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APERIO® Thrombectomy Device
For fast flow restoration

NeuroSlider® Microcatheter
For smooth and reliable device delivery

NeuroBridge® Intermediate Catheter
For support and aspiration

www.acandis.com

Broad variety of optimal treatment options – 
all from one source

ACUTE  STROKE  CARE
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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 fistulae. The System is also intended for vascular occlusion of blood vessels within the neurovascular 
system to permanently obstruct blood flow 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.
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* Estimated savings in this case, data on file.

COILS THAT 

PERFORM

Images courtesy of Timothy Malisch, M.D.

COILS THAT 

SAVE $ BARRICADE 
COILS

SAVED 
$6,710* 

Treatment and 10 Month Follow-up of Right ICA Terminus Aneurysm and Left Pcom Aneurysm

10 MONTH FOLLOW-UP

PRE-TREATMENT RIGHT ICA POST-TREATMENT RIGHT ICA

POST-TREATMENT LEFT PCOMPRE-TREATMENT LEFT PCOM

“ The Barricade Coil System provided great versatility in treating these two aneurysms with diverse 

morphologies. I am impressed with the stable and complete occlusion of both aneurysms at follow-up.”
-Timothy Malisch, M.D.
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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.



 CMEgateway.org
  It’s Easy and Free!
 Log on to CME Gateway to:
• View or print reports of your CME credits from 
 multiple societies from a single access point.
• Print an aggregated report or certifi cate from 
 each participating organization.
• Link to SAMs and other tools to help with 
 maintenance of certifi cation.

 American Board of Radiology 
(ABR) participation!

 By activating ABR in your organizational profi le, 
your MOC–fulfi lling CME and SAM credits can be 
transferred to your own personalized database 
on the ABR Web site. 

 Sign Up Today!
 go to CMEgateway.org

Manage
         your CME Credits Online

Simplify
        the MOC Process

Available to Members of
Participating Societies

American  Board of Radiology (ABR)
American College of Radiology (ACR)
American Roentgen Ray Society (ARRS)
American Society of Neuroradiology (ASNR)
Commnission on Accreditation of Medical 
Physics Educational Programs, Inc. (CAMPEP)
Radiological Society of North America (RSNA)
Society of Interventional Radiology (SIR)
SNM
The Society for Pediatric Radiology (SPR)



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!

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

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 • www.asnr.org/2017 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

Abstract Deadline: Friday, December 9, 2016
Please visit www.asnr.org/2017 for more information





All the clinical evidence you need.

EBSCO Health

DynaMed Plus® is a member benefit for AMA individual members and  
JAMA Network individual registered users

The American Medical Association and DynaMed Plus are joining forces. Now, AMA individual members 

and JAMA Network individual registered users get complimentary access to the most current clinical 

evidence available with DynaMed Plus, the next-generation clinical information resource. Sign up today at 

 DynaMedPlusAMAOffer.com



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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AXS Catalyst™ Distal Access Catheter
See package insert for complete indications, 
complications, warnings, and instructions for use.
INTENDED USE/INDICATIONS FOR USE
The AXS Catalyst Distal Access Catheter is indicated 
for use in facilitating the insertion and guidance of 
appropriately sized interventional devices into a selected 
blood vessel in the peripheral and neurovascular systems. 
The AXS Catalyst Distal Access Catheter is also indicated 
for use as a conduit for retrieval devices.
CONTRAINDICATIONS
None known.
ADVERSE EVENTS
Potential adverse events associated with the use of 
catheters or with the endovascular procedures include, 
but are not limited to: access site complications, allergic 
reaction, aneurysm perforation, aneurysm rupture, death, 
embolism (air, foreign body, plaque, thrombus), hematoma, 
hemorrhage, infection, ischemia, neurological deficits, 
pseudoaneurysm, stroke, transient ischemic attack, 
vasospasm, vessel dissection, vessel occlusion, vessel 
perforation, vessel rupture, and vessel thrombosis.
WARNING
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.
• Limited testing has been performed with solutions such 

as contrast media, and saline. The use of these catheters 
for delivery of solutions other than the types that have 
been tested for compatibility is not recommended. 

• Not intended for use with power injectors.
• If flow through catheter becomes restricted, do not 

attempt to clear catheter lumen by infusion. Doing so may 
cause catheter damage or patient injury. Remove and 
replace catheter.

• Never advance or withdraw an intravascular device 
against resistance until the cause of the resistance is 
determined by fluoroscopy. Movement of the device 
against resistance could dislodge a clot, perforate a 
vessel wall, or damage the device.

PRECAUTIONS
• Carefully inspect all devices prior to use. Verify size, 

length, and condition are suitable for the specific 
procedure. Do not use a device that has been damaged in 
any way. Damaged device may cause complications.

• To control the proper introduction, movement, positioning 
and removal of the catheter within the vascular system, 
users should employ standard clinical angiographic and 
fluoroscopic practices and techniques throughout the 
interventional procedure.

• Use the product prior to the “Use By” date printed on 
the label.

• To prevent thrombus formation and contrast media crystal 
formation, maintain a constant infusion of appropriate 
flush solution through catheter lumen.

• Torquing the catheter may cause damage which could 
result in kinking or separation of the catheter shaft.

Trevo® XP ProVue Retrievers 
See package insert for complete indications, 
complications, warnings, and instructions for use.
INDICATIONS FOR USE
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).
WARNINGS
• 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.

Copyright © 2016 Stryker
NV00020190.AA
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Take on tortuosity.
The AXS Catalyst™ Distal Access Catheter family is 
designed for easy navigation in challenging cases.

Copyright © 2016 Stryker
NV00020190.AA

for rapid revascularization with 
Trevo® XP ProVue Retriever

for fl ow diversion support
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Celebrating two years  
of excellence
The Venom Cannula and Electrode combination 

two years of excellence
1  

With the acquisition of the CareFusion vertebral 
compression  fracture (VCF) portfolio from BD 
(Becton, Dickinson and Company),  Stryker 
has the most comprehensive  and least 
invasive portfolio of VCF  treatment options
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Treatment of vocal fold paralysis
WEB treatment of intracranial aneurysms
MR findings in uremic encephalopathy
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REVIEW ARTICLE

“Finding a Voice”: Imaging Features after Phonosurgical
Procedures for Vocal Fold Paralysis
X B.A. Vachha, X D.T. Ginat, X P. Mallur, X M. Cunnane, and X G. Moonis

ABSTRACT
SUMMARY: Altered communication (hoarseness, dysphonia, and breathy voice) that can result from vocal fold paralysis, secondary to
numerous etiologies, may be amenable to surgical restoration. In this article, both traditional and cutting-edge phonosurgical procedures
targeting the symptoms resulting from vocal fold paralysis are reviewed, with emphasis on the characteristic imaging appearances of
various injectable materials, implants, and augmentation procedures used in the treatment of vocal fold paralysis. In addition, complica-
tions of injection laryngoplasty and medialization laryngoplasty are illustrated. Familiarity with the expected imaging changes following
treatment of vocal fold paralysis may prevent the misinterpretation of posttreatment changes as pathology. Identifying common com-
plications related to injection laryngoplasty and localization of displaced implants is crucial in determining specific management in patients
who have undergone phonosurgical procedures for the management of vocal fold paralysis.

ABBREVIATIONS: PTFE � polytetrafluoroethylene; VFP � vocal fold paralysis

Vocal fold paralysis (VFP) is the immobilization of the true

vocal fold by neural injury (ipsilateral vagus or recurrent la-

ryngeal nerve).1,2 Although many cases of VFP remain asymp-

tomatic, altered communication (hoarseness, dysphonia, and

breathy voice) and decreased airway protection resulting in aspi-

ration are often seen due to glottic incompetency. Altered sensa-

tion, pharyngeal weakness, and swallowing incoordination,

among other factors, may contribute to the propensity for aspira-

tion. Conversely, bilateral VFP manifests primarily with dyspnea

and biphasic stridor, with dysphonia and dysphagia occurring less

frequently.

The main goal of intervention in a patient with unilateral VFP

is to eliminate the risk of aspiration pneumonia and restore voice

quality.3 Intervention involves both noninvasive voice therapy

and surgical procedures. Voice therapy by a speech language pa-

thologist is invaluable in the management of VFP both in the

preoperative setting when surgical decisions are being made and

for optimal postsurgical phonation training; this however is be-

yond the scope of the present article.3 Surgical procedures for

unilateral VFP aim to restore glottic competence by restoring vo-

cal fold tone, augmenting vocal fold size, or altering static vocal

fold position; to date, no surgical procedures in clinical use are

able to restore purposeful vocal fold motion.

The term “phonosurgery” was originally introduced to de-

scribe surgical procedures targeting the voice.4 Surgical options

differ on the basis of whether the patient has unilateral or bilateral

VFP. Radiologic imaging has limited utility with respect to pri-

mary preoperative planning because glottic competence cannot

be evaluated through existing radiologic modalities. While laryn-

goscopy with stroboscopy is the principal driver of treatment se-

lection in vocal fold paralysis, preoperative imaging should be an

adjunct when certain pathologic states are anticipated. For exam-

ple, altered anatomy after neck surgery or radiation may change

the surgical approach, suspicion of chondronecrosis may pre-

clude framework surgery, and paralysis in the setting of laryngeal

cartilage fracture may require attention to fracture fixation before

phonosurgery, especially if mucosal violation is suggested by

imaging.

Here we focus on the main types of procedures performed for

the treatment of unilateral VFP, including injection laryngo-

plasty, medialization laryngoplasty, and arytenoid adduction.5,6

The indications, techniques, and corresponding imaging features

are summarized in Table 1, schematized in Fig 1, and elaborated

in the following sections.

From the Department of Radiology (B.A.V.), Memorial Sloan Kettering Cancer Cen-
ter, New York, New York; Department of Radiology (B.A.V.), Massachusetts Gen-
eral Hospital, Harvard Medical School, Boston, Massachusetts; Department of Ra-
diology (D.T.G.), University of Chicago, Chicago, Illinois; Department of Otology
and Laryngology (P.M.), Beth Israel Deaconess Medical Center, Harvard Medical
School, Boston, Massachusetts; Department of Radiology (M.C.), Massachusetts
Eye and Ear Infirmary, Harvard Medical School, Boston, Massachusetts; and Depart-
ment of Radiology (G.M.), Columbia University Medical Center, New York, New
York.

Please address correspondence to Behroze Vachha, MD, PhD, Department of Radi-
ology, Memorial Sloan Kettering Cancer Center, 1275 York Ave, New York, NY
10065; e-mail: vachhab@mskcc.org

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

http://dx.doi.org/10.3174/ajnr.A4781

1574 Vachha Sep 2016 www.ajnr.org

http://orcid.org/0000-0001-7462-1422
http://orcid.org/0000-0003-3301-4364
http://orcid.org/0000-0001-8086-0534
http://orcid.org/0000-0002-7133-859X
http://orcid.org/0000-0003-1688-2450


Injection Laryngoplasty
Injection laryngoplasty or vocal fold augmentation involves injec-

tion of various materials into the lateral aspect of the thyroaryte-

noid/lateral cricoarytenoid muscle complex of the paralyzed vocal

fold.7 Alternatively, materials can be injected lateral to the thyro-

arytenoid in the paraglottic space. The result of either is a medially

displaced free edge of the affected vocal fold, improving its appo-

sition with the contralateral vocal fold.

The main indications for vocal fold injection include tempo-

rary correction of glottic incompetence due to unilateral VFP and

long-term correction of mild-moderate glottic insufficiency (ie,

glottic gap of �1–3 mm).7-9

Injection laryngoplasty is a minimally invasive procedure that

can be performed with the patient under general anesthesia by

using microscopic suspension laryngoscopy or it can be per-

formed as an in-office procedure with the patient under local

anesthesia.8-12 Three endoscopic approaches may be used in the

office with a flexible laryngoscope: percutaneous (transcricothy-

roid membrane, transthyroid cartilage, and transthyrohyoid

membrane), transnasal, and peroral.7

Injection Materials
The first attempt of vocal fold augmentation involved the use of

paraffin injected through a 19-ga needle.10 Since then, different

materials have been used for vocal fold augmentation. Currently,

materials used for vocal fold injection/augmentation are divided

FIG 1. Schematic of the main categories of procedures for treating vocal cord paralysis: injection laryngoplasty (A), medialization laryngoplasty
(B), and arytenoid adduction (C).

Table 1: Overview of vocal cord procedures
Procedures Indications Techniques Imaging Findings

Injection laryngoplasty Temporary correction of glottic incompetence
due to unilateral vocal fold paralysis and
long-term correction of mild-moderate
glottic insufficiency

Percutaneous, transnasal, or
peroral injection of filler
material into the vocal cord
or paraglottic space

Varies depending on agent
injected; also refer to
the text and Table 2

Medialization
laryngoplasty

Permanent correction; should be reserved for
cases of vocal fold paralysis in which
recovery of motion is definitively not
expected (time �6 months from onset,
surgical recurrent nerve sacrifice, or
malignant invasion)

Insertion of an implant into the
vocal fold through a window
in the thyroid, which results
in displacement of the
paralyzed vocal fold to a
more medial position

The implants typically
used appear as
hyperattenuating on CT
and low signal on
T1- and T2-weighted
sequences, with a
triangular shape on axial
images; a defect in the
adjacent thyroid
cartilage may be visible

Arytenoid adduction
(adduction
arytenopexy)

To enhance posterior glottal closure in
patients with paralytic dysphonia by
reproducing lateral cricoarytenoid muscle
function; can be performed in conjunction
with medialization laryngoplasty

The inner perichondrium of the
thyroid cartilage is opened
and the muscular process of
the arytenoid is identified and
sutured to the thyroid or
cricoid cartilage

Medially rotated
(adducted) arytenoid
cartilage and narrowing
of the posterior glottic
gap

Table 2: Description of selected agents used for injection laryngoplasty
Agents Longevity Imaging Findings

Hyaluronic acid gels (Restylane, Hylaform) Temporary Nearly fluid attenuation on CT; T1 hypointense and T2 hyperintense, similar to
fluid on MRI; may display peripheral enhancement initially

Micronized cadaveric dermis (Cymetra) Temporary T1 and T2 hyperintense within the first year of injection
Bovine collagen preparations (Zyplast) Temporary Generally fluid attenuation on CT; T1 hypointense and T2 hyperintense, similar

to fluid on MRI; may display peripheral enhancement initially
Calcium hydroxylapatite (Radiesse Voice) Long-lasting High attenuation on CT (280–700 HU); hypermetabolic on 18FDG-PET
Autologous fat Long-lasting Attenuation and signal characteristics of adipose tissue
Teflon Permanent Globular high attenuation on CT (200–400 HU range)
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into temporary and long-lasting. Temporary materials include

carboxymethylcellulose (Radiesse Voice Gel; BioForm Medical,

Franksville, Wisconsin), hyaluronic acid gel (Restylane; Q-Med

Scandinavia, Princeton, Virginia; Hylaform; Q-Med, Uppsala,

Sweden), micronized collagen (Cymetra;

LifeCell Corporation, Bridgewater, New

Jersey), bovine collagen (Zyplast; Ad-

vanced Dermatology PC, New York, New

York), and bovine gelatin (Gelfoam;

Pfizer, New York, New York; Surgifoam;

Ethicon, Centreville, Virginia).7 Long-

lasting materials include calcium hy-

droxylapatite (Radiesse Voice; BioForm

Medical), autologous fat, and, of historic

importance, polytef paste (Teflon; Du-

pont, Wilmington, Delaware).7 The im-

aging features following injection laryn-

goplasty vary depending on the particular

agent used, as described in the subsequent

sections and Table 2.

Temporary Materials. Hyaluronic acid

gels (eg, Restylane and Hylaform) are

composed of water in a glycosaminogly-

can matrix with a reported duration of

clinical effects lasting from 4 to 6 months,

though it may be detectable even 12

months after injection.11-13 On CT, hyal-

uronic acid demonstrates nearly fluid at-

tenuation (Fig 2). On MR imaging, the

material is T1 hypointense and T2 hyper-

intense with an imaging appearance sim-

ilar to that of water. On postcontrast T1-

weighted sequences, this material may

show minimal peripheral enhance-

ment.14 Clinical studies have supported

the safety and efficacy of hyaluronic acid

gels in deep vocal fold augmentation in

patients with VFP.

Micronized cadaveric dermis (Cyme-

tra) is donor skin (Alloderm; LifeCell

Corporation) that has been processed

into a nonimmunogenic acellular matrix

of human collagen and elastin.15 This ma-

terial has demonstrated positive results in

the treatment of VFP, with several advan-

tages over other injection materials: Be-

cause the material is acellular, it does not

incite a foreign body or hypersensitivity

reaction (compare it with bovine collagen

materials); no harvesting of tissue is re-

quired, thereby reducing operative time

and alleviating donor site morbidity

(compare with autologous fat); and injec-

tion of this material does not inhibit vi-

bratory function (compare with hyal-

uronic acid gels).15-17 The main

disadvantage of this material is the need

for overinjection to overcome unwanted absorption of the mate-

rial.15 Because the material is prepared from human cadaveric

dermis, there is the theoretic risk of infectious transmission,

though this has not been reported clinically, to our knowledge.

FIG 2. Hyaluronic acid gel. Axial (A) and coronal (B) contrast-enhanced CT at the level of the
vocal folds demonstrates fluid attenuation material within the left vocal fold (black arrow).

FIG 3. Micronized collagen (Cymetra) approximately 11 months after injection. A, Unenhanced
T1-weighted image at the level of the true vocal folds demonstrates T1 hyperintensity within the
right vocal fold (arrow; due to volume averaging, portions of the false cord are also partially
seen). B, T2-weighted image demonstrates a hyperintense region in the true vocal fold on the
right corresponding to the site of injection (arrow).

FIG 4. Calcium hydroxylapatite. A, Axial contrast-enhanced CT with a bone algorithm demon-
strates hyperattenuating material in the region of the left vocal fold (black arrow). B, Axial
positron-emission tomography demonstrates hypermetabolism at the site of the injected ma-
terial, which can be a false-positive finding for malignant disease (white arrow).
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The time course of Cymetra resorption follows a pattern that

could be observed by MR imaging: Until about 11 months, the

material appears T1 and T2 hyperintense (Fig 3); by 15 months,

there is minimal T2 hyperintensity; and by 21 months postinjec-

tion, there is no signal alteration within the vocal folds, suggesting

complete resorption of the injected material into the recipient

tissue.16

Bovine collagen materials such as Zyplast may result in hyper-

sensitivity reactions prompting skin hypersensitivity testing be-

fore using this material.7,9 Bovine gelatin material has been shown

to be safe with predictable results as a temporary augmentation

material, but the need for large-gauge needles (18- or 19-ga) and

the short duration of effect (4 – 6 weeks) have resulted in it being

less popular than its newer, longer-lasting counterparts.7,9

Long-Lasting and Permanent Materials. Calcium hydroxylapatite

(Radiesse Voice) consists of microspheres of calcium hydroxy-

lapatite in a carboxymethylcellulose carrier and has been shown to

provide clinical effectiveness for an average duration of approxi-

mately 18 months postinjection.18,19 Calcium hydroxylapatite

appears as high-attenuation material on CT, with attenuation val-

ues ranging between 280 and 700 HU (Fig 4A).14 Calcium hy-

droxylapatite can appear hypermetabolic on 18F-FDG-positron-

emission tomography and should not be misinterpreted as a

neoplasm (Fig 4B).

Autologous fat is usually harvested from the patient by a lipo-

suction technique. At least initially, this

filler preserves the expected imaging fea-

tures of adipose tissue (Fig 5). Variability

in resorption limits the predictability of

the long-term voice outcomes; further-

more, the patient may require substantial

overinjection and repeat lipoinjection to

achieve adequate results.7

Teflon appears as hyperattenuating on

CT (Fig 6). The use of this material is now

avoided due to serious complications re-

lated to granuloma formation, which can

appear as a soft-tissue mass surrounding the

hyperattenuating Teflon.7 Furthermore,

the Teflon-induced granulomas can poten-

tially produce false-positive findings on
18F-FDG-positron-emission tomography,

but the true nature of this phenomenon can

be resolved by the otherwise suggestive CT

appearance.20

Laryngeal Framework Surgery
Although long-acting injection materials

have become increasingly popular, laryn-

geal framework surgery remains the crite-

rion standard long-term treatment of

unilateral VFP. “Laryngeal framework

surgery” is a nonspecific label referring to

open surgical approaches to the cartilagi-

nous framework. Surgical goals vary by

type, and as expected, not all framework

surgery is appropriate for unilateral VFP.

Broadly speaking, the 4 main categories are the following: 1) ap-

proximation laryngoplasty, which includes medialization thyro-

plasty/laryngoplasty and arytenoid adduction; 2) expansion la-

ryngoplasty, which includes lateralization thyroplasty and vocal

fold abduction; 3) relaxation laryngoplasty, which includes short-

ening thyroplasty; and 4) tensioning laryngoplasty, which in-

cludes cricothyroid approximation and elongation thyroplasty.21

Neither expansion nor relaxation laryngoplasty are appropriate

for unilateral VFP because they are intended to improve glottic

competence. Tensioning laryngoplasty may be used to restore

tension often absent in unilateral VFP; however, it is usually not

used, and the nuances of this procedure are beyond the scope of

this article. For this review, we discuss medialization laryngo-

plasty and arytenoid adduction, which are the most commonly

performed framework operations for unilateral VFP.

Medialization Laryngoplasty
Medialization laryngoplasty involves introducing an implant

through an externally created window in the thyroid lamina at the

level of the vocal fold, which results in displacement of the para-

lyzed vocal fold from its lateral position to a more medial posi-

tion.5,22-25 Medialization laryngoplasty is a permanent correction

and should be reserved for cases of vocal fold paralysis in which

recovery of motion is definitively not expected (time �6 months

from onset, surgical recurrent nerve sacrifice, or malignant inva-

FIG 5. Autologous fat. A, Coronal CT at the level of the vocal folds demonstrates transglottic
carcinoma on the right (white dotted line). B, Coronal CT posttreatment shows low-attenuation
material within the right vocal fold status post fat augmentation (arrow).

FIG 6. Teflon. A, Axial CT demonstrates hyperattenuating material in the bilateral vocal folds
(arrows) consistent with Teflon injection. B, Axial CT in a different patient status post Teflon
injection into the right vocal fold demonstrates a slightly nodular contour (arrowheads) con-
sistent with granuloma formation, a common complication of Teflon.
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sion). Medialization laryngoplasty offers

several advantages, such as preservation

of the mucosal wave, no risk of reabsorp-

tion of the implant, and implants gener-

ally being more easily removed than in-

jected material. However, disadvantages

of medialization laryngoplasty include

the risk of submucosal hemorrhage and

implant extrusion and the effects of sub-

optimal shaping of the implant. Several

materials are used for medialization, in-

cluding silicone, polytetrafluoroethylene

(PTFE; Gore-Tex; W.L. Gore & Associ-

ates, Newark, Delaware), hydroxylapatite

(VoCom system; Gyrus ENT, Bartlett,

Tennessee), Silastic (preformed or carved; Dow Corning, Mid-

land, Michigan), and titanium implants.5

The Montgomery Thyroplasty Implant System (Boston Med-

ical Products, Westborough, Massachusetts) is constructed of im-

plant-grade silicone and is inserted surgically through the thyroid

lamina at the level of the vocal fold to medialize the paralyzed

vocal fold.26-28 On CT, Montgomery Implants are hyperattenu-

ated and have a characteristic triangular configuration (Fig 7).

Polytetrafluoroethylene is an expanded form of Teflon. Unlike

other implants, this is inserted through a window in the thyroid

lamina in the form of 0.4-mm-thick strips and layered in an ac-

cordion-like fashion in the paraglottic space. On CT, PTFE ap-

pears hyperattenuating with lobulated medial margins (Fig 8);

this appearance helps distinguish it from a Montgomery Implant,

which is triangular.26 Although the instances of inflammatory re-

sponse due to PTFE are less common than those seen with Teflon,

they can nevertheless occur. Other materials used for medializa-

tion include ceramic wedges made of hydroxylapatite and tita-

nium implants.

Complications related to implant malpositions or displace-

ment (Figs 9 and 10), extrusion, and excess implant material are

occasionally seen and may require operative correction.

Arytenoid Adduction
In certain cases of VFP, the anatomic position of the paralyzed

vocal fold precludes restoration of glottic competence with medi-

alization alone and requires vocal fold repositioning through ar-

ytenoid adduction. This situation can occur with a lateralized vo-

cal fold with a glottic gap of �4 mm, which is typically too large to

be overcome by simple medialization. Additionally, a paralyzed

vocal fold will often be lower in vertical height because muscle

flaccidity allows the arytenoid to slide anteriorly and twist in the

caudal direction, dropping the vocal process; the resultant height

mismatch prevents contact of the membranous vocal folds, con-

tributing to glottic incompetence. Arytenoid adduction is an open

approach to repositioning of the arytenoid cartilage. By placing a

suture through the muscular process of the arytenoid and fixing

this with anterior tension (typically through the cricothyroid

membrane and above the anterior vocal fold commissure), the

resultant vocal fold is medial and cranially displaced with in-

creased longitudinal tension (Fig 11).5 This procedure addresses

the posterior glottic gap by rotating the arytenoid vocal process,

FIG 7. Montgomery Implant. A, Axial CT demonstrates a Montgomery Implant (black arrow)
and appropriate medialization of the right vocal cord. Note the triangular configuration of the
Montgomery Implant. B, Axial contrast-enhanced T1-weighted MR imaging in a different patient
demonstrates triangular hypointensity adjacent to the left vocal fold, representing the Mont-
gomery Implant (white arrow), with appropriate medialization of left vocal fold.

FIG 8. PTFE. Axial CT demonstrates hyperattenuating PTFE in the region of
the right vocal fold with appropriate medialization of the right vocal fold.
Note the slight nodular contour of the medial margin of the vocal fold
(smaller arrows) indicating mild granuloma formation in this patient.

FIG 9. Malpositioned Montgomery Implant. Axial CT demonstrates
an externally rotated Montgomery Implant, which is not flush against
the thyroid window (arrow).
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positioning the vocal fold into an adducted position. This proce-

dure is indicated when the interarytenoid gap is �5 mm, when

there is height mismatch of the paralyzed and contralateral vocal

fold, or when there is loss of vocal fold tension. This is usually

performed in conjunction with medialization thyroplasty.5

CONCLUSIONS
Familiarity with the expected imaging changes following treatment

of VFP may prevent the misinterpretation of posttreatment changes

as pathology. Identifying common complications related to injection

laryngoplasty and localization of displaced implants is crucial in de-

termining specific management in patients who have undergone

phonosurgical procedures for the management of VFP.

Disclosures: Gul Moonis—UNRELATED: Other: blind reader for RadMD.
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METHODOLOGIC PERSPECTIVES

Response Assessment in Pediatric Neuro-Oncology:
Implementation and Expansion of the RANO Criteria in a

Randomized Phase II Trial of Pediatric Patients with Newly
Diagnosed High-Grade Gliomas

X T. Jaspan, X P.S. Morgan, X M. Warmuth-Metz, X E. Sanchez Aliaga, X D. Warren, X R. Calmon, X J. Grill, X D. Hargrave,
X J. Garcia, and X G. Zahlmann

ABSTRACT
SUMMARY: Determination of tumor response to treatment in neuro-oncology is challenging, particularly when antiangiogenic agents are
considered. Nontumoral factors (eg, blood-brain barrier disruption, edema, and necrosis) can alter contrast enhancement independent of
true tumor response/progression. Furthermore, gliomas are often infiltrative, with nonenhancing components. In adults, the Response
Assessment in Neuro-Oncology (RANO) criteria attempted to address these issues. No such guidelines exist yet for children. The ongoing
randomized phase II trial, A Study of Avastin (bevacizumab) in Combination With Temolozomide (TMZ) and Radiotherapy in Paediatric and
Adolescent Patients With High-Grade Glioma (HERBY), will establish the efficacy and safety of the antiangiogenic agent bevacizumab for
the first-line treatment of newly diagnosed high-grade glioma in children (n � 121 patients, enrollment complete). The primary end point
is event-free survival (tumor progression/recurrence by central review, second primary malignancy, or death). Determination of progres-
sion or response is based on predefined clinical and radiographic criteria, modeled on the RANO criteria and supported by expert
pseudoprogression review and the use of standardized imaging protocols. The HERBY trial will also compare conventional MR imaging
(T1-weighted and T2/fluid-attenuated inversion recovery sequences) with conventional MR imaging plus diffusion/perfusion imaging for
response assessment. It is anticipated that HERBY will provide new insights into antiangiogenic-treated pediatric brain tumors. HERBY will
also investigate the practicality of obtaining adequate quality diffusion/perfusion scans in a trial setting, and the feasibility of implement-
ing standard imaging protocols across multiple sites. To date, 61/73 (83.6%) patients with available data have completed diffusion-weighted
imaging (uptake of other nonconventional techniques has been limited). Harmonization of imaging protocols and techniques may improve
the robustness of pediatric neuro-oncology studies and aid future trial comparability.

ABBREVIATIONS: HERBY � A Study of Avastin (bevacizumab) in Combination With Temolozomide (TMZ) and Radiotherapy in Paediatric and Adolescent Patients
With High-Grade Glioma; HGG � high-grade glioma; RANO � Response Assessment in Neuro-Oncology; RAPNO � Response Assessment in Pediatric Neuro-Oncology

High-grade gliomas (HGGs) are primary malignant tumors of

the brain and CNS, which originate from glial cells. HGGs

are fast-growing, poorly differentiated, and aggressive. Their lo-

cation in the brain, their ill-defined borders, and infiltrative na-

ture makes imaging and assessment of response to therapy partic-

ularly challenging.

Currently, the predominant method for assessment of CNS

tumor progression and response is contrast-enhancing conven-

tional T1-weighted MR imaging.1 Although widely used, con-

trast-enhancing conventional T1-weighted MR imaging has lim-

itations in neuro-oncology. The degree of tumor enhancement

can be influenced by a variety of neuro-oncology-related factors,

including corticosteroid use, imaging technique (1.5T versus 3T,

or dose and timing), surgical injury, inflammation, ischemia,

edema, infection, seizures, and radiation injury. Increases in con-

trast enhancement, triggered by nontumoral events, can incor-

rectly be interpreted as progression (ie, pseudoprogression). De-

creases in contrast enhancement, for example by modification of

the blood-brain barrier permeability, can be incorrectly inter-

Received November 13, 2015; accepted after revision February 14, 2016.

From Nottingham University Hospitals National Health Service Trust (T.J., P.S.M.),
Nottingham, UK; Würzburg University (M.W.-M.), Würzburg, Germany; VU Univer-
sity Medical Center (E.S.A.), Amsterdam, the Netherlands; Leeds Teaching Hospital
National Health Service Trust (D.W.), Leeds, West Yorkshire, UK; Assistance Pub-
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preted as response (ie, pseudoresponse). In adults with newly

diagnosed glioblastomas treated with radiation therapy and

temozolomide (the current standard of care), rates of pseudopro-

gression of 21%–31% have been reported.2,3 The increasing in-

terest in antiangiogenic therapies for highly vascularized brain

tumors further compounds these concerns; antiangiogenic treat-

ment can improve blood-brain barrier function, decrease en-

hancement (pseudoresponse), cause transient normalization of

tumor vasculature, and may mask tumor changes. Finally, some

tumor growth can be non-contrast-enhancing and not detected

by conventional MR imaging.

Guidelines for tumor assessment in neuro-oncology were up-

dated in 2010 by the Response Assessment in Neuro-Oncology

(RANO) working group (On-line Table 1).4,5 These guidelines,

based on evaluations of adult HGGs, replaced the previously used

Macdonald criteria and aimed to provide more specific and stan-

dardized imaging protocols. The RANO working group recom-

mended the use of T2 and FLAIR sequences to assess nonenhanc-

ing tumor growth. The potential for pseudoprogression was

partially addressed but fell short of definitively distinguishing

pseudoprogression from true progression; within the first 12

weeks of completion of radiation therapy, progression can only be

determined if most of the new enhancement is outside of the

radiation field (as per RANO criteria, an example would be en-

hancement beyond the high-dose region or 80% isodose line) or if

there is histologic confirmation following further resection. The

phase III, placebo-controlled AVAglio trial (A Study of Avastin

[Bevacizumab] in Combination With Temozolomide and Radio-

therapy in Patients With Newly Diagnosed Glioblastoma) for

adults with newly diagnosed glioblastoma, which investigated the

addition of bevacizumab to radiation therapy plus temozolomide,

incorporated aspects of the RANO criteria (though it was initiated

before these criteria were published).6 The AVAglio protocol pre-

specified methods to identify pseudoprogression in a consistent

manner and used T2/FLAIR sequences to assess nonenhancing

lesions.7 Progression-free survival benefits were reported with the

addition of bevacizumab to standard-of-care treatment in newly

diagnosed glioblastoma. To date, there have been no such studies

in pediatric patient populations, and extrapolation of results from

adults to children is not appropriate. Furthermore, it is not

known whether the RANO criteria could be directly implemented

into pediatric populations without modification.

Response Assessment in Pediatric Neuro-Oncology
The assessment of response and progression in pediatric brain

tumors brings further challenges, such as the brain still being un-

der development in childhood. Pediatric brain tumors tend to be

heterogeneous with varying histology. Glial tumors, in particular,

have diverse morphology and variable blood-brain barrier integ-

rity and may be poorly circumscribed.7 Due to the variation in

tumors within the pediatric population and the relative rarity of

each individual tumor type, it can be difficult for individual study

centers to gain experience in imaging each type.

To date, most neuro-oncology research and development has

focused on adult trials, and randomized clinical trials in pediatric

patients are few. Accordingly, no clear relationship between tu-

mor response and improved survival has been established in pe-

diatric patients. Where clinical studies have been conducted, the

populations tend to include a wide age range. Due to the limited

information available there are, as yet, no agreed standards to

define response and progression in children. Thus, the adult

RANO criteria may not be directly applicable to pediatric brain

tumors. A working group is examining this issue (Response As-

sessment in Pediatric Neuro-Oncology [RAPNO]).7 Given the

challenges associated with pediatric brain tumors, several diag-

nostic uncertainties remain, including the following: the accuracy

of metrics for assessing tumor response, the best way to measure

enhancing tumors, whether all enhancement can be attributed to

tumor tissue, whether loss of enhancement is a surrogate for re-

sponse, the best way to assess nonenhancing tumors, and under-

standing how imaging changes correlate with clinical and neuro-

logic status.

The HERBY Trial
A clinical trial was set up to establish the efficacy and safety of the

antiangiogenic agent bevacizumab for the first-line treatment of

newly diagnosed HGG in children (A Study of Avastin [bevaci-

zumab] in Combination With Temolozomide [TMZ] and Radio-

therapy in Paediatric and Adolescent Patients With High-Grade

Glioma [HERBY], NCT01390948). The study has been uniquely

designed to optimize the assessment of response to treatment to

ensure confidence in the data by randomizing the new treatment

allocation on top of the standard of care and to inform future

work in this patient population with an imaging and biologic

repository. In HERBY, the determination of progression or recur-

rence was mandated on the basis of meeting predefined clinical

and radiographic criteria. In addition to investigating bevaci-

zumab treatment, the HERBY study was required to compare the

utility of “structural imaging” versus “structural plus multimodal

imaging” (Fig 1).

Structural and Multimodal Imaging
Structural imaging includes standard (conventional) MR imaging

(as per the RANO criteria; ie, for assessing T1-enhancing lesions

[On-line Fig 1A] and using FLAIR and T2 sequences for nonen-

hancing lesions). However, conventional MR imaging provides

limited information on physiologic tumor characteristics and the

status of the perilesional tissue. Multimodal imaging uses a variety

of techniques to generate physiologic and biochemical informa-

tion to complement structural imaging.8 For example, DWI or

DTI with ADC mapping can be used to evaluate cellular density

and tissue injury (On-line Figs 1B and 2C). Dynamic susceptibil-

ity contrast (perfusion) MR imaging can provide an indication

of tumor vascularity and capillary permeability (On-line

Figs 1D and 2E). 1H-MR spectroscopy is used to detect metabo-

lites reflecting tissue integrity, disruption, and necrosis (eg, aro-

matic amino acids, choline, lipids). These advanced imaging tech-

niques are effective in the evaluation of tumor behavior and have

been used as surrogate markers of response to tumor-modu-

lating therapy.9-17 Furthermore, diffusion and perfusion tech-

niques have been used to identify radiation necrosis9 and

pseudoprogression.10
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Compared with structural MR imaging alone, a combination

of structural MR imaging and multimodal imaging represents a

greater biologic approach to imaging and provides more of the

“big picture” of tumor response. When used in isolation, the ad-

ditional techniques described are of limited utility, but in combi-

nation with structural imaging and clinical assessment, multi-

modal imaging should provide an enhanced ability to assess

tumor grade, viability, and response to therapy.

Implementation of multimodal imaging tools into a clinical

trial requires careful consideration. To date, the techniques have

been largely experimental and not all technologies are available at

all clinics. Standard protocols have not yet been established.
1H-MR spectroscopy, in particular, is still very exploratory and

difficult to standardize. Diffusion and perfusion imaging are the

most accessible and available techniques, but there are specific

difficulties in undertaking perfusion imaging in the pediatric pop-

ulation due to the size of the patient (eg, obtaining adequate ve-

nous access). Regardless of imaging techniques, variability also

poses a challenge for the assessment of tumor progression and

response; there is intrinsic interobserver variability in the assess-

ment of MR imaging scans, and response to therapy within a

tumor itself may be variable. It is also not possible to separate

treatment effects from disease effects. As part of the HERBY trial,

our aims were the following: 1) to evaluate the implementation of

the RANO criteria in a phase II trial of pediatric patients with

HGG, 2) to assess the practicality of obtaining multimodal imag-

ing of adequate quality, and 3) to assess the feasibility of including

diffusion and perfusion into the response criteria.

MATERIALS AND METHODS
Study Design and Patients
The overall objectives of the HERBY trial are to evaluate the effi-

cacy, safety, tolerability, and pharmacokinetics of bevacizumab

when added to postoperative radiation therapy with concomitant

and adjuvant temozolomide and to determine whether the addi-

tion of bevacizumab to the management of newly diagnosed HGG

in children confers a clinical benefit. It

was planned to recruit 120 patients dur-

ing 36 months. Enrollment is complete

(121 patients have been enrolled), and

the trial is ongoing as of June 2015.

As with the adult AVAglio trial, the

pediatric HERBY trial is investigating

the addition of bevacizumab to radia-

tion therapy plus temozolomide in a

randomized study design, but there are

important differences; for example, un-

like AVAglio, HERBY allowed inclusion

of grade III and grade IV gliomas, was

not placebo-controlled, and had no be-

vacizumab monotherapy component.

Patients (between 3 and 18 years
of age) with histologically confirmed,
localized supratentorial/infratentorial
cerebellar or peduncular (non-brain
stem) HGG, adequate organ function,
and available preoperative MR imaging

were enrolled. Written, informed con-

sent was obtained from the patient, parent, or legal representative,

after institutional review board/ethics committee approval was

obtained in each recruiting country. After the operation, patients

underwent a postoperative MR imaging and were randomized to

receive 1 of the following 2 regimens: standard arm, radiation

therapy (1.8 Gy/day) and temozolomide (75 mg/m2/day) for 6

weeks, followed by a 4-week treatment break, then up to 12 four-

week cycles of temozolomide (150 –200 mg/m2/day); or experi-

mental arm, bevacizumab (10 mg/kg every 2 weeks) plus radia-

tion therapy (1.8 Gy/day) and temozolomide (75 mg/m2/day) for

6 weeks, followed by bevacizumab during a 4-week temozolomide

break, and then bevacizumab (10 mg/kg every 2 weeks) concom-

itantly with up to 12 four-week cycles of adjuvant temozolomide

(150 –200 mg/m2/day) (On-line Fig 2). Patients will be random-

ized centrally by an interactive voice response system.

The primary end point is event-free survival, defined as the

earliest occurrence of tumor progression/tumor recurrence

(determined by a Central Radiology Review Committee), sec-

ond primary non-HGG malignancy, or death. Secondary end

points include the following: investigator-assessed event-free

survival; overall survival and 1-year overall survival rate;

6-month and 1-year event-free survival rate; overall response

rate determined by the Central Radiology Review Committee

using RANO criteria; tumor functional changes on diffusion/

perfusion MR imaging for correlative analysis in addition to

structural imaging and efficacy outcome measurements; health

status; neuropsychologic function; safety; feasibility; and

tolerability.

HERBY has an Independent Data Monitoring Committee.

This committee shares the responsibility for regularly moni-

toring the overall safety of patients in the trial with the sponsor

and the Trial Steering Group. By carefully reviewing overall

death rates, serious adverse events, and other specified safety

events by treatment arms, the Independent Data Monitoring

Committee provides the sponsor and the Trial Steering Group

FIG 1. Structural and multimodal imaging used in the HERBY study. LD indicates longest diameter;
GPD, greatest perpendicular diameter; PCD, product of cross-sectional enhancing diameters.
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their independent recommendations and helps to minimize

patient exposure to unnecessary risk. The Independent Data

Monitoring Committee will also evaluate benefits and risks by

reviewing the efficacy, safety, and tolerability data during the

scheduled futility analysis.

