings, and examination are often confounded with
vague chronic and stable neurologic dysfunction and/or pelvic
pain symptoms.12 Lumbar spinal and lumbosacral nerve root
analysis on MRN is more consistently able to distinguish arach-
noiditis or clumping of nerve roots and tethered cord in regard to
the effect on the neural components within the spinal canal. MRN
was also able to help determine whether cysts within the spinal
cord were creating an objective pathologic effect on the nerve
roots (edema, inflammation, and so forth) or were merely seen in
association with the nerve roots. Some other specific peripheral
nerve findings on MRN, as noted by a trained radiologist, in-
cluded peripheral nerve size and signal intensity (and associated
symmetry), nerve discontinuity, mechanical distortion, relations
of nerves to masses, image features revealing distortion of nerves
at entrapment points, fibrosis, inflammation, and edema.13-15

These findings should be clinically correlated.
When performed appropriately, this examination can provide

an accurate and timely diagnosis for patients with an often con-
fusing clinical picture and complex differential diagnosis. Nota-
bly, one of the patients who demonstrated a change was diagnosed
with extensive lymphadenopathy on MRN (no prior MR imag-
ing), prompting admission to the hospital for malignancy work-
up, later revealing Hodgkin lymphoma, though a simple MR im-
aging with contrast, had it been ordered earlier, would have been
enough to identify this condition. Subsequent management
changes that may not have occurred without the information ob-
tained from MRN included neurosurgical referral, peripheral
nerve blocks, epidural steroid injections, and discontinuation of
pelvic physical therapy (treatment for lower motor neuron dys-
function via referral to spinal cord injury clinic). One large retro-
spective case series that looked at the role of MRN in the diagnosis
of spinal and peripheral nerve lesions also concluded that a sig-
nificant indication for MRN is in patients in whom electromyog-
raphy/nerve conduction study and MR imaging findings are in-
conclusive.14 More accurate and timely diagnosis helps prevent
further expensive and potentially invasive work-ups, providing

some clarity to an otherwise confusing clinical picture. Although

there were no cost-effectiveness analyses performed, the results of

our study suggest that a more resolute diagnosis helps the patient

focus more on symptom treatment and management rather than

continuing further work-ups and misdirected treatments.

One potential point of contention that should be addressed is

the appropriateness of the term “chronic” CES. Although CES is

an acutely presenting syndrome with a classic presentation of red

flag symptoms, it may also be a chronic condition as a result of

delayed treatment of the acute syndrome. The chronic and pro-

gressive form is more commonly seen in inflammatory or demy-

elinating conditions. Giving reference to these more indolent eti-

ologies of their neurologic compromise also gives patients more

clarity in understanding their diagnosis.

A search of the literature did not reveal any other reports of

using MRN to look for lumbosacral intraspinal lesions, and in

particular chronic CES. Additionally, lumbosacral plexus MR

neurography studies not only help identify lesions within the spi-

nal cord but also aid in finding peripheral neuropathies and plex-

opathies elsewhere in the pelvis.8,13,14

There are several limitations in our study. The analysis, includ-

ing the retrospective methodology and, to some degree, the cate-

gorization of “no” or “yes” with regard to change in management,

is somewhat subjective, leaving it open to bias. A few patients were

lost to follow-up; thus, we do not have complete imaging or clin-

ical management data for these subjects. Due to the retrospective

nature of this study, no interobserver performance in repeat read-

ings of the MRN examinations was obtained (all studies were

ultimately interpreted by one of the authors), stressing the need

for an increase in the number of radiologists qualified to read

these studies. Figure 2 illustrates the increased sensitivity of the

radiologist reading the MRN examinations. However, we were

attempting to uncover the impact of routine reads of these exam-

inations in a tertiary care setting.

Future directions include performance of a larger, prospective

randomized clinical trial looking at the clinical impact of MR

neurography on this and other neurologic diseases. A multicenter

trial would be ideal to decrease potential bias, given the relative

paucity of specialized radiologists qualified to read these studies.