Radiographic and Clinical Response Assessment
Response evaluations will be performed by using RANO criteria

by blinded site-independent central review; radiologic and clini-

cal evaluations will be combined to provide an integrated disease

assessment (Fig 2). Efficacy assessments will be performed after

the chemoradiotherapy phase and treatment break but before the

start of adjuvant temozolomide treatment, and thereafter every 3

months.

For radiographic response, both enhancing (T1-weighted)

and nonenhancing lesions (T2-FLAIR sequences) will be consid-

ered (Fig 2) according to prespecified criteria for progression

(Table). A detailed standardized imaging protocol has been pro-

vided to site investigators (On-line Table 2). Both measurable and

nonmeasurable disease will be considered. Measurable disease has

been defined as contrast-enhancing lesions with clearly defined

margins on T1-weighted MR imaging with 2 perpendicular diam-

eters of �10 mm. Nonmeasurable enhancing tumors have been

defined as unidimensional measurable lesions, lesions with margins

not clearly defined, or lesions with at least 1 diameter of �10 mm.

The definition of clinical deterioration has been left to the

discretion of the treating physician, but it was recommended that

substantial decreases in the Karnofsky Performance or Lansky

Play Scales be considered deterioration. Increases in corticoste-

roid doses will also contribute to the evaluation of clinical

deterioration.

Pseudoprogression
The risk of pseudoprogression is highest within 12 weeks of che-

moradiotherapy completion; during this period in the HERBY

trial, clinical decline alone will be considered insufficient to deter-

mine disease progression. Progression will be determined only if

there is new enhancing disease that extends outside the radiation

field or if there is unequivocal evidence of viable tumor on histol-

ogy (On-line Fig 3). Experienced pediatric neuroradiologists will

be available during the trial to assist local radiologists in the eval-

uation of progression during the early postchemoradiation pe-

riod. The expert reviewer will provide an

opinion to distinguish pseudoprogres-

sion from true progression, but the site

investigator will make the final decision.

Imaging evaluations will be performed

again at the next visit (beyond the 12-

week period), and if there is a continued

increase in enhancing lesions, then the

first scan will be considered to have rep-

resented true progression. If the lesion is

decreased or stable compared with the

first posttreatment scan, the increase at

the preceding time point will be consid-

ered pseudoprogression.

Multimodal Imaging
Where participating centers have access

to multimodal imaging, an appended

protocol will be performed in addition

to standard MR imaging. Guideline im-

aging parameters have been provided in

the HERBY protocol for DWI and dy-
FIG 2. Response evaluation assessment algorithm. LD indicates longest diameter; GPD, greatest
perpendicular diameter; PCD, product of cross-sectional enhancing diameters.

Criteria for tumor progression in HERBY (adapted from the RANO criteria)
Parameter Criterion

T1-weighted post-Gd
measurable disease

�25% increase in the sum of the products of perpendicular diameters of the contrast-enhancing lesions
compared with the smallest tumor measurement obtained either at baseline (if no decrease was observed)
or best response with the patient on stable or increasing doses of corticosteroids

T1-weighted post-Gd
nonmeasurable disease

Clear progression of nonmeasurable lesions

T2/FLAIR Substantial increase in the T2/FLAIR nonenhancing lesion compared with the baseline scan or best response
after the initiation of therapy with the patient on a stable or increasing dose of corticosteroids

The increase in the T2/FLAIR signal must have occurred and not be the result of comorbid events (eg, radiation
therapy, demyelination, ischemic injury, seizures, postoperative changes, or other treatment effects)

New lesions Any new lesions
Clinical Clear clinical deterioration due to tumor and not attributable to other causes (eg, seizures, medication

adverse effects, complications of therapy, cerebrovascular events, infection, and so forth)
Failure to return Failure to return for evaluation as a result of death or deteriorating condition

Note:—Gd indicates gadolinium.
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namic susceptibility contrast imaging (On-line Table 3). A correl-

ative analysis of functional changes in tumor on MR diffusion/

perfusion imaging and efficacy outcome measures is to be

performed at the time of the primary analysis. Correlative studies

of 1H-MR spectroscopy were planned for HERBY, but only a

small number of 1H-MR spectroscopy scans have been acquired

to date, which will likely prove to be insufficient for analysis. De-

cision rules for assigning response status are presented in On-line

Table 4. For example, if structural MR imaging indicated “com-

plete response,” but diffusion status was decreased and perfusion

status was “normal/decreased,” the combined status will be re-

vised to “stable disease.”

Statistical Analysis Plan
For event-free survival and overall survival, Kaplan-Meier curves

will be generated and 95% confidence intervals will be estimated

by using the Rothman method. An estimate of the treatment effect

will be expressed as the hazard ratio with corresponding 95% CI

(estimated in a Cox regression analysis). Analyses comparing

treatment arms will include the 2-sided log-rank test at the 5% �

level. Event-free survival and overall survival rates will be esti-

mated by using the Kaplan-Meier method with 95% CIs calcu-

lated by using the Greenwood formula. The difference in overall

response rate between the treatment arms will be tested in an

exploratory manner, by using a �2 test with Schouten correction,

with 95% Pearson-Clopper CIs. We will calculate 95% Hauck-

Anderson CIs for the difference in response rates between the

treatment arms. Other analyses will be descriptive.

Current Status of HERBY
At the time of manuscript preparation, recruitment into the

HERBY trial has been completed (n � 121) and the study is on-

going. To date, the RANO criteria have been successfully applied

(by using the central radiologic read) for the first 73 patients.

DISCUSSION
The HERBY study aims, primarily, to establish whether bevaci-

zumab, when added to radiation therapy and temozolomide, can

improve clinical outcomes for pediatric patients with HGG. How-

ever, an additional aim of HERBY is to assess the value of the

structural imaging (based on the RANO criteria) alone and when

combined with multimodal imaging for pediatric neuro-oncol-

ogy trials, with the potential of guiding future recommendations

(RAPNO). Accordingly, the RANO criteria have been imple-

mented into the HERBY trial, with some modifications. For ex-

ample, the use of an expert reviewer for identification of pseudo-

progression was incorporated into the study design. In addition,

to reduce bias and variability, site-independent central review will

be used to determine response to treatment.

Tumor diffusion and perfusion imaging have also been incor-

porated to complement the RANO criteria, to investigate whether

these tools can enhance the understanding of tumor response to

bevacizumab in pediatric patients with HGG. To date, the use of

these tools has been variable in HERBY. Although most sites

claimed that they were able to do full multimodal imaging

before the trial started, the uptake has been poor for some

techniques. DWI was the most prevalent technique used; its

value in the context of the RANO criteria is still to be evaluated,

but currently it seems that DWI is the most likely to be prag-

matically incorporated into the revised RANO criteria for pe-

diatric patients.

A key aspect of HERBY is the provision of detailed protocols

for the imaging procedures, which aim to help standardize

assessment across sites and countries. Standardized imaging

protocols are the subject of recent draft FDA guidance, which

recommends that trials augment existing standards to create

trial-specific imaging standards, particularly in cases in which

images can be interpreted quantitatively.18 The guidance also

recommends that when imaging modalities are vulnerable

to image-quality problems, central imaging interpretation

should be considered.

Standardization is important for both conventional MR imag-

ing and the diffusion/perfusion techniques being used in HERBY,

these latter being, to date, largely experimental. Future trials will

require a consensus on protocols with consistent implementation

to maximize their value. To this end, following a workshop held in

January 2014, a recent consensus publication has outlined a stan-

dardized brain tumor anatomic imaging protocol, involving the

following: patient advocates; device and pharmaceutical industry

leaders; the FDA; the National Cancer Institute; and academic

experts in neuro-oncology, neuroradiology, and imaging phys-

ics.19 The recommended protocol reflects recent imaging

developments, particularly the use of 3D isotropic T1-weighted

imaging pre- and post-gadolinium administration to enable high-

quality T1-subtraction image acquisition, a technique that poten-

tially offers improved tumor visualization and quantification of

enhancing tumoral tissue.20 The proposed protocol (On-line Ta-

ble 5) builds on and refines that proposed within the RANO pub-

lications and reflects the dynamic and changing status of neuro-

oncology imaging. While T1-subtraction images will be evaluated

in HERBY, for the most part, this evaluation will depend on 2D

T1-weighted image acquisitions; the protocol for the study was

derived in 2010 before the current recommendations for T1 vol-

ume imaging.

The HERBY study design has several potential strengths,

which are anticipated to reinforce the results. For example, the use

of central review and decision rules should bring consistency to

response assessment and reduce variability. HERBY also includes

algorithms for early progression (potential pseudoprogression),

which have proved valuable in adult trials6; and it incorporates

detailed imaging protocols, which could potentially be used as

a standard in future pediatric HGG imaging. HERBY has a

relatively large patient number in comparison with other pe-

diatric trials; however, there may be variability within the 121

patients that precludes clear conclusions on all aspects under

investigation.

We hope that HERBY will meet its aims of establishing the

efficacy and safety of a new regimen for the first-line treatment of

newly diagnosed high-grade glioma, a condition for which new,

effective treatments are very much needed. However, regardless of

outcomes, it is anticipated that HERBY will provide valuable new

insights into pediatric brain tumors treated with antiangiogenic

therapy, which can be applied to future work. HERBY is the first

study to compare standard structural imaging with structural im-
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aging plus diffusion/perfusion imaging and will give an indication

of whether the latter influences the perception of tumor response

or progression. This randomized trial will provide valuable infor-

mation on the true clinical value of these additional imaging tools.

The availability of DWI and structural imaging should allow some

conclusions to be drawn on the value of this technique for pedi-

atric HGG response assessment in clinical practice. Furthermore,

HERBY will allow assessment of the feasibility and practicality of

using standardized imaging protocols in clinical trials.

CONCLUSIONS
RANO criteria can be implemented into pediatric trial protocols,

but this requires careful consideration; we implemented a review

of potential pseudoprogression by expert readers and validation

of radiographic progression in the case of stable clinical parame-

ters. The HERBY trial will assess, for the first time, whether func-

tional imaging techniques such as diffusion and perfusion MR

imaging, can strengthen the assessment of response when com-

bined with conventional imaging tools. HERBY has also intro-

duced standardized imaging protocols and augmented the RANO

criteria with central review and expert advisors. Harmonization of

imaging protocols and techniques may improve the robustness

of pediatric neuro-oncology studies and aid future trial

comparability.
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ORIGINAL RESEARCH
ADULT BRAIN

Association of Automatically Quantified Total Blood Volume
after Aneurysmal Subarachnoid Hemorrhage with Delayed

Cerebral Ischemia
X I.A. Zijlstra, X C.S. Gathier, X A.M. Boers, X H.A. Marquering, X A.J. Slooter, X B.K. Velthuis, X B.A. Coert, X D. Verbaan,

X R. van den Berg, X G.J. Rinkel, and X C.B. Majoie

ABSTRACT

BACKGROUND AND PURPOSE: The total amount of extravasated blood after aneurysmal subarachnoid hemorrhage, assessed with
semiquantitative methods such as the modified Fisher and Hijdra scales, is known to be a predictor of delayed cerebral ischemia. However,
prediction rates of delayed cerebral ischemia are moderate, which may be caused by the rough and observer-dependent blood volume
estimation used in the prediction models. We therefore assessed the association between automatically quantified total blood volume on
NCCT and delayed cerebral ischemia.

MATERIALS AND METHODS: We retrospectively studied clinical and radiologic data of consecutive patients with aneurysmal SAH
admitted to 2 academic hospitals between January 2009 and December 2011. Adjusted ORs with associated 95% confidence intervals were
calculated for the association between automatically quantified total blood volume on NCCT and delayed cerebral ischemia (clinical,
radiologic, and both). The calculations were also performed for the presence of an intraparenchymal hematoma and/or an intraventricular
hematoma and clinical delayed cerebral ischemia.

RESULTS: We included 333 patients. The adjusted OR of total blood volume for delayed cerebral ischemia (clinical, radiologic, and both)
was 1.02 (95% CI, 1.01–1.03) per milliliter of blood. The adjusted OR for the presence of an intraparenchymal hematoma for clinical delayed
cerebral ischemia was 0.47 (95% CI, 0.24 – 0.95) and of the presence of an intraventricular hematoma, 2.66 (95% CI, 1.37–5.17).

CONCLUSIONS: A higher total blood volume measured with our automated quantification method is significantly associated with
delayed cerebral ischemia. The results of this study encourage the use of rater-independent quantification methods in future multicenter
studies on delayed cerebral ischemia prevention and prediction.

ABBREVIATIONS: aOR� adjusted odds ratio; aSAH � aneurysmal subarachnoid hemorrhage; DCI � delayed cerebral ischemia; IPH � intraparenchymal hematoma;
IVH � intraventricular hematoma; TBV � total blood volume; WFNS scale � World Federation of Neurosurgical Societies scale

Delayed cerebral ischemia (DCI) occurs in 20%–30% of pa-

tients with aneurysmal subarachnoid hemorrhage (aSAH)

and is associated with poor outcome.1-3 Patients who develop

DCI need costly intensive care. The cause of DCI is multifactorial,

including larger and smaller vessel vasospasm, cortical spreading

ischemia, microvascular dysfunction, and thrombosis.3 Blood-

breakdown products in the subarachnoid and CSF spaces may

cause vasospasm.2 Several studies have reported the positive rela-

tionship between the total amount of extravasated blood after

SAH and the development of vasospasm (at that time considered

the main cause of DCI) by using CT grading scales such as the

modified/revisited Fisher grading scale and the Hijdra scale.4-7

These grading scales only provide a rough estimation of the aneu-

rysmal total blood volume (TBV) and are observer-dependent,

factors that may add to the moderate prediction rates of DCI.8

More reliable quantification of TBV might result in better predic-

tion of DCI, which can help clinicians more accurately identify

patients at risk and more effectively use scarce resources.9 To as-

sess the association of TBV with DCI, a reliable and valid method

for measuring subarachnoid blood volume is needed, with cor-

rection for possible confounding influences. We recently vali-

dated a fully automatic method for TBV quantification on NCCT.
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This method is based on a relative density increase of blood after

aSAH in relation to different brain structures.10 In the current

study, we aimed to assess the association of automatically quan-

tified TBV with DCI.

MATERIALS AND METHODS
Patient Population
We included consecutive patients with aSAH who were admitted

between January 2009 and December 2011 to 2 large university

hospitals (Academic Medical Center Amsterdam and University

Medical Center Utrecht) in the Netherlands.

“Aneurysmal SAH” was defined as an aneurysmal bleeding

pattern with an associated aneurysm. Patients without aneurysms

proved on CTA/MRA/DSA were excluded. We further excluded

patients with a baseline CT obtained �24 hours after ictus be-

cause of the risk of blood clearance and patients in whom the CT

scans could not be used for the automatic quantification method

because of movement artifacts or metal artifacts caused by previ-

ous treatment. Patients with technically inadequate scans (scans

in 2 parts or incomplete scans) were also excluded. Patients with

an external ventricular drain on the first CT were excluded be-

cause of artifacts and possible blood clearance. TBV was defined

as the sum of subarachnoid (cisternal and sulcal), intraparenchy-

mal, intraventricular, and subdural blood.

Clinical and Imaging Data Collection
All baseline characteristics of the included patients were collected

through retrospective review of the clinical charts by a single ob-

server (C.S.G.). These included age, medical history of hyperten-

sion, date of the aSAH ictus, hospital admission date, clinical con-

dition on admission according to the World Federation of

Neurological Societies scale (WFNS),11 NCCT date, the occur-

rence of rebleeding (clinical, not CT-confirmed, or radiologic),

aneurysm location (anterior or posterior circulation), aneurysm

treatment (coiling, clipping, or no aneurysm treatment), and date

of death. The WFNS score on admission was dichotomized into

favorable (1–3) and unfavorable (4 –5). This observer also as-

sessed the presence of clinical DCI, which was defined as clinical

deterioration that could not be explained by any cause other than

DCI, and radiologic DCI, which was defined as the presence of

cerebral infarction on CT or MR images within 6 weeks after SAH

or on the latest CT scan or MR image obtained before death,

which could not be attributed to other causes such as surgical

clipping or endovascular treatment, according to previously pub-

lished criteria.12 The patients were followed as long as they were

hospitalized.

For the volume analysis, generally the first CT scan (all 5-mm

sections) after the aSAH ictus was used. Only in case of a rebleed-

ing within 24 hours and before treatment was the CT scan after

rebleeding used because of the larger blood volume. All CT scans

were anonymized before assessment (H.A.M. and I.A.Z.) and

were thereafter assessed for the appropriateness for automated

quantification (I.A.Z.). The TBV (in milliliters) was automatically

quantified (Fig 1), and the quality of the automatic segmentation

was evaluated by using ITK-SNAP, Version 2.4.0 (www.itksnap.

org) (I.A.Z.).13

All CT scans were inspected for the presence of intraparenchy-

mal hematoma (IPH) and/or intraventricular hematoma (IVH)

(I.A.Z.). The presence or absence of IPH and IVH was scored

dichotomously because it was not possible to measure blood vol-

ume in separate locations with our automated quantification

method. The differentiation between a blood clot in the Sylvian

fissure and an IPH was made on the initial CTA (I.A.Z.).14 All

estimates of blood volume and blood location were performed

blinded to the presence or absence of DCI.

Statistical Analysis

Descriptive Statistics. Dichotomous variables were presented as

percentages. Continuous variables were tested with the Shapiro-

Wilk test for normal distribution (W � 0.9 is considered a nor-

mally distributed variable). Normally distributed variables were

expressed as means with SDs, and not normally distributed vari-

ables were expressed as medians with interquartile ranges (25%–

75%). Normally distributed variables were tested with the Student

t test, and not normally distributed variables were tested with the

Mann-Whitney U test. Categoric variables were tested by using

the Fisher exact test.

Modeling. Logistic regression analysis was used to calculate odds

ratios with associated 95% confidence intervals. Bivariable anal-

yses were performed with previously chosen covariables known to

be associated with DCI on the basis of the literature to identify

important confounders (defined as variables that changed the

crude OR from the univariable analysis by �10%).15 In the mul-

tivariable analysis, confounders were added to the univariable

model to calculate adjusted odds ratios (aORs) with associated

95% CIs.

As our primary analysis, we assessed the association between

TBV and clinical DCI (with or without radiologic DCI), radio-

logic DCI (with or without clinical DCI), and clinical and radio-

logic DCI (patients with both clinical and radiologic DCI) com-

bined. Evaluated confounders were age, sex, neurologic status on

admission (dichotomized WFNS grade), treatment of the aneu-

rysm (clipping/coiling/no treatment), rebleeding, hypertension,

IPH, and IVH.

As a secondary analysis, we assessed the association between

blood location (IPH and IVH) and clinical DCI (with or without

radiologic DCI). We used clinical DCI as the only outcome vari-

able because we found similar aORs for all 3 outcome variables

(clinical DCI, radiologic DCI, and both) in the primary analysis.

Evaluated confounders were age, sex, neurologic status on admis-

sion (dichotomized WFNS grade), treatment of the aneurysm

(clipping/coiling/no treatment), rebleeding, hypertension, blood

volume, IPH (in the model with IVH as the central determinant),

and IVH (in the model with IPH as the central determinant).

Because patients who die within 3 days after the aSAH ictus

have a much lower risk of developing DCI, we performed sensi-

tivity analyses in the subset of patients who survived �3 days after

aSAH.

RESULTS
Patient Characteristics
We initially evaluated 458 potentially eligible patients with aSAH.

Of these, 333 patients were included in the analyses (Fig 2). The
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mean TBV was 46.1 � 29.4 mL. Characteristics of the included

patients are shown in Table 1.

Sixty-eight (20%) patients had clinical and/or radiologic DCI,

62 (19%) had clinical DCI (with or without radiologic DCI), 40

(12%) had radiologic DCI (with or without clinical DCI), and 34

(10%) had both clinical and radiologic DCI. Twenty-eight (8%)

patients had only clinical DCI, and 6 (2%) had only radiologic

DCI (Table 2). One (2.1%) patient developed clinical signs of DCI

2 days after the aSAH ictus. There were 102 patients (31%) with

IPH, 203 patients (61%) with IVH, and 63 patients (19%) with

IPH and IVH combined. Forty-seven (14%) patients died within

3 days of the aSAH ictus. The mean TBV in these patients was

63.0 � 34.1 mL.

Association between Blood Volume and Blood Location
and DCI in the Total Group
The aOR (95% CI) of TBV and DCI (clinical, radiologic, both)

was 1.02 (1.01–1.03) per milliliter of blood (Table 3). The aOR

(95% CI) of IPH and clinical DCI was 0.47 (0.24 – 0.95) and of

IVH and clinical DCI, 2.66 (1.37–5.17).

Sensitivity Analysis
In the 286 patients included in the sensitivity analyses, the mean

TBV was 43.3� 27.6 mL. In the subgroup of patients without

clinical DCI, the mean TBV was 40.8 � 27.2 mL, and in the sub-

group of patients with clinical DCI, 52.3 � 27.5 mL (P � .004).

IPH occurred in 85 (30%) patients; IVH, in 172 (60%) patients.

The association results in the sensitivity analysis (Table 4) are

similar to the results in the total group (Table 3).

DISCUSSION
In this study, a higher TBV, quantified with a fully automated

method, was significantly associated with the development of

DCI. The presence of an intraventricular hematoma was also pos-

itively associated with the development of DCI, whereas the pres-

FIG 1. Examples of SAH bleeding patterns on CT (upper), with corresponding segmentations in red as provided by the automatic quantification
method (lower).10 A, SAH with blood in both Sylvian fissures. B, SAH with the presence of IPH. C, SAH with the presence of IVH.

FIG 2. Flow chart of patient inclusion.
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ence of an intraparenchymal hematoma was negatively associated

with DCI.

The association between TBV and DCI may appear small with

an aOR of 1.02 per milliliter of blood. However, considering that

the aOR is per milliliter of blood and that in our population, the

mean TBV was 46.1 mL and the SD was almost 30 mL, this effect

is substantial: A difference of 1 SD of TBV (30 mL) corresponds to

an aOR of 1.81.

In both analyses assessing the association between TBV and

DCI, we found similar aORs for all 3 outcome variables (clinical

DCI, radiologic DCI, and both). This finding could justify using 1

outcome variable in future studies. Clinical DCI would be the

most appropriate to use because almost all patients with radio-

logic DCI have clinical DCI. Moreover, the importance of radio-

logic DCI in the absence of clinical DCI is questionable. CT or MR

imaging might be performed for other

reasons, showing areas of ischemia that

are clinically unnoticed.

In the first publication on the relation

between the amount and distribution of

subarachnoid blood detected on NCCT

and cerebral vasospasm (detected on an-

giography), it was concluded that blood

localized in the subarachnoid space in

sufficient amounts at specific sites is the

only important etiologic factor in vaso-

spasm.4 Because in our study we found an

association of TBV, IPH, and IVH with

clinical and radiologic DCI and not vaso-

spasm, these studies are difficult to com-

pare. One large difference is that in their

study, not 1 patient with IVH developed

clinical symptoms of DCI.

Only 1 more recent study investigated

a semiautomatic blood quantification to

assess the association between cisternal

blood volume on NCCT and vasospasm

after aSAH.16 In this study, a positive as-

sociation was found. However, the

method used was laborious because all

blood was outlined manually. Moreover,

no correction for potential confounders

was performed.

Our study results are in line with re-

sults from other studies showing that pa-

tients without intraventricular blood and

with a small amount of cisternal blood af-

ter aSAH are less likely to develop DCI,

though the results are somewhat different

because these studies used vasospasm as

an end point instead of DCI.6,7 Neverthe-

less, these studies used the modified

Fisher score instead of quantified blood

volume to assess the amount of intracra-

nial blood.4

The positive association between IVH

and DCI is not yet understood. Blood can

migrate toward the ventricles in 2 ways: first, straight from the

aneurysm into the ventricles through a connecting hematoma or,

second, by expansion of the subarachnoid blood toward one of

the cisternal-ventricular foramina (Luschka, Magendie). The lat-

ter implies an initially higher volume of subarachnoid blood, with

secondary ventricular redistribution. This might explain the asso-

ciation of IVH and DCI in this specific population. Additionally,

patients who present with a nonaneurysmal IVH have a very low

risk of developing DCI according to a study describing a series of

patients with ruptured arteriovenous malformations, of whom 50

had an intraventricular component. Only 1 patient who also had

an SAH component developed vasospasm, without signs of

DCI.17 According to these and our results, it seems that the com-

bination of IVH and aSAH is worse than IVH or aSAH alone.

When one tries to explain the negative association of the pres-

Table 1: Patient characteristics

Total Patient
Group (%)

Patients with
Clinical and/or
Radiologic DCI

Patients
without
DCI (%) P Value

No. 333 68 (20) 265 (80) –
Female sex 238 (71) 47 (69) 191 (72) .653
Age (yr) (mean) (SD) 55.7 (11.9) 56.0 (12.7) 55.7 (11.7) .828
Hypertension in medical history 88 (26) 24 (35) 64 (24) .090
WFNS favorable on admission (I–III) 163 (49) 34 (50) 129 (49) .892
Mean TBV (mL) (SD)a 46.1 (29.4) 51.6 (27.3) 44.6 (29.8) .080
IPH 102 (31) 16 (24) 86 (32) .185
IVH 203 (61) 51 (75) 152 (57) .008
IPH and IVH 63 (19) 12 (18) 51 (19) .863
Rebleed 52 (16) 9 (13) 43 (16) .708
Anterior circulation 245 (74) 50 (74) 195 (74) 1.000
Posterior circulation 88 (26) 18 (26) 70 (26)
Neurosurgical treatmentb 141 (42) 30 (44) 111 (42) .325
Endovascular treatmentc 135 (41) 36 (53) 99 (37)
Death within 3 days 47 (14) 1 (1) 46 (17) �.001

a Automatically quantified total blood volume on noncontrast CT.
b Two patients treated with bypass surgery.
c One patient treated with stent, and 1 with parent vessel occlusion.

Table 2: Patient characteristics in groups with respect to DCI

Patients with
Clinical and/or
Radiologic DCI

Patients
with

Clinical
DCI (%)a

Patients
with

Radiologic
DCI (%)b

Patients with
Clinical and
Radiologic

DCI (%)
No. 68 (20) 62 (19) 40 (12) 34 (10)
Female sex 47 (69) 43 (69) 28 (70) 24 (71)
Age (yr) (mean) (SD) 56.0 (12.7) 55.4 (12.9) 57.9 (12.4) 57.1 (12.8)
Hypertension in medical history 24 (35) 21 (34) 18 (45) 15 (44)
WFNS favorable on admission (I–III) 34 (50) 30 (48) 18 (45) 14 (41)
Mean TBV (mL) (SD)c 51.6 (27.3) 52.1 (27.4) 53.2 (28.1) 54.3 (28.3)
IPH 16 (24) 14 (23) 7 (18) 5 (15)
IVH 51 (75) 47 (76) 31 (78) 27 (79)
IPH and IVH 12 (18) 10 (16) 5 (13) 3 (9)
Rebleed 9 (13) 9 (15) 6 (15) 6 (18)
Anterior circulation 50 (74) 45 (73) 28 (70) 23 (68)
Posterior circulation 18 (26) 17 (27) 12 (30) 11 (32)
Neurosurgical treatmentd 30 (44) 28 (45) 19 (48) 17 (50)
Endovascular treatmente 36 (53) 33 (53) 19 (48) 16(47)
Death within 3 days 1 (1) 1 (2) 1 (3) 1 (3)

a Clinical DCI with or without radiologic DCI.
b Radiologic DCI with or without clinical DCI.
c Automatically quantified total blood volume on noncontrast CT.
d Two patients treated with bypass surgery.
e One patient treated with stent, and 1 with parent vessel occlusion.
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ence of an IPH with clinical DCI, it could very well be that in these

patients, clinical DCI was less often detected because they already

had a neurologic deficit due to the IPH. To our knowledge, there

is no literature confirming this theory. Further studies are needed

to confirm this and to determine the association between IVH and

IPH and DCI. In such a study, blood volume values for each

separate compartment can be determined and subsequently asso-

ciated with the clinical course.

The strengths of our study are fast and objective estimation of

the TBV by using a validated automatic quantification method,

adjustment for confounders to make the estimation of the asso-

ciation more reliable, and performance of a sensitivity analysis to

evaluate the robustness of the model. In addition, we used DCI as

an outcome variable instead of vasospasm because DCI is a more

clinically relevant outcome measure and because vasospasm and

DCI can occur independently.2,12 In future studies, it might be

possible to use the automated quantification method to study

other subtypes of SAH (eg, due to intracranial dissection, AVM,

benign perimesencephalic hemorrhage, and trauma).

Our study has some limitations. This was a retrospective study

in which we could only study the data that were available in the

clinical charts and on the available NCCTs. Because patients were

followed up only during hospitalization, we may have potentially

missed patients with DCI after discharge. In patients with clinical

rebleeding within 24 hours after aSAH ictus, we might have un-

derestimated the blood volume because this rebleeding was not

CT-confirmed. Death during admission may be a competing risk

for the development of DCI. Unfortunately, due to the composi-

tion of our data, we were unable to perform a reliable competing

risk analysis.

Limitations of the automated quantification method are that

imaging artifacts can make the results unreliable. Although we do

not expect differences in the detection

rate of TBV and aSAH between the ante-

rior and posterior circulations, we have

not yet investigated this possibility. Very

small blood volumes with low density are

not well-detected with automated detec-

tion.10 The volume assessments were per-

formed on relatively thick sections of 5

mm. Thinner sections could potentially

increase accuracy. However, with thinner

sections, the noise level increases as well,

which may actually reduce the accuracy.

The method was validated by using 5-mm

sections, and 5 mm is the standard section

thickness used in our hospital and the re-

ferring centers. The volume of the IPH

and IVH and the blood volume in sepa-

rate territories could not be separately

delineated.

CONCLUSIONS
We show that a higher TBV, measured

with our automated quantification

method, is significantly associated with

DCI. The results of this study encourage

the use of rater-independent quantifica-

tion methods in future multicenter studies on DCI prevention

and prediction.
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Centripetal Propagation of Vasoconstriction at the Time of
Headache Resolution in Patients with Reversible Cerebral

Vasoconstriction Syndrome
X M. Shimoda, X S. Oda, X A. Hirayama, X M. Imai, X F. Komatsu, X K. Hoshikawa, X H. Shigematsu, X J. Nishiyama, and X T. Osada

ABSTRACT

BACKGROUND AND PURPOSE: Reversible cerebral vasoconstriction syndrome is characterized by thunderclap headache and diffuse
segmental vasoconstriction that resolves spontaneously within 3 months. Previous reports have proposed that vasoconstriction first
involves small distal arteries and then progresses toward major vessels at the time of thunderclap headache remission. The purpose of this
study was to confirm centripetal propagation of vasoconstriction on MRA at the time of thunderclap headache remission compared with
MRA at the time of reversible cerebral vasoconstriction syndrome onset.

MATERIALS AND METHODS: Of the 39 patients diagnosed with reversible cerebral vasoconstriction syndrome at our hospital during the
study period, participants comprised the 16 patients who underwent MR imaging, including MRA, within 72 hours of reversible cerebral
vasoconstriction syndrome onset (initial MRA) and within 48 hours of thunderclap headache remission.

RESULTS: In 14 of the 16 patients (87.5%), centripetal propagation of vasoconstriction occurred from the initial MRA to remission of
thunderclap headache, with typical segmental vasoconstriction of major vessels. These mainly involved the M1 portion of the MCA (10
cases), P1 portion of the posterior cerebral artery (10 cases), and A1 portion of the anterior cerebral artery (5 cases).

CONCLUSIONS: This study found evidence of centripetal propagation of vasoconstriction on MRA obtained at the time of thunderclap
headache remission, compared with MRA obtained at the time of reversible cerebral vasoconstriction syndrome onset. If clinicians remain
unsure of the diagnosis during early-stage reversible cerebral vasoconstriction syndrome, this time point represents the best opportunity
to diagnose reversible cerebral vasoconstriction syndrome with confidence.

ABBREVIATIONS: RCVS � reversible cerebral vasoconstriction syndrome; TCH � thunderclap headache

Reversible cerebral vasoconstriction syndrome (RCVS) is char-

acterized by thunderclap headache (TCH) and diffuse seg-

mental constriction of cerebral arteries that resolves spontane-

ously within 3 months.1,2 RCVS can be spontaneous or evoked by

various factors such as postpartum status, vasoactive drugs, cate-

cholamine-secreting tumors, immunosuppressants, or blood

products.3,4 RCVS is poorly understood and has recently been

estimated to be more common than previously thought.2 Unpre-

dictable and transient failure of the regulation of cerebral arterial

tone through sympathetic overactivity is thought to play a role in

the development of RCVS.1,5

TCH is usually the first symptom of RCVS, and typically

recurs for 1–2 weeks after onset.3-5 The final TCH occurs at a

mean of 7– 8 days after onset, and all noteworthy headaches are

generally gone within 3 weeks after onset.4,6,7 Conventional

DSA was crucial to the diagnosis of RCVS in early case reports

and typically showed diffuse segmental vasoconstrictions in-

volving major vessels, like a “string of beads” or “string of

sausages.”4 More recently, MRA has been widely used as a

noninferior tool to evaluate vasoconstriction in patients with

RCVS.3,4,6 Findings of typical segmental vasoconstriction of

major vessels are not obtained in about one-third of patients

with RCVS if the initial MRA is performed within 10 days of

headache onset.4,6,8 Ducros et al4,9 postulated that the arterial

abnormalities first involve small distal arteries and then prog-

ress toward major vessels.

This study retrospectively investigated whether centripetal

propagation of vasoconstriction on MRA at the time of TCH re-
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mission was evident compared with MRA at the time of RCVS

onset.

MATERIALS AND METHODS
Patient Population
Patients diagnosed with RCVS in Tokai University Hachioji Hos-

pital according to the following 5 criteria for RCVS were included

in our data base: 1) acute and severe headache (often TCH) with

or without focal deficits or seizures; 2) a uniphasic course without

any new symptoms �1 month after clinical onset; 3) segmental,

multifocal vasoconstriction of cerebral arteries as shown by DSA

or indirect angiography (eg, MRA or 3D CTA); 4) no evidence of

aneurysmal SAH; and 5) complete or substantial normalization of

arteries on follow-up DSA or indirect angiography performed

within 12 weeks after clinical onset.2,4 CSF analysis was not rou-

tinely performed on patients in this study.

Subjects were selected from among the 39 patients entered

into the RCVS data base at Tokai University Hachioji Hospital

between October 2010 and April 2015. Ten of these patients who

did not undergo initial MRA/MR imaging within 72 hours of

RCVS onset were excluded because they were admitted in the

subacute phase (�3 days after onset). In addition, 13 patients

with RCVS who did not undergo MRA/MR imaging within 48

hours of TCH remission were excluded because they did not visit

an outpatient clinic at the time of TCH remission (subacute

phase) due to their comfortable medical condition. The remain-

ing 16 patients with RCVS who underwent MR imaging within 72

hours of RCVS onset, within 48 hours of remission of TCH, and 3

months after RCVS onset were included in this retrospective

study.

Clinical and imaging records were evaluated retrospectively.

Study approval was obtained from the Institutional Review Board

for Clinical Research at Tokai University School of Medicine.

Imaging Protocol
We differentiated primary angiitis of the central nervous system

from RCVS on the basis of an insidious onset, low incidence of

TCH, mostly irreversible angiographic irregularities, and inflam-

matory reactions evident in the CSF.2,10 At all time points, serial

MR imaging included axial conventional T1WI, FLAIR images,

DWI, and MRA, all performed by using a 1.5T superconducting

magnet (Signa Excite or HDX; GE Healthcare, Milwaukee,

Wisconsin) with a quadrature head coil. Pulse sequences were as

follows: FLAIR (TR/TE, 8000/120 ms; TI, 2000 ms; section

thickness/section gap, 7.0/1.0 mm; FOV, 24 � 24 cm; NEX, 1;

matrix, 256 � 224), T1WI (TR/TE, 2000/24 ms; TI, 750 ms; sec-

tion thickness/section gap, 7.0/1.0 mm; FOV, 24 � 24 cm; NEX, 2;

matrix, 256 � 192), and 3D TOF MRA (TR/TE, 27/6.8 ms; flip

angle, 16°; bandwidth, 14.7 Hz; FOV, 18 � 18 cm; slab thickness,

70 mm; section thickness, 1.2 mm; matrix, 256 � 192; NEX, 1).

MR imaging was completed within 13–15 minutes.

Definition of Variables
“TCH” was defined as a severe pain peaking within seconds. The

presence of TCH was diagnosed by a thorough interview of the

patient. “TCH remission” was defined as the time at which the last

TCH improved. “Hypertensive emergency” was defined as sys-

tolic blood pressure of �180 mm Hg or diastolic blood pressure

of �120 mm Hg.

“Cortical SAH” was defined as a nontraumatic, nonaneurys-

mal SAH characterized by clots distributed over the cerebral con-

vexity, sparing the basal cistern.11 In patients with cortical SAH,

conventional DSA or 3D CTA or both were routinely performed

to rule out other causes of SAH, such as aneurysm or vessel mal-

formation. “Posterior reversible encephalopathy syndrome” was

defined as a characteristic MR imaging pattern of vasogenic

edema with hemispheric boundary zones of hyperintensities on

FLAIR, with increased ADC values affecting the cortex and sub-

cortical and deep white matter to varying degrees.2,12

Localization of vasoconstriction of the cerebral arteries was

evaluated on MRA. “Centripetal propagation of vasoconstric-

tion” was defined as a vasoconstriction that progressed from the

distal arteries at the time of TCH (ie, on MRA performed within

72 hours of RCVS onset) to the major cerebral arteries of the circle

of Willis (defined as the ICA, the A1 portion of the anterior cere-

bral artery, and/or the P1 portion of the posterior cerebral artery)

and the M1 portion of the MCA, basilar artery, and vertebral

artery on MRA performed within 48 hours of TCH remission. A

“hyperintense vessel sign” was defined as a focal or tubular hyper-

intensity in the subarachnoid space on FLAIR13 that normalized

within 12 weeks of clinical onset.

MR imaging findings were interpreted by at least 2 senior

stroke neurosurgeons (M.S. and S.O., with 32 and 27 years of

experience, respectively). In the case of disagreement between rat-

ers, diagnosis was obtained by consensus decision. Outcomes

were assessed at 3 months by using the mRS.

Treatment Protocol
Vasoactive medications were stopped in all patients. Symptom-

atic analgesic treatment was used in all patients without a stan-

dard protocol. Oral administration of lomerizine hydrochloride

was recommended for prevention of cerebral vasoconstriction.

Steroids were avoided. For patients with severe TCH, a low dose of

propofol was infused intravenously at 30 –50 mg/h. For patients

who experienced a hypertensive emergency, nicardipine was used

with intravenous infusion of the dose adapted to normalize blood

pressure levels.

RESULTS
Clinical Features and Associated Lesions
The On-line Table summarizes the clinical characteristics of the

16 patients with RCVS who underwent MR imaging within 72

hours of RCVS onset and within 48 hours of the remission of

TCH. Ten of these 16 patients had a history of migraine before the

onset of RCVS, and 3 of these 10 patients experienced an aura. All

10 patients who had a history of migraine stated that their head-

aches were completely different and more severe than their usual

attacks. The 16 patients with RCVS included 2 postpartum

women. Six of the 16 patients were using a vasoactive substance

such as a selective serotonin reuptake inhibitor or triptans. Over-

use of triptan was identified in only 1 case. Two of the 16 patients

experienced bathing-related RCVS. Four showed a “blood pres-

sure surge” defined as a hypertensive emergency during the peak

of the TCH, and no patients displayed permanently elevated
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blood pressure. The 4 patients with a hypertensive emergency

showed vasoconstriction of the distal MCA and posterior cerebral

artery on initial MRA.

All patients reported multiple episodes of TCH. Because the

clinical records were insufficient, we were unable to investigate

the exact number of events of TCH retrospectively. TCH was the

only symptom of RCVS in 13 patients (81.2%).

A mean delay of 0.69 days (range, 0 –2 days) was seen between

RCVS onset and initial MR imaging. In 9 of the 16 patients

(56.2%), initial MR imaging was performed on day 0 (ie, within

24 hours of onset). In the remaining 7 patients, initial MR imaging

was performed 1–2 days after onset.

Stroke as a complication of RCVS occurred in 6 of the 16

patients (37.5%). Evidence of cortical SAH was found on MR

imaging performed on days 0 –2 in 5 patients. Conventional an-

giography, 3D CTA, MR imaging, and MRA revealed no other

causes of SAH. No patients had intracerebral hemorrhage or mi-

crobleeds on T2*-weighted imaging. One patient developed

MCA/posterior cerebral artery watershed infarction on day 0. Ev-

idence of posterior reversible encephalopathy syndrome was

found on MR imaging performed on day 2 in 1 patient. Findings

of brain lesions on follow-up MR imaging are summarized in the

On-line Table.

Hyperintense vessel signs on FLAIR imaging with the initial

MR imaging were found in 5 patients. Of these 5 patients, 4 dis-

played evidence of some kind of stroke lesion on initial MR im-

aging as a complication of RCVS (On-line Table). Among these 5

patients who showed findings of vessel hyperintensity on initial

MR imaging, the findings remained on MR imaging at the time of

TCH remission in 2 patients.

Centripetal Propagation of Vasoconstriction
The Table presents the changes in the location of vasoconstricted

vessels from the initial MRA to the time of TCH remission. On

initial MRA, bilateral vasoconstriction was found in 15 of the 16

patients (93.8%); vasoconstriction of

the M2 or M3 portion of the MCA, in 15
patients (93.8%); vasoconstriction of
the P2 or P3 portions of the posterior
cerebral artery, in 14 patients (87.5%);
and vasoconstriction of the A2 or A3
portions of the anterior cerebral artery,
in 1 patient. The duration of TCH
ranged from 4 to 20 days (mean, 8.0
days) after onset. MRA at the time of
TCH remission was performed from 4
to 20 days (mean, 8.5 days) after onset.

On MRA at the time of TCH remis-
sion, centripetal propagation of vaso-
constriction had occurred in 14 of the 16
cases (87.5%, all except cases 12 and 13),
as indicated by the typical segmental va-
soconstriction of major vessels. Bilateral
centripetal propagation of vasoconstric-
tion occurred in 10 of the 16 patients
(62.5%). Centripetal propagation oc-
curred in the M1 portion of the MCA
(10 of 16 patients, 62.5%), the P1 por-

tion of the posterior cerebral artery (10 of 16 patients, 62.5%),

the A1 portion of the anterior cerebral artery (5 of 16 patients,

31.3%), the basilar artery (2 of 16 patients, 12.5%), and the

ICA (2 of 16 patients, 12.5%). Vasoconstriction outlasted

headache remission in all except 1 patient (case 13). Figures 1

and 2 present typical MRA findings for the centripetal propa-

gation of vasoconstriction.

Among the 14 patients who showed findings of centripetal

propagation of vasoconstriction, vasoconstriction of the distal ar-

teries was consistently improved, but some findings remained in 2

patients (cases 1 and 8) on MRA at the time of TCH remission.

Furthermore, these 2 patients displayed persistent hyperintense

vessel signs on FLAIR imaging at the time of TCH remission. No

patients showed aggravation of the vasoconstriction of the distal

arteries on MRA at the time of TCH remission.

Clinical Features of the Chronic Stage
By definition, all 16 patients with RCVS displayed confirmed

multifocal vasoconstriction that resolved within 12 weeks, as as-

sessed by MRA. At the 3-month follow-up, the mRS scores of all

16 patients with RCVS were zero, and all patients were able to

return to their prior professional activities.

DISCUSSION
Clinical Course and Mechanisms of TCH of RCVS
In patients with RCVS, TCH is the presenting symptom and usu-

ally recurs during �1 week. In general, TCH occurs before any

detectable vasoconstriction and vasoconstriction outlasts TCH.4

Whereas TCH, cortical SAH, intracerebral hemorrhage, and poste-

rior reversible encephalopathy syndrome represent early manifesta-

tions that lead to a suspicion of RCVS, ischemic stroke can occur as

late as 1–2 weeks after clinical onset, sometimes when the headache

has resolved or after the patient has been discharged.3,4,6,7,9

Dysregulation of cerebral vascular tone is known to result

Location of vasoconstricted vessels on initial MRA and MRA performed at TCH remission
Case Initial MRA Duration

of TCH
(Days)

MRA at TCH Remission

Days
after

Onset

Location of
Vasoconstriction

Days after
Onset

Location of
Vasoconstriction

1 0 L-M2/3, R-P3 10 10 B-M1/2/3, B-P1/2/3,
B-VA

2 0 B-M2/3, B-P2/3 8 10 R-A1, B-P1
3 2 B-M2/3, B-P2/3,

B-A2/3
9 9 B-A1, B-M1, B-P1, BA

4 0 L-M3, B-P2/3 5 7 L-M1, L-P1/2
5 1 R-P3, L-M2/3 7 7 R-M1, R-P2
6 1 R-M3, B-P2/3 12 12 R-M1, B-A1, B-P1/2, BA
7 0 B-M3, B-P3 4 4 B-M1/2, B-P1/2
8 2 B-M2/3, B-P2/3 20 20 B-P2/3, B-A1/2, B-IC,

L-P1, BA
9 0 B-M2/3, B-P2/3 10 10 B-M1, B-P1
10 2 B-P2/3 7 10 L-P1
11 0 B-M3, B-P2/3 5 5 B-M3, B-P1/2
12 0 B-M2/3, B-P2/3 9 9 L-P2
13 1 L-M2/3, B-P2/3 6 7 Improvement
14 0 B-M3 4 4 B-M2, L-M1
15 2 L-M2/3 8 8 L-M1, L-IC
16 0 B-M2/3, B-P2/3 4 4 L-P1

Note:—B indicates bilateral; L, left; R, right; VA, vertebral artery; BA, basilar artery; IC, internal cerebral artery.
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from sympathetic overactivity, and endothelial dysfunction

might be a central element in the pathogenesis of RCVS.2,14 Based

on the characteristic clinical features of RCVS, Ducros et al4 pos-

tulated that the differing temporal courses of TCH, vasoconstric-

tion, and stroke suggest that the underlying disturbance in the

control of cerebral artery tone first involves small distal arteries

responsible for hemorrhages and posterior reversible encepha-

lopathy syndrome and then progresses toward the medium-sized

and large arteries responsible for ischemic events. They speculated

that at the initial stage of RCVS, sudden alterations in central

vascular tone may lead to segmental vasoconstriction and vasodi-

lation in small distal vessels and trigger TCH by abruptly stretch-

ing vessel walls, especially in the small distal arteries of the lepto-

meninges, resulting in stimulation of the trigeminal afferent nerve

as a collection of perivascular pain-sensitive fibers.2,4,9,14

Mechanism of Centripetal Propagation of
Vasoconstriction in RCVS
Ducros2 suggested that vasoconstriction of the second and first

segments of large cerebral arteries might represent a reaction to

distal blood-flow abnormalities, increasing during the ensuing 1

or 2 weeks. However, the precise mechanisms underlying centrip-

etal propagation of vasoconstriction in RCVS remain unclear.

Centripetal progression of vasoconstriction from the manifes-

tation of recurrent TCH to the remission of headaches has not

been precisely delineated by using neuroradiologic imaging mo-

dalities such as MRA. Chen et al6 showed that vasoconstriction is

maximal at TCH remission. However, they did not mention the

centripetal propagation of vasoconstriction at TCH remission.

Their initial MRA was performed at a mean of 10.4 � 7.0 days

(median, 9 days; range, 1–30 days) after TCH onset. We consider

that the lower ratio of patients who underwent initial MRA/MR

imaging within 72 hours of RCVS onset would have largely pre-

vented identification of the centripetal propagation of vaso-

constriction at TCH remission. Another review by Chen et al14

described that only a small number of their patients showed cen-

tripetal propagation of vasoconstriction, citing their initial

article.6

On the other hand, the purpose of this study was to prove

centripetal propagation of vasoconstriction on MRA at the time

of TCH remission, compared with MRA at the time of RCVS

onset. The present investigation showed centripetal propagation

of vasoconstriction from RCVS onset to the remission of TCH on

MRA in 14 of the 16 patients with RCVS. Although the patho-

physiologic mechanisms behind the centripetal propagation of

vasoconstriction are unknown, this phenomenon is an important

neuroradiologic finding for diagnosis.

FIG 1. Images from a 28-year-old woman (case 6) with puerperium-
related reversible cerebral vasoconstriction syndrome. The patient
was admitted to the hospital 1 day after onset. A, The initial MRA
obtained 1 day after the onset of thunderclap headache shows vaso-
constrictions in the bilateral P2–3 portions of the posterior cerebral
arteries (black arrows). B, MRA obtained at the time of TCH remission
(12 days after onset) shows centripetal propagation of vasoconstric-
tion in the bilateral P2 (black arrows) and P1 (white arrows) portions of
the posterior cerebral arteries and bilateral A1 portions of the anterior
cerebral arteries (black arrowheads).

FIG 2. Images from a 60-year-old woman (case 8) with bath-related
reversible cerebral vasoconstriction syndrome. The patient was ad-
mitted to the hospital 2 days after onset. A and C, Initial MRA ob-
tained 2 days after onset of thunderclap headache shows vasocon-
strictions in the bilateral distal MCAs (dotted circles) and bilateral
P2–3 portions of the posterior cerebral arteries (C, circle). B and D,
MRA obtained at the time of TCH remission (20 days after onset of
TCH) shows centripetal propagation of vasoconstriction in the bilat-
eral A1 portions (B, black arrowheads) and A2 portions (B, black ar-
row) of the anterior cerebral artery, bilateral internal cerebral arteries
(D, black arrowheads), the left P1 portion of the posterior cerebral
artery (D, black arrows), and the basilar artery (B, white arrowheads).
Vasoconstriction of the bilateral P2–3 portions was improved, but
some findings remained on MRA at the time of TCH remission.
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Neuroradiologic Diagnosis of RCVS
RCVS should be considered for patients in the acute phase of

cortical SAH or cryptogenic stroke with recurrent TCH.4 How-

ever, in the acute phase of RCVS, clinicians are likely to overlook

a diagnosis of RCVS in patients who have no neuroradiologic

findings of parenchymal lesions such as posterior reversible en-

cephalopathy syndrome, intracerebral hemorrhage, or SAH on

MR imaging because clinicians should diagnose RCVS only from

a finding of vasoconstriction on MRA. The diagnosis of RCVS is

reportedly missed in one-third of patients who undergo initial

MRA within 10 days of headache onset.8 The diagnosis of RCVS in

the acute phase by using MR imaging remains difficult because

the vasoconstricted vessels are located peripherally at this time.

Patients with RCVS are predominantly women 50 years of age

or younger. MRA of healthy young individuals usually depicts the

MCA, posterior cerebral artery, and anterior cerebral artery

branches distal to the circle of Willis and the first branch points of

major vessels relatively well. A diagnosis of RCVS should thus be

considered in young women reporting TCH if the depiction of

peripheral vessels on MRA is poor. Furthermore, at the time of

TCH remission, if a clinician confirms centripetal propagation of

vasoconstriction with typical segmental vasoconstriction of the

circle of Willis vessels, RCVS can be diagnosed with confidence.

Recently, a hyperintense vessel sign on FLAIR images has been

reported as one of the neuroradiologic findings of vasoconstric-

tion of a distal artery in the acute phase of RCVS.8,15 The hyper-

intense vessel sign could simply represent slow flow in collateral

vessels distal to a proximal narrowing. Chen and Wang8 reported

the presence of a hyperintense vessel sign on FLAIR images in 22%

of patients with RCVS, and this sign in patients with RCVS was

associated with more severe vasoconstriction that may progress to

ischemic stroke or posterior reversible encephalopathy syn-

drome. In our study, the incidence of a hyperintense vessel sign on

initial MR imaging was also low (5 of 16 patients, 31%). This sign

tended to be more frequent in patients with RCVS who experi-

enced stroke. We considered that a hyperintense vessel sign might

be an indicator of the severity of RCVS, rather than a diagnostic

tool.

Limitations
TOF-MRA is a widely available, noninvasive technique that re-

quires no radiation exposure and no administration of contrast

material. However, the limitations of TOF-MRA include a lower

spatial resolution than DSA and CTA16 and the presence of flow-

induced artifacts. These limitations may diminish the ability to

depict vasoconstriction in small vessels.

Chen et al6 reported that vasoconstriction of M1 and P2 is

important for the development of posterior reversible encepha-

lopathy syndrome and ischemic stroke in patients with RCVS.

Although the present study included only 1 patient with posterior

reversible encephalopathy syndrome and 1 patient with cerebral

infarction, a high proportion of patients displayed vasoconstric-

tion of M1 or P2. This study thus found no relationship between

the location of vasoconstricted vessels and the type of stroke. We

believe that a more detailed examination of the relationships be-

tween the locations of constricted vessels and the type of stroke is

necessary in patients with RCVS.

This was a retrospective study of a small group of patients, and

prospective studies with a greater number of cases are necessary.

CONCLUSIONS
Compared with MRA at the time of RCVS onset, this study found

evidence of centripetal propagation of vasoconstriction on MRA

performed at the time of remission of TCH. This time point there-

fore may represent a useful opportunity to diagnose RCVS with

greater confidence if the clinician remains unsure of the diagnosis

during the early stages of RCVS.

REFERENCES
1. Calabrese LH, Dodick DW, Schwedt TJ, et al. Narrative review: re-

versible cerebral vasoconstriction syndromes. Ann Intern Med
2007;146:34 – 44 CrossRef Medline

2. Ducros A. Reversible cerebral vasoconstriction syndrome. Lancet
Neurol 2012;11:906 –17 CrossRef Medline

3. Chen SP, Fuh JL, Lirng JF, et al. Recurrent primary thunderclap
headache and benign CNS angiopathy: spectra of the same disor-
der? Neurology 2006;67:2164 – 69 CrossRef Medline

4. Ducros A, Boukobza M, Porcher R, et al. The clinical and radiologi-
cal spectrum of reversible cerebral vasoconstriction syndrome: a
prospective series of 67 patients. Brain 2007;130:3091–101 CrossRef
Medline

5. Dodick DW, Brown RD Jr, Britton JW, et al. Nonaneurysmal thun-
derclap headache with diffuse, multifocal, segmental, and revers-
ible vasospasm. Cephalalgia 1999;19:118 –23 CrossRef Medline

6. Chen SP, Fuh JL, Wang SJ, et al. Magnetic resonance angiography in
reversible cerebral vasoconstriction syndromes. Ann Neurol 2010;
67:648 –56 CrossRef Medline

7. Chen SP, Fuh JL, Chang FC, et al. Transcranial color Doppler study
for reversible cerebral vasoconstriction syndromes. Ann Neurol
2008;63:751–57 CrossRef Medline

8. Chen SP, Wang SJ. Hyperintense vessels: an early MRI marker of
reversible cerebral vasoconstriction syndrome? Cephalalgia 2014;
34:1038 –39 CrossRef Medline

9. Ducros A, Fiedler U, Porcher R, et al. Hemorrhagic manifestations
of reversible cerebral vasoconstriction syndrome: frequency, fea-
tures, and risk factors. Stroke 2010;41:2505–11 CrossRef Medline

10. Chen SP, Fuh JL, Wang SJ. Reversible cerebral vasoconstriction
syndrome: an under-recognized clinical emergency. Ther Adv Neu-
rol Disord 2010;3:161–71 CrossRef Medline

11. Cuvinciuc V, Viguier A, Calviere L, et al. Isolated acute nontrau-
matic cortical subarachnoid hemorrhage. AJNR Am J Neuroradiol
2010;31:1355– 62 CrossRef Medline

12. Covarrubias DJ, Luetmer PH, Campeau NG. Posterior reversible
encephalopathy syndrome: prognostic utility of quantitative diffu-
sion-weighted MR images. AJNR Am J Neuroradiol 2002;23:1038 – 48
Medline

13. Iancu-Gontard D, Oppenheim C, Touzé E, et al. Evaluation of hy-
perintense vessels on FLAIR MRI for the diagnosis of multiple in-
tracerebral arterial stenoses. Stroke 2003;34:1886 –91 CrossRef
Medline

14. Chen SP, Fuh JL, Wang SJ. Reversible cerebral vasoconstriction
syndrome: current and future perspectives. Expert Rev Neurother
2011;11:1265–76 CrossRef Medline

15. Kameda T, Namekawa M, Shimazaki H, et al. Unique combination of
hyperintense vessel sign on initial FLAIR and delayed vasoconstric-
tion on MRA in reversible cerebral vasoconstriction syndrome: a
case report. Cephalalgia 2014;34:1093–96 CrossRef Medline

16. Bash S, Villablanca JP, Jahan R, et al. Intracranial vascular stenosis
and occlusive disease: evaluation with CT angiography, MR angiog-
raphy, and digital subtraction angiography. AJNR Am J Neuroradiol
2005;26:1012–21 Medline

1598 Shimoda Sep 2016 www.ajnr.org

http://dx.doi.org/10.7326/0003-4819-146-1-200701020-00007
http://www.ncbi.nlm.nih.gov/pubmed/17200220
http://dx.doi.org/10.1016/S1474-4422(12)70135-7
http://www.ncbi.nlm.nih.gov/pubmed/22995694
http://dx.doi.org/10.1212/01.wnl.0000249115.63436.6d
http://www.ncbi.nlm.nih.gov/pubmed/17190937
http://dx.doi.org/10.1093/brain/awm256
http://www.ncbi.nlm.nih.gov/pubmed/18025032
http://dx.doi.org/10.1046/j.1468-2982.1999.019002118.x
http://www.ncbi.nlm.nih.gov/pubmed/10214538
http://dx.doi.org/10.1002/ana.21951
http://www.ncbi.nlm.nih.gov/pubmed/20437562
http://dx.doi.org/10.1002/ana.21384
http://www.ncbi.nlm.nih.gov/pubmed/18496847
http://dx.doi.org/10.1177/0333102414529193
http://www.ncbi.nlm.nih.gov/pubmed/24715501
http://dx.doi.org/10.1161/STROKEAHA.109.572313
http://www.ncbi.nlm.nih.gov/pubmed/20884871
http://dx.doi.org/10.1177/1756285610361795
http://www.ncbi.nlm.nih.gov/pubmed/21179608
http://dx.doi.org/10.3174/ajnr.A1986
http://www.ncbi.nlm.nih.gov/pubmed/20093311
http://www.ncbi.nlm.nih.gov/pubmed/12063238
http://dx.doi.org/10.1161/01.STR.0000080382.61984.FE
http://www.ncbi.nlm.nih.gov/pubmed/12829863
http://dx.doi.org/10.1586/ern.11.112
http://www.ncbi.nlm.nih.gov/pubmed/21864073
http://dx.doi.org/10.1177/0333102414529197
http://www.ncbi.nlm.nih.gov/pubmed/24711608
http://www.ncbi.nlm.nih.gov/pubmed/15891154


ORIGINAL RESEARCH
ADULT BRAIN

Application of Blood-Brain Barrier Permeability Imaging in
Global Cerebral Edema

X J. Ivanidze, X O.N. Kallas, X A. Gupta, X E. Weidman, X H. Baradaran, X D. Mir, X A. Giambrone, X A.Z. Segal, X J. Claassen, and
X P.C. Sanelli

ABSTRACT

BACKGROUND AND PURPOSE: Blood-brain barrier permeability is not routinely evaluated in the clinical setting. Global cerebral edema
occurs after SAH and is associated with BBB disruption. Detection of global cerebral edema using current imaging techniques is challenging.
Our purpose was to apply blood-brain barrier permeability imaging in patients with global cerebral edema by using extended CT
perfusion.

MATERIALS AND METHODS: Patients with SAH underwent CTP in the early phase after aneurysmal rupture (days 0 –3) and were classified
as having global cerebral edema or nonglobal cerebral edema using established noncontrast CT criteria. CTP data were postprocessed into
blood-brain barrier permeability quantitative maps of PS (permeability surface-area product), Ktrans (volume transfer constant from blood
plasma to extravascular extracellular space), Kep (washout rate constant of the contrast agent from extravascular extracellular space to
intravascular space), VE (extravascular extracellular space volume per unit of tissue volume), VP (plasmatic volume per unit of tissue
volume), and F (plasma flow) by using Olea Sphere software. Mean values were compared using t tests.

RESULTS: Twenty-two patients were included in the analysis. Kep (1.32 versus 1.52, P � .0001), Ktrans (0.15 versus 0.19, P � .0001), VP (0.51
versus 0.57, P � .0007), and F (1176 versus 1329, P � .0001) were decreased in global cerebral edema compared with nonglobal cerebral
edema while VE (0.81 versus 0.39, P � .0001) was increased.

CONCLUSIONS: Extended CTP was used to evaluate blood-brain barrier permeability in patients with SAH with and without global
cerebral edema. Kep is an important indicator of altered blood-brain barrier permeability in patients with decreased blood flow, as Kep is
flow-independent. Further study of blood-brain barrier permeability is needed to improve diagnosis and monitoring of global cerebral
edema.

ABBREVIATIONS: BBBP � blood-brain barrier permeability; EES � extravascular extracellular space; F � plasma flow; GCE � global cerebral edema; IVS �
intravascular space; Kep � washout rate constant of the contrast agent from EES to IVS; Ktrans � volume transfer constant from blood plasma to EES; PS � permeability
surface-area product; VE � extravascular extracellular space volume per unit of tissue volume; VP � plasmatic volume per unit of tissue volume

The blood-brain barrier plays an important role in many CNS

diseases relating to microvascular dysfunction and neuroin-

flammation, which are known to increase blood-brain barrier

permeability (BBBP) in animal models.1 Obtaining quantitative

BBBP information in the clinical setting would constitute a novel

diagnostic and therapeutic strategy with widespread application.

Global cerebral edema (GCE) represents a major complication in

patients with SAH, is an independent predictor of SAH morbidity

and mortality,2,3 and is thought to be related to disruption of the

BBB. Moreover, delayed cerebral ischemia represents an indepen-

dent major complication and poor prognostic factor in patients

with SAH.4 Initial studies have shown that earlier diagnosis of

delayed cerebral ischemia before manifestation of clinical symp-

toms, altered CBF, and NCCT findings is possible with BBBP

imaging by using CTP.5 BBBP evaluation with CTP is a promising
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technique, especially in patients with SAH, given that these pa-

tients are critically ill, require intensive monitoring, and often

have contraindications to evaluation with MR imaging.5 Currently,

imaging diagnosis of GCE relies on NCCT demonstrating diffuse

effacement of the hemispheric sulci and diffuse obscuration of the

hemispheric gray-white matter junction at the level of the centrum

semiovale.3 These findings are challenging to identify in the setting of

diffuse SAH and increased intracranial pressure effacing the sulci and

cisterns. Moreover, NCCT fails to provide a direct assessment of the

hemodynamic and microvascular dysfunction thought to be central

to the underlying pathophysiology of GCE. Quantitative imaging of

microvascular parameters, such as measures of BBBP, may provide

for more accurate detection and monitoring of GCE compared with

NCCT and could potentially improve the clinical management and

outcomes of patients after SAH.

Extended CTP allows measurement of BBBP parameters not

currently used in clinical practice. Kep represents the washout rate

constant of the contrast agent from the extravascular extracellular

space (EES) to the intravascular space (IVS). Kep therefore reflects

the flow across the blood vessel wall from the EES to the IVS, and

is independent of blood plasma flow. Based on transport equa-

tions proposed by Gowland et al6:

T � 1/Kep,

where T is the time constant for transfer

across the BBB. Therefore, Kep is

thought to be related inversely to BBBP.

Ktrans represents the volume transfer

constant from the blood plasma to the

EES. PS is the permeability surface-area
product and represents the flow across
the blood vessel wall from the IVS to the
EES. VE represents the volume in the
EES per unit of tissue volume, and VP
represents the plasmatic volume per
unit of tissue volume. F represents the
plasmatic flow. In summary, Kep, PS,
and Ktrans can be viewed as the primary
BBBP parameters because they reflect
flow across the BBB.6,7 On the other
hand, VE, VP, and F are descriptive of
hemodynamic conditions on either side
of the BBB (the IVS or the EES, respec-
tively). Fig 1 summarizes the relation-
ships of BBBP parameters under normal
conditions and in the setting of GCE.
CTP has numerous practical advantages
that make it highly suitable for critically
ill patients: it is widely available, can be
performed with most scanners, has few
contraindications, and has rapid acqui-
sition and processing times. Assessment
of these parameters offers a promising
technique to evaluate BBBP in the clini-
cal setting. However, it has not been
widely adopted in clinical practice, with
few published investigations studying
measures of BBBP.5,8,9

The purpose of our study was to apply BBBP imaging by using
extended CTP in the setting of GCE and to quantitatively assess its
parameters. We hypothesize that application of extended CTP is
able to detect a significant difference in the BBBP parameters in
patients with GCE compared with patients without GCE in the
early phase after SAH.

MATERIALS AND METHODS
Population
This study was an institutional review board–approved retrospec-

tive analysis performed on consecutive patients with SAH en-

rolled in a prospective diagnostic accuracy trial at our institution.

SAH was determined by a combination of NCCT, CTA, DSA,

and/or CSF analysis. In this prospective study design, CTP was

performed on days 0 –3 after aneurysmal rupture to assess base-

line cerebral perfusion and to compare with later examinations

for interval change. All patients underwent either endovascular

coiling or surgical clipping before CTP. Demographic and clinical

data were collected (Table 1).

All patients with SAH with CTP performed on days 0 –3 were

included in our study. Exclusion criteria were CTP examinations

with severe motion degradation limiting postprocessing methods

and unavailable CTP data from archives for postprocessing.

Patients were classified into 3 outcome groups: GCE (n � 11),

FIG 1. Cytoarchitecture of the BBB and schematic representation of BBBP parameters derived
from extended CTP. A, Non-GCE. At baseline, the BBB is composed of endothelial cells con-
nected by tight junctions (as opposed to fenestrated endothelium outside of the CNS), the
basement membrane, and the astrocyte processes. B, In the setting of GCE, there is an increase in
EES as reflected by increased VE and decreased Kep, indicating increased BBBP (indicated in the
drawing by a more porous basement membrane and tight junctions). PS is also elevated, indicating
increased BBBP. Importantly, Kep is independent of F. In GCE, Kep is the most reliable parameter to
evaluate BBBP in the setting of flow impairment.
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non-GCE (n � 11), and indeterminate (n � 2) based on admis-

sion NCCT. GCE was defined using the following established cri-

teria3: complete or near-complete effacement of the hemispheric

sulci and basal cisterns and bilateral and extensive disruption of

the hemispheric gray-white matter junction (including basal gan-

glia) at the level of the centrum semiovale.3 Absence of both fea-

tures resulted in classification as non-GCE. If only 1 feature was

present, patients were classified as indeterminate. Classification

was performed independently by 2 board-certified neuroradiolo-

gists (15 years and 3 years of experience) blinded to all other

clinical and imaging data. Consensus reading was provided for

adjudication. Interobserver agreement was analyzed using the

� coefficient.

Image Acquisition, Postprocessing, and Quantitative
Analysis
CTP was performed in the early phase (days 0 –3) after SAH, along

with NCCT and CTA, as part of our study trial protocol. NCCT

was performed from the foramen magnum to the vertex by using

the following parameters: 120 kVp, 250 mAs, 1.0 rotation time,

and 5.0-mm collimation.

Extended CTP scanning was performed on a 64-section scan-

ner (LightSpeed Discovery HD-750; GE Healthcare, Milwaukee,

Wisconsin) with an axial shuttle mode protocol for simultaneous

acquisition of CTA and CTP data using the following parameters:

80 kVp, 400 mAs, 0.4 rotation time, 5.0-mm collimation with 17

cine cycles, and 2.8-second interscan delay for the first pass. Sec-

ond pass technique included 10 cine cycles with a 10-second in-

terscan delay. A total of 90 mL of nonionic contrast was intrave-

nously administered at 4.0 mL/s followed by a 30 mL saline-bolus

chaser. Average CT dose index volume was 300 mGy and average

dose-length product was 2500 mGy-cm for the entire examina-

tion, including NCCT, CTA, and extended CTP.

For this study, CTP data were postprocessed off-line into maps

of the BBBP parameters (Kep, Ktrans, PS, F, E [extraction fraction

of contrast agent], VE, and VP), CBF, CBV, and MTT by using

commercially available software (Olea Sphere V.2.0; Olea Medi-

cal, La Ciotat, France), based on previously published recommen-

dations and guidelines.8,10 Quantitative analysis of CTP data was

performed using standardized sampling of the cerebral cortex ac-

cording to established methods4,11 with round, continuous ROIs

placed along the cerebral cortex. Up to 24 ROIs were included in

each CTP section, distributed in the following territories: approx-

imately 4 in the anterior cerebral artery, 12 in the middle cerebral

artery, and 4 in the posterior cerebral artery territories. ROIs over-

lying large cortical vessels with CBF greater than 100 mL/100

g/min were excluded from the statistical analysis.12 Mean values

and 95% CIs were calculated using the remaining ROIs in all CTP

sections for each patient. Unpaired t tests were performed to com-

pare Kep, Ktrans, PS, F, extraction fraction of contrast agent, VE

and VP, as well as CBF, CBV, and MTT in the GCE and non-GCE

groups.

Permeability Modeling
Permeability parameters were calculated using the Delayed Law-

rence and Lee Model.13 According to the Delayed Lawrence and

Lee Model, Kep represents the washout rate constant of the con-

trast agent from the EES to the IVS. The formula for Kep is:

Kep � Ktrans/VE.

Kep appears to have an inverse relationship with BBBP, and there-

fore decreases with increased permeability. Importantly, Kep is

independent of flow.6

Ktrans equals the blood plasma flow per unit volume of tissue,

derived through the formula:

Ktrans � E � F,

where E represents the extraction fraction of contrast agent that

leaves the IVS in the first pass of the bolus through the vascular

bed. E has no units assigned and has a value between 0 and 1. F

represents the plasma flow per unit tissue volume and its units are

mL � mL�1 � min�1. Ktrans is dependent on the blood flow.

PS represents the flow across the blood vessel wall from the

IVS to the EES. The formula for PS is:

PS � �F � �1 � Hct� � log�1 � E�,

where Hct is the hematocrit. According to recommendations con-

tained in the Olea Manual, a default hematocrit level is set to 0.45

for the calculation of all derived perfusion and permeability pa-

rameters for which a hematocrit level is required. PS increases

with increased permeability; however, PS is also flow-dependent.6

In summary, Kep, PS, and Ktrans have previously been used to

assess BBBP in patients9,14 and animal models.15,16 However, ac-

cording to the Lawrence and Lee Model derivations above, de-

creasing Kep most accurately reflects increasing disruption and

permeability of BBB, especially in the setting of impaired CBF,

such as occurs in GCE.12

RESULTS
Study Population
Twenty-two patients were included in the study after excluding

indeterminate patients (n � 2) from the statistical analysis. In the

22 patients, 50% (11/22) were classified as having GCE and 50%

(11/22) as non-GCE. There was statistically significant high inter-

observer reproducibility, with � interobserver agreement coeffi-

cient of 0.86 (P � .0001) for sulcal effacement and 0.73 (P �

.0001) for gray-white matter differentiation between the 2 blinded

Table 1: Clinical characteristics of the study population
GCE

(n = 11)
Non-GCE

(n = 11)
P

Value
Mean age (years) 51 49 .67
Sex .92

Female 82% (9/11) 64% (7/11)
Male 18% (2/11) 36% (4/11)

Focal deficit at presentation 46% (5/11) 36% (4/11) .66
Loss of consciousness 18% (2/11) 27% (3/11) .61
Mean Hunt and Hess score 3.0 2.5 .15
Ventriculostomy catheter 82% (9/11) 82% (9/11) 1.00
Aneurysm location .66

Anterior 64% (7/11) 54% (6/11)
Posterior 36% (4/11) 46% (5/11)

Treatment .19
Coiled 27% (3/11) 54% (6/11)
Clipped 73% (8/11) 46% (5/11)
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neuroradiologists. Clinical characteristics of the study population

are summarized in Table 1.

Global BBBP Analysis
Quantitative BBBP results along with CTP results are summarized

in Table 2. Kep, Ktrans, VP, and F were significantly decreased,

while VE was significantly increased, in the GCE group compared

with the non-GCE group. Differences in PS and extraction frac-

tion of contrast agent did not reach statistical significance. How-

ever, there was a trend for increased PS in GCE. CBF was signifi-

cantly decreased in the GCE group compared with the non-GCE

group, while differences in CBV and MTT did not reach statistical

significance.

Fig 2 demonstrates quantitative BBBP maps in a representative

patient from the GCE group and a representative patient from the

non-GCE group, respectively.

DISCUSSION
Assessment of BBBP with CTP is a novel technique that has not

been adopted in clinical practice despite its numerous practical

advantages, including widespread availability and relatively low

cost. Quantitative BBBP evaluation in the clinical setting prom-

ises new insights into the underlying pathophysiology of many

neurologic diseases. The relationship between BBBP and micro-

vascular dysfunction and neuroinflammation plays an important

role in numerous conditions, such as GCE.

GCE remains a major complication after SAH. Presently, as-

sessment of GCE relies primarily on NCCT findings that are often

difficult to identify in the setting of dif-

fuse SAH and increased intracranial

pressure. Given the influence of GCE on

SAH morbidity and mortality, earlier

detection of GCE may improve out-

comes in SAH.3

At present, there are no clinically es-

tablished methods to assess the patho-

physiologic mechanisms underlying

GCE, such as microvascular dysfunc-

tion, inflammatory effects, and neuro-

toxic effects of blood.3 Given that these

factors also play a role in BBB dysfunc-

tion, we have evaluated the utility of

BBBP parameters in the assessment of

GCE after SAH. However, these findings

may be applicable to a wide spectrum of

conditions where cerebral edema is

known to occur, such as acute stroke,

traumatic and anoxic brain injury, and

CNS infections.

Our findings suggest that Kep de-

creases with increased BBBP14,15 and

may represent the most useful parame-

ter in GCE because it is independent of

low blood flow conditions. This inverse

relationship between Kep and BBBP

could be attributed to the underlying

pathophysiologic mechanisms, includ-

ing time kinetics. Kinetic analysis of

BBBP changes during focused sonography-induced BBB opening

demonstrated initial decrease in Kep with subsequent recovery

over time.16 Therefore, time kinetics are a crucial component in

the assessment of the different BBBP parameters. In our study, we

measured BBBP at a very early (initial) stage in patients with SAH

who develop GCE demonstrating decreased Kep. However, future

work will show if Kep recovers on follow-up examinations in these

patients. The exact timing of BBBP imaging during the course of

the disease is an important factor in understanding Kep in these

patients, as it relates to the timing of the BBB breakdown.

In contrast, Ktrans is dependent on blood flow and also de-

creased with increased BBBP in our study, representing a less

reliable parameter for assessment of BBBP in GCE. Furthermore,

our findings demonstrate significant differences in VE and VP in

patients with GCE. The mathematical derivation of VE and VP is

based on the fractions of volume of the EES and IVS, respectively.

Fig 1 summarizes the relationships of these BBBP parameters un-

der normal conditions and in the setting of GCE. In the setting of

interstitial edema such as GCE, fluid from the IVS (represented by

VP) transgresses the BBB into the EES (represented by VE). In

GCE, there is an increase in EES as reflected by increased VE and

decreased Kep, indicating increased BBBP. Furthermore, our find-

ings also demonstrated significantly decreased Ktrans and F in pa-

tients with GCE. In the literature, CBF impairment recently has

been reported in patients with GCE.12 Our data demonstrated

decreased CBF in patients with GCE compared with patients

without GCE and is thus concordant with previously published

FIG 2. BBBP quantitative maps of Kep, Ktrans, and VE in a representative patient from the GCE
group (top panel) and a representative patient from the non-GCE group (bottom panel). NCCT
images demonstrate loss of gray-white matter differentiation and presence of sulcal effacement
in the patient with GCE. Corresponding BBBP maps reveal decreased Kep, slightly decreased Ktrans,
and increased VE in the same patient compared with the patient without GCE.

Table 2: Quantitative BBBP and CTP resultsa

GCE Non-GCE P Value
Kep (min�1) 1.28 (1.23–1.33) 1.52 (1.45–1.59) �.0001
Ktrans (min�1) 0.15 (0.14–0.16) 0.19 (0.18–0.20) �.0001
PS (mL � mL�1 � min�1) 227.4 (213.4–241.5) 208.4 (189.7–227.2) .1095
VE 0.70 (0.61–0.78) 0.39 (0.36–0.42) �.0001
VP 0.51 (0.48–0.53) 0.57 (0.54–0.60) .0019
F (mL � mL�1 � min�1) 1175 (1125–1226) 1329 (1259–1398) .0005
CBF (mL � 100 g�1 � min�1) 32.57 (28.20–36.93) 42.02 (35.44–48.60) .0148
CBV (mL � 100 g�1) 5.86 (4.76–6.96) 5.86 (4.16–7.56) .9950
MTT (s) 2.28 (1.44–3.12) 2.20 (1.99–2.40) .8376

a Data presented as mean (95% CI).
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studies.12 Because the derivation of Ktrans is dependent on F, it is a

less reliable parameter in flow-restricted conditions, such as seen

in GCE.17 Given that Kep is independent of F, it may represent a

more useful parameter to assess BBBP in the context of GCE,

particularly when flow impairment occurs.12 These findings fur-

ther contribute to the development of an imaging biomarker of

BBBP in flow-restricted conditions such as cerebral edema.

In this initial exploratory study, our sample was limited to

patients with SAH who had an extended CTP technique per-

formed. Future studies evaluating BBBP parameters in other pa-

tient populations such as stroke, hypoxic-ischemic injury, trau-

matic brain injury, neoplasm, and inflammation will be

important to improving our understanding of BBBP in different

clinical settings as well as to evaluate BBBP parameters as poten-

tial outcome measures in specific disease states.

Although there was a trend for increased PS in patients with

GCE compared with patients without GCE, statistical significance

was not achieved. However, these findings support further pro-

spective work to elucidate the pathophysiologic processes leading

to GCE after SAH.

CONCLUSIONS
Further study of BBBP is needed to improve diagnosis and mon-

itoring of GCE. Validating a potential quantitative imaging bio-

marker may improve detection and management of GCE and may

provide a quantitative end point for future clinical trials aimed at

improving SAH outcomes.
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ORIGINAL RESEARCH
ADULT BRAIN

Uremic Encephalopathy: MR Imaging Findings and Clinical
Correlation

X D.M. Kim, X I.H. Lee, and X C.J. Song

ABSTRACT

BACKGROUND AND PURPOSE: Uremic encephalopathy is a metabolic disorder in patients with renal failure. The purpose of this study
was to describe the MR imaging findings of uremic encephalopathy.

MATERIALS AND METHODS: This study retrospectively reviewed MR imaging findings in 10 patients with clinically proved uremic
encephalopathy between May 2005 and December 2014. Parameters evaluated were lesion location and appearance; MR signal intensity
of the lesions on T1WI, T2WI, and T2 fluid-attenuated inversion recovery images; the presence or absence of restricted diffusion on
diffusion-weighted images and apparent diffusion coefficient maps; and the reversibility of documented signal-intensity abnormalities on
follow-up MR imaging.

RESULTS: MR imaging abnormalities accompanying marked elevation of serum creatinine (range, 4.3–11.7 mg/dL) were evident in the
10 patients. Nine patients had a history of chronic renal failure with expansile bilateral basal ganglia lesions, and 1 patient with acute
renal failure had reversible largely cortical lesions. Two of 6 patients with available arterial blood gas results had metabolic acidosis.
All basal ganglia lesions showed expansile high signal intensity (lentiform fork sign) on T2WI. Varied levels of restricted diffusion and
a range of signal intensities on DWI were evident and were not correlated with serum Cr levels. All cortical lesions demonstrated high
signal intensity on T2WI. Four patients with follow-up MR imaging after hemodialysis showed complete resolution of all lesions.

CONCLUSIONS: The lentiform fork sign is reliable in the early diagnosis of uremic encephalopathy, regardless of the presence of
metabolic acidosis. Cytotoxic edema and/or vasogenic edema on DWI/ADC maps may be associated with uremic encephalopathy.

ABBREVIATIONS: ARF � acute renal failure; DM � diabetes mellitus; LFS � lentiform fork sign; SI � signal intensity; UE � uremic encephalopathy

Uremic encephalopathy is a metabolic disorder that occurs in

patients with acute or chronic renal failure. This toxic-

metabolic encephalopathy is a complication resulting from en-

dogenous uremic toxins in patients with severe renal failure. The

pathogenesis is complex and unclear.

Knowledge concerning a uremic encephalopathy (UE)-specific

imaging feature, the so-called lentiform fork sign (LFS), is lim-

ited to case reports. The LFS may also be present in metabolic

acidosis from any cause, including end-stage renal disease, meth-

anol intoxication, and the dialysis disequilibrium syndrome.1-6

This study was undertaken to describe the MR imaging features in

the brains of 10 patients with UE, with the aim of identifying

common imaging features and potentially clarifying the possible

pathophysiology of UE.

MATERIALS AND METHODS
This retrospective study was reviewed and approved by our institu-

tional review board. The study included 10 patients (9 men and 1

woman; mean age, 58 years; age range, 17–76 years) with clinically

proved UE who had abnormalities on brain imaging when examined

between May 2005 and December 2014. Eleven potential patients

were identified by a search of the imaging archive at our institution

for patients who had the LFS on MR imaging. Imaging findings and

medical records of these 11 patients were reviewed. Two of the pa-

tients were excluded because of other toxic/metabolic diseases, such

as extrapontine myelinolysis. One additional patient who underwent

MR imaging after a clinical diagnosis of UE was subsequently iden-

tified and included. UE diagnoses in patients were clinical and sup-

ported by laboratory findings showing deterioration of renal func-

tion and typical neurologic complications. Other possible causative
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conditions, such as cerebral stroke, drug-induced movement disor-

der, neurodegenerative disease, or other metabolic disorders7,8 were

excluded by chart review.

The medical records of the 10 patients were reviewed for the

history and duration of diabetes mellitus (DM); hypertension; the

cause of renal failure and categorization into acute renal failure

(ARF) or chronic renal failure; presenting symptoms; laboratory

findings (serum blood urea, nitrogen, and creatinine levels; met-

abolic acidosis on arterial blood gas); treatment; and recurrence.