Performing a cost-effectiveness analysis on the impact of MRN

FIG 4. Tarlov cysts and lumbosacral neuropathies (patient 16, On-line Table). Sagittal T2-weighted MR images from outside MR imaging (A and
B) show multiple Tarlov cysts (arrows). MRN obtained 4 months later on a 3T scanner (C–E). Axial T2 SPAIR images (C and D) again show multiple
Tarlov cysts (arrows in C) and right pudendal neuropathy change (arrow in D). 3D MIP SHINKEI image shows multiple bright lumbosacral nerves
in association with these cysts. Pudendal neuropathy change could be incidental to and/or exacerbated by sacral neuropathy.
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results would also be helpful in identifying how these studies im-
pact standard practice economy.16

CONCLUSIONS
MRN impacts the diagnostic and therapeutic management of pa-

tients with chronic CES when the diagnosis is suspected but

unclear.
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LETTERS

The “Vexata Quaestio” on Lacunar Stroke:
The Role of CT Perfusion Imaging

We read with great interest the study of Benson et al,1 which

demonstrates that CT perfusion has low sensitivity and

high specificity in identifying lacunar infarcts. However, we be-

lieve that some clarification on the topic might be useful. Lacunar

infarcts are defined as small subcortical infarcts (�15–20 mm)

normally located in the basal ganglia, thalamus, internal capsule,

corona radiata, and brain stem, which result (usually presumed

rather than demonstrated) from the occlusion of a single pene-

trating artery of the brain.2 The etymology of the word “lacune”

dates back as early as 1838,3 and since then, many different defi-

nitions have been proposed. Unfortunately, there is currently still

considerable confusion about the real pathogenesis of these le-

sions.2 It is striking that the concepts attached to lacunes have

only recently aroused interest.

The precise diagnosis of lacunar infarction due to small-vessel

disease is tricky in clinical practice because the nature of the vas-

cular lesion itself can only be determined by neuropathologic ex-

amination. In clinical practice, the diagnosis relies on the follow-

ing: 1) probability assumptions based on the clinical features, 2)

neuroimaging of the brain parenchyma, and 3) ancillary investi-

gations such as ultrasonography (cardiac and carotid) to rule out

other potential causes of ischemia. The term “lacune” or “lacunar

lesion” should be used only for small infarcted areas (largest diame-

ter, �15–20 mm) limited to the deep perforator territory likely to be

due to in situ disease (small-vessel disease). When embolism or larger

artery disease is more likely presumed on a clinical basis, the term

“lacune” should be avoided and the lesion should be described as a

small deep infarct associated with another presumed etiology rather

than defined as a small-vessel disease. Defining a lesion as “lacunar”

by relying on only infarct size is rather reductive.

Diffusion-weighted MR imaging is much more sensitive to

acute ischemia within the first few hours after stroke onset, while

CT and conventional MR imaging are both relatively insensitive.

Studies have shown that most patients with lacunar syndromes do

indeed have DWI findings suggestive of lacunar infarcts, such as

infarct in the territory of a single penetrating artery. However, a

pattern of multiple ischemic areas in the cortex or subcortex is

demonstrated with DWI in no less than one-third of patients with

a lacunar syndrome, suggesting that embolism (from the heart or

extracranial arteries) might be the real cause instead of cerebral

small-vessel disease.4

In this respect Figs 2 and 3 in the article of Benson et al1 may

raise some concerns that the lesions described are actually lacunar

rather than embolic. If the lesions are located in the subcortical

white matter, it does not necessarily mean that they are lacunar.

Diffusion restriction areas shown in the figures appear to be

mostly localized in the subcortex region rather than in the terri-

tory of the penetrating artery of the brain usually affected in small-

vessel disease.