Metabolic acidosis was diagnosed on arterial blood gas if the pH

was low (�7.35) and the bicarbonate levels were decreased (�24

mmol/L; normal range, 19 –24 mmol/L). All patients underwent

MR imaging within a few hours of the onset of symptoms. The

MR imaging was performed by using a 3T scanner (Intera

Achieva; Philips Healthcare, Best, the Netherlands) and a 1.5T

scanner (Signa Excite; GE Healthcare, Milwaukee, Wisconsin).

The protocol on the 3T scanner included T2-weighted imaging

(TR/TE, 3000/80 ms; section thickness, 5 mm; section gap, 1.5

mm; FOV, 220 � 220 mm; matrix, 400 � 300; number of signals

acquired, 1), FLAIR (TR/TE, 11,000/125 ms; section thickness, 5

mm; section gap, 1.5 mm; FOV, 220 � 220 mm; matrix, 316 �

242; number of signals acquired, 1), T1-weighted imaging (TR/

TE, 2000/10 ms; section thickness, 5 mm; section gap, 1.5 mm;

FOV, 220 � 220 mm; matrix, 260 � 166; number of signals ac-

quired, 1), and axial 2D gradient recalled-echo imaging (TR/TE,

453/14 ms; flip angle, 20°; section thickness, 5 mm; section gap,

1.5 mm; FOV, 220 � 220 mm; matrix, 275 � 275). The protocol

on the 1.5T scanner included T2-weighted imaging (TR/TE,

3600/120 ms; section thickness, 5 mm; section gap, 1.5 mm; FOV,

220 � 220 mm; matrix, 256 � 256; number of signals acquired,

2), and T1-weighted imaging (TR/TE, 450/10 ms; section thick-

ness, 5 mm; section gap, 1.5 mm; FOV, 220 � 220 mm; matrix,

320 � 190; number of signals acquired, 2).

DWI with b-values of 0 and 1000 was performed in the axial

plane, by using 3 orthogonal directions of diffusion-sensitizing

gradients, combined into isotropic images. Other parameters in-

cluded TR/TE, 4300/46 ms; section thickness, 3 mm; section gap,

1 mm; FOV, 240 � 240 mm; matrix, 128 � 126; number of signals

acquired, 1.

All MR imaging data were retrospectively evaluated by 2 expe-

rienced radiologists for lesion location; appearance; MR signal

intensity on T1WI, T2WI, and FLAIR images; DWI and ADC

maps; the presence or absence of hemorrhage; and the reversibil-

ity of signal intensity (SI) on follow-up MR imaging. The LFS was

defined as bilateral, expansile, and symmetric hyperintensity in

the basal ganglia surrounded by a more hyperintense rim delin-

eating the lentiform nucleus on T2WI.

RESULTS
Clinical and imaging findings of UE in 10 patients are presented in

the On-line Table. Nine of 10 patients had a history of underlying

chronic renal failure, ranging from 3 months to 14 years. The

remaining patient had ARF. Seven of 9 patients had underlying

diabetic chronic renal disease (long-term DM; range, 5–30 years),

and 2 of 9 patients had underlying hypertensive chronic renal

disease without DM. All 9 patients with chronic renal failure reg-

ularly received hemodialysis. Seven patients had hypertension

(systolic pressure range, 140 –178 mm Hg), and 2 patients were

normotensive on emergency department visits. The blood pres-

sure of 1 patient was not evaluated in the outpatient clinic. All

patients had acute neurologic symptoms as follows: movement

disorder (n � 7), dysarthria (n � 4), and altered mental status

(n � 1). All patients had uremia; blood chemistry analyses showed

marked elevation of blood urea nitrogen (range, 31.7– 69 mg/dL;

healthy average after dialysis, 8 –20 mg/dL) and Cr (range, 4.3–

11.7 mg/dL; healthy average after dialysis, 0.8 –1.2 mg/dL). Other

serum electrolyte and glucose levels were not significantly abnor-

mal, excluding other causes of encephalopathy. Of 5 patients with

available arterial blood gas and bilateral basal ganglia lesions, 1

(patient 2) had a mild metabolic acidosis (pH, 7.31; bicarbonate,

21.7), and 4 patients had a normal pH level. One patient (patient

7) with ARF and cortical lesions on MR imaging also had mild

metabolic acidosis (pH, 7.3; bicarbonate, 19.0).

In 9 of 10 patients with chronic renal failure, MR imaging

showed bilateral, expansile, symmetric basal ganglia lesions with

increased SI on T2WI, FLAIR, and/or ADC maps, compatible

with vasogenic edema (LFS, Fig 1A). Four of 9 patients showed

diffuse mildly increased SI on DWI without restricted diffusion in

the bilateral basal ganglia lesions, and 2 showed focal restricted

diffusion, corresponding to cytotoxic edema, in the globus pallidi

(Fig 2A, -B). The remaining 5 patients showed normal SI on DWI

in the bilateral basal ganglia. One patient had restricted diffusion

in the bilateral globus pallidus and left putamen (Fig 3A, -B).

There was no significant difference among any of the patients

regarding clinical findings, including serum Cr level (5.63–11.7

mg/dL in the group of 4 patients versus 4.3–10.8 mg/dL in the

group of 5 patients).

Decreased SI on T1WI was noted in the lesions of 5 patients.

There were no hemorrhages in the deep gray matter on T2WI or

gradient recalled-echo images and no significant white matter ab-

normality in any patient.

Two of the 10 patients (patients 4 and 7) showed cortical in-

volvement on T2WI and FLAIR. Two patients had markedly high

systolic blood pressure (systolic blood pressure, 178 mm Hg; di-

astolic blood pressure, 86 and 58 mm Hg, respectively) on emer-

gency department visits. One patient (patient 4) who had hyper-

tensive chronic renal disease showed multifocal relatively

symmetric, gyriform high SI on T2WI/FLAIR images and low SI

on T1WI in the bilateral frontal and parieto-occipital lobes (Fig 1C)

and the bilateral basal ganglia (LFS; Fig 1A) without restricted

diffusion on ADC maps. Another patient (patient 7) who had

ARF demonstrated multifocal gyriform high T2 SI lesions in the

bilateral frontal, parieto-occipital, and right temporal lobes and

subtle nodular high T2 SI in the right putamen without restricted

diffusion on ADC maps. All patients showed improvement of

various neurologic symptoms, normalization of serum Cr levels,

and decreased serum blood urea nitrogen levels by �60% after

intensive hemodialysis. In 4 patients, follow-up MR imaging,

ranging from 40 days to 3 years later, showed complete resolution

of imaging abnormalities (Fig 4A, -B).

DISCUSSION
UE is a neurologic complication associated with ARF or chronic

renal failure. It is likely caused by the effects of neurotoxic com-
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pounds. Accumulation of uremic toxins such as guanidine com-

pounds (eg, creatinine and guanidine) might stimulate the neu-

rotoxic effect of excitatory N-methyl-D-aspartate receptors, and

concomitant inhibition of inhibitory �-aminobutyric acid recep-

tors may play an important role in the etiology of UE.9 It may be

an interruption of polysynaptic pathways and alterations in excit-

atory-inhibitory amino acid balance. The manifestations of this

brain disorder include various neurologic symptoms such as

movement disorders (tremor, asterixis,

myoclonus), cognitive disorders, and al-

teration in mental status.10,11

UE presents 3 patterns of imaging

findings: basal ganglia involvement,12-14

cortical or subcortical involvement,15,16

and white matter involvement.17,18

Basal ganglia involvement is more com-

mon in Asian patients with DM. The

LFS in patients with UE often affects

Asians (from Taiwan,12,13 Korea,13,14,18

Japan19). DM may make the basal gan-

glia more vulnerable to uremic toxins

because of endothelial dysfunction in

cerebral vessels (vascular autoregulatory

dysfunction20), and uremic toxin inhib-

its mitochondrial function with destruc-

tion of the pallidum and putamen.21

Cortical involvement is a category of
posterior reversible leukoencephalopathy syndrome,22 and DM
does not have a great effect on the involvement.18 Reversible in-
tracerebral disease entities mediated by vascular autoregulatory
dysfunction can be classified into 2 distinct groups: hypertensive
encephalopathy and UE.22 However, posterior reversible enceph-
alopathy syndrome is also seen in the uremic conditions in which
endothelial toxins are thought to play a role.16 Posterior reversible
encephalopathy syndrome is a clinical-radiologic syndrome

FIG 1. A 52-year-old man (patient 4) presented with seizure-like activity. A T2-
weighted image (A) and diagrammatic illustration (B) show the lentiform fork sign. A
bright hyperintense rim delineates the lateral (external capsule, long arrow) and
medial boundaries (external medullary lamina [short arrow] and internal medullary
laminae [thin arrow]) of both putamina. The globus pallidus is divided into 2 parts by
the medial medullary laminae, which can be seen in pathologic conditions on MR
images. A FLAIR image (C) shows multifocal relatively symmetric, gyriform high SI
(arrows) in the cortex of bilateral frontal, parieto-occipital lobes and bilateral basal
ganglia.

FIG 2. A 67-year-old man (patient 5) presented with unsteadiness. DWI (A) and an ADC map (B)
show diffuse mildly increased SI (long arrows) in the whole bilateral basal ganglia lesion on DWI
with focal restricted diffusion (short arrow), corresponding to cytotoxic edema in the right
globus pallidus.

1606 Kim Sep 2016 www.ajnr.org



characterized by headache, confusion, seizures, and visual dis-
turbance and is thought to be secondary to hypertension. It
classically occurs in the cortical or subcortical regions of the
dominant parieto-occipital lobes, holohemispheric watershed
zones, superior frontal sulcal area, and, rarely, the brain stem or
basal ganglia.16,23,24 MR imaging typically demonstrates vaso-
genic edema in the subcortical white matter and cortex. Cytotoxic
edema has been described in a relatively lower percentage of pa-
tients with posterior reversible encephalopathy syndrome.25

Central-variant posterior reversible encephalopathy syn-
drome had been described as brain stem or basal ganglia involve-
ment that spares the cerebral cortex and subcortical white mat-
ter.26 Imaging findings of central variant posterior reversible
encephalopathy syndrome include symmetric or asymmetric va-
sogenic edema (the pons and basal ganglia [caudate nucleus, glo-
bus pallidus, and not resulting in the LFS]; and, rarely, the thala-
mus, posterior limb of the internal capsule, cerebellum,
periventricular white matter) without any foci of reduced diffu-
sivity and multiple microhemorrhages in the affected regions on
susceptibility-weighted images.26 These imaging findings are sub-
stantially different from the imaging findings of UE. White matter

involvement is the rarest form and oc-
curs in the supratentorial white matter
regions. This form might be considered
a urea cycle disorder rather than UE.

The LFS has been described on
T2WI/FLAIR images as a hyperintense
rim delineating the lateral (external cap-
sule) and medial (internal capsule, in-
ternal and external medullary laminae)
boundaries of both putamina, resem-
bling a fork (Fig 1B).1 A literature re-
view1 reported that the LFS was found in
only 1 of 21 patients with UE admitted
during a 10-year period in a retrospec-
tive single-institution study, without
note of the absence or presence of DM.
However, data from the same literature
review showed that 10 of 11 patients
with UE who had the LFS had diabetes,
and 1 patient with diabetic ketoacidosis
had the LFS, implicating diabetes in the
production of these characteristic lenti-
form lesions. In this study, 7 of 9 patients
with UE who had the LFS during a 10-year
period had long-term DM. The results
may indicate a higher prevalence of the
LFS in Asian patients with DM and UE.

Metabolic acidosis associated with
disruption of the blood-brain barrier
is an essential element in the genera-
tion of the LFS,1,2 and this sign may be
attributable to differences in meta-
bolic vulnerability between neurons of
the basal ganglia and the astrocytes of
surrounding white matter. Although
UE is associated with metabolic acido-
sis, in this study, 1 of 5 patients with
the LFS had mild metabolic acidosis,
and the other 4 patients had normal
pH levels on arterial blood gas. These

findings are different from the results of a literature review that
showed that metabolic acidosis is the basis of the LFS, and the
absence of LFS might be reflective of a normal pH.1 We pro-
pose that the LFS can be seen in UE regardless of the presence
of metabolic acidosis, though coexistent metabolic acidosis
may exacerbate the damage of neurons in the basal ganglia.

In this study, T2WI/FLAIR images showed uniform imaging
findings. Diffuse vasogenic edema in the bilateral basal ganglia
and/or cortical lesions represents increased interstitial fluid from
a disruption of autoregulation. These results correspond well with
those of the earlier studies.13,14 There was no significant differ-
ence between groups with diffuse mildly increased SI on DWI
without restricted diffusion and others with normal SI on DWI in
basal ganglia lesions.

Three of 9 patients who underwent DWI showed cytotoxic
edema within the vasogenic edema of the basal ganglia, and all 3
lesions had cytotoxic edema in the unilateral or bilateral globus
pallidus. Thus, the globus pallidus may be more vulnerable to
cytotoxic damage than the putamen in UE. The globus pallidus is
thought to be a vulnerable area of toxic/metabolic injury because
of its high energy requirements and resultant sensitivity to mito-
chondrial and nuclear dysfunction.21,27 Toxic/metabolic enceph-

FIG 3. A 70-year-old man (patient 6) presented with involuntary movement. DWI (A) and an ADC
map (B) show normal SI (long arrows) in the bilateral basal ganglia on DWI with restricted diffusion
(short arrows) in the bilateral globus pallidus and left putamen, compatible with areas of cyto-
toxic edema in the lesions.

FIG 4. A 56-year-old man (patient 3) presented with dysarthria. Initial T2WI (A) shows the lenti-
form fork sign in the bilateral basal ganglia. Six months later, follow-up T2WI (B) shows complete
resolution of the lesions.
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alopathy, including carbon monoxide, cyanide, cocaine, opiate,
and manganese intoxication, and Wilson disease involve selective
vulnerability of pallidal neurons.28-31 However, the vulnerability of
the globus pallidus in UE has not been established, though cytotoxic
edema in the globus pallidus has been described in UE.13,14 Several
pathologic studies reported cytotoxic edema in posterior reversible
encephalopathy syndrome associated with fibrinoid necrosis and mi-
croinfarction32 and suggested a causal relationship between cyto-
toxic edema and larger areas of vasogenic edema.33 However, in this
study, there was no significant difference in the extent of vasogenic
edema between groups with cytotoxic edema and other groups with
vasogenic edema in basal ganglia lesions.

Cortical or subcortical lesions of UE are predominantly found in
the parieto-occipital lobes.16 Cortical lesion in patients with UE may
share pathophysiologic and imaging features with posterior revers-
ible encephalopathy syndrome. Combined clinical features (the pres-
ence of neurologic impairment, renal dysfunction, renal failure, DM,
metabolic acidosis, systemic hypertension, eclampsia, pre-eclampsia,
vascular disease, autoimmune disease, or cancer chemotherapy) and
imaging features (the presence of bilateral basal ganglia involvement
with LFS, vasogenic/cytotoxic edema in affected regions, or micro-
hemorrhage) should be considered in the differential diagnosis of UE
and posterior reversible encephalopathy syndrome.

UE in renal failure is reversibly associated with hemodialysis or
peritoneal dialysis, which removes neurotoxic compounds.34 In
this study, all patients showed improvement of their neurologic
symptoms, normalization of serum Cr levels, decreased serum
blood urea nitrogen levels by more than 60%, and complete res-
olution of imaging abnormalities on available follow-up MR im-
aging after intensified hemodialysis.

There are some limitations to this study. First, the sample size was
small. Follow-up MR imaging was not performed in the patients who
had restricted diffusion (cytotoxic edema) in their basal ganglia le-
sions. We cannot comment on the reversibility of these lesions. The
sensitivity/specificity of the LFS for UE was not determined because
of selection bias in this study. Finally, this study has not reliably dem-
onstrated that the more severe the UE, the more likely it is to dem-
onstrate the LFS on MR imaging, also due to selection bias.

CONCLUSIONS
The LFS on T2WI/FLAIR imaging is important in the early diag-

nosis of UE, regardless of the presence of metabolic acidosis. Cy-

totoxic edema and/or vasogenic edema on DWI and ADC map-

ping may be helpful findings associated with UE.
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ORIGINAL RESEARCH
ADULT BRAIN

Probabilistic Fiber-Tracking Reveals Degeneration
of the Contralateral Auditory Pathway in Patients with

Vestibular Schwannoma
X S.M. Rueckriegel, X G.A. Homola, X M. Hummel, X N. Willner, X R.-I. Ernestus, and X C. Matthies

ABSTRACT

BACKGROUND AND PURPOSE: Vestibular schwannomas cause progressive hearing loss by direct damage to the vestibulocochlear nerve.
The cerebral mechanisms of degeneration or plasticity are not well-understood. Therefore, the goal of our study was to show the
feasibility of probabilistic fiber-tracking of the auditory pathway in patients with vestibular schwannomas and to compare the ipsi- and
contralateral volume and integrity, to test differences between the hemispheres.

MATERIALS AND METHODS: Fifteen patients with vestibular schwannomas were investigated before surgery. Diffusion-weighted imag-
ing (25 directions) was performed on a 3T MR imaging system. Probabilistic tractography was performed for 3 partial sections of the
auditory pathway. Volume and fractional anisotropy were determined and compared ipsilaterally and contralaterally. The laterality ratio
was correlated with the level of hearing loss.

RESULTS: Anatomically reasonable tracts were depicted in all patients for the acoustic radiation. Volume was significantly decreased on
the hemisphere contralateral to the tumor side for the acoustic radiation and diencephalic section, while fractional anisotropy did not
differ significantly. Tracking did not yield meaningful tracts in 3 patients for the thalamocortical section and in 5 patients for the
diencephalic section. No statistically significant correlations between the laterality quotient and classification of hearing loss were found.

CONCLUSIONS: For the first time, this study showed that different sections of the auditory pathway between the inferior colliculus and
the auditory cortex can be visualized by using probabilistic tractography. A significant volume decrease of the auditory pathway on the
contralateral hemisphere was observed and may be explained by transsynaptic degeneration of the crossing auditory pathway.

ABBREVIATIONS: FA � fractional anisotropy; IC � inferior colliculus; MGN � medial geniculate nucleus

Vestibular schwannoma, also known as acoustic neurinoma, is

a common intrameatal and intracranial tumor evolving from

the eighth cranial nerve with an incidence of 10 –15 per million

per year.1 The tumor usually arises from Schwann cells within the

vestibular part of the eighth cranial nerve. The benign tumor is

characterized by a slow growth pattern for years.2,3 The slow-but-

steady increase in size causes progressive damage to the neurons

of the eighth cranial nerve, leading to hearing impairment, tinni-

tus, and vertigo.4-6 Typically the vertigo symptoms are transient,

while hearing impairment can progressively deteriorate toward

unilateral deafness ipsilateral to the lesion side. To estimate the

extent of hearing loss, examination of tone audiometry and

speech discrimination is crucial.6-9 Large tumors involving neigh-

boring structures such as the fifth or seventh cranial nerve or even

the brain stem and cerebellum may cause facial paresis and numb-

ness, cerebellar ataxia, or corticospinal tract–related sensorimo-

tor deficits. There are various classification systems, but tumor

extension is usually classified on the basis of the size from T1

(intrameatal localization) to T4 (compression of the brain

stem).10 Treatment options include surgical removal of the tumor

and radiation therapy. During the past decades, the surgical goal

has shifted from gross total resection toward optimal functional

outcome.8,11

Despite surgical tumor removal, improvement of hearing is

unusual, even if anatomic preservation of the eighth cranial nerve

has been achieved and resection has led to decompression of the

nerve. Apparently, the cochlear nerve itself and possibly cortical
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and subcortical auditory structures have a low potential for

regeneration after nerve damage. In contrast, the function of

the damaged vestibular nerve is compensated by the integrat-

ing circuitry of the equilibrium: The latter involves the vestib-

ular, visual, and somatosensory systems12 and therefore pro-

vides a more robust reserve for compensation. Although

functional outcome has been the treatment focus, the interest

was limited to the individual nerve structures, while the cere-

bral mechanisms of degeneration or plasticity of the associated

white matter tracts and cortex areas are rarely investigated and

understood.

The first studies by DTI, in unselected hearing disorders, suc-

ceeded, in some cases, in illustrating abnormality of white matter

integrity of the auditory pathway. Wu et al13 found decreased

fractional anisotropy (FA) at the contralateral inferior colliculus

and lateral lemniscus in 19 patients with non-tumor-related sen-

sorineural hearing loss. Chang et al14 reported abnormalities of

fractional anisotropy in several parts of the auditory pathway

when comparing 10 patients with sensorineural hearing loss with

healthy subjects. Both investigations indicated a transsynaptic de-

generation of the auditory pathway. An association between DTI-

derived measures and abnormalities in brain stem auditory-

evoked potentials was illustrated in preterm infants.15 These

previous investigations measured DTI-derived parameters like

FA or radial diffusivity by using ROI analyses. While the feasibility

of fiber-tracking has been shown previously in auditory pathway

investigation,16-18 this method has not been hitherto applied to

the auditory pathway in patients with vestibular schwannoma. A

detailed analysis of the white matter microstructure of the audi-

tory pathway and of possible abnormalities in patients with ves-

tibular schwannoma does not exist, to our knowledge. Therefore,

the primary goal of our study was to show the feasibility of prob-

abilistic fiber-tracking of partial sections of the auditory pathway

in patients with vestibular schwannomas and to quantify the vol-

ume and integrity of these sections ipsi- and contralateral to the

tumor side to test for differences between the hemispheres. The

secondary goal was to identify associations of the integrity of

the auditory pathway with audiometric measurements, includ-

ing speech discrimination and the electrophysiologic brain

stem– evoked potentials.

MATERIALS AND METHODS
Fifteen patients (7 women, 8 men; mean age, 50.5 � 13.7 years;

demographic details in Table 1) with a unilateral vestibular

schwannoma and a given indication to undergo tumor resection

with a retrosigmoid approach were included in this pilot study.

None of the patients were previously diagnosed with another dis-

ease of the central nervous system such as Alzheimer disease or

multiple sclerosis. Patients underwent routine preoperative MR

imaging, including contrast-enhanced T1-weighted imaging and

CISS sequences. DTI and high-resolution 3D T1-weighted

MPRAGE images were added to the preoperative routine imaging

performed on a 3T scanner (Magnetom Trio; Siemens, Erlangen,

Germany) with a 12-channel head coil. Two DTI datasets were

obtained by using 25 directions (section thickness, 3.6 mm; in-

plane resolution, 1.8 � 1.8 mm2). Diffusion data were converted

from DICOM to NIfTI format and further processed by using the

FMRIB Software Library (FSL, Version 5.0; http://www.fmrib.ox.

ac.uk/fsl).19 After applying eddy current correction, brain extrac-

tion, and fitting the tensor models averaging the 2 datasets

(DTIFit; http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/fdt/fdt_dtifit.html), we

further processed data by using bedpostX (http://fsl.fmrib.ox.

ac.uk/fsl/fslwiki/FDT/UserGuide#BEDPOSTX).

The high-resolution T1-weighted image was coregistered to

the diffusion space to define the seed masks for fiber-tracking in

diffusion space. We accepted the lower resolution of diffusion

space so that seed volumes would not have to be coregistered

subsequently to a different space, introducing spatial uncertainty

for the tracking procedure. An overlay of the coregistered T1-

weighted and FA images was used to define the seed masks for the

fiber-tracking process. Three partial sections of the auditory path-

way were tracked by using 2 seed masks per section at the start and

ending points of the tracts: Seed masks of the lateral section (Fig 1)

were defined at the auditory cortex and Sylvian fissure. Seed

masks of the long lateral section (Fig 2) were defined at the audi-

tory cortex and the medial geniculate nucleus (MGN). Seed masks

of the diencephalic section (Fig 3) were defined at the inferior

colliculus and MGN. Each seed mask was assigned to a specific

volume in all patients. Seed masks were defined on both

hemispheres.

Probabilistic fiber-tracking experiments were performed for

these 3 partial sections of the auditory pathway, with 6 fiber-

tracking runs per patient by using probtrackx, part of FSL (http://

fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/UserGuide).20-22 The “multi-

ple masks” option of probtrackx was applied. A termination mask

of fractional anisotropy � 0.1 was used to avoid tracking through-

out the cortex and fissures. The number of samples of probabilis-

tic tracking was set at 5000, the curvature threshold was 0.2, and a

loop check was performed. The maximum number of steps was

2000, and the step length was 0.5 mm. The threshold of probabil-

ity values was adjusted individually in the resulting volumes to

exclude anatomically unreasonable voxels with low probability.

The volume and FA of the results were determined. We did not

determine further diffusivity indices because a higher number

of tests would be statistically disadvantageous in the rather

small sample size. FA and volume were compared intraindi-

Table 1: Patient characteristicsa

Patient No. Age (yr) Sex T. Side T. Size AC EC
1 64 M L T3a H1 A4
2 47 M R T4b H2 A2
3 44 M R T3b H3 A3
4 54 F L T2a H2 A2
5 50 M L T3b H2 A2
6 60 F L T4a H5 A5
7 57 F L T3b H6 A4
8 46 F L T3a H2 A2
9 58 F L T3b H4 A3
10 73 F R T2a H3 A4
11 43 M R T2b H4 A3
12 23 M R T4b H2 A3
13 42 M R T4a H2 A2
14 68 M L T3a H6 A5
15 29 F R T4b H6 A5

Note:—T. indicates tumor; AC, audiometric classification; EC, electrophysiologic
classification based on auditory brain stem responses; L, left; R, right.
a Fifteen patients with vestibular schwannoma were included in the study. Tumor size
was between T2a and T4b.
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vidually between the ipsi- and contralateral hemisphere by us-

ing the Wilcoxon test. A laterality ratio was built by dividing

the ipsilateral by the contralateral parameters. The laterality

ratio was correlated with classifications of the audiometric and

electrophysiologic (brain stem– evoked potentials) levels of

hearing loss.

Speech discrimination and hearing function on both sides

were tested preoperatively, and an audiometric classification was

carried out according to the Hannover classification,7 which con-

sists of 6 classes and is divided into 20-dB steps. Class 1 is the best

one and includes hearing loss up to 20 dB as an average in the 1- to

3-kHz zone and patients with a speech discrimination score of at

least 95%. The speech discrimination score is the percentage of

words that were identified by the patient in the speech audiom-

etry. Class 2 includes a 21- to 40-dB hearing loss and a mini-

mum of a 70% speech discrimination score. Class 3 includes a

41- to 60-dB hearing loss and at least a 40% speech discrimi-

nation score. Class 4 includes 61- to 80-dB hearing loss and at

least a 10% speech discrimination score. Class 5 is �80-dB

hearing loss and a 0%–9% speech discrimination score. Class 6

is the worst class and includes �100 dB hearing loss and a 0%

speech discrimination score.

Auditory Brainstem Response was recorded by needle elec-

trodes, and as a stimulus, we used a click that was applied by

air-conducted earphones. Auditory Brainstem Response mea-

surements were performed during the entire operation. To build

an electropysiologic classification, the Auditory Brainstem Re-

sponse quality at the beginning of surgery was categorized accord-

ing to the Hannover classification and used for correlation.6 The

Auditory Brainstem Response quality was categorized according

to the presence of waves I, III, and V according the Hannover

classification. Class 1, the best one, shows an Auditory Brain-

stem Response with waves I, III, and V at normal latency such

as in healthy individuals; class 2 shows the same waves with

pathologic latencies; in class 3, wave III is lost; in class 4, only

wave I or wave V is reproducible; and in class 5, no reproduc-

ible waves exist.

The examiners who postprocessed the diffusion data were

blinded to the clinical data of the patients.

The University Hospital Ethics Committee approved the

study, and all patients gave informed consent.

Statistical Analysis
A paired group comparison between the ipsilateral and the con-

tralateral parameters (volume and FA) of each section of the au-

ditory pathway was performed by using the Wilcoxon signed rank

test.

To perform a correlation analysis with functional parameters,

we built the laterality quotient between ipsilateral and contralat-

eral parameters (volume and FA) for each section of the auditory

pathway. We used a Spearman correlation coefficient to assess the

association between audiometric and electrophysiologic mea-

surements and the laterality quotients of the auditory pathway

volumes and FA. Furthermore, we used a Spearman correlation

coefficient to assess the association between the size of the tumor

according to the tumor-size classification (T2a–T3b, ordinal

scale) and the laterality quotients of the auditory pathway vol-

umes and FA.

FIG 1. Illustration of the probabilistic fiber-tracking results of patient
3 of the left lateral section of the auditory pathway from the postero-
medial Sylvian fissure to the primary auditory cortex on a represen-
tative axial section (red indicates low probability values; yellow, high
probability values). Volume and mean fractional anisotropy of the
3D-depicted fiber tracts were determined ipsi- and contralateral to
the tumor.

FIG 2. Illustration of the probabilistic fiber-tracking results of pa-
tient 3 of the left long lateral section of the auditory pathway from
the medial geniculate nucleus (asterisk) to the primary auditory
cortex (X) on a representative axial section. The tract crosses the
external capsule and bends posteriorly along the Sylvian fissure,
then anteriorly toward the primary auditory cortex.
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RESULTS
Anatomically reasonable tracts were depicted in all patients on

both sides for the lateral section of the auditory pathway (Fig 1).

Because this part of the auditory pathway was short and broad,

high probability values were reached. The volume of the lateral

section was significantly decreased on the hemisphere contralat-

eral to the tumor side (mean volume ipsilateral, 1.957 � 0.668;

mean volume contralateral, 1.480 � 0.516; P � .017; Table 2),

while fractional anisotropy did not differ significantly.

It was possible to depict the long lateral section between the

MGN and auditory cortex in most patients; the tracking result was

a long, thin volume passing through the posterior limb of the

internal capsule, the external capsule, and the corona radiata (Fig

2). Tracking did not yield any meaningful tracts in 3 patients for

the long lateral section on both hemispheres and in 2 patients on

1 hemisphere. Therefore, the intraindividual comparison was

possible with only 10 patients. No significant differences in vol-

ume or FA were found in the long lateral section (mean volume

ipsilateral, 1.75 � 0.76; mean volume contralateral, 1.225 � 0.53;

P � .31).

The diencephalic section of the auditory pathway was identi-

fied between the inferior colliculus (IC)

and the ipsilateral MGN (Fig 3). It was

not possible to track this section in 3 pa-

tients on both sides and again in 2 pa-

tients on 1 side. Hence, intraindividual

comparison was again possible with

only 10 patients. Nevertheless, the vol-

ume of the contralateral diencephalic

section was significantly decreased

(mean volume ipsilateral, 0.572 � 0.249;

mean volume contralateral, 0.411 �

0.390; P � .009), while fractional anisot-

ropy did not differ.

No significant correlations between

the laterality quotient and the audio-

metric and electrophysiologic classifica-

tions of hearing loss and tumor size were

found (Table 3). Nevertheless, a trend

toward associations between the lateral-

ity quotient of the diencephalic section

volume of the auditory pathway and the

electrophysiologic and audiometric

quality classification by using the Han-

nover classification was detected (Table

3). A high laterality quotient was associ-

ated with impaired audiometric and

electrophysiologic hearing function.

DISCUSSION
Tractography of the Auditory
Pathway
This study shows, for the first time, that

visualization of different sections of the

auditory pathway between the IC and

auditory cortex is feasible by using prob-

abilistic tractography in an anatomically

reasonable manner in patients with ves-

tibular schwannomas. There are several advantages of a tractog-

raphy-based analysis of white matter tracts compared with ROI-

based approaches. The anatomic course of the acoustic radiation

is 3D and complex in shape, so the definition of the ROIs on axial

2D tensor maps would not be precise. Furthermore, ROI-based

analyses do not comprise crossing fibers and their effect on frac-

tional anisotropy, which is crucial given the anatomic course of

the acoustic radiation crossing perpendicular fiber tracts such as

the external capsule. In contrast, the fiber-tracking technology we

used is capable of modeling crossing fibers and thereby minimiz-

ing their effects on the target parameters. Only a few previous

publications have described tractography experiments of the au-

ditory pathway itself. Keifer et al16 used the same methodology

(probtrackx, FSL) and showed, in 13 healthy subjects, the connec-

tivity of the MGN with the auditory cortex passing through the

internal capsule, particularly the posterior limb, and crossing over

the external capsule. This finding is the precondition to tracking

the auditory pathway shown in our study. Profant et al17 also

succeeded in tracking the auditory pathway by using probabilistic

fiber-tracking in an investigation on aging in 54 subjects; how-

FIG 3. Illustration of the probabilistic fiber-tracking result of patient 4 of the left diencephalic
section from the inferior colliculus (arrow) to the medial geniculate nucleus (asterisk) on sagittal
and axial sections.

Table 2: Volume and FA of the ipsilateral and contralateral sections of the auditory
pathway

Section Volume Il Volume Cl P FA Il FA Cl P
Lateral 1957 � 668 1480 � 516 .017a 0.38 � 0.04 0.36 � 0.04 .72
Long lateral 1753 � 756 1930 � 532 .314 0.44 � 0.04 0.45 � 0.06 .72
Diencephalic 571.9 � 249 410.7 � 390 .009a 0.31 � 0.08 0.32 � 0.07 1.00

Note:—Il indicates ipsilateral; Cl, contralateral.
a P � .05.

Table 3: Correlations between laterality quotients of tracking parameters and audiometric
or electrophysiologic classificationsa

Laterality Quotient AC EC Tumor Size
Volume of lateral section r � �0.08, P � .78 r � �0.08, P � .78 r � 0.19, P � .49
FA of lateral section r � 0.14, P � .62 r � 0.14, P � .62 r � �0.45, P � .09
Volume of long lateral section r � �0.12, P � .74 r � �0.12, P � .74 r � 0.28, P � .42
FA of long lateral section r � 0.46, P � .18 r � 0.46, P � .18 r � 0.03, P � .95
Volume of diencephalic section r � 0.56, P � 0.09 r � 0.56, P � .09 r � �0.94, P � .80
FA of diencephalic section r � �0.40, P � .26 r � 0.40, P � .26 r � 0.20, P � .59

Note:—AC indicates audiometric classification; EC, electrophysiologic classification based on auditory brain stem
responses.
a No significant correlations were found between tracking parameters and audiometric measurements, electrophysi-
ologic measurements, or tumor size (ordinal scale according to tumor classification T2a–T4b).
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ever, only the index of longitudinal diffusivity trended toward

positive correlation with increasing age. A direct tracking of the IC

to the auditory cortex was performed, though passing through the

MGN with low FA; therefore, a high uncertainty has to be as-

sumed. Javad et al18 combined fMRI with hearing paradigms for

sound, pitch, and melody and probabilistic fiber-tracking in 13

healthy subjects. The spatial tracking results from the activation

areas to the IC were anatomically similar to our resulting volumes

of the long lateral section.

Degeneration of the Auditory Pathway
We identified a significant decrease in volume of the lateral and

diencephalic sections on the contralateral hemisphere. This de-

crease indicates a degeneration of the auditory pathway that is

pronounced at the hemisphere contralateral to the lesion. Ana-

tomic studies previously revealed the predominant projection of

fiber tracts from the cochlear nucleus to the contralateral IC and

MGN, while ipsilateral projections also exist.23,24

However, the comparison of the ipsi- and contralateral sides of

the lesion might not fully represent the extent of degeneration

because of bilaterally projecting fibers. Degeneration of bilateral

fibers might result in decreased volumes of the auditory pathway

on both hemispheres. The comparison of FA of the investigated

sections of the auditory pathway did not reveal significant differ-

ences; this may also be attributed to degenerative effects of bilat-

eral projecting fibers causing only nonsignificant side differences.

Furthermore, previous anatomic and MR image studies indicated

a structural difference between the dominant and the nondomi-

nant hemisphere per se, which is also true for the white matter of

the superior temporal lobe.25,26

This structural difference between the dominant and non-

dominant hemispheres might further mask potential differences

of FA not identified in our analysis. Kurtcan et al27 previously

demonstrated a decrease of FA at the level of the IC by using an

ROI analysis when comparing patients with vestibular schwan-

noma and healthy controls. This decrease was bilateral but stron-

ger on the contralateral side; this finding supports the hypothesis

that a bilateral degeneration with a stronger impact on the con-

tralateral side occurred. However, a decrease of FA was not found

at the levels of the MGN and auditory cortex in the analysis of

Kurtcan et al. The ROI approach with a small transverse section of

4 pixels did not allow determination of a tract volume. Thus, it

cannot be directly compared to our results. Furthermore, the de-

termination of FA within the gray matter of the relay stations and

cortex (IC, MGN, and auditory cortex) produces results with

higher uncertainty because the baseline FA of the cortex and nu-

clear regions is low.

In the literature, there is no previous description of fiber tract

integrity of the auditory pathway in patients with vestibular

schwannomas, to our knowledge. However, some studies used

DTI in patients with different disorders associated with hearing

impairment. Especially patients with tinnitus were investigated by

using DTI.28,29 Most interesting, probabilistic fiber-tracking in

comparison with a healthy control group showed decreased FA of

the connectivity between the auditory cortex and amygdala in

patients with tinnitus.30 On the other hand, Husain et al31 found

a stronger decrease of gray matter volume and FA in cerebral

regions associated with hearing in patients with hearing loss with-

out tinnitus than in those with tinnitus. Furthermore, previous

studies by using ROI analyses of DTI indices found significant

alterations of the auditory pathway in patients with congenital

and traumatic sensorineural hearing loss.13,14,32,33 Another pilot

study with a small number of patients focused on changes of the

auditory nerve in patients with sensorineural hearing loss.34 This

study showed significant changes of DTI metrics of the auditory

nerve itself compared with healthy control subjects, suggesting a

degeneration of the neuronal projections of the auditory nerve.

Our finding of decreased volume of contralateral sections of

the auditory pathway might correspond to a transsynaptic degen-

eration of the crossing auditory pathway secondary to the damage

of the ipsilateral cochlear nerve. A previous structural analysis of

gray matter volume in 15 patients with vestibular schwannoma

found a correlation between volume increase of the contralesional

auditory cortex and stronger hearing impairment,35 which might

be attributed to a compensatory allocation of the cortical field.

Despite this volume increase of the cortical field, we found evi-

dence of volume decrease of the auditory pathway conveying the

auditory information to the contralesional cortex. Therefore,

compensatory mechanisms seem to take place at the level of the

cortical primary, projection, and association areas. Whether this

compensatory mechanism is actually useful for the hearing func-

tion is a matter for future investigation. Most interesting, volume

increase was also found bilaterally in the primary somatosensory

cortices and the motion-sensitive cortex of the medial temporal

gyrus. This may be linked to a multisensory compensation of the

lesion and the vestibular system. However, the degeneration of

the contralateral auditory tract that we showed in the current

analysis might be a further reason, besides the lesion of the co-

chlear nerve itself, for the limited capacity of regaining hearing

function after surgery in patients with vestibular schwannomas.

Although the audiometric and electrophysiologic classifica-

tions are also based on a functional deterioration by degeneration

of the auditory pathway, we were not able to detect significant

associations. Nevertheless, the laterality quotient of the tract vol-

ume of the diencephalic section of the auditory pathway tended to

correlate with the audiometric and electrophysiologic classifica-

tions of hearing function. Most interesting, the electrophysiologic

measurement included the fifth wave, which corresponds to a

response of the inferior colliculus. The inferior colliculus was part

of the diencephalic section of the auditory pathway that trended

toward correlation. However, the missing detection of a signifi-

cant association among morphologic tract integrity, hearing

function, and tumor size might be due to the rather low patient

number. One previous study reported a significant association

between DTI-derived measures and abnormalities in the Audi-

tory Brainstem Response in 56 preterm infants.15 Moreover, a

variety of electrophysiologic measures were fed into the correla-

tion analysis with DTI parameters.

Limitations and Perspectives
At present, the interpretation of our study results is restricted due

to some limitations. The sample size of 15 patients is rather low;

therefore, the statistical power of the tests performed is limited.

Because the diffusion tensor imaging was integrated into the
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standard preoperative MR imaging, the scanning time for the se-

quences was limited. Therefore, rather thick sections of 3.6 mm

were chosen. Thirty-two directions are sufficient for the applica-

tion of probabilistic fiber-tracking, yet a higher number of direc-

tions would have enhanced the quality of the data.

The distribution of tumor size is not representative because it

did not contain any T1 tumors, and it did contain a high propor-

tion, 80%, of rather large tumors (T3a–T4b). Furthermore, the

intraindividual comparison of fiber tracts cannot identify bilat-

eral degeneration, but merely lateralized alterations. Patients with

left- and right-sided tumors were included; thus, a possible effect

of hemisphere dominance might confound the results. Hence,

larger cross-sectional and longitudinal studies should be per-

formed comparing changes of fiber tracts in patients with vestib-

ular schwannoma versus healthy controls. Nonetheless, the iden-

tification of volume decrease contralateral to the tumor side

provides an important finding for clinical discussion and deci-

sion-making: It explains, at least in part, why recovery of auditory

function is rare and why auditory rehabilitation by hearing im-

plants after tumor surgery is currently limited.36 Whether early

tumor resection can prevent the described neurodegeneration

will be a subject for future investigations.

CONCLUSIONS
This study shows, for the first time, that different sections of the

auditory pathway between the inferior colliculus and the auditory

cortex can be visualized by using probabilistic tractography. A

significant volume decrease of the lateral and diencephalic sec-

tions on the contralateral hemisphere was observed and may be

explained by transsynaptic degeneration of the crossing auditory

pathway evolving from damage to the ipsilateral cochlear nerve.

This might be a reason for the limited potential of hearing reha-

bilitation in these patients. Further longitudinal studies investi-

gating changes of the auditory pathway and associated tracts with

time are warranted for a better understanding of disease- and

therapy-related degeneration and plasticity.
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ORIGINAL RESEARCH
ADULT BRAIN

Tractography at 3T MRI of Corpus Callosum Tracts Crossing
White Matter Hyperintensities

X W. Reginold, X J. Itorralba, X A.C. Luedke, X J. Fernandez-Ruiz, X J. Reginold, X O. Islam, and X A. Garcia

ABSTRACT

BACKGROUND AND PURPOSE: The impact of white matter hyperintensities on the diffusion characteristics of crossing tracts is unclear.
This study used quantitative tractography at 3T MR imaging to compare, in the same individuals, the diffusion characteristics of corpus
callosum tracts that crossed white matter hyperintensities with the diffusion characteristics of corpus callosum tracts that did not pass
through white matter hyperintensities.

MATERIALS AND METHODS: Brain T2 fluid-attenuated inversion recovery–weighted and diffusion tensor 3T MR imaging scans were
acquired in 24 individuals with white matter hyperintensities. Tractography data were generated by the Fiber Assignment by Continuous
Tracking method. White matter hyperintensities and corpus callosum tracts were manually segmented. In the corpus callosum, the
fractional anisotropy, radial diffusivity, and mean diffusivity of tracts crossing white matter hyperintensities were compared with the
fractional anisotropy, radial diffusivity, and mean diffusivity of tracts that did not cross white matter hyperintensities. The cingulum, long
association fibers, corticospinal/bulbar tracts, and thalamic projection fibers were included for comparison.

RESULTS: Within the corpus callosum, tracts that crossed white matter hyperintensities had decreased fractional anisotropy compared
with tracts that did not pass through white matter hyperintensities (P � .002). Within the cingulum, tracts that crossed white matter
hyperintensities had increased radial diffusivity compared with tracts that did not pass through white matter hyperintensities (P � .001).

CONCLUSIONS: In the corpus callosum and cingulum, tracts had worse diffusion characteristics when they crossed white matter
hyperintensities. These results support a role for white matter hyperintensities in the disruption of crossing tracts.

ABBREVIATIONS: CC � corpus callosum; CC-WMH tracts � corpus callosum tracts crossing white matter hyperintensities; FA� fractional anisotropy; MD � mean
diffusivity; RD � radial diffusivity; WMH � white matter hyperintensities; WMH tracts � tracts crossing white matter hyperintensities

The corpus callosum (CC) is the largest commissural tract with

�200 million axons connecting the cerebral hemispheres.1

Atrophy of the CC is a marker of neurodegeneration and has been

reported in cerebrovascular disease.2-8 White matter hyperinten-

sities (WMH) are high-signal lesions on T2-weighted MR imag-

ing that represent cerebral small vessel disease and have been as-

sociated with CC atrophy.7,9-14 The reason for changes in the

corpus callosum with WMH is unclear. Earlier studies have sug-

gested that WMH may be an incidental finding and that CC atro-

phy results from a coexisting disease process.7,10-17 For example,

WMH are seen with Alzheimer disease, in which CC atrophy can

occur by cortical atrophy and subsequent Wallerian degeneration

of corpus callosum fibers originating from pyramidal neu-

rons.7,10,13,15,16 These studies also suggest that WMH may di-

rectly cause CC atrophy by disrupting fibers of the corpus callo-

sum as they are passing through the ischemic lesions in the deep

white mater.7,10-17

Diffusion tensor imaging can detect early changes in white

matter microstructure before atrophy occurs and could clarify the

relationship between WMH and the CC.18 In DTI, pathologic

processes that alter the structural integrity of tracts lead to

changes in water diffusion and mean diffusivity (MD) and radial

diffusivity (RD) as well as changes in the directionality of diffu-

sion and fractional anisotropy (FA).18,19 In patients with WMH,

decreased FA and increased MD were found in the CC.13 Another

study demonstrated correlations among CC atrophy, the FA/MD

of deep white matter, and the FA/MD of the CC.17 These results
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confirm an association between WMH and the entire CC but do

not distinguish between the effects of WMH on callosum tracts

that cross WMH (CC-WMH) and those that do not cross WMH.

If CC-WMH tracts had worse diffusion characteristics than CC

tracts not crossing WMH, this feature would support an increased

role for WMH in changes in the corpus callosum.

Tractography is an application of DTI that allows the recon-

struction of white matter tracts.18 In quantitative tractography,

the diffusion characteristics (MD, RD, and FA) along the full tra-

jectory of select fiber tracts can be assessed.18 This study used

quantitative tractography to compare the diffusion characteristics

of CC-WMH tracts with those of CC tracts not crossing WMH.

For comparison, this study also performed a similar analysis in

tracts that crossed WMH (WMH tracts) compared with those

that did not cross WMH (lesion-free tracts) in the cingulum, long

association fibers, corticospinal/bulbar tracts, and thalamic pro-

jection fibers. We hypothesized that CC-WMH tracts would have

worse diffusion characteristics (increased MD and RD and de-

creased FA) compared with CC tracts not crossing WMH.

MATERIALS AND METHODS
Participants
The study was approved by the research ethics board of Queen’s

University. All participants provided written informed consent

before entering the study. All participants underwent a 3T MR

imaging brain scan within 2 weeks of cognitive testing, which

included the Montreal Cognitive Assessment,20 the Wechsler

Memory Scale-III longest span backward,21 the Wechsler Mem-

ory Scale-III longest span forward,21 the Stroop Test,22 and Let-

ter-Number Sequencing.21 Exclusion criteria included a diagnosis

of mild cognitive impairment or dementia or the presence of me-

tallic objects, devices, or conditions unsafe for MR imaging. The

inclusion criterion was the presence of white matter hyperinten-

sities on T2 FLAIR imaging. Ninety-one participants had MR im-

aging scans, of which 24 subjects met the inclusion criteria for the

study. The demographic characteristics of the participants are

shown in Table 1.

MR Imaging
All brain imaging was acquired in 1 session on a 3T Magnetom

Trio MR imaging system (Siemens, Erlangen, Germany) with a

12-channel head coil. A high-resolution anatomic scan was ac-

quired with a sagittal T1-weighted 3D magnetization-prepared

rapid acquisition of gradient echo sequence (FOV, 256 mm; spa-

tial resolution, 1 � 1 � 1 mm3; TR, 1760 ms; TE, 2.2 ms; flip angle,

9°; number of sections, 176). An axial T2-weighted 2D fluid-at-

tenuated inversion recovery sequence interleaved scan was ac-

quired for detecting white matter hyperintensities (FOV, 250

mm; voxel size, 1 � 1� 3 mm3; TR, 9000 ms; TE, 79 ms; flip angle,

180°; number of sections, 40). Diffusion tensor imaging data were

acquired in 30 directions by using a single-shot echo-planar im-

aging sequence with 31 volumes of 60 axial sections (b-value 1 �

0 s/mm2 and b-value 2 � 1000 s/mm2; section thickness, 2 mm;

TR/TE, 7800/95 ms; FOV, 256 � 256 mm2; acquisition matrix,

128 � 128, resulting in a resolution of 2 � 2 � 2 mm3).

Image Analysis
Analysis was performed with a method described in earlier stud-

ies.23,24 Briefly, diffusion-weighted images were corrected for

eddy current distortions by using the Diffusion Toolbox in the

FMRIB Software Library (FSL; www.fmrib.ox.ac.uk/fsl/fslwiki/

FDT25). DTI reconstruction of the preprocessed data from FSL

was completed with the Diffusion Toolkit 0.5 (TrackVis;

www.trackvis.org/dtk). The output included diffusion tensor

data, parametric diffusion-weighted imaging, and FA and MD

maps. Tracts were created in the Diffusion Toolkit by the Fiber

Assignment by Continuous Tracking method.26 The subject’s T2

FLAIR MR imaging was registered to the diffusion-weighted im-

age map by using 3DSlicer 4.1 (www.slicer.org). Tractography

data and registered T2 FLAIR were analyzed with TrackVis. All

WMH on axial T2 FLAIR were segmented manually. The borders

of individual WMH were identified with windowing of the axial

T2 FLAIR sections. Individual WMH were outlined section-by-

section on all 40 axial T2 FLAIR sections for each patient by using

a mouse-controlled interface on TrackVis. Although there is high

intrarater and interrater variability, expert manual segmentation

of WMH is the criterion standard for segmenting WMH.27 The

software generated a single ROI that encompassed all voxels

within outlined areas. WMH lesion volume was measured as the

total number of voxels that were within the WMH. The locations

of WMH were manually classified by using axial, sagittal, and

coronal T2 FLAIR reconstructions as periventricular (contiguous

with the ventricular system), deep frontal, deep temporal, deep

parietal, and deep occipital.28-31

For the analysis of the specific white matter tracts, ROIs were

manually placed within tracts of interest by using axial and sagittal

color FA maps and T2 FLAIR. Tracts of interest were segmented

by choosing tracts with any part through the ROIs. Segmented

tracts included the corpus callosum, cingulum, long association

fibers, corticospinal/bulbar tracts, and thalamic projection fibers

(example in Fig 1). For the analysis of WMH tracts, ROIs were

combined to select tracts. For example, to segment CC-WMH

tracts, tracts with any part through the WMH ROI and any part

through the ROI for segmenting the corpus callosum were se-

lected (Fig 1A). The number, mean FA, mean MD, and RD (av-

erage of the second and third eigenvalues19) of WMH tracts were

measured. For the analysis of tracts not crossing WMH, ROIs

were again combined. For example, to segment tracts within the

corpus callosum that did not cross WMH, tracts with no part

through the WMH ROI and any part through the ROI for seg-

menting the corpus callosum were selected (Fig 1A). The number,

mean FA, mean MD, and RD of these lesion-free tracts were mea-

sured. The percentage of WMH tracts was calculated as the ratio

of the number of WMH tracts to the combined number of WMH

tracts and lesion-free tracts.

Table 1: Demographic and clinical data for participantsa

Total
No. 24
Age (yr) 70.4 � 9.2
Sex (M/F count) 8/16
WMH volume (voxels) 1190 � 3030
MoCA 27.7 � 1.7

Note:—MoCA indicates Montreal Cognitive Assessment.
a Values are means and SDs unless otherwise noted.
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Statistical Analysis
StatPlus for Windows (AnalystSoft, Walnut, California) was

used for statistical analysis. The nonparametric sign test was

used to compare the FA, MD, and RD of tracts crossing WMH

with tracts not crossing WMH within subjects. Subjects were

included in the analysis when they had tracts crossing WMH.

Due to multiple testing, a Bonferroni correction was used to

adjust P values. P values � .01 were

considered statistically significant.

RESULTS
The demographic characteristics of the

participants are described in Table 1.

The age of participants ranged from 56

to 89 years. All participants had periven-

tricular WMH, 18 (75%) had deep fron-

tal WMH, 11 (46%) had deep parietal

WMH, 3 (13%) had deep occipital

WMH, and no participants had deep

temporal WMH. WMH were located in

the CC in all 24 participants, in the cin-

gulum of 17 (71%) participants, in the

association tracts of 21 (88%) partici-

pants, in the corticospinal/bulbar tract

of 20 (83%) participants, and in the tha-

lamic tracts of 16 (67%) participants.

Within these tracts, the mean percent-

age of fibers crossing WMH was 14% �

14% of the CC, 3% � 5% of the cingu-

lum, 4% � 4% of association fibers,

4% � 6% of the corticospinal/bulbar

tract, and 1% � 2% of thalamic tracts.

The CC-WMH tracts and cingulum

WMH tracts crossed only periventricu-

lar WMH.

CC-WMH tracts had decreased FA

compared with CC lesion-free tracts

(Table 2). The percentage decrease in FA

of WMH tracts compared with lesion-

free tracts was 9% � 9% in the CC,

1% � 13% in the cingulum, 3% � 11%

in the association fibers, 6% � 12% in

the corticospinal/bulbar tracts, and

�2% � 14% in the thalamic tracts.

There was no significant difference in

the MD or RD between CC-WMH tracts

and CC lesion-free tracts (Table 2).

There was increased RD in cingulum-

WMH tracts compared with cingulum

lesion-free tracts (Table 2). The percent-

age increase in the RD of WMH tracts

compared with lesion-free tracts was

�2% � 15% in the CC, 21% � 23% in

the cingulum, 1% � 7% in the associa-

tion fibers, 6% � 15% in the corticospi-

nal/bulbar tracts, and 5% � 25% in the

thalamic tracts. For the other major

white matter tracts, there were no signif-

icant differences in the FA, MD, or RD between tracts crossing

WMH and those not crossing WMH (Table 2).

DISCUSSION
This is the first tractography study to compare tracts on the basis

of whether they crossed WMH. Decreased FA was found in CC-

WMH tracts compared with CC tracts not crossing WMH and is

FIG 1. Tract segmentation, WMH tracts, and lesion-free tracts. Axial T2 FLAIR demonstrates
white matter hyperintensities, tractography representation of the entire tracts, WMH tracts, and
lesion-free tracts in the corpus callosum (A), cingulum (B), association fibers (C), corticospinal/
bulbar tract (D), and thalamic tracts (E).
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indicative of greater white matter abnormalities in CC tracts
crossing through WMH. WMH were associated with modest
white matter abnormalities in the CC (8% reduction in FA in 14%
of all CC tracts). The association between decreased FA in the CC
and WMH is consistent with that in earlier studies.13,17 Increased
RD was found in the cingulum WMH tracts compared with cin-
gulum lesion-free tracts and is suggestive of greater abnormalities
in the myelination of cingulum tracts crossing through WMH.
WMH were also associated with modest white matter abnormal-
ities in the cingulum (a 21% increase in RD in 3% of all cingulum
tracts). Earlier studies have reported involvement of the cingulum
by WMH; however, this is the first study to detect increased RD.32-34

This tractography study demonstrates that WMH are associated with
modest altered diffusion characteristics in crossing tracts.

Earlier studies have suggested that WMH may be incidental
markers of a disease process that is disrupting white matter
tracts.7,10-17 If WMH are markers of a disease process, our results
suggest that WMH are preferentially located on tracts with greater
disruption by that disease process. WMH are known to preferentially
develop in normal-appearing white matter areas with lower FA than
in areas that remain lesion-free.35 Earlier studies have also suggested
that WMH may disrupt passing tracts.7,10-17 Our results support this
theory because the structural integrity of the CC and cingulum tracts
was worse when they passed through WMH. WMH consist of mild-
to-marked demyelination, axonal loss, and astrogliosis and have re-
duced FA, increased MD, and increased RD within the lesions.35-37

The FA of CC-WMH tracts or the RD of cingulum WMH tracts
reflects a combination of the diffusion characteristics within the
WMH and the portions of the tracts extending beyond the lesions. If
the altered diffusion characteristics within WMH accounted for the
differences between CC-WMH tracts and CC tracts not crossing
WMH or cingulum WMH tracts and cingulum lesion-free tracts, we
would have expected to see similar differences in FA and RD between
WMH tracts and lesion-free tracts in the long association fibers, cor-
ticospinal/bulbar tracts, and thalamic projection fibers. We were

unable to detect any difference between
WMH tracts and lesion-free tracts in any
of the other major white matter tracts,
suggesting that WMH may have addi-
tional effects on segments of CC-WMH
tracts and cingulum WMH tracts outside
the lesions. WMH have been previously
associated with diffusion abnormalities in
normal-appearing white matter closer to
WMH.35,36 Wallerian degeneration is a
mechanism by which a lesion can produce
disruption elsewhere along the length of
the tract.7,10,13,15,16 Decreased FA and in-
creased RD, which we have detected in this
study, have been previously associated
with Wallerian degeneration.19,38,39

Consistent with earlier studies, the
periventricular area was the most com-
mon location of WMH.28-31 In this
study, CC-WMH tracts and cingulum
WMH tracts crossed only periventricu-
lar WMH. In this study, the CC was the
tract most likely, in participants, to cross

through WMH and had the greatest proportion of fibers crossing
through WMH. The greater involvement by WMH and altered
FA may explain why atrophy of the CC has been noted earlier with
WMH.7,10,11-14 In this study, the cingulum, long association fi-
bers, corticospinal/bulbar tract, and thalamic fibers were all
shown to cross WMH. The cingulum was the only other tract to
demonstrate abnormal diffusion in WMH tracts.

It is unclear why CC-WMH tracts were not associated with
increased MD and RD and why cingulum WMH tracts were not
associated with decreased FA or increased MD. This lack of infor-
mation may relate to the small sample size of this study. The
altered diffusion characteristics detected were modest in size, and
the study may have been underpowered to detect other smaller
diffusion changes. The decreased tract involvement by WMH of
long association fibers and corticospinal/bulbar tract and tha-
lamic fibers compared with the CC may account for no diffusion
abnormalities being detected in these tracts. Another limitation of
this study is the accuracy of WMH tract reconstruction. The trac-
tography methodology used in this study relies on FA for fiber
tracking and reconstruction.26 Some tracts crossing WMH may
not have been propagated through the WMH due to the decreased
FA within the lesions. This omission may have resulted in some
WMH tracts being incorrectly classified as lesion-free tracts. The
T2 FLAIR and diffusion tensor images had different resolutions
and required registration. Due to errors in alignment, some tracts
may have been incorrectly classified as WMH tracts or lesion-free
tracts. Another limitation of this study is that diffusion character-
istics are an indirect measure of axonal integrity.18 While poor
diffusion measures are suggestive of structural disruption, they do
not necessarily represent functional disconnection.

Despite these limitations, this study suggests the role WMH
have in the disruption of CC and cingulum favors tracts crossing
through WMH lesions. WMH may be marking injury or causing
disruption of crossing tracts. Future studies with larger cohorts
should assess longitudinal changes in WMH and the diffusion

Table 2: Comparison in major white matter tracts of the fractional anisotropy, mean
diffusivity, and radial diffusivity of tracts crossing and not crossing WMHa

No. of Subjects
with Tracts

Crossing WMH Crossing WMH
Not Crossing

WMH
P

Value
Fractional anisotropy

Corpus callosum 24 0.539 � 0.057 0.591 � 0.046 .002b

Cingulum 17 0.442 � 0.076 0.448 � 0.047 .152
Association fibers 21 0.410 � 0.054 0.424 � 0.034 .093
Corticospinal tract 20 0.446 � 0.061 0.477 � 0.032 .027
Thalamus 16 0.452 � 0.073 0.441 � 0.032 .130

Mean diffusivity
Corpus callosum 24 0.00085 � 0.0001 0.000932 � 0.0001 .053
Cingulum 17 0.0009 � 0.0002 0.0008 � 0.0001 .013
Association fibers 21 0.00079 � 0.0001 0.00078 � 0.0001 .122
Corticospinal tract 20 0.0008 � 0.0001 0.0007 � 0.0001 .047
Thalamus 16 0.00078 � 0.0002 0.0008 � 0.0001 .145

Radial diffusivity
Corpus callosum 24 0.0006 � 0.0001 0.0006 � 0.0001 .140
Cingulum 17 0.0007 � 0.0002 0.0006 � 0.0001 .001b

Association fibers 21 0.0006 � 0.0001 0.0006 � 0.0001 .143
Corticospinal tract 20 0.0006 � 0.0001 0.0005 � 0.0001 .070
Thalamus 16 0.0007 � 0.0002 0.0006 � 0.0001 .126

a Values are means and SDs unless otherwise noted.
b Statistically significant.
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characteristics of the CC and cingulum, as the temporal sequence
of changes may improve our understanding of WMH as a cause or
marker of tract disruption.

CONCLUSIONS
Tractography at 3T MR imaging of the corpus callosum dem-

onstrated that tracts that crossed white matter hyperintensities

had decreased fractional anisotropy compared with tracts that

did not pass through white matter hyperintensities (P � .002).

In the cingulum, tracts that crossed white matter hyperinten-

sities had increased radial diffusivity compared with tracts that

did not cross white matter hyperintensities (P � .001). These

differences in fractional anisotropy and radial diffusivity be-

tween tracts crossing and not crossing white matter hyperin-

tensities were not detected in the long association fibers, cor-

ticospinal/bulbar tracts, and thalamic projection fibers.

Overall, these results support a role for white matter hyperin-

tensities in the disruption of crossing corpus callosum and

cingulum tracts.
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ADULT BRAIN

Manual Segmentation of MS Cortical Lesions Using MRI:
A Comparison of 3 MRI Reading Protocols

X J. Maranzano, X D.A. Rudko, X D.L. Arnold, and X S. Narayanan

ABSTRACT

BACKGROUND AND PURPOSE: Double inversion recovery has been suggested as the MR imaging contrast of choice for segmenting
cortical lesions in patients with multiple sclerosis. In this study, we sought to determine the utility of double inversion recovery for cortical
lesion identification by comparing 3 MR imaging reading protocols that combine different MR imaging contrasts.

MATERIALS AND METHODS: Twenty-five patients with relapsing-remitting MS and 3 with secondary-progressive MS were imaged with
3T MR imaging by using double inversion recovery, dual fast spin-echo proton-density/T2-weighted, 3D FLAIR, and 3D T1-weighted imaging
sequences. Lesions affecting the cortex were manually segmented by using the following 3 MR imaging reading protocols: Protocol 1 (P1)
used all available MR imaging contrasts; protocol 2 (P2) used all the available contrasts except for double inversion recovery; and protocol
3(P3) used only double inversion recovery.

RESULTS: Six hundred forty-three cortical lesions were identified with P1 (mean � 22.96); 633, with P2 (mean � 22.6); and 280, with P3
(mean � 10). The counts obtained by using P1 and P2 were not significantly different (P � .93). The counts obtained by using P3 were
significantly smaller than those obtained by using either P1 (P � .001) or P2 (P � .001). The intraclass correlation coefficients were P1 versus
P2 � 0.989, P1 versus P3 � 0.615, and P2 versus P3 � 0.588.

CONCLUSIONS: MR imaging cortical lesion segmentation can be performed by using 3D T1-weighted and 3D FLAIR images acquired with
a 1-mm isotropic voxel size, supported by conventional T2-weighted and proton-density images with 3-mm-thick sections. Inclusion of
double inversion recovery in this multimodal reading protocol did not significantly improve the cortical lesion identification rate. A
multimodal approach is superior to using double inversion recovery alone.

ABBREVIATIONS: DIR � double inversion recovery; CL � cortical lesion; ICC � intraclass correlation coefficient; PD � proton-density; P1 � protocol 1; P2 �
protocol 2; P3 � protocol 3

Multiple sclerosis is an inflammatory and neurodegenerative

disease that affects both the white matter and gray matter of

the central nervous system. Postmortem immunohistochemical

characterization of cortical lesions (CLs) has allowed the identifi-

cation of a substantial burden of cortical GM lesions in patients

with long-standing MS.1-5 However, the prevalence of cortical

lesions at earlier stages of MS is underexplored.6 As a result, an

efficient, standardized MR imaging protocol for segmentation of

CLs in early-stage MS has become an important research goal.

Double inversion recovery (DIR) MR imaging has generally been

selected because it enhances the conspicuity of GM by suppress-

ing unwanted signal from both WM and CSF. However, DIR im-

ages have a low signal-to-noise ratio due to the application of 2

inversion pulses. They are also prone to hyperintense vascular

artifacts, which can confound CL identification.7-14

In 2011, an international panel of experts formulated consen-

sus recommendations for scoring CLs at 1.5T and 3T by using

DIR.11 As part of the recommendations, they noted that in the

future, the additional use of other MR imaging contrasts (T1-

weighted, T2-weighted, or fluid-attenuated inversion recovery

images) in combination with DIR could improve the detection of

cortical lesions by reducing the number of false-positives and

false-negatives. Several groups have since reported on such mul-

ticontrast approaches for segmenting CLs. Examples include the

following: 1) CL segmentation performed by using a single MR

imaging contrast followed by subsequent verification of lesion

labels on other contrasts13; 2) CL segmentation performed inde-
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pendently by using 2 different MR imaging contrasts, where a

tight correlation between the counts is considered evidence that

each MR imaging contrast yields counts proportional to the real

lesion load15; 3) CL segmentation performed by using a single MR

imaging contrast with the results subsequently reviewed by a sec-

ond (more experienced) rater who uses other contrasts to resolve

ambiguities/potential false-positives16; and 4) CL segmentation

performed independently for each independent contrast, and

then each count compared with the counts obtained from the

other MR imaging contrasts to determine which one detects the

highest number of lesions.17 The variability among these methods

has led to difficulty in developing a standardized CL segmentation

protocol.11 Consequently, a major goal of this work was to iden-

tify a robust, multicontrast CL segmentation protocol that could

be used with more generally available MR imaging pulse se-

quences at clinically accessible magnetic field strengths.

According to the consensus recommendations, only type I leu-

kocortical and type II intracortical lesions should be considered

for radiologic scoring11 in MS. However, type I lesions affecting

both the cortex and the juxtacortical white matter are often diffi-

cult to differentiate from purely juxtacortical lesions. Conse-

quently, these lesions can be misclassified. Type II lesions are the

smallest and affect the cortex without reaching either the pial or

white matter boundaries. These lesions are also challenging to

detect visually by using 1.5T or 3T MR imaging. Subpial lesions

(type III and IV), extending from the pial boundary down to the

white matter surface, are not considered within the consensus

guidelines for MR imaging at 1.5 and 3T due to their low detect-

ability at these clinical field strengths. Even with these simplifying

assumptions in place, CL identification has been highly vari-

able.10,13,18,19 The prevalence of MR imaging–identified intracor-

tical lesions ranges from 8.2% to 46% across different published

reports.10,12,13,18,19 This variability may partially reflect the vari-

able sensitivity of current MR imaging protocols but also may

indicate the inherent variability of cortical lesion involvement

across MS disease stages and individual patients. Support for

this hypothesis is provided by histology studies in which the

percentage of intracortical lesions (type II) also shows a wide

range: 7%–31% and 17%–71% when we consider types I and

type II combined.1-6,19,20,21

A significant aim of our study was to simplify and improve the

process of manual cortical lesion segmentation when using mul-

tiple MR imaging contrasts derived from 3T MR imaging. We

specifically strived to identify a lesion-segmentation method with

reduced variability and reduced false-
positive identifications. To do this, we
avoided classification of cortical lesions
into subtypes.

MATERIALS AND METHODS
Participants
A cohort of 20 patients with MS (15 fe-
male, 5 male; 17 with relapsing-remit-
ting MS, 3 with secondary-progressive
MS; between 26 and 63 years of age) was
recruited from the MS Clinic of the
Montreal Neurological Hospital in a
prospective study designed to assess cor-

tical GM pathology. Twenty-eight scans were used for testing 3

MR imaging– based, multicontrast CL segmentation protocols.

Eight subjects had a second MR imaging 24 months after the first

one (these scans were included in the 28 scans). None of the pa-

tients underwent treatment with corticosteroids in the month be-

fore the MR imaging. Fourteen patients were receiving immune-

modulating treatment. The median Expanded Disability Status

Scale score was 2 (range, 0 – 8).

MR Imaging Acquisition
All patients were imaged on a Tim Trio 3T (Siemens, Erlangen,

Germany) whole-body MR imaging scanner with a volume-trans-

mit coil and a 12-channel receive coil. For each patient, we ac-

quired the following images: T1-weighted images collected with a

3D gradient recalled-echo sequence, proton density–weighted

(PD-weighted) and T2-weighted images obtained from a dual-

echo turbo spin-echo sequence, and 3D FLAIR and 3D DIR im-

ages. Scan parameters for each sequence are listed in the Table.

MR Imaging Analysis
All MR images were scored by 1 rater (J.M. with �10 years of

experience in quantification procedures on MR imaging research

scans of patients with MS). After bias field correction (Sled et al22)

of all images, 3D FLAIR, PD-weighted, T2-weighted, and DIR

images were linearly registered and resampled to the image space

of the T1-weighted image (1-mm3 isotropic voxels). Subse-

quently, CLs were manually segmented by using the interactive

software package Display, part of the minc-toolkit (https://

github.com/BIC-MNI) developed at the McConnell Brain Imag-

ing Center of the Montreal Neurological Institute. This program

allows simultaneous viewing and segmentation in the coronal,

sagittal, and axial planes and cycling between each image volume.

The image volumes are coregistered so that when assessing a given

voxel or region and switching from one contrast (eg, DIR) to

another (eg, FLAIR), the rater is assessing the intensity signal of

the same region of the brain on each contrast. Each window allows

zooming in and out, and a painting tool allows marking voxels

with a given color (label number). All CLs identified in one plane

are simultaneously shown in the other 2 orientations. Marked

voxels are saved in a separate label file that can be loaded on its

own or superimposed on the brain images.

For lesion segmentation, the rater scrolled through contiguous

sections in the axial plane while inspecting the images in the fol-

lowing order for each axial section: T1WI, FLAIR, DIR, PD-

MRI acquisition parametersa

T1WI PD/T2WI FLAIR DIR
Sequence 3D FLASH Dual-echo TSE 3D SPACE (tse_vfl) 3D SPACE (tse_vfl)
Orientation Axial Axial Sagittal Sagittal
TR (ms) 22 2200 6000 7500
TE (ms) 5 12, 83 355 323
TI (ms) NA NA 2200 3000
Sections 192 60 176 120
Voxel size (mm �

mm � mm)
1 � 1 � 1 1 � 1 � 3 1 � 1 � 1 1.5 � 1.5 � 1.5

Scan time (min:sec) 9:38 7:02 8:5 6:53

Note:—SPACE indicates sampling perfection with application-optimized contrasts by using different flip angle evo-
lutions (Siemens, Erlangen, Germany); tse_vfl, turbo spin echo-variable flip angle; NA, not applicable.
a Pertinent MRI sequence acquisition parameters for the 5 MRI contrasts used in our manual cortical lesion-segmen-
tation methods.
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weighted, and T2WI and cycling back and forth between each

contrast, as needed. The preferred image orientation used for CL

segmentation was the axial plane. However, results were verified by

examining the image volume in the sagittal and coronal planes, and

the operator could examine sections above and below to resolve any

ambiguities and assess the shape of the candidate lesion in 3D.

To be considered a CL, an image region had to include at least

3 contiguous voxels; be hyperintense on T2-weighted images,

FLAIR, and DIR; and be hypointense on T1-weighted images in

relation to normal-appearing adjacent cortex. These criteria were

adopted in an attempt to reduce the number of false-positive

identifications. We found the high gray matter/white matter con-

trast and resolution of the 3T T1-weighted sequence particularly

useful in assessing whether a CL crossed the cortical boundary or

was simply adjacent to the boundary (juxtacortical lesions).

The 3 multicontrast rating protocols used in this study were

defined as follows:

● Protocol 1 (P1): CLs were segmented by using T1WI, FLAIR,

DIR, PD-weighted, and T2WI. All images were bias field cor-

rected, resampled to 1-mm isotropic resolution, and linearly

registered to the image space of the T1-weighted image.

● Protocol 2 (P2): CLs were segmented by using T1WI, FLAIR,

PD-weighted, and T2WI. All images were bias field corrected,

resampled to 1-mm isotropic resolution, and linearly registered

to the image space of the T1-weighted image.

● Protocol 3 (P3): CLs were segmented by using DIR alone. The DIR

image was bias field corrected, and segmentation was performed

by using the DIR at the native resolution of 1.5 � 1.5 � 1.5 mm3.

There was an interval of at least 8 days between each protocol

read (8 days between the end of the read using P1 and the begin-

ning of the read with P2 and 10 days between P2 and P3). During

this time, the rater performed manual cortical lesion segmenta-

tion of scans from a completely different cohort of subjects to

minimize recall of lesion locations and morphology before com-

mencing the next rating protocol.

All scans were read in random order to minimize any recall

effect. CL subtype classification (intracortical, leukocortical, and

so forth) was not performed to avoid ambiguity. Only CLs that

affected the neocortical gray matter were considered. No segmen-

tation of lesions in the cerebellum or subcortical gray matter was

performed.

Once all the CL segmentations were completed, the intersec-

tion of the labels generated by using P1 and P2 was computed to

calculate the percentage of lesions that were detected by both P1

and P2. The same operation was performed by using the labels

from P1 and P3, and then from P2 and P3. These comparisons

were performed to determine the percentage of lesions detected in

common across the 3 rating protocols.

Statistical Analysis
We quantitatively compared the results from each protocol by

using 3 approaches:

1) Intraclass correlation coefficients (ICCs) were calculated

between reading protocols (ie, P1 versus P2, P1 versus P3, and P2

versus P3). We used the ICC because it provides a general mea-

surement of agreement between �2 raters or evaluation methods.

In our case, we were comparing 3 evaluation methods: our 3 MR

imaging reading protocols. Additionally, the ICC describes how

strongly units in the same group resemble each other and operates

on data structured as groups. Our 3 groups are the lesion count

results of each reading protocol, and the units of the group are the

counts obtained in each of 20 cases. We only used the 20 baseline

scans for ICC and did not include the 8 repeat scans acquired at

month 24. The value 1 represents perfect agreement; and zero, no

agreement at all.

2) A nonparametric, Wilcoxon signed rank test for correlated

samples was applied to test significant differences in lesion counts

obtained between different segmentation protocols.

3) The pair-wise percentage agreement in lesion location be-

tween reading protocols was assessed on the basis of the spatial

correspondence of the segmented labels for each lesion. To be

considered the same lesion, the segmented regions had to have a

minimum of 3 overlapping voxels. Note that here we were not

assessing the degree of overlap of the lesion labels at the voxel level

but the agreement in capturing the same lesions across the differ-

ent protocols, independent of the extent or borders of each lesion.

RESULTS
Six hundred forty-three CLs were segmented by using protocol

P1; 633, using P2; and 279 using P3 (On-line Table). The counts

obtained by using P1 and P2 were not significantly different (P �

.93). The counts obtained by using P3 were significantly smaller

than those obtained by using either P1 (P � .001) or P2 (P �

.001). The intraclass correlation coefficient of P1 versus P2 was

0.989, the ICC of P1 versus P3 was 0.615, and the ICC of P2 versus

P3 was 0.588.

The percentage agreement among the labels (Fig 1) generated

by using each reading protocol demonstrates that CLs segmented

by using P1 (75%) are largely the same as those segmented by

FIG 1. Representative multicontrast cortical lesion segmentation exam-
ples. Image contrasts shown include FLAIR, DIR, T2WI, and T1WI (A–D).
Lesion location is demarcated by a red pointer. D, Enlarged view of the
lesion showing the overlap of labels produced by using protocols P1 and
P2. The green voxels represent the overlap between masks generated
with P1 and P2, the red voxels identify voxels segmented only with P1, and
the blue voxels represent voxels segmented only with P2.
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using P2 (76%). Most lesions segmented with P3 (76.4%) were

also segmented in the first 2 reading protocols. This feature sug-

gests that the lower total lesion counts obtained by using P3 may

be due to a higher number of false-negatives obtained when read-

ing DIR images alone.

When assessing the discrepancies in lesion segmentation

across protocols, we can make several general observations:

● Discrepancies in the lesions seg-

mented as true-positives by using P1

and P2 arose in cases in which the

involvement of the cortex was un-

clear. Specific examples are as fol-

lows: 1) lesions considered leuko-

cortical on one contrast and

juxtacortical on a different one; 2)

areas that appeared hypointense on

T1WI but very slightly hyperintense

in either FLAIR, DIR, and/or T2WI

(Fig 2); and 3) areas that had the ex-

pected intensity characteristics of a

CL but were found in regions in

which there were clear, colocalized,

CSF flow artifacts.

● Lesions detected by using P3, but not in

P1 or P2, were most frequently a result

of: 1) labeling purely juxtacortical le-

sions with no cortical involvement as

cortical lesions and 2) voxels with high

signal only on DIR without evidence of

lesions in all the other modalities (Fig

3), which could be explained by intrin-

sic noise of the technique or vascular

artifacts.

● Lesions not identified by using P3

were related to the following: 1) con-

sidering a hyperintense area as vascu-

lar artifacts when, in fact, the area was

a lesion (Fig 3)11,13,18; 2) leukocortical

lesions that were incorrectly identified

as being juxtacortical; 3) CLs in areas

where the cortex appears to have

higher signal on DIR (eg, the cingulate

cortex, insular cortex), resulting in the

CLs being more difficult to identify

with confidence; 4) CLs that appeared

almost isointense with adjacent nor-

mal-appearing cortex on DIR images

but that appeared hyperintense on in-

spection of FLAIR and hypointense

on T1-weighted images (Fig 2).

DISCUSSION
Using 3 MR imaging reading protocols,

this work has demonstrated the advan-

tage of a multicontrast approach to seg-

menting CLs. Careful side-by-side com-

parison of CLs on different MR imaging

contrasts demonstrates how some areas

of the cortex may have lesions that are easily missed by using DIR

alone. In particular, most of the areas of discrepancy were ob-
served when CLs had partial involvement of both the cortex and
the adjacent cerebral white matter. This problem has also been
identified by other groups10,13,18,23,24 that demonstrated that dif-
ferent kinds of high-resolution T1-weighted images (MPRAGE,
phase-sensitive inversion recovery) can aid in classifying a CL as

FIG 2. Cortical lesions not apparent on DIR: T1-weighted (A), FLAIR (B), and DIR (C). CLs affecting
the cortex are marked with a red square and zoomed. Note the clear hypointense signal on the
T1-weighted image and the clear hyperintense signal on FLAIR images. The lesion is less evident on
DIR because it is only slightly hyperintense compared with surrounding cortex, possibly due to
greater partial volume effects than in FLAIR.

FIG 3. Cortical lesions visible in all sequences with demonstration of confounding artifacts (high-
signal noise or potential vascular artifacts). A, DIR. B, Magnified view of DIR, T1-weighted, T2-
weighted, and FLAIR: The true cortical lesion visible on all contrasts is in red boxes. C, Magnified
view of DIR, T1-weighted, T2-weighted, and FLAIR: Blue boxes show hyperintense voxels visible on
DIR only. Because there are no corresponding intensity changes on the other contrasts, these
artifacts are clearly identifiable.
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leukocortical (hence true-positive) or purely juxtacortical (hence
false-positive).

Some CLs not identified by using P3 were related to a lack of
clear hyperintense signal in CL voxels on DIR. The use of other
contrasts to segment these cases is beneficial. For example in Fig 3,
a more clearly visible CL, hyperintense on FLAIR and hypointense
on T1, was identified, though DIR showed an ambiguous hyper-
intensity in relation to the surrounding cortex. Additionally,
some areas not identified as CL by using P3 might be related to a
tendency to be conservative when one uses DIR alone, treating
focal small hyperintensities as possible vascular artifacts or corti-
cal signal heterogeneity, hence not being segmented and counted
as CLs.

In cortical lesion segmentation methods to date, most groups
have used a single imaging contrast.10,11,16,17,19,25 A systematic
comparison of the spatial correspondence of lesions obtained
from different MR imaging contrasts has not been performed, to
our knowledge. We have addressed this issue in 2 ways: 1) by using
software that overlaps the masks created by using different seg-
mentation protocols, and 2) by careful side-by-side comparison
of the different image contrasts registered to the T1-weighted im-
age space. These methods allowed us to assess areas that were
consistently rated as CLs in all 3 protocols. They also provided
more information about which areas were marked as lesions in
one protocol but not in another.

Our results (On-line Table) suggest that DIR alone detects a
lower number of lesions compared with protocols P1 and P2.
However, if we considered the areas common to all 3 protocols,
the rater consistently scored the same 75%–76% of lesions. When
spatially overlapping the lesions labeled on P1 and P2, we see that
75% of lesions counted in P1 were also labeled as lesions in P2 and
that 76% of the total lesions labeled in P2 were labeled as lesions in
P1. Additionally, 76.4% of all lesions labeled by P3 colocalized
with lesions obtained by both P1 and P2. This colocalization of
76.4% shows that P3 (DIR alone) does detect what is considered
CL by using additional MR imaging contrasts, which implies good
specificity, but with a lower frequency, which implies a lower sen-
sitivity than the multiprotocol approaches. This is likely due to
lower rater confidence in equivocal lesion candidates when ob-
served on DIR alone.

In the absence of a formal mathematic calculation of sensitiv-
ity and specificity (due to the lack of histologic or 7T gold stan-
dard counts for these data), the overlapping of the areas assessed
could be considered indirect evidence of the lower sensitivity of
DIR when used independent of other contrasts. This consider-
ation is important when deciding on sample sizes in any given
study.

We acknowledge that our in vivo study does not have a true
gold standard due to the absence of either brain tissue biopsy
samples or concomitant ultra-high-field MR images. Our main
aim was to compare the CL segmentation performed with DIR
with 2 multimodal techniques. The segmentation performed by
using all available MR imaging contrasts, including DIR, was
taken as the reference. Our motivation to do this study was that
the consensus recommendations for MS cortical lesion scoring
suggest that the use of DIR alone is sufficient, while the addition of
other MR imaging contrasts is merely helpful.11 Our results
showed that the multimodal protocols were significantly more

sensitive than the use of DIR by itself. The visual characteristics
(intensity, shape, and location) of the additional lesions detected
with the multimodal reading protocols were comparable with
those of the lesions detected by using DIR alone. The main differ-
ence was that these additional lesions were nearly isointense with
surrounding cortical gray matter and were therefore difficult to
ascertain as lesions with confidence (due to cortical signal heter-
ogeneity typical of DIR11) without supporting information from
other sequences.