Nevertheless, it is known that imaging physics teaches us that

the most important factor for distinguishing a pathology is the

relative imaging signal given by the pathology compared with the

normal appearance in the presence of background noise. This is

the signal-to-noise ratio or, more precisely, the contrast-to-noise

ratio (CNR), which is the difference between the SNR of the pathol-

ogy and the SNR of normal tissue.5 The inherently poor SNR of

CTP-derived images is the fundamental flaw in the technique (mean-

ing low signal and high noise) so that many of the small lesions may

be missed. Moreover, as reported in the “Materials and Methods”

section, if the section thickness is equal to 10 mm, the image inter-

pretation may be susceptible to partial volume artifacts, further re-

ducing the sensitivity of the method for detecting lacunar ischemic

lesions, which may be smaller than the section thickness.

Because the technologic advancement and reconstruction al-

gorithms will not be able to exceed the low CNR limitations in-

herent to the method, CTP cannot compete with the sensitivity of

DWI in detecting ischemic lacunar infarcts. Also, software applica-

tions from different vendors do not generate equivalent quantitative

perfusion results. Caution should thus be exercised when interpret-

ing quantitative CTP measures because these values may vary con-

siderably depending on the postprocessing software used.
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Gaz Méd Paris 1838;6:305–14

4. Caso V, Budak K, Georgiadis D, et al. Clinical significance of detection
of multiple acute brain infarcts on diffusion weighted magnetic res-
onance imaging. J Neurol Neurosurg Psychiatry 2005;76:514 –18
CrossRef Medline
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REPLY:

We thank Morelli et al for their comments regarding our

article “CT Perfusion in Acute Lacunar Stroke: Detection

Capabilities Based on Infarct Location.” We acknowledge the im-

portant points our colleagues raised concerning lacunar infarcts

and have responded to those comments below.

To begin, we agree that the size of lacunae should be defined as

�15–20 mm. Although both 15 and 20 mm have been suggested

as the uppermost diameter limit for lacunar infarcts, we chose to

use 20 mm to be consistent with other recent publications on the

topic.1

However, we disagree with our colleagues’ conclusion that the

definition of lacunae should only be used for infarcts within the

deep perforator territory. Such restrictive use of the term “lacu-

nae” ignores the variability in vascular supply throughout the

brain. For example, supply to the caudate head from the artery of

Heubner may arise either as a medial lenticulostriatal perforator

or as a direct artery. Thus, the necessity that lacunar infarcts be

located in the “deep” perforator territory prevents the inclusion of

subcortical infarcts, which were shown in a study of 3660 partic-

ipants to represent 11.9% of lacunae.2

Nevertheless, the distinction should be made between

periventricular white matter (PVWM) contiguous with the ven-

tricle, deep white matter (DWM), and subcortical white matter

(SCWM) immediately subjacent to the cortex. According to this

classification system used by Fazekas et al3 and Kim et al,4 the

infarcts in Figs 2 and 3 of our article would be better classified as

DWM, rather than SCWM as our colleagues stated, because they

are located several millimeters deep to the unaffected overlying

cortex.3,4 Even if our colleagues’ presumption that only “deep”

infarcts may be classified as lacunae is correct, it is speculative to

conclude that these infarcts must be within the PVWM rather

than the DWM.

Next, we agree with our colleagues that the contrast-to-noise

(CNR) ratio and 10-mm sections are limitations of CTP imaging;

both the CNR and section thickness may lead to partial volume

artifacts, affect the absolute infarct size on CBV, and cause smaller

infarcts to be missed. However, one aim of our study was to assess

whether an abnormal perfusion or delay (ie, CBF and MTT) is

present in the setting of lacunar infarcts, which theoretically could

affect a larger area than a lacune (an example of this is seen in Fig

2). Hence, the sensitivity of CTP may be higher than first sus-

pected because it may be used to arouse suspicion of lacunar in-

farcts when a severely elevated MTT or TTP region is observed.

This is an area that deserves further study.