The similarity of our results by using P1 and P2 suggests that
within a multimodal MS protocol with sufficient resolution, 3D
FLAIR appears to be as useful as DIR in the visual assessment of
cortical lesions. Although a prior postmortem study showed the
superior sensitivity of 3D DIR to 3D FLAIR at 3T when used
alone, that study used a matched resolution for 3D DIR and 3D
FLAIR.19 Scan times were not reported, but to achieve the same
resolution with adequate SNR, the 3D DIR likely had a much
longer scan time than the 3D FLAIR, which would limit the fea-
sibility for an in vivo multicontrast protocol. In another study
from the same group, but at 7T,17 the sensitivity of 3D FLAIR to
cortical lesions was shown to be superior to that of 3D DIR. In
addition to the effect of field strength, the authors concluded that
the higher resolution of the 3D FLAIR contributed to its superior
sensitivity. Because DIR is not available as a product sequence on
many platforms, but only as a “works-in-progress” sequence
available to academic sites with research agreements, the use of
high-resolution (1-mm isotropic or better) 3D FLAIR and
MPRAGE within a multimodal protocol could allow more centers
to score cortical lesions routinely.

Our observation of an increased yield of cortical lesions by
using a multicontrast reading protocol has clear relevance to MR
imaging research studies looking at the relationship of cortical
lesions to, for example, cognition or disease progression. In addi-
tion, the ability to detect cortical lesions on clinical scans may
become increasingly important because future diagnostic criteria
for MS are likely to include the presence of cortical lesions as a
radiologic feature supportive of a diagnosis of MS.26 As such,
clinicians may want to consider including these isotropic acquisi-
tions as part of their standard MS protocols. An accelerated 1-mm
isotropic T1-weighted MPRAGE sequence could be acquired in
about 5 minutes, while 3D FLAIR, though on the order of 7– 8
minutes, can be reformatted in multiple planes at any desired
thickness and thus could replace the standard set of sagittal and
axial FLAIR images typically used to assess white matter lesions.

Future work should assess the prevalence of false-negative and
false-positive counts obtained with combinations of different
contrasts, with reference to either 7T MR imaging or histology.
However, histologic examination of MS tissue samples is usually
performed with cases of late-stage disease,2,4,5,20,27 which do not
necessarily represent the in vivo characteristics of cortical MS
tissue. An alternative approach would be to focus on the simul-
taneous use of 7T MR imaging and 3T multicontrast MR im-
aging for validation of proposed 3T MR imaging CL segmen-
tation protocols.

CONCLUSIONS
A multicontrast approach to CL segmentation has been pre-

sented. The first 2 multicontrast reading protocols (P1 and P2)
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detected a higher number of lesions compared with DIR alone

(P3), providing preliminary evidence that the incorporation of

multiple contrasts for CL segmentation facilitates CL detection at

the clinically accessible field strength of 3T. Most important, P1

and P2 use MR imaging contrasts that are generally available on

most scanners at clinical field strengths of 1.5T and 3T. Conse-

quently, these reading protocols are amenable to use in large-scale

clinical trials of MS disease-modifying therapies, where the avail-

ability of DIR may be limited.
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ORIGINAL RESEARCH
ADULT BRAIN

Quantitative Susceptibility Mapping and R2* Measured
Changes during White Matter Lesion Development in Multiple

Sclerosis: Myelin Breakdown, Myelin Debris Degradation and
Removal, and Iron Accumulation

X Y. Zhang, X S.A. Gauthier, X A. Gupta, X W. Chen, X J. Comunale, X G.C.-Y. Chiang, X D. Zhou, X G. Askin, X W. Zhu, X D. Pitt,
and X Y. Wang

ABSTRACT

BACKGROUND AND PURPOSE: Quantitative susceptibility mapping and R2* are sensitive to myelin and iron changes in multiple sclerosis
lesions. This study was designed to characterize lesion changes on quantitative susceptibility mapping and R2* at various gadolinium-
enhancement stages.

MATERIALS AND METHODS: This study included 64 patients with MS with different enhancing patterns in white matter lesions: nodular,
shell-like, nonenhancing � 1 year old, and nonenhancing 1–3 years old. These represent acute, late acute, early chronic, and late chronic
lesions, respectively. Susceptibility values measured on quantitative susceptibility mapping and R2* values were compared among the 4
lesion types. Their differences were assessed with a generalized estimating equation, controlling for Expanded Disability Status Scale score,
age, and disease duration.

RESULTS: We analyzed 203 lesions: 80 were nodular-enhancing, of which 77 (96.2%) were isointense on quantitative susceptibility
mapping; 33 were shell-enhancing, of which 30 (90.9%) were hyperintense on quantitative susceptibility mapping; and 49 were nonen-
hancing lesions � 1 year old and 41 were nonenhancing lesions 1–3 years old, all of which were hyperintense on quantitative susceptibility
mapping. Their relative susceptibility/R2* values were 0.5 � 4.4 parts per billion/�5.6 � 2.9 Hz, 10.2 � 5.4 parts per billion/�8.0 � 2.6 Hz,
20.2 � 7.8 parts per billion/�3.1 � 2.3 Hz, and 33.2 � 8.2 parts per billion/�2.0 � 2.6 Hz, respectively, and were significantly different (P �

.005).

CONCLUSIONS: Early active MS lesions with nodular enhancement show R2* decrease but no quantitative susceptibility mapping change,
reflecting myelin breakdown; late active lesions with peripheral enhancement show R2* decrease and quantitative susceptibility mapping
increase in the lesion center, reflecting further degradation and removal of myelin debris; and early or late chronic nonenhancing lesions
show both quantitative susceptibility mapping and R2* increase, reflecting iron accumulation.

ABBREVIATIONS: Gd � gadolinium; GRE � gradient-echo; QSM � quantitative susceptibility mapping

The pathologic changes in active white matter MS lesions include

inflammatory infiltration with immune cells, myelin breakdown

and removal by microglia/macrophages, and iron accumulation in

immune cells within the lesion and the lesion periphery.1,2

MR imaging staging of white-matter MS lesions uses gadolin-

ium (Gd) enhancement to differentiate between active (enhanc-

ing) and nonactive (nonenhancing) lesions. However, enhance-

ment provides only a short window into inflammatory activity
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because it is preceded and outlasted by infiltration with immune

cells. Enhancement on T1WI � Gd reflects BBB damage, whereas

conventional MR imaging (T2WI and T1WI) sensitizing water

mobility does not reflect specific microstructural and composi-

tional changes in active lesions.3 In contrast, gradient-echo (GRE)

imaging is sensitive to the magnetic fields induced by inhomoge-

neous myelin and highly paramagnetic iron, offering the potential

to study microstructural and compositional changes in active MS

lesions.4-11 GRE imaging data can be processed to generate quan-

titative susceptibility mapping (QSM)12,13 and R2* maps. QSM

measures the underlying total magnetic susceptibility sources in a

voxel.7,12 R2* reflects the sum of the T2 relaxation rate that de-

pends on cellular content14 and the field dispersion associated

with susceptibility microstructural heterogeneity multiplied by

TE.6,12 Breakdown of intact myelin decreases R2* but does not

change QSM signal, whereas degradation of diamagnetic myelin

debris within macrophages and removal of degraded myelin in-

crease susceptibility measured on QSM. Finally, iron accumula-

tion increases both R2* and QSM.6,7,9,15,16 Therefore, by using

both QSM and R2*, we would be able to differentiate between

acute myelin breakdown, advanced myelin degradation and re-

moval, and iron accumulation in MS lesions.

MATERIALS AND METHODS
Patients
The Weill Cornell Medical College institutional review board ap-

proved this MR imaging study of patients with MS from August

2011 to April 2015. The inclusion criteria were patients who 1)

had undergone, within 12 months, 2

successive MRIs that included T2WI,

and pre- and post-Gd T1WI, with the

second MR imaging including a multi-

echo GRE imaging; and 2) had new hy-

perintense white matter lesions on the

second T2WI. A total of 65 patients met

the inclusion criteria; 1 patient was ex-

cluded a posteriori because of motion

artifacts on GRE images. The mean age

of the 64 patients (13 men and 51

women) was 35.29 � 8.12 years, with

age ranging from 11–51 years. Patients

were receiving the steroid Solu-

Medrol intravenous injection (3 mg/

day for 3 to 5 days). All their disease

durations ranged from 0 –17 years

(6.0 � 4.71 years) and the Expanded

Disability Status Scale scores ranged

from 0 – 6 (median, 1.5; interquartile

range, 3).

Imaging Protocol and
Reconstruction
MR imaging was performed on a 3T MR

scanner (Signa HDxt; GE Healthcare,

Milwaukee, Wisconsin) with an 8-chan-

nel head coil. The sequences for each pa-

tient were: 1) T2-weighted FSE (TR/

TE � 5250/86 msec, flip angle � 90°,

3-mm-thick section at 0 intervals, 416 � 256 matrix, 24-cm

FOV); 2) pre- and 3) post-Gd 3D inversion recovery-prepared

T1-weighted fast echo-spoiled gradient-echo (TR/TE � 8.8/3.4

msec, flip angle � 15°, 256 � 256 matrix, 24-cm FOV, 0.45 �

0.45 � 1.2 mm3 resolution); and 4) 3D T2*-weighted spoiled

multiecho GRE sequence. Imaging parameters for the multiecho

GRE sequence were as follows: TR � 57 msec; number of

echoes � 11; first TE � 4.3 msec; TE spacing � 4.8 msec; flip

angle � 20°; bandwidth � 244 kHz; FOV � 24 cm; thickness � 2

mm; acquisition matrix � 416 � 320; acquisition voxel size �

0.5 � 0.5 � 2 mm3. The GRE sequence was performed before Gd

injection, and the post-Gd T1WI was performed at 4 minutes

after Gd injection.

QSM was reconstructed from the data acquired with the GRE

sequence by using the morphology-enabled dipole inversion17

method, and R2* maps were generated by using a Gauss-Newton

least-squares mono-exponential fit of the 11 echoes.18 QSM and

R2* were reconstructed to a matrix of 512 � 512, resulting in a

voxel size of 0.47 � 0.47 � 2 mm3. All images of 1 patient were

registered to the QSM image by using the FMRIB Linear Image

Registration Tool (FLIRT; http://www.fmrib.ox.ac.uk/).19

Lesion Analysis
New white matter MS lesions were identified on the second MR

imaging, which was performed at 0.77 � 0.37 year after the first

MR imaging. Three neuroradiologists (J.C., A.G., and G.C.-Y.C.,

with 18, 9, and 8 years of experience, respectively) independently

FIG 1. Example of ROIs of an MS lesion and reference at normal-appearing WM in a 44-year-old
woman with MS. A, T2WI 8 months before the appearance of the enhancing lesion. B, T2WI, and
C, T1WI � Gd image of 1 enhancing MS lesion. D, T2WI, E, QSM, and F, R2* images with ROIs of the
enhancing lesion (left side) and the normal-appearing WM (right side). The vein inside the selected
normal-appearing WM is excluded.
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reviewed all images of the selected patients and classified new

lesions into 3 groups based on enhancement on T1WI � Gd

(nodular-enhancing [solid in 2D], shell-enhancing [ringlike in

2D],20 and nonenhancing � 1 year old). By comparison to an MR

imaging � 3 years old, lesions 1–3 years old (1.57 � 0.46 years;

error, 0.88 � 0.34 years) from the same cohort were identified as

a fourth group. The method of estimating lesion age referred to a

previous study.7 All these lesions were independently assessed by

the 3 neuroradiologists to be hyperintense or isointense on QSM

images. These 3 readings were combined, with all differences re-

solved by majority votes.

ROIs of the lesions were placed on the lesion’s hyperintense

area on T2-weighted images, but the edema around was not in-

cluded. If a lesion had a hypointense rim on T2WI, we also ex-

cluded this rim (example is shown on Fig 1). ROIs as normal-

appearing white matter references were drawn on the

contralateral mirror site of the lesions with similar shape and size.

FIG 2. MR images of a nodular-enhancing lesion in a 43-year-old man
with MS. A, T1WI � Gd. B, T2WI. C, QSM. D, R2*. A nodular-enhancing
lesion (arrows) is found on the T1WI � Gd and appears QSM isoin-
tense (C, box).

FIG 3. MR images of a shell-enhancing lesion in a 51-year-old man with
MS. A, T1WI � Gd. B, T2WI. C, QSM. D, R2*. A shell-enhancing lesion
(arrows) is found on the T1WI � Gd and appears slightly QSM hyper-
intense (C, box).

FIG 4. MR images of new T2 nonenhancing lesions (� 0.7 years old) in
a 42-year-old man with MS. A, T1WI � Gd. B, T2WI. C, QSM. D, R2*.
More than 3 new nonenhancing lesions (arrows) are found by com-
paring with the former MR imaging 0.7 years ago. All of them appear
QSM hyperintense (C, box) and have hyperintense rims on R2*.

FIG 5. MR images of a nonenhancing lesion that is 1.2 years old in a
48-year-old woman with MS. A, T1WI � Gd. B, T2WI. C, QSM. D, R2*.
One lesion appears hyperintense with a thick rim on QSM and hypoin-
tense on R2*.
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One neuroradiologist (Y.Z., 4 years of experience) drew the ROIs

on T2WI and then overlaid them on QSM and R2* maps by using

in-house ROI semiautomatic software implemented for OsiriX

(http://www.osirix-viewer.com). The veins and artifacts inside le-

sions on QSM and R2* were carefully removed by hand.

Statistical Analysis
The differences in relative susceptibilities and R2* values of le-

sions in the 4 groups were assessed by a generalized estimating

equation. This model assumes a Gaussian distribution and an

exchangeable correlation structure to account for the multiple

QSM and R2* measurements per patient. A multivariable model

was used to assess the independent effect of enhancing patterns on

QSM and R2*, controlling for Expanded Disability Status Scale

score, age, and disease duration. Age, Expanded Disability Status

Scale score, and disease duration were assessed for the presence of

collinearity. All analyses were performed in SAS Version 9.4 (SAS

Institute, Cary, North Carolina). P � .05 was considered statisti-

cally significant.

RESULTS
Lesion Pattern Characteristics
A total of 205 white matter lesions (115 enhancing and 90 nonen-

hancing) were examined in the 64 patients. Two enhancing le-

sions were excluded because they were too close to the cranium

and did not appear intact on QSM. The 203 white matter lesions

analyzed consisted of 80 (39.4%) new nodular-enhancing lesions,

33 (16.3%) shell-enhancing lesions, 49 (24.1%) new nonenhanc-

ing lesions � 1 year old, and 41 (20.2%) nonenhancing lesions

1–3 years old. Of the 80 new nodular-enhancing lesions, 77

(96.2%) appeared isointense on QSM and 3 (3.8%) lesions were

hyperintense on QSM. Of the 33 new shell-enhancing lesions, 30

(90.9%) appeared hyperintense on QSM and 3 (9.1%) lesions

were isointense on QSM. All nonenhancing lesions (49 [100%]

with age � 1 year and 41 [100%] with age 1–3 years old) were

hyperintense on QSM. Example images are shown in Figs 2–5.

Lesion Susceptibility and R2* Value Analyses
The reference areas on the contralateral site of 5 new lesions (3

nodular-enhancing, 1 shell-enhancing, and 1 nonenhancing)

were covered by MS lesions, which prevented us from assessing

reference values for susceptibilities and R2*. The relative suscep-

tibilities and R2* values were measured and calculated in 198

lesions (77 nodular-enhancing, 32 shell-enhancing, 48 nonen-

hancing with age � 1 year, and 41 nonenhancing with age 1–3

years).

Quantitative susceptibilities and R2* values are plotted in Fig 6

and are summarized in Table 1. Nodular-enhancing lesions had

relative susceptibilities near zero (0.5 � 4.4 parts per billion),

shell-enhancing lesions had increased relative susceptibilities
(10.2 � 5.4 parts per billion), nonenhancing lesions � 1 year old
had higher relative susceptibilities (20.2 � 7.8 parts per billion),
and nonenhancing lesions 1–3 years old had the highest relative
susceptibility (33.2 � 8.2 parts per billion). In the generalized
estimating equation model, after controlling for Expanded Dis-
ability Status Scale score, age, and disease duration, there were
significant differences between each 2 types of lesions (P � .0001).
The nodular-enhancing, shell-enhancing, and new nonenhancing

lesion types (� 1 year) had lower relative
susceptibilities compared with the more
stable lesions (1–3 years). These rela-
tionships were significant at all levels
(P � .0001). R2* values relative to nor-
mal-appearing WM were �5.6 � 2.9
Hz, �8.0 � 2.6 Hz, �3.1 � 2.3 Hz, and
�2.0 � 2.6 Hz of nodular-enhancing,
shell-enhancing, nonenhancing � 1
year old, and nonenhancing 1–3 years
old lesions, respectively. These relation-

FIG 6. Scatterplot of susceptibility relative to normal-appearing WM
measured on A, QSM and B, R2*. ppb indicates parts per billion.

Table 1: Quantitative susceptibility and R2* values for nodular-enhancing, shell-enhancing,
nonenhancing < 1 year, and nonenhancing 1–3 years old lesions

Nodular Shell
Nonenhancing

< 1 Year
Nonenhancing

1–3 Years
No. of lesions 77 32 48 41
No. of patients 32 21 27 20
Susceptibility relative

to NAWM, ppb
0.5 � 4.4 10.2 � 5.4 20.2 � 7.8 33.2 � 8.2

R2* values relative to
NAWM, Hz

�5.6 � 2.9 �8.0 � 2.6 �3.1 � 2.3 �2.0 � 2.6

Note:—NAWM indicates normal-appearing white matter; ppb, parts per billion.
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ships were maintained in the generalized estimating equation
model after controlling for the relevant clinical characteristics of
age, Expanded Disability Status Scale score, and disease duration.
Lesion types of nodular-enhancing, shell-enhancing, and new
nonenhancing lesions � 1 year old were associated with lower R2*
values compared with stable lesions (1–3 years), with shell-en-
hancing lesions having the largest relative decrease. All associa-
tions were significant at the P � .01 level. The results of statistical
analysis are shown in Tables 2 and 3.

DISCUSSION
Our results demonstrate the following QSM and R2* patterns for

MS lesions: nodular-enhancing lesions on T1WI � Gd that are

isointense on QSM and hypointense on R2*; susceptibility in-

creases and R2* decreases as lesions develop from nodular- to

ring-enhancing; and increase in susceptibility and R2* in lesions

that become nonenhancing. According to the imaging physics12

and the known pathophysiology of MS white matter lesions,2

these observed QSM and R2* patterns can be interpreted as se-

quential pathologic changes in myelin and iron content2 that oc-

cur during the early stages of lesion development. Our results

suggest that GRE data provide valuable information about MS

lesion pathology beyond conventional MR imaging sequences.

We used T1WI � Gd to characterize the temporal sequence of

MS lesions, which is important for pathologic interpretation of

QSM and R2* patterns. A new MS lesion initially presents as nod-

ular-enhancing on T1WI � Gd. This early stage of active lesion

development is characterized by breakdown of the BBB,21 mani-

festing as enhancement throughout the lesion on T1WI � Gd,20

and myelin damage and uptake by macrophages. The myelin

breaking down into debris leads to reduced microstructural het-

erogeneity, manifesting as R2* hypointensity. At this point, iron

does not accumulate in microglia and macrophages, making le-

sions isointense on QSM. Edema that is present in acute lesions as

detected on T2WI may dilute susceptibility contents, decreasing

both R2* and QSM. However, our data of QSM isointensity sug-

gest that edema only marginally affects QSM.

As the BBB is reconstituted starting in the center of the lesion,

within a timeframe of 1 week to several months (average 3

weeks),22,23 the enhancement pattern changes from nodular- to

shell-enhancing on T1WI � Gd.20,23,24 Myelin debris in the

lesion’s center is also being further degraded within macrophages,

some of which are moving out of the lesion into the peripheral

circulation2,25,26 (see myelin content difference between the 2 le-

sions in Fig 1 in Mehta et al27). This further reduces microstruc-

tural heterogeneity and manifests as reduction in R2*. Moreover,

loss of diamagnetic lipids increases susceptibility as measured on

QSM. Therefore, R2* decrease and QSM increase reflect degrada-

tion and removal of myelin debris.

As MS lesions mature into chronic lesions with a closed BBB,

iron accumulates predominantly in microglia at the lesion rim,

which has been suggested to promote proinflammatory polarization

in these cells.27,28 In contrast to demyelination that causes QSM in-

crease and R2* decrease, iron accumulation increases both QSM and

R2*. Therefore, simultaneous increase in both QSM and R2* when

lesions change from enhancing to nonenhancing may be interpreted

as iron accumulation in lesions. There may be slow removal of resid-

ual lip degradation products at the same time, but that would only

marginally increase QSM and decrease R2*.

It should be noted that BBB recovers at different rates,21,29

which may explain the few outliers that we observed. The QSM

hyperintensity in 3 nodular-enhancing lesions may be caused by

delayed repair of the BBB or accelerated degradation of myelin.

Likewise, the 3 shell-enhancing lesions that are QSM isointense

may exhibit fast repair of BBB leakage that leaves no time for

susceptibility contents (ie, myelin lipids) to change. Compared

with nodular-enhancing lesions, shell-enhancing lesions were

captured less frequently in this study and may have more complex

structures caused by dynamic pathology.30

MS lesion appearances on QSM and R2* captured at one time

point have been reported as heterogeneous or diverse.31 This di-

versity in susceptibility and R2* values may be caused by the cap-

ture of lesions in different stages of development. The dynamic

susceptibility change in MS lesion, suggested first by phase imag-

ing8 and cross-section QSM,7 has recently been confirmed in a

longitudinal QSM study.32 Our study provides further evidence

of dynamic changes in lesion susceptibility and R2*. Here, we

attempt to explore the relationship between lesion susceptibility

and R2* signal with the underlying pathophysiologic changes that

occur over time in MS lesions.2 This provides a biophysically

meaningful way to understand lesion diversity, which may be

translated into improved patient management.

For example, the data in Fig 6 suggest that 1) T2WI lesions

with relative susceptibility value near zero may be nodular-en-

hancing, opening another venue for the current exploration of

identifying enhancing lesions without Gd injection33-35 and 2)

simultaneous QSM and R2* increases indicate iron accumulation

Table 2: Statistical comparison of relative susceptibility from 4 groups of lesionsa

Comparison Nodular Shell <1 year
Shell �9.8621, (�11.7759, �7.9484), P � .0001 – –
�1 year �20.3123, (�23.0288, �17.5959), P � .0001 �10.4502, (�13.6101, �7.2903), P � .0001 –
1–3 years �32.6287, (�35.9416, �29.3159), P � .0001 �22.7666, (�26.2751, �19.2581), P � .0001 �12.3164, (�16.3345, �8.2983), P � .0001

a Data given as relative parameter estimates (�), (95% confidence limits), P value. Parameter estimates, 95% CI, and SE from multivariable generalized estimating equation,
controlling for age, Expanded Disability Status Scale score, and disease duration. � estimates were obtained by setting the reference category to different lesion group.

Table 3: Statistical comparison of relative R2* from 4 groups of lesionsa

Comparison Nodular Shell <1 year
Shell 2.3409, (1.4980, 3.1837), P � .0001 – –
� 1 year �2.4309, (�3.1174, �1.7443), P � .0001 �4.7717, (�5.7643, �3.7792), P � .0001 –
1–3 years �3.6385, (�4.6191, �2.6578), P � .0001 �5.9793, (�7.0956, �4.863.), P � .0001 �1.2076, (�2.0439, �0.3712), P � .0047

a Data given as relative parameter estimates (�), (95% confidence limits), P value. Parameter estimates, 95% CI, and SE from multivariable generalized estimating equation,
controlling for age, Expanded Disability Status Scale, and disease duration. � estimates were obtained by setting the reference category to different lesion group.
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in MS lesions, offering an in vivo tool to study iron-related in-

flammation behind a sealed BBB that cannot be demonstrated

with conventional imaging.

There were several limitations in our study. First, this study

was not based on longitudinal evaluation of MS lesions but on

cross-sectional data. Second, the number of shell-enhancing le-

sions was low compared with the other types of lesions. Thus, our

cross-sectional results warrant future longitudinal studies that

may address both limitations.

CONCLUSIONS
Early lesions that are nodular-enhancing on T1WI � Gd show de-

crease in R2* but no change in QSM, reflecting early breakdown of

myelin. As lesions evolve toward shell-enhancing, susceptibility in-

creases and R2* further decreases with progressive degradation and

removal of myelin debris. Finally, as lesions become chronic, iron

accumulation is demonstrated as both QSM and R2* increase. Thus,

combining QSM and R2* can help identify changes in myelin and

iron contents as white matter MS lesions develop.
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ORIGINAL RESEARCH
ADULT BRAIN

Relationship between APOE Genotype and Structural MRI
Measures throughout Adulthood in the Study of Health in

Pomerania Population-Based Cohort
X M. Habes, X J.B. Toledo, X S.M. Resnick, X J. Doshi, X S. Van der Auwera, X G. Erus, X D. Janowitz, X K. Hegenscheid,

X G. Homuth, X H. Völzke, X W. Hoffmann, X H.J. Grabe, and X C. Davatzikos

ABSTRACT

BACKGROUND AND PURPOSE: The presence of the apolipoprotein E �4 allele is the strongest sporadic Alzheimer disease genetic risk
factor. We hypothesized that apolipoprotein E �4 carriers and noncarriers may already differ in imaging patterns in midlife. We therefore
sought to identify the effect of apolipoprotein E genotype on brain atrophy across almost the entire adult age span by using advanced MR
imaging– based pattern analysis.

MATERIALS AND METHODS: We analyzed MR imaging scans of 1472 participants from the Study of Health in Pomerania (22–90 years of
age). We studied the association among age, apolipoprotein E �4 carrier status, and brain atrophy, which was quantified by using 2 MR
imaging– based indices: Spatial Pattern of Atrophy for Recognition of Brain Aging (summarizing age-related brain atrophy) and Spatial Pattern of
Abnormality for Recognition of Early Alzheimer Disease (summarizing Alzheimer disease-like brain atrophy patterns), as well as the gray matter
volumes in several Alzheimer disease- and apolipoprotein E–related ROIs (lateral frontal, lateral temporal, medial frontal, and hippocampus).

RESULTS: No significant association was found between apolipoprotein E �4 carrier status and the studied ROIs or the MR imaging–based
indices in linear regression models adjusted for age, sex, and education, including an interaction term between apolipoprotein E and age.

CONCLUSIONS: Our study indicates that measurable apolipoprotein E–related brain atrophy does not occur in early adulthood and
midlife and suggests that such atrophy may only occur more proximal to the onset of clinical symptoms of dementia.

ABBREVIATIONS: AD � Alzheimer disease; APOE � apolipoprotein E; MCI � mild cognitive impairment; SHIP � Study of Health in Pomerania; SNP � single
nucleotide polymorphism; SPARE-AD � Spatial Pattern of Abnormality for Recognition of Early Alzheimer Disease; SPARE-BA � Spatial Pattern of Atrophy for
Recognition of Brain Aging

The presence of the apolipoprotein E gene (APOE) �4 allele is

the strongest genetic sporadic Alzheimer disease (AD) risk

factor.1,2 The APOE gene has 2 additional codominant alleles

(APOE �2 and �3). These alleles code for the 3 corresponding

apolipoprotein isoforms (ApoE �2, �3, and �4). Compared with

individuals with the �3 allele,2 which is the most common in the

general population, those with the APOE �4 allele have a higher

risk of AD, whereas the APOE �2 allele is associated with a lower

risk of AD. The APOE genotype modifies the age at which cogni-

tively healthy subjects present biomarker changes that define AD

preclinical stages.3,4 There are several mechanisms that have beenReceived October 6, 2015; accepted after revision March 4, 2016.
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associated with the influence of APOE �4 on AD risk: decreased

clearance of amyloid from the brain, impaired synaptic plasticity,

altered blood-brain barrier permeability, and immune response

and impaired membrane repair following neuronal injury.5-7 In

line with these results, neuropathologic studies have shown that

plaques and tangles mediate APOE-related clinical changes.8

ApoE is present in plasma and CSF, but there is a weak correlation

between ApoE concentrations within these 2 compartments.9,10

In APOE genotype–adjusted models, CSF, but not plasma, ApoE

levels are associated with cognitive changes and brain atrophy.9

Nevertheless, a large longitudinal study reported associations

with plasma ApoE levels that dropped to borderline significance

when adjusted for the APOE genotype.11

Most APOE-related findings regarding brain structure have

been reported in elderly subjects. However, due to the long AD

preclinical stage, it could be expected that subtle neuroimaging

changes may appear at younger ages and become more pro-

nounced with advancing age. In line with this hypothesis, there is

limited information regarding associations related to brain struc-

tural changes and APOE genotypes in younger subjects. Previous

studies have reported lower hippocampal, orbitofrontal, and en-

torhinal volumes in subjects with APOE �4 in the first decades of

life.12,13 Other studies have shown brain hypometabolism in AD-

related areas14 and increased activation of the default mode net-

work15 in young APOE �4 carriers but no differences in gray mat-

ter volume. The aforementioned changes reported in these studies

would be taking place during the 3 decades before the ages that

show at least 1% AD prevalence. These findings suggest that AD

could have a neurodevelopmental component. However, the re-

lation between regional brain atrophy and the APOE genotype

needs to be evaluated across the adult life span.

We hypothesized that APOE �4 carriers and noncarriers could

present different imaging patterns that start differing in midlife,

much earlier than clinical diagnosis. To investigate this hypothe-

sis, we sought to model structural MR imaging brain changes

associated with the APOE genotype in a large population-based

study spanning the third-to-ninth decades of life by using sensi-

tive pattern-based aging and AD summary indices.

MATERIALS AND METHODS
Participants from the Study of Health in Pomerania
The Study of Health in Pomerania (SHIP) is a prospective cohort

whose subjects are recruited from the general population of the

German State of Mecklenburg–Western
Pomerania. It is led by the Institute for
Community Medicine at the Medical
Faculty of the University of Greif-
swald.16 SHIP started at baseline with
SHIP-0 between 1997 and 2001. After
about 5 years, all participants were re-
invited for a follow-up visit (ie, SHIP-1).
From 2008 to 2012, the second follow-
up examination, SHIP-2, was per-
formed. Concurrent with SHIP-2, a new
population sample from the same area
was drawn, and similar examinations
were undertaken between 2008 and
2012 (SHIP-TREND). SHIP-2 and

SHIP-TREND included whole-body MR imaging scans,17 which

were not present in SHIP-0 and SHIP-1. Trained certified radiol-

ogists, each with �5 years of MR imaging interpretation experi-

ence, visually inspected head MR imaging scans for artifacts and

clinical findings. In our study, we included 1472 subjects of the

total 3256 subjects with T1-weighted brain scans available in

SHIP-2 and SHIP-TREND, 22–90 years of age at enrollment. We

excluded 1784 subjects from this analysis on the basis of the fol-

lowing: 1) the presence of stroke, multiple sclerosis, epilepsy, ce-

rebral tumor, intracranial cyst, or hydrocephalus (n � 150); 2) a

high level of motion artifacts (n � 98); 3) failed quality control of

the automatically skull-stripped data (n � 121); 4) lack of

genomewide association study data (n � 1008); 5) an unidentifi-

able APOE genotyping (n � 35); and 6) lack of clinical data (cog-

nitive scores, n � 190, or covariates, n � 182).

Clinical data, including sociodemographic factors and medi-

cal history, were collected in a standardized computer-assisted

face-to-face interview. Years of education were recorded and

grouped into 3 categories: �8 years, 8 –10 years, and �10 years. In

SHIP, two cognitive tests were obtained: the Verbal Learning and

Memory Test (the German version of the California Verbal

Learning and Memory Test18) for SHIP-2 and the Nuremberg

Age Inventory for SHIP-TREND. The Nuremberg Age Inven-

tory is a German test developed to measure the cognitive abil-

ities during brain aging.19 It consists of subtests including, but

not limited to, speed (eg, numbers) and memory (eg, words,

numbers, and images). A description of the final SHIP sample

included in our analysis (n � 1472) is shown in Table 1. The

Ethics Committee of the Medical Faculty of the University of

Greifswald approved SHIP.

Image Acquisition
In SHIP-2 and SHIP-TREND, a comprehensive whole-body MR

imaging protocol was used. A full description of the image-acqui-

sition parameters for SHIP can be found in Hegenscheid et al.17

The neurocranium unit of SHIP included, among others, T1-

weighted and fluid-attenuated inversion recovery sequences.

Briefly, all images were obtained by using a 1.5T MR imaging

scanner (Magnetom Avanto; Siemens, Erlangen, Germany). In

this study, we used only the T1-weighted axial MPRAGE images

for measuring regional patterns of AD-related brain atrophy. The

T1-weighted image was acquired with the following parameters:

Table 1: Description of the SHIP sample included in this study (n � 1472)

Characteristic SHIP-2 SHIP-TREND
SHIP-2 and SHIP-TREND

(Analysis Sample)
Age (median) (SD) (yr) 56.3 (12.2) 51.1 (13.4)a 53.3 (13.0)
Education (No.) (%)

�8 yr 137 (18.4) 77 (10.6)a 214 (14.5)
8–10 yr 430 (57.8) 415 (57.0)a 845 (57.4)
�10 yr 177 (23.8) 236 (32.4)a 413 (28.1)

APOE genotype: at least 1 �4
allele (No.) (% positive)

145 (19.5) 177 (24.3)a 322 (21.9)

Female sex (No.) (%) 399 (53.6) 421 (57.8) 820 (55.7)
Verbal Learning and Memory

Test (mean) (SD)
8.6 (3.0)

Nuremberg Age Inventory
(mean) (SD)

11.2 (2.5)

a Significant difference at P �.05.
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1 � 1 mm in-plane spatial resolution, section thickness � 1.0 mm,

flip angle � 15°, TE � 3.4 ms, TR � 1900 ms.

Image Processing
An automated multiatlas segmentation method was applied on

the T1-weighted image of each subject to calculate a brain mask,

by removing extracranial material on the T1-weighted image.20

Total intracranial volume was estimated by calculating the vol-

ume of a subject’s brain mask, which included the volumes of gray

matter, white matter, ventricles, and the CSF that were contained

within the outer brain boundary. Each brain mask was visually

inspected for quality, by M.H., and all low-quality brain masks

(including either under- or oversegmented brain) were excluded.

A multiatlas label fusion– based segmentation method21 was

applied for segmentation of the brain into a set of anatomic ROIs.

The volumes of ROIs were calculated and were normalized by

total intracranial volume. In this analysis, we selected a set of gray

matter ROIs on the basis of areas that were associated with AD-

related atrophy and previously reported APOE-related findings.

Further details are given in the On-line Appendix (On-line

Method 1).

MR Imaging Pattern Classification
A pattern-classification method was previously proposed to de-

rive Spatial Pattern of Abnormality for Recognition of Early AD

(SPARE-AD),22 an index summarizing the high-dimensional im-

aging data with a single value that quantifies the atrophy patterns

in AD-related regions. SPARE-AD has been shown to discrimi-

nate between normal cognition and mild cognitive impairment

(MCI)23 and conversion from MCI to AD.24 We calculated, in this

study, the SPARE-AD index for the SHIP population by using a

model based on a linear support vector machine,25 which was

trained on the external training dataset described in Da et al24 and

had been validated earlier.22 More positive SPARE-AD implies a

more Alzheimer disease–like brain structure, while more negative

values reflect more normal brain structure.

Similar to the calculation of the SPARE-AD index, a linear

support vector machine– based model was designed to predict an

individual’s age from the MR image and was used for quantifying

Brain Aging (BA), summarized by the SPARE-BA index. The

classification model was trained for optimally discriminating

young and old subject groups and has been recently de-

scribed.26,27 The SPARE-BA index for an individual implied fewer

brain aging patterns for higher (positive) values and the presence

of more aging-related atrophy patterns for lower (negative) val-

ues. While the SPARE-AD index captured more localized atrophy

patterns in AD-related regions, such as in the hippocampus and

temporal lobe, the SPARE-BA index captured more global aging

patterns, distributed in the cortex, but particularly in the frontal

lobe. Further details are given in the On-line Appendix (On-line

Method 2).

APOE Determination in SHIP
The APOE genotypes were determined on the basis of

rs429358(C;C) and rs7412(T;T) from the resulting imputation

of the SHIP genotyping. More details can be found in the On-

line Appendix (On-line Method 3).

Statistical Analysis
We studied the association between age, the APOE �4 genotype,

and AD-related gray matter volume (lateral frontal, lateral tem-

poral, medial frontal, and hippocampus), as well as SPARE-AD

and SPARE-BA, for the 1472 SHIP participants included in this

study. In this study, subjects with at least 1 �4 allele were consid-

ered to have the APOE �4 genotype.

We applied linear regression models, which included total in-

tracranial volume normalized ROI volumes as outcomes, and age

square (if significant), age, APOE �4 carrier status, and sex as

predictors adjusting for education level and study cohort. We also

investigated the significance of interaction terms between the

APOE �4 status and the variables: age2, age, education, and sex,

after adding those interaction terms one at a time to the regression

models as predictors. Results were considered statistically signif-

icant if the 2-sided P value was �.05. No multiple comparison

adjustment was applied because analyses were performed on a

small number of predictors that were selected on the basis of pre-

viously published findings rather than determined on the basis of

the data derived therein. To identify potentially cognitively im-

paired subjects on the basis of the residuals of linear regressions

between age and the available cognitive scores, we labeled those

subjects with a z-score of less than�1.5 SDs as possibly cognitively

impaired (n � 98) (On-line Fig 1). Spearman rank correlation

coefficients were used to assess correlations between variables.

The Student t test was used to compare continuous variables, and

the Pearson �2 test, to compare categoric variables. Analyses were

performed by using the R statistical and computing software, Ver-

sion 3.1 (http://www.r-project.org/).28

RESULTS
Subjects Included in the Study
A total of 1472 participants, from which 744 belonged to SHIP-2

and 728 belonged to SHIP-TREND, with ages ranging from 22 to

90 years (median, 53.3 years), were included in the analyses. Co-

horts did not differ in sex, but significant differences were present

with respect to education level (P � .001), age (P � .0001), and

the number of APOE �4 carriers (P � .03). No differences were

seen between subjects included in the study and those who were

excluded based on the inclusion criteria described in the “Mate-

rials and Methods” section, except for sex (On-line Table 1).

Association between the MR Imaging–Based Indices
and Age
The Spearman rank correlation coefficient was r � 0.36 between

age and SPARE-AD, and r � �0.77 between age and SPARE-BA

(P � .001). The Spearman rank correlation coefficient between

SPARE-AD and SPARE-BA was r � �0.44 (P � .001).

Association between APOE and MR Imaging Findings
Figure 1 shows the relationship between the AD-related gray mat-

ter regions and age in APOE �4 carrier and noncarrier individuals.

Similarly, Fig 2 shows the relationship between the MR imaging–

based indices and age. In the age- and sex-adjusted models that in-

cluded the interaction term between APOE and age, no significant

association was found between APOE �4 carrier status and the stud-

ied MR imaging measurements in the regression models that in-

1638 Habes Sep 2016 www.ajnr.org



cluded the ROI volumes or the SPARE

indices as outcomes (Table 2). Similarly,

there was no significant interaction be-

tween APOE �4 carrier status and age

(P � .1). In all models, older age was as-

sociated with greater brain atrophy, and a

nonlinear square age term was significant

for the models that included the lateral

temporal regions, hippocampus, or

SPARE-AD scores as outcomes (Table 2).

Besides age, male participants showed

smaller regional volumes, higher SPARE-

AD, and lower SPARE-BA values over the

studied life span. In additional analyses

limiting the sample to younger (22–40

years) or older (60–90 years) participants,

we did not find any APOE genotype–re-

lated differences (On-line Tables 2 and 3).

Association between APOE and
Cognitive Scores
No significant association was detected

among the Verbal Learning and Mem-

ory Test, Nuremberg Age Inventory, and

APOE �4 carrier status in a linear regres-

sion model after adjusting for age, sex,

and education (On-line Tables 4 and 5).

FIG 1. Relationship between AD-related gray matter regions (lateral frontal, lateral temporal, medial frontal, and hippocampus; all regions were
normalized by total intracranial volume) and age within APOE �4 carrier (open objects, gray) and noncarrier (filled objects, black) SHIP individuals.
Circles indicate cognitively healthy individuals, and triangles indicate cognitively impaired ones.

FIG 2. Relationship between age and SPARE-AD and between age and SPARE-BA in APOE �4
carrier (open objects, gray) and noncarrier (filled objects, black) individuals. Circles indicate cog-
nitively healthy individuals, and triangles indicate cognitively impaired ones.
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DISCUSSION
Although the APOE �4 allele is the strongest genetic sporadic AD

risk factor accounting for most of AD genetic-related risk and is

associated with an earlier clinical onset of dementia and preclini-

cal biomarker changes, we did not find brain volume differences

between APOE �4 carriers and noncarriers.