Finally, it is important to address our colleagues’ presumption

that DWI is the criterion standard in the setting of lacunar in-

farcts. A recent study showed that up to 29% of patients with

nondisabling ischemic stroke have negative findings on DWI, and

the prognosis in patients with negative findings on DWI was no

better than those with positive findings on DWI.5 Furthermore,

DWI positive for lesions in the setting of acute stroke sometimes

demonstrates reversal of restricted diffusion.6 Our study com-

pared CTP imaging with DWI—not with the clinical presence or

absence of lacunar syndrome. The diagnostic capability of DWI

would, therefore, naturally be superior to that of CTP because

DWI was used as the criterion standard in our study. A direct

comparison of both CTP and DWI with the presence or absence

of clinically apparent lacunae would be needed to determine the

relative sensitivity of both modalities, which was not performed in

this study. This, too, is an area of potential future research.
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LETTERS

Concerning “Nonaneurysmal Perimesencephalic Hemorrhage Is
Associated with Deep Cerebral Venous Drainage Anomalies:

A Systematic Literature Review and Meta-Analysis”

We would like to thank Rouchaud et al1 for their study enti-

tled “Nonaneurysmal Perimesencephalic Hemorrhage Is

Associated with Deep Cerebral Venous Drainage Anomalies: A

Systematic Literature Review and Meta-Analysis.” This is a timely

effort to investigate the underlying mechanisms of bleeding in

nonaneurysmal perimesencephalic subarachnoid hemorrhage

(pSAH) because no known causes for this condition have been

established yet. However, we raise a few concerns regarding this

article.

Deep cerebral venous anomalies may be more common in

patients with pSAH, but the meta-analysis does not prove their

guilt beyond association. Higher rates of a primitive venous sys-

tem may be seen in patients with pSAH, but it is not clear how the

authors concluded that it has the potential to facilitate the diag-

nosis of pSAH. Are the authors advocating performing digital

subtraction angiography to assess the venous anatomy in patients

with SAH in the distribution typical for SAH? As per the literature,

patients with nonaneurysmal SAH may have a normal bilateral

basal vein of Rosenthal (BVR) drainage pattern (18.3%), and an

abnormal venous drainage pattern can be seen in patients with

aneurysmal SAH (15.3%).1 It is unclear how detecting the venous

anatomy would change management or prognosis in patients

with nonaneurysmal pSAH. The available current literature indi-

cates that negative findings on CT angiography are conclusive in

most cases in excluding an aneurysm as the source of SAH in

patients with a typical distribution pattern of pSAH, and these

patients generally have good outcomes.2 Recurrent pSAH is

rarely reported, and primitive venous drainage has been noted

in recurrent pSAH as well. However, even the few reported

cases of recurrent pSAH have been reported to have a good

outcome with no clear explanation for the etiology of the

bleed.3

Not all studies have found an association between variant ve-

nous anatomy and pSAH.4 Variants in venous anatomy are also

much more common than the incidence of pSAH. Although in-

tracranial venous congestion caused by straining in patients with

anomalous venous drainage has been hypothesized to cause a tear

in the vein fixed to a dural sinus, Song et al5 found physical ac-

tions, including breath-holding during coughing, shouting, and

ejaculation, in only 30% of instances of nonaneurysmal SAH in

their series.

Performing conventional angiography after negative findings

on CTA may not be cost-effective and is not without risks.6 We

request that the authors elaborate on how a primitive BVR pattern

might affirm the diagnosis of nonaneurysmal perimesencephalic

hemorrhage and the utility of looking for it, in the absence of

better evidence and based solely on association.
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REPLY:

We would like to thank Wu and colleagues for their critical

analysis of our recently published study. As the authors

point out, our meta-analysis found a strong association between

deep cerebral venous anomalies and nonaneurysmal perimesen-

cephalic SAH.1 As demonstrated in our meta-analysis, patients

with aneurysmal SAH might also have deep cerebral venous

drainage anomalies, thus making the presence of this imaging

finding, especially in the case of a subarachnoid hemorrhage ex-

tending beyond the perimesencephalic cisterns, nonspecific.

However, in case of a typical perimesencephalic hemorrhage with

negative DSA findings for aneurysm, the identification of deep

cerebral venous drainage is an additional imaging finding in favor

of nonaneurysmal perimesencephalic SAH.

Contrary the suggestion of Wu et al, the literature does not

recommend abandonment of DSA in the initial phase of perimes-

encephalic hemorrhage.2 In a recently published study of 230 pa-

tients with CTA negative for hemorrhage, Heit et al3 found that

DSA identified vascular pathology in 13% of patients. Among

patients with perimesencephalic hemorrhage, an aneurysm was

found in 3% of cases and vasculitis was found in 1.5% of cases.

While admittedly the diagnostic yield of angiography was low

(4.5%), the risks of DSA are even lower and the importance of

establishing the correct diagnosis is high.4,5 We do agree, how-

ever, that second-look DSA does not appear to have a sufficient

diagnostic yield for the detection of a causative aneurysm in case

of negative findings on 6-vessel DSA with 3D rotational angiog-

raphy.6 If some authors maintain the futility of DSA in cases of

typical perimesencephalic hemorrhage, the drainage venous pat-

tern may still be evaluated with cross-sectional imaging (ie, CTV

or MRV).7

One of the most interesting aspects of studying venous anom-

alies and disease in perimesencephalic hemorrhage is that we may

be slowly arriving at a better understanding of the nature of the

disease. The association between venous anomalies and nonaneu-

rysmal perimesencephalic hemorrhage suggests that this could be

secondary to a venous rupture/leak. In case of primitive venous

drainage, the direct connection of the thin-walled perimesen-

cephalic veins with the dural sinuses may predispose to sudden

increases in venous pressure with engorgement and rupture of the

veins as a result.8-10 However, because the anatomic venous

drainage pattern is not likely to change after bleeding, it is surpris-

ing that the incidence of rebleeding is very low in patients after the

initial perimesencephalic SAH.11 Matsumaru et al12 speculated

that the spontaneous healing of the venous rupture by fibrous

tissue reaction would reinforce the wall of the vein, decreasing the

risk of rupture.9
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LETTERS

Regarding “Neurovascular Manifestations of Hereditary
Hemorrhagic Telangiectasia: A Consecutive Series of 376

Patients during 15 Years”

We would like to thank the authors Brinjikji et al1 for their

study titled “Neurovascular Manifestations of Hereditary

Hemorrhagic Telangiectasia: A Consecutive Series of 376 Patients

during 15 Years.” The authors have nicely described the spectrum

of cerebrovascular lesions in a large series of patients with hered-

itary hemorrhagic telangiectasia (HHT).

The authors included only patients with definite HHT (met

�3 of 4 Curacao criteria) and had a group of 376 patients over a

15-year period. Could the authors tell us how many patients in

total were imaged for screening for HHT during this time period

at their institution? Did these patients have any neurologic symp-

toms, or was neuroimaging performed to screen for brain vascu-

lar malformations? The authors stated that screening MR imaging

may be warranted for both adults and children. However, the

group formulating the guidelines found only Level 3 evidence for

this recommendation (opinions of respected authorities, based

on clinical experience, descriptive studies, or reports of expert

committees).2 To better understand the utility of screening, an-

swers to a few questions would be helpful.

Five patients in this study with single nidal brain AVMs pre-

sented with hemorrhage. Could the authors describe how many

other patients included in the study had hemorrhage over the

course of the study (assuming follow-up was available) and how

many patients were treated? It would also help if the authors could

mention the criteria used for treatment of nidal AVMs in these

patients. Did any of the treated patients develop complications

from treatment or have hemorrhage on follow-up?

We would also appreciate if the authors could comment on the

utility of vascular imaging in this patient subset. CTA/MRA was

performed in 140 patients (37.2%), and DSA performed in 46

patients. The authors acknowledged absence of cerebral angiog-

raphy in all patients as a limitation of the study because angiogra-

phy is more sensitive for detection of smaller AVMs. Do the au-

thors advocate angiography in all patients? Other than finding

additional small AVMs, could the authors elaborate on the added

utility of performing angiography? Did any patients receive repeat

imaging?

Of the spectrum of vascular lesions described in patients with

HHT, the nidus-type AVMs may not have a completely benign

natural history. The rationale for screening patients with HHT for

brain vascular malformations has been stated to be to detect a

vascular malformation before the development of a debilitating

hemorrhage.2 However, there is absence of literature proving that

screening or preemptive treatment are effective strategies in HHT.