Here we studied the association between the APOE genotype

and brain structure in a large cohort of subjects with a wide age

range recruited from the general population whose MR imaging

scans were obtained by using a standardized sequence in all

subjects. We quantified structural brain changes by using 2

approaches: 1) an ROI approach, guided by previous findings;

and 2) a pattern-based analysis by using 2 machine-learning-

based summary indices. The imaging indices, the SPARE-AD and

the SPARE-BA, were developed to quantify AD- and age-related

brain changes, respectively. SPARE-AD has been shown to predict

early AD-related changes23 and MCI stages.24 The SPARE-AD

index outperformed ROI-defined volumes in detecting the earli-

est changes associated with initial cognitive symptoms and

showed that 1 single brain volume measure alone is unlikely to

adequately reflect the complexity of neurodegeneration in AD, as

previously demonstrated in Fan et al.29 Therefore, it is unlikely

that a lack of sensitivity of our approaches can explain the absence

of associations between APOE and the structural MR imaging

measures.

The difference in SPARE-AD scores of APOE �4 carriers and

noncarriers was statistically insignificant. Our results indicate that

APOE-related MR imaging atrophy is not prominent at younger

ages and suggest that atrophy may only be observable more prox-

imal to the onset of clinical symptoms. Whereas older subjects

with more severe degrees of cognitive impairment might be un-

derrepresented in our population-based sample and thus lead to

an underrepresentation of APOE �4 carriers in the elderly (21.9%

APOE �4 carriers among the individuals older than 60 years of

age), this underrepresentation would have not been the case for

the younger subjects (27.0% APOE �4 carriers among the individ-

uals younger than 40 years of age). Therefore, we would not ex-

pect any recruitment bias to explain the lack of observed associa-

tions in the younger individuals included in our study.

Our findings agree with studies following cognitively healthy

subjects with autosomal dominant mutations with an expected

age at onset of disease, which report structural MR imaging

changes taking place within �1 decade from the diagnosis of de-

mentia.30,31 In addition, recent CSF and postmortem biomarker

studies have shown that amyloid deposition starts in the fifth de-

cade,3,32 usually without the individual having scans positive for

amyloid. On the basis of the current AD biomarker33 model that

predicts occurrence of amyloid � deposition before brain atro-

phy, a finding of brain atrophy in the third decade of life would be

unlikely.

Previous studies have reported lower hippocampal, orbito-

frontal, and entorhinal volumes in subjects with APOE �4 in the

early decades of life.12,13 The possible reasons for conflicting re-

sults could be differences in selection of the sample, the sample

size, or processing pipelines of the MR imaging scans. Another

potential explanation is that negative results are less likely to be

reported than positive ones. Our study included a similar, or even

larger, sample size than that in previous studies and applied sen-

sitive methods to detect even subtle MR imaging changes associ-

ated with early AD-related changes and aging. However, it is pos-

sible that differences in functional changes associated with the

APOE genotype at a younger age, as reported previously, precede

structural changes14,15 and potentially even widespread amyloid

� deposition, though this hypothesis still requires larger samples

to validate initial reports based on small-sized cohorts.

In recent work, AD pathology from preclinical-to-clinical

stages was associated with a decrease in the metabolism of the

posterior cingulate cortex, even before any sign of AD.34 The ap-

pearance of hypometabolism before clinical change could vary

depending on cognitive reserve. The results on cognitive reserve

and APOE are controversial in the literature. However, APOE

does not seem to modulate the effect of cognitive reserve on cog-

nitive function.35 Due to the lack of functional imaging measures

in our cohort, we could not evaluate the presence of these changes

in the framework of SHIP.

While we did not find associations between APOE and brain

volume measures, several studies reported the effects of the APOE

genotype on white matter microstructure, which we did not assess

in the current study. APOE was associated with white matter mi-

crostructure in 2 of 14 tracts in elderly persons free of dementia

and preclinical dementia.36 Furthermore, APOE �4 was associ-

ated with a decline in fractional anisotropy, a marker of white

matter integrity, compared with noncarriers.37 On the other

hand, APOE �2 carriers had more robust white matter integrity.38

The mechanisms underlying the white matter microstructural

changes are still not well-understood,39 but it is possible that de-

tection of more subtle associations between APOE and brain

structure in preclinical dementia requires microstructural

assessment.

Limitations of our study include the use of imputed genotype

data from single nucleotide polymorphism (SNP) arrays and not

a specific assay for APOE40 to determine the APOE genotype, the

Table 2: Linear regression models between age and ROI volumes (normalized by total intracranial volume) and SPARE-AD and
SPARE-BAa

Outcome Age Age2 Female APOE �4 Carriers
Lateral frontal volume �0.0003900 (�.001)b – 0.0021720 (�.001)b �0.0002459 (.433)
Lateral temporal volume 0.0001020 (.040)b �0.0000021 (�.001) b 0.0003695 (.040)b 0.0001112 (.605)
Medial frontal volume �0.0001291 (�.001)b – 0.0010690 (�.001)b �0.0000055 (.964)
Hippocampal volume 0.0000415 (�.001)b �0.0000005 (�.001)b 0.0001919 (�.001)b 0.0000118 (.649)
SPARE-AD �0.0438960 (�.001)b 0.0006549 (�.001)b �0.1775256 (�.001)b 0.0293579 (.582)
SPARE-BA �0.1062550 (�.001)b – 0.6416590 (�.001)b �0.0514570 (.452)

a If age2 was not significant in a model, the coefficients were recalculated after excluding. Data are coefficient (P value).
b Significant at P � .05. Models are adjusted for education and study cohort effects. Including interaction terms between APOE status and age2, age, sex, and education one at
a time to those regression models showed no significant interaction (P � .1).
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limited clinical testing data available for the subjects, and the lack

of longitudinal MR imaging scans.

CONCLUSIONS
Our study indicates that measurable APOE-related brain atrophy

does not occur during early adulthood and midlife and suggests

that APOE-related MR imaging atrophy may only be present later

in life, more proximal to clinical disease onset.
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ORIGINAL RESEARCH
ADULT BRAIN

Differentiation of Low- and High-Grade Gliomas Using High
b-Value Diffusion Imaging with a Non-Gaussian

Diffusion Model
X Y. Sui, X Y. Xiong, X J. Jiang, X M.M. Karaman, X K.L. Xie, X W. Zhu, and X X.J. Zhou

ABSTRACT

BACKGROUND AND PURPOSE: Imaging-based tumor grading is highly desirable but faces challenges in sensitivity, specificity, and
diagnostic accuracy. A recently proposed diffusion imaging method by using a fractional order calculus model offers a set of new
parameters to probe not only the diffusion process itself but also intravoxel tissue structures, providing new opportunities for noninvasive
tumor grading. This study aimed to demonstrate the feasibility of using the fractional order calculus model to differentiate low- from
high-grade gliomas in adult patients and illustrate its improved performance over a conventional diffusion imaging method using
ADC (or D).

MATERIALS AND METHODS: Fifty-four adult patients (18 –70 years of age) with histology-proved gliomas were enrolled and divided into
low-grade (n � 24) and high-grade (n � 30) groups. Multi-b-value diffusion MR imaging was performed with 17 b-values (0 – 4000 s/mm2)
and was analyzed by using a fractional order calculus model. Mean values and SDs of 3 fractional order calculus parameters (D, �, and �)
were calculated from the normal contralateral thalamus (as a control) and the tumors, respectively. On the basis of these values, the low-
and high-grade glioma groups were compared by using a Mann-Whitney U test. Receiver operating characteristic analysis was performed
to assess the performance of individual parameters and the combination of multiple parameters for low- versus high-grade differentiation.

RESULTS: Each of the 3 fractional order calculus parameters exhibited a statistically higher value (P � .011) in the low-grade than in the
high-grade gliomas, whereas there was no difference in the normal contralateral thalamus (P � .706). The receiver operating characteristic
analysis showed that � (area under the curve � 0.853) produced a higher area under the curve than D (0.781) or � (0.703) and offered a
sensitivity of 87.5%, specificity of 76.7%, and diagnostic accuracy of 82.1%.

CONCLUSIONS: The study demonstrated the feasibility of using a non-Gaussian fractional order calculus diffusion model to differentiate
low- and high-grade gliomas. While all 3 fractional order calculus parameters showed statistically significant differences between the 2
groups, � exhibited a better performance than the other 2 parameters, including ADC (or D).

ABBREVIATIONS: AUC � area under the curve; FROC � fractional order calculus; ROC � receiver operating characteristic; WHO � World Health Organization

Gliomas are the most common primary brain tumors seen in

adults, accounting for approximately one-third to one-half

of all cases diagnosed1 and 82% of malignant brain tumors.2 Ac-

cording to the latest classification by the World Health Organiza-

tion (WHO), gliomas can be divided into 4 grades, spanning a

broad spectrum of biologic aggressiveness.3 Accurate grading of

gliomas is essential to patient management, not only for selecting

the most effective therapy for malignant tumors but also for

avoiding unnecessary aggressive treatment for low-grade tumors

before malignant transformation, maximizing the quality of life

for patients.

MR imaging has been widely used for the initial diagnosis of

brain tumors. Its role for tumor grading, however, is less estab-
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lished.4 Conventional MR imaging techniques, including precon-

trast T1-weighted, T2-weighted, T2-weighted FLAIR, and post-

contrast T1-weighted imaging, have limited sensitivity (eg,

72.5%) and specificity (eg, 65.0%) for differentiating low- and

high-grade gliomas.4,5 Perfusion imaging (eg, CBV) can improve

the sensitivity to �90%,6 but the specificity (eg, 57.5%) remains

inadequate and is subject to the choice of CBV threshold values,

depending on tumor types.7-9 With the ability to reveal tumor

metabolic changes, MR spectroscopy has also been used for tumor

grading.6,10,11 The long data-acquisition times, poor spatial reso-

lution, and magnetic susceptibility perturbations at specific loca-

tions (eg, near the sinus and the skull) have hindered its wide-

spread clinical application.6,10,11 Because of the aforementioned

challenges and limitations faced by MR imaging/MR spectros-

copy, tissue biopsy remains the criterion standard for tumor clas-

sification and grading, despite its sampling errors, invasiveness,

and inability to evaluate residual tumor tissue after cytoreductive

surgery.5

During the past 2 decades, diffusion imaging based on ADC

has been evaluated for tumor grading.12-14 Despite the potential,

several studies indicate that ADC values overlap considerably

among different tumor grades in both adult15-17 and pediatric

patients.14,18-20 The ADC values of tumor tissues are obtained by

characterizing the diffusion MR imaging signals with a monoex-

ponential function, also known as a Gaussian diffusion model,

which assumes that the diffusion process within a voxel is homo-

geneous.21 Unlike low-grade gliomas, high-grade gliomas have an

increased degree of tissue heterogeneity,22,23 which is not ade-

quately captured by ADC. To overcome this limitation, a number

of non-Gaussian diffusion models24-32 have been developed to

extract tissue microstructural information, including tissue het-

erogeneity, beyond what ADC can provide. The fractional order

calculus (FROC) model,26,29 for example, can produce a set of

parameters, including diffusion coefficient D (in square milli-

meters/second), fractional order derivative in space �, and a spa-

tial parameter � (in micrometers). These parameters provide ad-

ditional avenues to probing not only the diffusion process itself

(D) but also the intravoxel tissue heterogeneity (�) that can be

used to improve tumor characterization.26,29,33 In this study, we

demonstrate the feasibility of using a new set of parameters from

the FROC model to improve MR imaging– based differentiation

of low- and high-grade gliomas in adult patients.

MATERIALS AND METHODS
Patients
The institutional review board of the performing hospital (Tongji

Hospital, Wuhan, China) approved this prospective study, and

written informed consent was obtained from all participating pa-

tients. Fifty-six adult patients (18 –70 years of age) with an initial

diagnosis of gliomas were recruited and underwent multi-b-value

diffusion MR imaging before biopsy or surgical treatment. Two

patients were excluded from the analysis due to excessive motion.

Among the 54 patients included in the study, histopathology re-

vealed 24 low-grade gliomas, including 1 pilocytic astrocytoma

(WHO I), 2 oligodendrogliomas (WHO I and II), 20 astrocyto-

mas (WHO II, predominantly diffuse tumors), 1 ganglioglioma

(WHO II), and 30 high-grade gliomas, including 2 anaplastic oli-

godendrogliomas (WHO III), 10 anaplastic astrocytomas (WHO

III), and 18 glioblastoma multiformes (WHO IV), according to

the WHO guideline of 2007.3

Image Acquisition
All MR imaging examinations were performed on a 3T scanner

(MR750; GE Healthcare, Milwaukee, Wisconsin) with a 32-chan-

nel phased-array head coil. The imaging protocol included pre-

contrast T1-weighted FLAIR, T2-weighted FLAIR, T2-weighted

PROPELLER, and multi-b-value diffusion-weighted sequences,

followed by postcontrast T1-weighted imaging. Susceptibility-

weighted imaging was performed on selected patients when the

conventional sequences were inadequate to characterize hemor-

rhage within tumors. In all sequences, an FOV of 24 cm and a

section thickness of 5 mm were used. The parameters specific to

each anatomic imaging sequence were the following: T1-weighted

FLAIR: TR/TE � 1750/32.4 ms, TI � 860 ms, flip angle � 90°, and

matrix size � 320 � 320; T2-weighted PROPELLER: TR/TE �

4260/102 ms, echo-train length � 32, and matrix size � 320 �

224; T2-weighted FLAIR: TR/TE � 8400/150 ms, TI � 2100 ms,

echo-train length � 26, and matrix size � 256 � 256. The DWIs

were produced by using a single-shot echo-planar imaging se-

quence with 17 b-values (01, 201, 501, 1001, 2001, 4001, 6001, 8001,

10001, 12001, 16001, 20002, 24002, 28002, 32004, 36004 and 40004

s/mm2, in which the subscript denotes the number of averages).

At each b-value, a Stejskal-Tanner diffusion gradient was succes-

sively applied along the x-, y-, and z-axes to obtain a trace-

weighted image to minimize the influence of diffusion anisot-

ropy. The key data acquisition parameters were TR/TE � 3025/

94.5 ms, sensitivity encoding acceleration factor � 2, separation

between 2 diffusion gradient lobes � � 38.6 ms, duration of each

diffusion gradient � � 32.2 ms, matrix size � 160 � 160 (recon-

structed with a 256 � 256 matrix), and scan time � 4 minutes 30

seconds.

Image Analysis
Equation 1 was used to fit the intensity (S) of the multi-b-value

diffusion images voxel-by-voxel, according to the FROC diffusion

model26,29:

1) S � S0exp��D�2�� � 1��	Gd��2��� �
2� � 1

2� 
 1
��� ,

where S0 is the signal intensity without diffusion weighting, Gd is

the diffusion gradient amplitude, and � and � are defined earlier.

The � parameter (dimensionless; 0 � � � 1) is a fractional order

derivative with respect to space, and � (in units of micrometers) is

a spatial constant to preserve the nominal units of the diffusion

coefficient D (in square millimeters/second). In the fitting, D

(which reflects the intrinsic diffusivity) was estimated by a mono-

exponential model by using the data acquired at lower b-values

(�1000 s/mm2), in an attempt to make D equivalent to conven-

tional ADC. After D was determined, � and � were subsequently

obtained from a voxelwise nonlinear fitting by using a Levenberg-

Marquardt algorithm34 with all b-values.

ROIs were first placed on the normal contralateral thalamus,

which served as an internal control, followed by placing ROIs on

the solid region of tumors by 2 neuroradiologists (Y.X. and K.L.X.
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with 8 and 15 years of clinical experience, respectively) blinded to

the histology grades. Guided by the high-resolution anatomic im-

ages, regions of hemorrhage, cystic change, and/or necrosis were

excluded. In the solid region of tumors, the enhancing compo-

nents and the nonenhancing (or not-so-obvious enhancing)

components were measured and averaged. The ROI-based image

analysis was performed with customized software developed in

Matlab (MathWorks, Natick, Massachusetts).

Statistical Analysis
The mean and SD of D, �, and � for each patient were calculated

from the normal contralateral thalamus and the tumor ROIs, re-

spectively. On the basis of these values, the low-grade and high-

grade glioma groups were compared by using a Mann-Whitney

U test with a statistical significance set at P � .05.

To investigate the potential value of using combinations of the

FROC parameters (D, �, and �) for differentiation of low- and

high-grade gliomas, we employed a logistic regression model:

2) P0 � exp(a0 	 a1D 	 a2� 
 a3�)/[1 	 exp(a0 	 a1D

	 a2� 
 a3�)],

where a0 is a constant, and a1, a2, and a3 are the regression coeffi-

cients for D, �, and �, respectively. The regression coefficients

were estimated by using a maximum-likelihood method.35 Re-

ceiver operating characteristic (ROC) analysis was performed to

determine the area under the ROC curve (AUC) for assessing the

performance of tumor differentiation by using each of the 3

FROC parameters individually and the combination of FROC

parameters represented by P0. The best cutoff values in the ROC

analysis were determined by using the Youden index. To deter-

mine the generalizability of the proposed method, we used a hold-

out cross-validation algorithm by applying the logistic regression

model, Equation 2, on a “training dataset” and a “test dataset”

(randomly and equally split from the samples). The Pearson cor-

relation coefficients were then determined between the predicted

values and the “true” histopathologic results. All statistical analy-

ses were performed by using SPSS software (IBM, Armonk, New

York).

RESULTS
Comparison among Representative Patients in Each
Group
Figure 1 shows a set of axial images from a representative patient

(oligodendroglioma, WHO I) in the low-grade glioma group, in-

cluding T2-weighted EPI (Fig 1A), and the FROC maps (color

images in Fig 1B–D). The precontrast and postcontrast T1-

weighted FLAIR, precontrast T2-weighted FLAIR, and T2-

weighted PROPELLER images are available in On-line Fig 1. The

D, �, and � maps (Fig 1B–D, respectively) all exhibited higher

values in the tumor than in the surrounding brain parenchyma.

Figure 2 shows a set of axial images from a representative patient

FIG 1. A 41-year-old female patient with a low-grade glioma (oligodendroglioma, WHO grade I). T2-weighted EPI at b�0 with the tumor ROI
encircled in green (A), and FROC parameter maps of D (B), � (C), and � (D) with the tumor ROIs indicated by the black contours (see On-line Fig
1 for a complete set of images, including axial precontrast T1-weighted FLAIR, postcontrast T1-weighted FLAIR, precontrast T2-weighted FLAIR,
and precontrast T2WI PROPELLER images). Compared with the patient with glioblastoma multiforme in Fig 2, all 3 FROC parameters exhibited
higher values. a.u. indicates arbitrary units. The color scale in (B) is expressed in square micrometers/millisecond.

FIG 2. A 38-year-old male patient with a high-grade glioma (glioblastoma multiforme, WHO grade IV). T2-weighted EPI at b�0 with the tumor
ROI encircled in green (A) and FROC parameter maps of D (B), � (C), and � (D) with the tumor ROIs indicated by the black contours (see On-line
Fig 2 for a complete set of images including axial precontrast T1-weighted FLAIR, postcontrast T1-weighted FLAIR, T2-weighted FLAIR, and
T2-weighted PROPELLER images). Compared with the patient with an oligodendroglioma in Fig 1, all 3 FROC parameters exhibited lower values.
a.u. indicates arbitrary units. The color scale in (B) is expressed in square micrometers/millisecond.
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(glioblastoma multiforme, WHO IV) in the high-grade glioma

group by using a layout similar to that of Fig 1. The FROC param-

eters D, �, and � (Fig 2B–D, respectively) were considerably lower

compared with those in Fig 1B–D, leading to a distinct difference

between the high- and low-grade tumors. Additional anatomic

images are available (On-line Fig 2).

Group Comparison Based on the FROC Parameters
After calculating the mean values of the FROC parameters from

each tumor ROI, we obtained the means and SDs from each pa-

tient group; they are listed in Table 1. Because D is the mathematic

equivalent to the conventional ADC (see “Materials and Meth-

ods”), an agreement of �96% was observed between D from the

FROC model and ADC from a monoexponential fitting by using

2 b-values (b � 0 and 1000 s/mm2), as is typical in clinical studies.

Thus, ADC and D are used interchangeably in this study. Com-

parison of the FROC parameters between the 2 tumor groups is

shown in a set of boxplots (Fig 3). Consistent with the represen-

tative cases in Figs 1 and 2, the group analysis exhibited statisti-

cally higher values (P � .011) in the low-grade than the high-

grade gliomas for each of the 3 FROC parameters. In comparison,

the internal control by using a normal contralateral thalamus

showed no significant differences (P � .706) in the FROC param-

eters between the 2 patient groups, as summarized in Table 1.

ROC Analysis
Figure 4 illustrates the ROC curves using individual FROC pa-

rameters for differentiating low- (positive) from high-grade (neg-

ative) gliomas. Because D and � were strongly correlated (see the

results in Fig 5), � was excluded from the logistic regression to

avoid overweighting. The constant and regression coefficients

of D and � were 19.936, 
0.012, and 
24.145, respectively (see

Equation 2), and the corresponding P0 was used in ROC anal-

ysis to represent the combination of D and �. Table 2 summa-

rizes the cutoff values with the corresponding sensitivity, spec-

ificity, accuracy, positive and negative predictive values, and

asymptotic significance (P value). Although D offered the

highest sensitivity (91.7%), its specificity was the lowest

(63.3%), leading to moderate accuracy (77.5%). The sensitiv-

ity was noticeably improved by � or the combination of � and

D, which resulted in the best accuracy (82.1%). The AUC val-

ues of the ROC analyses together with their 95% confidence

intervals and standard errors are given in Table 3. The param-

eter � had a higher AUC (0.853) than D (0.781) or � (0.703),

indicating a better performance for glioma differentiation. The

combination of D and � did not improve the sensitivity, spec-

ificity, accuracy, or AUC compared with �.

The cross-validation analysis showed that the Pearson corre-

lation coefficients between the predicted values and the “true”

histopathologic results were 0.529 (P � .01) for the training set

and 0.625 (P � .01) for the test set. The significance test for the

difference between the 2 correlations (Fisher Z-test) resulted in a

P value of .617, suggesting that the training and test datasets did

not produce statistically different correlations.

The scatterplots in Fig 5 illustrate the possible (or lack of)

correlation among the FROC parameters using all patient data. A

very strong correlation between D and � was observed (Fig 5A)

with a Pearson correlation coefficient of r � 0.930 (P � .001). In

contrast, a noticeably weaker correlation was seen between D and

� (r � 0.766, P � .001). In Fig 5B, the best cutoff values of D and

� are indicated by the vertical (red) and the horizontal (green)

lines, respectively. The oblique black line in Fig 5B corresponds to

the cutoff probability of P0 � .662 for the combination of D and �.

The close proximity between the black

and green lines is a reflection of the fact

that D has a considerably smaller role

than � in the equation P0 � exp(19.936 


0.012 D 
 24.145 �) / [1 	 exp(19.936 


0.012D 
 24.145 �)].

DISCUSSION
We have investigated the feasibility of

using a set of novel FROC diffusion

parameters to differentiate low- from

high-grade gliomas in adults and dem-

onstrated that D, �, and � exhibited sig-

nificant differences between the 2 tumor

groups. When used individually, �

outperformed the other 2 parameters.

These results are important because they

demonstrate that new parameters from

the FROC diffusion model can contrib-

A B C

FIG 3. Boxplots of FROC parameters D (A), � (B), and � (C) between the low- (L) and high-grade (H)
gliomas. Boxes represent the 25th and 75th percentiles with the median indicated by the middle line in
the box. Vertical end bars denote the range of data except for the outliers (ie, values larger than the
75th percentile or smaller than the 25th percentile) represented by a red asterisk. The black asterisk
indicates a significant difference (P � .05) between the low- and high-grade gliomas.

Table 1: FROC parameters of gliomas and normal contralateral
thalamus of patients with low-grade and high-grade gliomas

D (�m2/ms) � � (�m)
Gliomas

LG 1.54 � 0.35 0.85 � 0.05 8.43 � 0.63
HG 1.19 � 0.36 0.77 � 0.06 8.01 � 0.59
P valuea �.001 �.001 .011

NCTH
LG 0.76 � 0.06 0.78 � 0.03 7.33 � 0.38
HG 0.76 � 0.04 0.78 � 0.03 7.34 � 0.33
P valuea .876 .706 .890

Note:—NCTH indicates normal contralateral thalamus; LG, low-grade; HG,
high-grade.
a Mann-Whitney U test.
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ute positively to glioma differentiation and extend the capability

of diffusion imaging beyond conventional ADC.

During the past 2 decades, ADC has been applied to differen-

tiating a number of brain tumors,14,16,18,36 including gliomas. Al-

though the sensitivity of using ADC to detect neoplastic changes

has been demonstrated, considerable overlap in ADC values exists

between low- and high-grade brain tumors,14,16,17 compromising

the specificity and diagnostic accuracy. The suboptimal performance

of ADC for tumor grading originates, at least in part, from the use of

a Gaussian diffusion model (ie, the monoexponential model), which

assumes a homogeneous diffusion process in the tumor, despite

overwhelming evidence of tumor heterogeneity.37-39 In the presence

of heterogeneity, non-Gaussian diffusion models can be more effec-

tive in characterizing the complex diffusion process, particularly at

high b-values (eg, b � 1500 s/mm2).15,21-32,36,40

Like other non-Gaussian diffusion models, the FROC diffusion

model provides new parameters complementary to ADC. In the

FROC model, correlation between � and intravoxel tissue heteroge-

neity has been suggested in several studies on phantoms and tissue

specimens.26,29,41,42 This correlation is also supported by in vivo

studies indicating that tissues with a smaller �-value exhibit a larger

degree of intravoxel heterogeneity.22,27,33,43 Tissue heterogeneity is

also a contributing factor to the WHO tumor grading system.44

Thus, the � parameter may provide a link between an MR imaging

measurement and WHO grades. The lower � values (ie, a high degree

of intravoxel heterogeneity) seen in high-grade gliomas (Figs 2 and 3)

are consistent with the increased degree of tissue heterogeneity due to

the presence of edema, necrosis, hemorrhage, microcalcification,

and so forth. This observation is also consistent with a recent study on

pediatric brain tumors33,43 in which high-grade tumors showed sig-

nificantly lower � values compared with their low-grade counter-

parts. Further studies on well-controlled excised tissues are needed to

directly establish and validate the correlation between diffusion het-

erogeneity suggested by � and structural heterogeneity revealed by

histopathology.

Kwee et al27 recently studied high-

grade gliomas by using an alternative

non-Gaussian diffusion model based on

a stretched-exponential formulism.28

Although this model is similar to the

FROC model, the stretched-exponential

is developed empirically instead of using

the fractionalized Fick diffusion equa-

tion. The heterogeneity index � in the

stretched-exponential model resembles

� in this study. The � value for high-

grade gliomas was reported to be 0.58 �

0.08, which is lower than � � 0.77 �

0.06 in our study. This finding is most

likely due to the different diffusion times

(�) used in these studies.45 Compared

with the study of Kwee et al, our study

produced a noticeably smaller SD in �

because of the relatively large number of

b-values used. Although a minimum of 4

b-values is needed to obtain the 3 FROC

parameters, a larger number of b-values

improves the robustness of the nonlinear

fitting, particularly when the SNR is low.

Using all the patient data in this

study, we observed a strong linear corre-

lation between D and � (Fig 5A). Be-

FIG 4. ROC curves for � (in red), D (in green), and � (in blue) for
differentiating low- and high-grade gliomas. The diagonal line serves
as a reference.

A B

FIG 5. Scatterplots of D versus � (A) and D versus � (B) from all patients (the blue diamonds
represent low-grade and the red triangles denote high-grade gliomas). A very strong correlation
between D and � (A) (Pearson correlation coefficient r � 0.930; P � .001) and a weaker correlation
between D and � (B) (Pearson correlation coefficient r � 0.766; P � .001) are illustrated. B, The
dashed lines indicate the cutoff values for D (red), � (green), and the combination of D and �
(black; linear equation: � � 0.000497D 	 0.798).

Table 2: Cutoff, sensitivity, specificity, diagnostic accuracy, and asymptotic significance
(P value) using D, �, �, and a combination of D and � for differentiating low- (positive)
from high-grade (negative) gliomasa

Cutoff Sensitivity Specificity Accuracy PPV NPV P Value
D 1.189 91.7% 63.3% 77.5% 66.7% 90.5% �.001
� 0.797 87.5% 76.7% 82.1% 75.0% 88.5% �.001
� 7.969 79.2% 60.0% 69.6% 61.3% 78.3% .0059
D 	 � 0.657 87.5% 76.7% 82.1% 75.0% 88.5% �.001

Note:—PPV indicates positive predictive value; NPV, negative predictive value.
a ROC analyses were used.
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cause � has been related to the dimension of free diffusion

space,26 the correlation in Fig 5A reflects the classic relationship

between the diffusion rate and mean free length. � was less corre-

lated with D or �. This weaker correlation can be exploited to

improve specificity and diagnostic accuracy because these 2 pa-

rameters act more independently. In this study, we have seen ev-

idence suggesting that � is more dominant than D for differenti-

ating low- from high-grade gliomas because the combination of �

with D did not improve the performance compared with using �

alone. This finding suggests the important role of tumor hetero-

geneity in various tumor grades.

Our study has several limitations. First, despite the improve-

ment offered by the FROC model in glioma grading, the sensitiv-

ity, specificity, and diagnostic accuracy remain suboptimal. An

extension of the FROC model to quantifying temporal heteroge-

neity, as demonstrated recently,42,43 suggests new opportunities

to further improve the performance. These non-Gaussian diffu-

sion imaging techniques may eventually help in complementing

surgical biopsy in situations in which tissue biopsy is difficult or

risky. Second, the number of patients enrolled in the study is

moderate. As such, we did not attempt to further distinguishing

glioma subtypes or individual grades. Finally, limited by the SNR,

the highest b-value attempted in this study was 4000 s/mm2,

though an even higher b-value may further improve the reliability

of extracting the FROC diffusion parameters.26,29,45

CONCLUSIONS
We have demonstrated the feasibility of using high-b-value diffu-

sion MR imaging with the FROC diffusion model to improve

differentiation between low- and high-grade gliomas. In particu-

lar, the new parameter � offers a higher diagnostic accuracy than

using the diffusion coefficient (D or ADC) alone and is the most

useful and dominant parameter among the 3 FROC parameters

for differentiating glioma grades. Although the focus of this study

is on gliomas, the non-Gaussian diffusion imaging approach

demonstrated herein is expected to have applications in other

disease processes that involve tissue-heterogeneity changes.
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ADULT BRAIN

Antiangiogenic Effect of Bevacizumab: Application of
Arterial Spin-Labeling Perfusion MR Imaging in a Rat

Glioblastoma Model
X T.J. Yun, X H.R. Cho, X S.H. Choi, X H. Kim, X J.-K. Won, X S.-W. Park, X J.-h. Kim, X C.-H. Sohn, and X M.H. Han

ABSTRACT

BACKGROUND AND PURPOSE: The usefulness of arterial spin-labeling for the evaluation of the effect of the antiangiogenic therapy has
not been elucidated. Our aim was to evaluate the antiangiogenic effect of bevacizumab in a rat glioblastoma model based on arterial
spin-labeling perfusion MR imaging.

MATERIALS AND METHODS: DSC and arterial spin-labeling perfusion MR imaging were performed by using a 9.4T MR imaging scanner in
nude rats with glioblastoma. Rats were randomly assigned to the following 3 groups: control, 3-day treatment, and 10-day treatment after
bevacizumab injection. One-way analysis of variance with a post hoc test was used to compare perfusion parameters (eg, normalized CBV
and normalized CBF from DSC MR imaging and normalized CBF based on arterial spin-labeling) with microvessel area on histology. The
Pearson correlations between perfusion parameters and microvessel area were also determined.

RESULTS: All of the normalized CBV from DSC, normalized CBF from DSC, normalized CBF from arterial spin-labeling, and microvessel area
values showed significant decrease after treatment (P � .001, P � .001, P � .005, and P � .001, respectively). In addition, normalized CBV and
normalized CBF from DSC and normalized CBF from arterial spin-labeling strongly correlated with microvessel area (correlation coefficient,
r � 0.911, 0.869, and 0.860, respectively; P � .001 for all).

CONCLUSIONS: Normalized CBF based on arterial spin-labeling and normalized CBV and normalized CBF based on DSC have the
potential for evaluating the effect of antiangiogenic therapy on glioblastomas treated with bevacizumab, with a strong correlation with
microvessel area.

ABBREVIATIONS: ASL � arterial spin-labeling; GBM � glioblastoma; MVA � microvessel area; nCBF � normalized CBF; nCBV � normalized CBV; rCBF � relative
CBF; rCBV � relative CBV

Glioblastoma (GBM) is the most common primary malignant

brain tumor in adults. Surgical tumor resection followed by

radiation therapy and concurrent chemotherapy with temozolo-

mide is the current standard therapy for patients with GBM.1

Despite multiple treatment approaches, however, the prognosis

for patients with GBM is still extremely dismal.2,3

GBMs are highly vascularized tumors and have been seen as

attractive targets for antiangiogenic therapies.4 In particular, vas-

cular endothelial growth factor has been identified as a critical

regulator of angiogenesis. Bevacizumab is a recombinant human-

ized monoclonal antibody that binds to human vascular endothe-

lial growth factor and inhibits angiogenesis.5,6 It received acceler-

ated FDA approval for treating recurrent GBM in the United

States and many other countries and has become the standard of

care for treating GBM.5,6

DSC perfusion MR imaging can be used as a surrogate marker

of perfusion to measure relative CBV (rCBV) and relative CBF

(rCBF) of patients with GBM.7-10 DSC perfusion MR imaging has

shown potential as an imaging biomarker to evaluate the antian-

giogenic treatment in human patients with GBM.8-11 Some re-
Received September 25, 2015; accepted after revision March 4, 2016.

From the Department of Radiology (T.J.Y., H.R.C., S.H.C., H.K., S.-W.P., J.-h.K., C.-H.S.,
M.H.H.), Seoul National University College of Medicine, Republic of Korea; Depart-
ments of Radiology (T.J.Y., H.R.C., S.H.C., H.K., J.-h.K., C.-H.S., M.H.H.), Pathology
(J.-K.W.), and Neurosurgery (M.H.H.), Seoul National University Hospital, Seoul,
Republic of Korea; and Department of Radiology (S.-W.P.), Seoul National Univer-
sity Boramae Medical Center, Seoul, Republic of Korea.

This study was supported by a grant from the National Research Foundation of
Korea (NRF-2013R1A1A2008332), Seoul National University Hospital Research Fund
(04-2012-1000), Seoul National University College of Medicine Research Fund
(800-20140025), and the Institute for Basic Science (IBS-R006-D1) in Korea.

Please address correspondence to Seung Hong Choi, MD, PhD, Department of
Radiology, Seoul National University College of Medicine, 28, Yongon-dong,
Chongno-gu, Seoul, 110 –744, Korea; e-mail: choiseunghong@gmail.com

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

indicates article with supplemental on-line tables.

Indicates article with supplemental on-line photo.

http://dx.doi.org/10.3174/ajnr.A4800

1650 Yun Sep 2016 www.ajnr.org

http://orcid.org/0000-0001-8441-4574
http://orcid.org/0000-0003-2107-5813
http://orcid.org/0000-0002-0412-2270
http://orcid.org/0000-0003-2693-9983
http://orcid.org/0000-0003-1459-8093
http://orcid.org/0000-0002-5063-2685
http://orcid.org/0000-0002-6349-6950
http://orcid.org/0000-0003-0039-5746
http://orcid.org/0000-0001-5476-3482


searchers have investigated the change in rCBV or rCBF in animal

GBM models and found significant reduction in animals treated

with bevacizumab compared with controls.12,13 However, the

correlation between perfusion parameters based on DSC perfu-

sion MR imaging and microvascular environment in histologic

specimens in subjects treated with antiangiogenic therapy has not

been elucidated, to our knowledge.

Arterial spin-labeling (ASL) is a promising perfusion MR

imaging technique without using exogenous gadolinium-based

contrast agent for CBF quantification, in which the spin popula-

tion in arterial water magnetically labeled by inversion is used as

an endogenous diffusible tracer.14,15 Recently, it has been sug-

gested that ASL has the potential to evaluate the response to anti-

angiogenic therapy in patients with recurrent GBM receiving

bevacizumab.16

Therefore, the objective of this study was to evaluate the anti-

angiogenic effect of bevacizumab in a rat GBM model based on

ASL perfusion MR imaging relative to a more established tech-

nique based on DSC perfusion MR imaging with histopathology.

MATERIALS AND METHODS
Tumor Cell Line
Human glioma cells U87 (ATCC, Rockville, Maryland) were cul-

tured at 37°C in a humidified CO2 incubator in RPMI 1640 Me-

dium (Sigma Aldrich, St. Louis, Missouri), supplemented with

10% fetal bovine serum.

Animal Model
This study was approved by the Institutional Animal Care and Use

Committee in Seoul National University Hospital (#12– 0238-

C1A0) and was performed in accordance with institutional guide-

lines. Nude athymic rats (200 –250 g; Koatec, Gyeonggi-do, Ko-

rea) were anesthetized by intraperitoneal injection of a mixture of

zolazepam and xylazine, and they were placed in a stereotaxic

device. A burr-hole (2-mm-wide) was made on the right side 3

mm lateral to the midline and 2 mm proximal to the bregma by

using a dental drill. Nude rats were inoculated with U87 glioma

cells (3 � 106 cells per 3 �L of serum-free RPMI Medium) in the

right caudate-putamen region. Cells were injected into the brain

by using a Hamilton syringe (Sigma Aldrich) fitted with a 28-

gauge needle positioned with a syringe attachment fitted to the

stereotaxic device. With stereotaxic guidance, 0, 1.4, and 3.0 mm

were used in areas posterior, lateral, and dorsal to the bregma in

the right caudate-putamen, respectively.

Tumor growth was verified by MR imaging at 2 weeks after

implantation. Animals were randomly assigned to a control group

(n � 4), 3-day treatment group (n � 6), and 10-day treatment

group (n � 4). Control animals were sacrificed for brain harvest

right after the first MR imaging. For the 3- and 10-day treatment

groups, bevacizumab was administered intraperitoneally at 20

mg/kg in saline right after the first MR imaging.17 After 3 days,

animals underwent the second MR imaging. Animals in the 3-day

treatment group were sacrificed right after the second MR imag-

ing. At 7 days after the second MR imaging, animals in the 10-day

treatment group underwent the third MR imaging. They were

sacrificed right after the third MR imaging. In addition, to exclude

the possible effect of the tumor-volume change on the perfusion

parameters, DSC perfusion MR imaging was performed at 0, 3,

and 10 days in 4 rats in whom bevacizumab was not injected

(10-day-without-treatment group).

The in vivo experimental design of the present study is shown

in Fig 1.

MR Imaging Acquisition
All MR image acquisitions were performed by 2 authors (H.K.

with �10 years’ experience in neuroimaging and T.J.Y. with �10

years’ experience in neuroradiology) by using a 9.4T MR imaging

scanner (Agilent 9.4T/160AS; Agilent Technologies, Santa Clara,

California). A volume coil for radiofrequency transmission and a

phased array 4-channel surface coil for signal reception (Agilent

Technologies) were used for the control, 3-day treatment, and

10-day treatment groups; a single-channel surface coil was used

for radiofrequency transmission; and a signal reception (loop

coil) (Agilent Technologies) was used for the 10-day-without-

treatment group.

Before MR imaging, animals were anesthetized with 1.5% iso-

flurane in room air and placed inside a magnet. Animals were

physiologically monitored throughout the MR imaging experi-

ments. To avoid potential changes in cerebral blood perfusion

during data collection, we carefully maintained their respiration

at �40 beats per minute.

Following the acquisition of routine scout images in all 3 or-

thogonal directions, an automatic shimming procedure was per-

formed. Unenhanced anatomic T2-weighted images were col-

lected by using a fast spin-echo sequence with the following

parameters: TR/TEeff, 2000/45 ms; FOV, 33 � 35 mm2; matrix

size, 256 � 256; echo-train length, 4; 15 sections without gap;

section thickness, 1 mm; 1 signal average; 2 dummy scans; and

receiver bandwidth, 100 kHz.

For perfusion data acquisitions by using the ASL technique, an

amplitude-modulated pseudocontinuous arterial spin-labeling

sequence was used with a single-shot spin-echo echo-planar im-

aging readout (mCASL; Agilent Technologies).18 Vascular and

fat-suppression modules were also used with a labeling pulse du-

ration of 3 seconds. Postlabeling delay and the gap between the

labeling plane and the central imaging plane were 300 and 20 mm,

respectively. Other sequence parameters were the following: TR/

TE, 4000/28 ms; FOV, 33 � 35 mm2; matrix size, 64 � 64; 3

sections; section thickness, 2 mm; bandwidth, 250 kHz; 60 repe-

titions for labeled and control data. For quantitative analysis of

cerebral blood perfusion, T1 mapping was performed by using a

fat-suppressed, single-shot, inversion-recovery spin-echo echo-

planar imaging sequence with TR, 8000 ms and TIs of 15, 35, 80,

200, 450, 1000, 2300, or 5400 ms. The rest of the sequence param-

eters were identical to those used for pseudocontinuous ASL data

acquisition.18 The typical total scan time of ASL was �10 minutes.