It would be very helpful if the authors, through their large series,

can answer these questions.

Disclosures: Kimberly Seifert—UNRELATED: Employment: Virginia Commonwealth
University, Yale, Comments: residency training compensation.

REFERENCES
1. Brinjikji W, Iyer VN, Yamaki V, et al. Neurovascular manifestations

of hereditary hemorrhagic telangiectasia: a consecutive series of 376
patients during 15 years. AJNR Am J Neuroradiol 2016;37:1479 – 86
CrossRef Medline

2. Faughnan ME, Palda VA, Garcia-Tsao G, et al. International guide-
lines for the diagnosis and management of hereditary haemorrhagic
telangiectasia. J Med Genet 2011;48:73– 87 CrossRef Medline

X A. Malhotra
X X. Wu

X K. Seifert
Department of Radiology and Biomedical Imaging

Yale School of Medicine
New Haven, Connecticuthttp://dx.doi.org/10.3174/ajnr.A4986

E16 Letters Feb 2017 www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A4762
http://www.ncbi.nlm.nih.gov/pubmed/27012295
http://dx.doi.org/10.1136/jmg.2009.069013
http://www.ncbi.nlm.nih.gov/pubmed/19553198
http://orcid.org/0000-0001-9223-6640
http://orcid.org/0000-0002-2679-7447
http://orcid.org/0000-0002-8645-8973


REPLY:

Malhotra and colleagues have brought up a number of inter-

esting questions regarding our recently published article on

the neurovascular manifestations of hereditary hemorrhagic tel-

angiectasia (HHT).1 A number of the questions raised by the au-

thors would require completely new studies; however, we will do

our best to answer their questions in general terms.

Regarding the use of screening MR imaging for patients with

HHT, a vast majority of the patients included in our study re-

ceived brain MRIs as part of a standard screening protocol. As an

HHT Center of Excellence, our preference is to adhere to the

international guidelines for diagnosis and management of HHT.2

We fully understand that there is no level 1 evidence to support

the use of screening; however, screening is part of the standard of

care for management of these patients.

A total of 23 patients with HHT who presented with ruptured

or unruptured AVMs underwent treatment of their AVMs during

this time period. A vast majority of these patients had surgery or

radiosurgery. In general, outcomes related to treatment of these

lesions were good, with low complication rates and no rehemor-

rhage. We recently published a study on the natural history of

capillary vascular malformations and reported that the risk of

hemorrhage from these lesions is zero.3 It is likely that the inclu-

sion of capillary vascular malformations in natural history studies

of brain AVMs in HHT is responsible for the deceivingly benign

natural history of these lesions compared with sporadic AVMs.4-6

Regarding the utility of vascular imaging in this patient subset,

we certainly do not advocate the use of screening with conven-

tional cerebral angiography for AVM diagnosis. Although cere-

bral angiography is a very safe procedure at our institution, it

would not be cost-effective. We advocate the use of cerebral an-

giography if there is an equivocal finding on MR imaging or in

preparation for treatment of a known brain AVM. MRA and CTA

are also useful as problem-solving tools; however, based on our

experience, contrast-enhanced MR imaging is generally sufficient

as a screening modality for clinically significant brain AVMs. The

recent addition of SWI to our HHT brain MR imaging protocol

has proved useful.

A number of patients included in our study received repeat

imaging. However, this was not part of a screening protocol. In

general, patients who received repeat imaging had a neurologic

symptom that warranted further investigation. In general, studies

have found no utility in the use of repeat screening for the pres-

ence of brain AVMs, even in children.7

Ultimately, Maholtra and colleagues are correct that there is

no literature proving that screening or preemptive treatment of

AVMs are effective strategies in HHT. It is unlikely that a defini-

tive answer to this question will be borne from a single large in-

stitution’s experience. This is a rare disease that remains poorly

understood. Large, multi-institutional collaborations such as the

Brain Vascular Malformation Consortium HHT Investigator

Group will be needed to better answer these questions.
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