Finally, DSC images were acquired from the same imaging

planes as used for the pseudocontinuous ASL experiments by us-

ing a gradient-echo pulse sequence. The sequence parameters

were the following: TR/TE, 25/5 ms; flip angle, 10°; matrix size,

128 � 96; 4 signal averages; bandwidth, 100 kHz; 70 repetitions.

After an initial 30-second baseline acquisition, a bolus of gadot-

erate meglumine (0.1 mmol per kilogram of body weight; Dota-

rem; Guerbet, Aulnay-sous-Bois, France) was administered to the
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animals via a tail vein catheter by using a syringe pump (1 mL/

min; Harvard Apparatus, Holliston, Massachusetts), which was

immediately followed by a 1-mL saline flush. The typical total

scan time of DSC was �11 minutes.

MR Imaging Data Analysis
All pseudocontinuous ASL images were analyzed by using Matlab

(MathWorks, Natick, Massachusetts). CBF maps were derived

according to previous reports.18,19 A 3-parameter fit was used for

estimating T1 maps. Once T1 maps and control and labeled

images were obtained, tissue blood flow images were formed

according to the following formula: CBF � (� / T1) � (Scontrol �

Slabel) / (2� � Scontrol), where � � 0.9 was the tissue/blood parti-

tion coefficient for water,19 Scontrol was the control image signal

intensity, Slabel was the labeled image signal intensity, T1 was the

T1 map, and � was 0.63 as the degree of labeling efficiency.18

For DSC perfusion MR imaging, additional preprocessing was

performed by using commercial software (nordicICE; Nordic-

NeuroLab, Bergen, Norway), in which T2WIs were used for struc-

tural imaging. rCBV maps were generated by using established

tracer kinetic models applied to first-pass data.20,21 To reduce the

effect of recirculation, we fitted �R2* (1/T2*) curves to the �-vari-

ate function, which was an approximation of the first-pass re-

sponse as it would appear in the absence of recirculation or leak-

age. The dynamic curves were mathematically corrected to reduce

contrast agent leakage effects.22

T2WI, rCBV, and rCBF maps based on DSC, and CBF maps

based on ASL were analyzed by using a commercial PACS console.

One investigator (T.J.Y. with �10 years’ experience in neuroradi-

ology) who was blinded to the experimental data drew ROIs con-

taining the entire tumor in the plane in which the tumor area was

the largest. Tumor boundaries were defined with reference to

high-signal-intensity areas thought to represent tumor tissue on

the T2WI. ROIs were copied and placed on coregistered rCBV

and rCBF maps based on the DSC and CBF maps from ASL. The

mean rCBV and mean rCBF of each tumor were measured on

rCBV and rCBF maps. The mean rCBV and mean rCBF of the

contralateral hemispheres were also measured as reference val-

ues for perfusion parameters. Normalized CBV (nCBV) and

normalized CBF (nCBF) were derived by using the following

formulas: nCBV � rCBVtumor / rCBVreference and nCBF �

rCBFtumor / rCBFreference (On-line Fig 1).

Histologic Analysis
All rats were euthanized in a CO2 chamber soon after MR imag-

ing. Coronal sections sampled across the center of the tumors

were fixed in 10% buffered formaldehyde solution and paraffin-

embedded. Coronal paraffin sections were used for histologic he-

matoxylin-eosin staining and immunohistochemical analysis.

Histologic evaluation was performed by a pathologist (J.-K.W.

with �10 years’ experience in neuropathology) by using a stan-

dard light microscope. Microvessel area (MVA) was determined

on the basis of CD34 immunostains. Briefly, areas with the highest

microvascular attenuation on CD34-stained sections were iden-

tified around the center of the tumor at scanning power. After

that, MVAs consisting of endothelial area and vessel lumen were

quantified with a higher power (�200 field) in the selected area.

FIG 1. Experimental design showing the timeline of each group for U87 glioma cell inoculation, bevacizumab therapy, MR imaging, and sacrifice
for brain harvest.
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Results were expressed as the ratio of the area of microvessel to the

total area of analysis within any single �200 microscopic field.

Statistical Analysis
Paired and unpaired t tests were used to compare parameters on

perfusion MR imaging and MVA on histology within subjects and

between groups. For tumors for which histology was available,

1-way analysis of variance with a Scheffe post hoc test was used to

analyze differences. Pearson correlation analysis was performed

to determine the correlation among perfusion parameters of per-

fusion MR imaging and MVA. Statistical analysis was performed

with the commercially available software: SPSS (Version 12.0 for

Windows; IBM, Armonk, New York) and MedCalc for Windows

(Version 9.3.0.0; MedCalc Software, Mariakerke, Belgium). Sta-

tistical significance was P � .05.

RESULTS
Analysis of Tumor Volume and Perfusion Parameters
based on DSC or ASL Perfusion MR Imaging in All Tumors
The changes of tumor volume and perfusion parameters in all

tumors before and after bevacizumab treatment are summarized

in On-line Table 1 and Table 1. In addition, representative images

are shown in Fig 2.

After bevacizumab treatment, a tendency of consistent increase in

tumor volume was revealed on an unpaired t test (P � .1).

The nCBV of tumors based on DSC showed significant serial

FIG 2. Quantification of tumor volume and perfusion parameters in all tumors. T2WI and perfusion maps were acquired from a rat belonging to
the 10-day treatment group. Serial reductions in rCBV and rCBF based on DSC and CBF based on ASL are shown. Graphs in the right column show
serial changes of tumor volume and perfusion parameters in all tumors. Scale units of rCBVDSC, rCBFDSC, and CBFASL are milliliters � 100 g�1,
milliliters � 100 g�1 � min�1, and milliliters � 100 g�1 � min�1, respectively. Data are mean results from paired t tests (unpaired t tests). One
asterisk indicates P � .05; 2 asterisks, P � .001; NS, not significant; nCBVDSC, nCBV based on DSC; nCBFDSC, nCBF based on DSC; nCBFASL, nCBF
based on ASL.

Table 1: Comparison of volume and perfusion parameters based on DSC and ASL MR imaging in all tumorsa

Variables 0 Days (n = 14) 3 Days (n = 10) 10 Days (n = 4)

Paired t Test Unpaired t Test

P Valueb P Valuec P Valued P Valueb P Valuec P Valued

Volume (mm3) 40.0 (32.3–61.8) 91.9 (53.9–124.1) 203.7 (103.0–301.3) .015 .200 .117 .002 .090 .086
nCBVDSC 5.9 (5.7–6.3) 2.7 (2.4–2.9) 0.8 (0.6–1.4) �.001 .004 �.001 �.001 .002 .005
nCBFDSC 3.7 (3.2–4.0) 1.8 (1.4–2.2) 0.7 (0.6–1.0) �.001 .020 �.001 �.001 .075 .004
nCBFASL 1.7 (1.2–2.0) 0.3 (0.2–0.5) 0.1 (0.1–0.1) �.001 .041 �.001 .004 .029 .050

Note:—nCBVDSC indicates nCBV based on DSC; nCBFDSC, nCBF based on DSC; nCBFASL, nCBF based on ASL.
a Values are presented as medians (interquartile range, range from the 25th to the 75th percentile).
b Results between 0 and 3 days.
c Results between 3 and 10 days.
d Results between 0 and 10 days.
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decrease in values after treatment (P � .05). In addition, the nCBF

values based on DSC also showed significant serial decreases in

values (P � .05) after treatment, except the results from the un-

paired t test between 3 and 10 days (P � .075).

The nCBF values based on ASL showed significant serial de-

creases (P � .05) after treatment, except the results from the un-

paired t test between 0 and 10 days (P � .050).

Analysis of Tumor Volume and Perfusion Parameters
based on DSC and ASL Perfusion MR Imaging and MVA in
Tumors with Available Histology
Comparison and correlation of tumor volume and perfusion pa-

rameters from DSC and ASL perfusion MR imaging and MVA in

tumors with available histology are summarized in Table 2. In

addition, representative images are shown in Fig 3.

There was a tendency toward an increase in tumor volume

with P � .1 (P � .066).

All the nCBV from DSC, nCBF from DSC, nCBF from ASL,

and MVA values showed significant decreases after treatment

(P � .001, P � .001, P � .005, and P � .001, respectively). The

Scheffe post hoc multiple comparisons revealed significant

(P � .05) differences, except between the 3- and the 10-day

treatment groups for nCBF from DSC, nCBF from ASL, and

MVA values.

The nCBV and nCBF based on DSC and nCBF based on ASL

significantly correlated with MVA (correlation coefficient, r �

0.911, 0.869, and 0.860, respectively; P � .001 for all). nCBF from

ASL perfusion MR imaging also had a positive and significant

correlation with nCBF and nCBV based on DSC MR imaging (r �

0.8298 and 0.789, respectively; P � .001 for both) (On-line Fig 2).

However, nCBF (median [interquartile range], 0.2 [0.1– 0.6])

measured on ASL perfusion MR imaging was significantly less

than nCBF (1.9 [1.4 –3.0]) based on DSC MR imaging (P � .001).

Analysis of Tumor Volume and Perfusion Parameters
based on DSC in the 10-Days-without-Treatment Group
The changes of tumor volume and perfusion parameters in tu-

mors without antiangiogenic treatment are summarized in On-

line Table 2.

At 10 days after the first MR imaging, the volume of tumors

increased with significant differences between any days (P values

between 0 and 3 days, 3 and 10 days, and 0 and 10 days, .041, .013,

and �.001, respectively).

The nCBV of tumors in the 10-day group was significantly

higher than that in the 0-day group (P values between 0 and 3

days, 3 and 10 days, and 0 and 10 days, .034, .067, and .040, re-

spectively). The nCBF of tumors in the 10-day group was not

significantly higher than that in the 0-day group (P values between

0 and 3 days, 3 and 10 days, and 0 and 10 days, .156, .055, and .070,

respectively) (On-line Fig 3).

DISCUSSION
In the present study, we assessed the changes of perfusion param-

eters in the GBM rat model treated with the antiangiogenic agent

bevacizumab based on DSC and ASL perfusion MR imaging. We

found that perfusion parameters based on ASL and DSC perfu-

sion MR imaging decreased after antiangiogenic treatment, which

correlated well with histopathology results such as MVA.

Because bevacizumab has been reported to have an antiangio-

genic effect in GBM and is approved as a treatment agent either

alone or in combination with chemotherapy,5,23 the potential of

perfusion MR imaging to precisely characterize the microvascular

environment is clinically relevant. However, it was unclear

whether perfusion MR imaging can be applied as an imaging bio-

marker to quantify the microvascular environment mainly due to

significant intra- and intertumoral biologic heterogeneity of

GBM. Although some researchers have investigated the potential

of DSC perfusion MR imaging in GBMs treated with bevaci-

zumab in animal models,12,24 direct correlation between perfu-

sion parameters and histologic features was not elucidated. In

terms of the ASL perfusion MR imaging technique, a previous

report has suggested the potential of using ASL perfusion MR

imaging to evaluate the response to antiangiogenic therapy in a

patient with recurrent GBM who received bevacizumab.16 How-

ever, additional investigation in human studies or animal models

has not been elucidated, to our knowledge.

According to our results, nCBV and nCBF values based on

DSC showed significant serial reduction after bevacizumab treat-

ment with a strong correlation with MVA in histology. Thus, they

have the potential as imaging biomarkers to evaluate the antian-

giogenic effect in GBM treated with bevacizumab. In addition,

our results revealed that nCBF values based on the ASL technique

have significant serial reduction after bevacizumab treatment

with a strong correlation with MVA.

The measurement of hemodynamic parameters such as CBV

and CBF based on DSC perfusion MR imaging can be compro-

mised by elevated vascular permeability and leakage of contrast

agent, both of which can be heavily influenced by the biologic

changes in GBM under treatment.25 However, the ASL perfusion

MR imaging technique uses endogenous contrast agents without

the need to inject contrast agent. Therefore, the ASL perfusion

Table 2: Comparison and correlation of perfusion parameters based on DSC and ASL MR imaging with MVA in tumors with available
histologya

Variables Control (n = 4)
3-Day Treatment

(n = 6)
10-Day Treatment

(n = 4) P Valueb Different Groupsc

Volume (mm3) 51.9 (40.8–72.1) 99.7 (91.8–124.1) 203.7 (103.0–301.3) 0.066
nCBVDSC 6.0 (5.7–6.3) 2.4 (2.2–2.7) 0.8 (0.6–1.4) �.001 (Control) (3 days) (3 days) (10 days)

(Control) (10 days)
nCBFDSC 3.5 (3.3–3.7) 1.8 (1.5–1.9) 0.7 (0.6–1.0) �.001 (Control) (3 days) (Control) (10 days)
nCBFASL 1.4 (1.0–1.7) 0.3 (0.2–0.5) 0.1 (0.1–0.1) 0.005 (Control) (3 days) (Control) (10 days)
MVA (�10�2) 7.5 (6.9–7.9) 2.8 (2.3–3.3) 2.4 (1.9–2.9) �.001 (Control) (3 days) (Control) (10 days)

a Values are presented as medians (interquartile range, range from the 25th to the 75th percentile).
b Results from 1-way analyses of variances.
c Results from Scheffe post hoc multiple comparisons.
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MR imaging technique might overcome the drawbacks of DSC

perfusion MR imaging. In addition, ASL perfusion MR imaging

techniques can make it feasible to characterize the microvascular

environment and to evaluate the antiangiogenic effect against

GBM in patients who have contraindications to contrast agent

administration.

However, nCBF values based on ASL perfusion MR imaging

had a significantly lower value compared with those based on

DSC. Leakage of contrast agent on DSC and insufficient labeling

efficacy due to unestablished postlabeling decay time in animal

models may contribute to the difference in nCBF values based on

DSC and ASL. Because the appropriate postlabeling decay time

has been established for brain imaging in humans, such discrep-

ancies may be minimized in the application of ASL perfusion MR

imaging for human GBM. Even though nCBV values based on

DSC perfusion MR imaging had significant differences in animals

between the 3-day and 10-day-treatment groups, no significant

difference in the MVA values was found between the 2 groups.

Therefore, perfusion parameters based on DSC perfusion MR im-

aging might have been influenced by other factors related to the

antiangiogenic mechanism beyond MVA.

Most interesting, the present study revealed a tendency of con-

sistent increase in tumor volume despite reduced nCBV and

nCBF values (P � 0.1). Although we used 20 mg/kg of bevaci-

zumab in this study based on a previous report that investigated

its dose-dependent effect on GBM blood vessels,17 the tumor vol-

ume showed a serial increase in all tumors (even though the

growth rate seems to be lower than that in the 10-day-without-

treatment group). Our result is consistent with those in previous

reports,12,17 suggesting a possible insufficient effect of antiangio-

genic therapy on tumor proliferation and/or a possible evasion

mechanism against the antiangiogenic drug in GBM.

FIG 3. Quantification of tumor volume, perfusion parameters, and MVA in tumors with available histology. T2WI and perfusion maps were
acquired from rats in the control group, 3-day treatment group, or 10-day treatment group. Differences in rCBV and rCBF based on DSC, CBF
based on ASL, and MVA are shown. Graphs in the right column show differences in the tumor volume and hemodynamic parameters and MVA.
In the lower images, the tumors stained immunohistochemically with anti-CD34 show positive brown cytoplasmic staining of the endothelial
area and vessel lumen. Scale units of rCBVDSC, rCBFDSC, and CBFASL are milliliters � 100 g�1, milliliters � 100 g�1 � min�1, and milliliters � 100 g�1

� min�1, respectively. P values were based on 1-way analyses of variances. One asterisk indicates a significant (P � .05) difference from the
Scheffe post hoc multiple comparisons.
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CONCLUSIONS
We demonstrated that CBF values based on ASL and CBV and

CBF values based on DSC have good performance for evaluating

antiangiogenic therapy, with strong correlations with MVA in a

rat GBM model. ASL perfusion MR imaging has the potential to

be used as a noninvasive imaging biomarker to monitor the effect

of antiangiogenic therapy for GBM.

Disclosures: Tae Jin Yun, Seung Hong Choi—RELATED: Grant: government fund.*
Moon Hee Han—UNRELATED: Consultancy: MicroVention. *Money paid to the
institution.
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ORIGINAL RESEARCH
ADULT BRAIN

Nonaneurysmal Perimesencephalic Hemorrhage Is Associated
with Deep Cerebral Venous Drainage Anomalies: A Systematic

Literature Review and Meta-Analysis
X A. Rouchaud, X V.T. Lehman, X M.H. Murad, X A. Burrows, X H.J. Cloft, X E.P. Lindell, X D.F. Kallmes, and X W. Brinjikji

ABSTRACT

BACKGROUND AND PURPOSE: Mechanisms underlying bleeding in nonaneurysmal perimesencephalic SAH remain unclear. Previous
investigators have suggested a relationship between nonaneurysmal perimesencephalic SAH and primitive venous drainage of the basal
vein of Rosenthal. We performed a meta-analysis to evaluate the relation between primitive basal vein of Rosenthal drainage and
nonaneurysmal perimesencephalic SAH.

MATERIALS AND METHODS: We performed a comprehensive literature search of all studies examining the prevalence of primitive basal
vein of Rosenthal drainage in patients with aneurysmal SAH and nonaneurysmal perimesencephalic SAH. Data collected were primitive
basal vein of Rosenthal drainage (direct connection of perimesencephalic veins into the dural sinuses instead of the Galenic system) in at
least 1 cerebral hemisphere, normal bilateral basal vein of Rosenthal drainage systems, and the number of overall primitive venous systems
in the nonaneurysmal perimesencephalic SAH and aneurysmal SAH groups. Statistical analysis was performed by using a random-effects
meta-analysis.

RESULTS: Eight studies with 888 patients (334 with nonaneurysmal perimesencephalic SAH and 554 with aneurysmal SAH) and 1657
individual venous systems were included. Patients with nonaneurysmal perimesencephalic SAH were more likely to have a primitive basal
vein of Rosenthal drainage in at least 1 hemisphere (47.7% versus 22.1%; OR, 3.31; 95% CI, 2.15–5.08; P � .01) and were less likely to have
bilateral normal basal vein of Rosenthal drainage systems than patients with aneurysmal SAH (18.3% versus 37.4%; OR, 0.27; 95% CI,
0.14 – 0.52; P � .01). When we considered individual venous systems, there were higher rates of primitive venous systems in patients with
nonaneurysmal perimesencephalic SAH than in patients with aneurysmal SAH (34.9% versus 15.3%; OR, 3.90; 95% CI, 2.37– 6.43; P � .01).

CONCLUSIONS: Patients with nonaneurysmal perimesencephalic SAH have a higher prevalence of primitive basal vein of Rosenthal
drainage in at least 1 hemisphere than patients with aneurysmal SAH. This finding suggests a venous origin of some nonaneurysmal
perimesencephalic SAHs. A primitive basal vein of Rosenthal pattern is an imaging finding that has the potential to facilitate the diagnosis
of nonaneurysmal perimesencephalic SAH.

ABBREVIATIONS: aSAH � aneurysmal subarachnoid hemorrhage; BVR � basal vein of Rosenthal; NAPH � nonaneurysmal perimesencephalic subarachnoid
hemorrhage

Nonaneurysmal perimesencephalic subarachnoid hemor-

rhage (NAPH) represents approximately 10%–15% of all

spontaneous SAH cases.1-5 NAPHs are characterized by the ab-

sence of an aneurysm or other source of bleeding on 4-vessel

digital subtraction angiography and subarachnoid blood located

predominantly in the perimesencephalic cistern (Fig 1).1,6-17 The

prognosis for NAPH is usually much better than that of aneurys-

mal subarachnoid hemorrhage (aSAH), with a benign clinical

course and low risk of rebleeding or vasospasm.13,16,18-21

The cause and the mechanisms of bleeding have yet to be es-

tablished. Many different sources of bleeding have been proposed,

including microaneurysm or microangioma, rupture of pontine

perforating arteries, bleeding from perimesencephalic or deep in-

ternal veins, or hemorrhage from basilar trunk dissections and

intramural hematoma.13,22-35

Other studies have suggested a possible link between abnormal

drainage of the basal vein of Rosenthal (BVR) and NAPH.33,36-41
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Because of the rarity of this pathology, most series report-

ing BVR drainage in patients with NAPH are small retrospective

single-center case series. Thus, the exact link between abnormal

BVR drainage and NAPH has yet to be established. Because of this

lack of information, we performed a systematic review and meta-

analysis of studies examining BVR drainage patterns in patients

with NAPH compared with those with aSAH. The deep cerebral

venous drainage patterns are classified as the following: Type A or

“normal continuous,” in which the basal vein of Rosenthal is con-

tinuous with the deep middle cerebral vein and drains mainly into

the vein of Galen; Type B or “normal discontinuous,” in which

there is discontinuous dual drainage, both anterior to the uncal

veins and posterior to the vein of Galen; and Type C or “primi-

tive,” which drains directly into the dural sinuses instead of the

Galenic system. Types A and B are considered normal variant

patterns, whereas Type C or primitive venous drainage is consid-

ered abnormal.33,40 Illustrations of the 3 drainage patterns are

provided in Fig 2.

MATERIALS AND METHODS
Literature Search
We identified all studies published between 1980 and September

2015 that reported BVR drainage in patients with NAPH and

aSAH. A comprehensive literature search of the data bases

PubMed, Ovid MEDLINE, and Ovid EMBASE was designed and

conducted by an experienced librarian with input from the au-

thors. The key words “perimesencephalic,” “subarachnoid hem-

orrhage,” “basal vein,” “Rosenthal,” and “drainage” were used in

both “AND” and “OR” combinations.

Studies were selected by using the fol-

lowing criteria: 1) NAPH, 2) involving

subjects 18 years of age or older, 3) with

available data on venous drainage by us-

ing the above-defined criteria, 4) com-

paring venous drainage to patients with

aneurysmal SAH, 5) retrospective or

prospective studies with at least 3 pa-

tients, and 6) published in English.

Two authors separately searched the

data base and selected potentially rele-

vant articles based on the title and ab-

stract and obtained the full text for de-

tailed review. We also searched the

reference lists of retrieved articles and

published review articles for additional

studies. We screened duplicate publica-

tions that drew on the same datasets (ie,

data overlapping with those in other in-

cluded studies). In duplicate publica-

tions, only those with the most complete

data were included. The included stud-

FIG 1. Pattern of nonaneurysmal perimesencephalic hemorrhage. Nonaneurysmal perimesen-
cephalic hemorrhage in a 54-year-old man with a headache after sneezing. The CT demonstrates
blood isolated to the perimesencephalic cistern with some extension into the right ambient
cistern. No blood is seen in the bilateral Sylvian fissures, and there was no intraventricular
hemorrhage.

FIG 2. Lateral venous phase DSA images illustrating the different variants of the basal vein of Rosenthal: BVR (yellow arrows), vein of Galen (red
arrow), and straight sinus (dark blue arrow). A, Type A (normal continuous pattern). The BVR is continuous and drains mainly posteriorly into the
vein of Galen. B, Type B (normal discontinuous pattern). Discontinuous dual drainage of the BVR anterior into the cavernous sinus via the uncal
vein and posterior to the vein of Galen. The green dotted line and the 2 green arrows illustrate anterior and posterior drainage. C, Type C
(primitive pattern). BVR drains into veins (the uncal, anterior pontomesencephalic, or lateral mesencephalic veins or the tentorial sinus) other
than the vein of Galen. The anterior segment of the BVR (yellow arrow) drains into the lateral mesencephalic vein to the petrosal sinus (light blue
arrows), ultimately into the sigmoid sinus. The middle and posterior segments are absent (normal course is illustrated by the pink dotted line).
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ies reported the definition of NAPH with homogeneity as an ac-

cumulation of subarachnoid blood predominantly in the per-

imesencephalic cisterns with the center of the hemorrhage located

in front of the mesencephalon without blood in the interhemi-

spheric and lateral Sylvian fissures (except minute amounts) and

no important intraventricular hemorrhage (Fig 1),1 and absence

of an aneurysm or other source of bleeding identified on arterial

imaging including DSA. All the studies reported the venous drain-

age patterns on diagnostic cerebral angiography according to the

3 grades previously described as Type A (normal continuous), in

which the BVR is continuous with the deep middle cerebral vein

and drains mainly into the vein of Galen; Type B (normal discon-

tinuous), in which there is discontinuous venous drainage ante-

rior to the uncal vein and posterior to the vein of Galen; and Type

C (primitive variant), in which there is drainage mainly to veins

other than the vein of Galen. These include perimesencephalic

veins draining into the superior petrosal sinus or the BVR drain-

ing directly into the transverse or straight sinus.33,40 Illustrations

of the 3 drainage patterns are provided in Fig 2.

Data were extracted independently by 2 authors by using a

standardized form, and any disagreement was resolved by consen-

sus. We did not contact the authors of the studies to request in-

complete or unpublished data. For each study, we extracted the

following data: patient demographics, number patients with at

least 1 primitive (Type C) BVR drainage pattern, number of pa-

tients with a Type A bilateral BVR drainage pattern, and number

of venous systems with primitive (Type C) drainage. Compari-

sons were performed between patients with NAPH versus those

with aSAH.

Statistical Analysis
All included studies were comparative. Meta-analysis results were

expressed as an odds ratio for binary outcomes by using a ran-

dom-effects meta-analysis.42 For all outcomes, we quantified be-

tween-study heterogeneity by creating forest plots and calculating

the I2 statistic.43 We explored the impact of publication bias by

constructing funnel plots and testing their symmetry with the

Egger test.

Risk-of-Bias Assessment
Risk-of-bias assessment was performed by using the Newcastle-

Ottawa Scale. This tool is used for assessing the risk of bias of

nonrandomized studies included in systematic reviews or meta-

analyses. Each study is judged on 8 items categorized into 3

groups: 1) selection of the study groups, 2) comparability of the

study groups, and 3) ascertainment of the outcome of interest.44

RESULTS
Literature Review
The initial literature search yielded 243
articles. On initial abstract and title re-
view, 221 were excluded because they
were deemed not relevant to our study.
Full texts of the remaining 22 articles
were retrieved. Of these, 14 were ex-
cluded because they were either case re-
ports, review articles, or did not provide
data on the predefined study outcomes.

In total, 8 studies with 334 patients

with NAPH and 554 with aSAH were included. The definition of

NAPH was similar between studies. This total represented 1657

individual venous systems. A summary of included studies is pro-

vided in the On-line Table. Of the 334 patients with NAPH, 61

(18.3%) had normal (Type A) bilateral BVR drainage and 166

(49.7%) had primitive (Type C) BVR drainage in at least 1 hemi-

sphere. Of the 630 venous systems analyzed in patients with

NAPH, 220 (34.9%) were abnormal (Type C). Of the 554 patients

with aSAH, 207/554 (37.4%) had normal (Type A) bilateral BVR

drainage and 75/340 (22.1%) had primitive (Type C) BVR drain-

age in at least 1 hemisphere. Of the 1027 venous systems analyzed

in patients with aSAH, 157 (15.3%) were abnormal (Type C).

Venous Drainage Pattern in Patients with NAPH versus
Those with aSAH
Patients with NAPH had lower rates of normal bilateral BVR

drainage than those with aSAH (18.3% versus 37.4%; OR, 0.27;

95% CI, 0.14 – 0.52; P � .01) but higher rates of the primitive

BVR drainage pattern in at least 1 hemisphere (47.7% versus

22.1%; OR, 3.31; 95% CI, 2.15–5.08; P � .01). Considered

individually, there were higher rates of abnormal venous sys-

tems in patients with NAPH than in those with aSAH (34.9%

versus 15.3%) with an odds ratio of 3.90 (95% CI, 2.37– 6.43;

P � .01). These data are summarized in the Table. Forest plots

are provided in Fig 3A–C.

Risk of Bias
All studies had a low risk of bias. In all studies, the NAPH and

aSAH groups were selected from a consecutive series of patients

with angiographically confirmed presence or absence of intracra-

nial aneurysm. Venous drainage patterns were assessed by using

diagnostic cerebral angiography in all cases. Study groups were

comparable, with no significant differences in baseline character-

istics between groups. The ascertainment of the outcome of inter-

est was satisfactory in all studies because readers were blinded to

the nature of the patients’ SAHs.

I2 values for meta-analysis demonstrated fair homogeneity for

the outcome “patients with at least 1 primitive BVR drainage pat-

tern” (I2 statistics � 29%) and substantial heterogeneity for the

outcomes “patients with a normal bilateral BVR drainage pat-

tern” (I2 statistics � 57%) and “abnormal BVR drainage by ve-

nous system” (I2 statistics � 70%).

No evidence of publication bias was observed on the basis of

the Egger test (P � .05 for all 3 outcomes). Funnel plots are pro-

vided in On-line Fig 1.

Meta-analysis: comparison of BVR drainage patterns in patients with NAPH versus aSAH
Nonaneurysmal

Perimesencephalic
Hemorrhage

Aneurysmal
Subarachnoid
Hemorrhage OR P Value I2

Patients with at least 1
primitive BVR drainage
pattern

47.7% (148/310) 22.1% (75/340) 3.31 (2.15–5.08) �.01 29%

Patients with normal
bilateral BVR drainage
pattern

18.3% (61/334) 37.4% (207/554) 0.27 (0.14–0.52) �.01 57%

Abnormal BVR drainage by
venous system

34.9% (220/630) 15.3% (157/1027) 3.90 (2.37–6.43) �.01 70%
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DISCUSSION
Our meta-analysis demonstrated that patients with NAPH were

more likely to have primitive BVR drainage in at least 1 hemi-
sphere and were less likely to have bilateral normal BVR drainage
systems. Regarding individual venous systems, there were higher

rates of abnormal venous systems in patients with NAPHs than in
those with aSAH. Overall, these findings suggest that the occur-
rence of some NAPHs is associated with the primitive drainage
pattern of the BVR. While the diagnosis of NAPH is still a diag-
nosis of exclusion, the radiologic identification of a primitive

FIG 3. Meta-analyses. A, Comparison of the proportion of patients with at least 1 primitive BVR drainage. B, Comparison of the proportion of
patients with a normal bilateral BVR drainage pattern. C, Comparison of the proportion of abnormal BVR drainage by the venous system.
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drainage pattern in case of SAH could help affirm the diagnosis of

NAPH in some cases.

The deep venous system of the brain is composed of the inter-

nal cerebral vein, the great vein of Galen, the BVR, and their re-

spective tributaries.45,46 Anatomically, the BVR begins just ante-

rior to the midbrain near the anterior perforated substance, runs

around the brain stem, and terminates posteriorly, usually into

the Galenic system via the great vein of Galen.47 The BVR may also

drain into the straight sinus or the internal cerebral veins. Embry-

ologically, the BVR is not one of the original pial veins but is rather

a secondary vessel formed by longitudinal anastomoses of 3 prim-

itive veins during development: the telencephalic, diencephalic,

and mesencephalic veins.48 In the early embryonic stage, these

primitive veins drain into the tentorial sinuses. Later, many chan-

nels draining into the tentorial sinus usually spontaneously oblit-

erate with a secondarily posteromedial and superior drainage of

the BVR into the Galenic venous system via the anastomotic

channels. However, discontinuity due to maldevelopment of lon-

gitudinal anastomoses of the 3 primitive veins during the embry-

ologic stages could lead to posterolateral and inferior drainage of

the BVR into the transverse sinus via the tentorial sinus as a more

primitive form.47-50

This meta-analysis confirms that compared with patients with

aSAH, those with NAPH had more primitive forms of the BVR,

including primitive venous drainage directly into dural sinuses

(the cavernous sinus via the uncal vein, the superior petrosal sinus

via the tentorial sinus, or the perimesencephalic vein) instead of

into the Galenic system.33,36,38 These findings suggest that the

primitive drainage pattern of the BVR is a risk factor for NAPH in

some cases.39 There are a number of reasons why a primitive

venous pattern could be associated with NAPH. The direct con-

nection of perimesencephalic veins with the dural sinuses may

predispose to sudden increases in venous pressure with engorge-

ment and rupture of the veins as a result.33,36,39 Intracranial ve-

nous congestion caused by straining might tear a vein fixed to a

dural sinus or cause abrupt swelling of the tributaries of the BVR

in patients with the primitive pattern.1,33,51 Any stimulus similar

to the Valsalva maneuver increases intrathoracic pressure, which

blocks the internal jugular venous return and results in elevated

intracranial venous pressure or mechanical swelling of intracra-

nial veins and potentially leads to venous or capillary break-

down.39 In addition, some of the primitive veins circulate across

the tentorial margin, exposing them to torsion or friction and

making them even more prone to rupture where they cross the

tentorial margin.1,51

Lending further support to the idea that this anatomic variant

is a potential culprit in NAPH is a study by van der Schaaff et al,38

which demonstrated that in patients with unilateral primitive

drainage, blood primarily extravasated on the side of the primitive

drainage. The BVR caliber may also have an etiologic role in pa-

tients who experience NAPH as suggested by Buyukkaya et al,41

who identified a relationship between low-calibration BVR and

NAPH in patients with normal drainage patterns. However, if

aberrant drainage patterns are somehow linked to NAPH, it is

surprising that the incidence of rebleeding is very low because

anatomic venous drainage patterns are not likely to change after

bleeding.52-56 However, this low rebleeding rate could be ex-

plained by spontaneous healing of the venous rupture by fibrous

tissue reaction, which could reinforce the wall of the vein, as spec-

ulated by Matsumaru et al.33,51

Strengths and Limitations
The strengths of this study include following a protocol estab-

lished a priori, a comprehensive literature search that involved

multiple databases, and the process of study selection performed

by independent reviewers. The main limitation of this analysis is

that most studies did not include a control group of patients with-

out hemorrhage. Thus, we could not determine whether patients

with NAPH are more likely than healthy controls to have abnor-

mal venous drainage patterns. I2 values for meta-analysis demon-

strated fair homogeneity for the outcome “patients with at least 1

primitive BVR drainage pattern” and substantial heterogeneity

for the outcomes “patients with normal bilateral BVR drainage

pattern” and “abnormal BVR drainage by venous system,” which

could affect the results of our meta-analysis. Publication bias is a

limitation of many meta-analyses. However, we did not detect any

publication bias based on funnel plots and Egger tests.

CONCLUSIONS
NAPH is associated with the presence of a primitive variant pat-

tern of BVR drainage with direct connection of perimesen-

cephalic veins in the dural sinuses in at least 1 hemisphere. These

results support a venous origin of some NAPHs. A primitive BVR

pattern could represent an imaging argument to affirm the diag-

nosis of NAPH in some cases.
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50. San Millán D, Gailloud P, Rüfenacht DA, et al. The craniocervical

1662 Rouchaud Sep 2016 www.ajnr.org

http://dx.doi.org/10.3171/jns.1984.61.6.1029
http://www.ncbi.nlm.nih.gov/pubmed/6502230
http://dx.doi.org/10.1007/BF01410066
http://www.ncbi.nlm.nih.gov/pubmed/2603765
http://dx.doi.org/10.1001/archneur.1984.04050220041012
http://www.ncbi.nlm.nih.gov/pubmed/6487097
http://dx.doi.org/10.1007/BF01541778
http://www.ncbi.nlm.nih.gov/pubmed/1481749
http://dx.doi.org/10.1097/00006123-199609000-00001
http://www.ncbi.nlm.nih.gov/pubmed/8875472
http://dx.doi.org/10.1161/01.STR.30.5.1103
http://www.ncbi.nlm.nih.gov/pubmed/10229751
http://www.ncbi.nlm.nih.gov/pubmed/1950905
http://dx.doi.org/10.1016/0090-3019(93)90014-R
http://www.ncbi.nlm.nih.gov/pubmed/8488453
http://dx.doi.org/10.3174/ajnr.A1988
http://www.ncbi.nlm.nih.gov/pubmed/20075084
http://dx.doi.org/10.1007/BF01404842
http://www.ncbi.nlm.nih.gov/pubmed/7754850
http://dx.doi.org/10.1016/0140-6736(91)91836-J
http://www.ncbi.nlm.nih.gov/pubmed/1681340
http://dx.doi.org/10.1007/s10140-011-0939-6
http://www.ncbi.nlm.nih.gov/pubmed/21360167
http://dx.doi.org/10.1016/j.jocn.2005.09.007
http://www.ncbi.nlm.nih.gov/pubmed/16931020
http://dx.doi.org/10.1007/s00234-015-1594-5
http://www.ncbi.nlm.nih.gov/pubmed/26376804
http://dx.doi.org/10.1212/01.wnl.0000314688.26295.03
http://www.ncbi.nlm.nih.gov/pubmed/18541874
http://dx.doi.org/10.2176/nmc.51.30
http://dx.doi.org/10.4065/75.11.1169
http://www.ncbi.nlm.nih.gov/pubmed/11075747
http://dx.doi.org/10.3171/jns.1980.52.2.0263
http://www.ncbi.nlm.nih.gov/pubmed/7351569
http://dx.doi.org/10.1136/jnnp.19.1.1
http://www.ncbi.nlm.nih.gov/pubmed/13320151
http://dx.doi.org/10.3171/jns.1978.48.5.0712
http://www.ncbi.nlm.nih.gov/pubmed/641550
http://dx.doi.org/10.1016/S0090-3019(02)00630-4
http://www.ncbi.nlm.nih.gov/pubmed/12009538
http://dx.doi.org/10.1097/00006123-200205000-00015
http://www.ncbi.nlm.nih.gov/pubmed/11950404
http://dx.doi.org/10.3171/jns.2003.98.2.0426
http://www.ncbi.nlm.nih.gov/pubmed/12593635
http://dx.doi.org/10.3171/jns.1986.64.4.0537
http://www.ncbi.nlm.nih.gov/pubmed/3950737
http://dx.doi.org/10.1007/s00234-001-0741-3
http://www.ncbi.nlm.nih.gov/pubmed/11914808
http://dx.doi.org/10.1212/WNL.49.2.634
http://www.ncbi.nlm.nih.gov/pubmed/9270619
http://dx.doi.org/10.1161/01.STR.26.5.891
http://www.ncbi.nlm.nih.gov/pubmed/7740585
http://dx.doi.org/10.1016/j.clineuro.2008.03.001
http://www.ncbi.nlm.nih.gov/pubmed/18433987
http://dx.doi.org/10.2176/nmc.51.97
http://www.ncbi.nlm.nih.gov/pubmed/21358149
http://dx.doi.org/10.1161/01.STR.0000131657.08655.ce
http://www.ncbi.nlm.nih.gov/pubmed/15166390
http://dx.doi.org/10.1016/j.jocn.2010.02.025
http://www.ncbi.nlm.nih.gov/pubmed/20692171
http://dx.doi.org/10.1227/01.NEU.0000335777.14055.71
http://www.ncbi.nlm.nih.gov/pubmed/19057322
http://dx.doi.org/10.1016/j.clinimag.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24559748
http://dx.doi.org/10.1016/0197-2456(86)90046-2
http://www.ncbi.nlm.nih.gov/pubmed/3802833
http://dx.doi.org/10.1136/bmj.327.7414.557
http://www.ncbi.nlm.nih.gov/pubmed/12958120
http://www.ncbi.nlm.nih.gov/pubmed/4499048
http://www.ncbi.nlm.nih.gov/pubmed/14001528
http://www.ncbi.nlm.nih.gov/pubmed/20584491
http://dx.doi.org/10.1002/aja.1000980302
http://www.ncbi.nlm.nih.gov/pubmed/13362118
http://dx.doi.org/10.3171/jns.2007.106.5.900
http://www.ncbi.nlm.nih.gov/pubmed/17542537


venous system in relation to cerebral venous drainage. AJNR Am J
Neuroradiol 2002;23:1500 – 08 Medline

51. Matsumaru Y, Yanaka K, Matsumura A. Is perimesencephalic non-
aneurysmal hemorrhage of venous origin? Stroke 2004;35:2753–54;
author reply 2754 Medline

52. Greebe P, Rinkel GJ. Life expectancy after perimesencephalic sub-
arachnoid hemorrhage. Stroke 2007;38:1222–24 CrossRef Medline

53. Kalra VB, Wu X, Matouk CC, et al. Use of follow-up imaging in
isolated perimesencephalic subarachnoid hemorrhage: a meta-
analysis. Stroke 2015;46:401– 06 CrossRef Medline

54. Kapadia A, Schweizer TA, Spears J, et al. Nonaneurysmal perimes-
encephalic subarachnoid hemorrhage: diagnosis, pathophysiol-

ogy, clinical characteristics, and long-term outcome. World Neuro-
surg 2014;82:1131– 43 CrossRef Medline

55. Naidech AM, Rosenberg NF, Maas MB, et al. Predictors of hemor-
rhage volume and disability after perimesencephalic subarachnoid
hemorrhage. Neurology 2012;78:811–15 CrossRef Medline

56. Kong Y, Zhang JH, Qin X. Perimesencephalic subarachnoid
hemorrhage: risk factors, clinical presentations, and outcome. Acta
Neurochir Suppl 2011;110(pt 1):197–201 CrossRef Medline

57. Daenekindt T, Wilms G, Thijs V, et al. Variants of the basal
vein of Rosenthal and perimesencephalic nonaneurysmal hem-
orrhage. Surg Neurol 2008;69:526 –29; discussion 529 CrossRef
Medline

AJNR Am J Neuroradiol 37:1657– 63 Sep 2016 www.ajnr.org 1663

http://www.ncbi.nlm.nih.gov/pubmed/12372739
http://www.ncbi.nlm.nih.gov/pubmed/15499034
http://dx.doi.org/10.1161/01.STR.0000260093.49693.7a
http://www.ncbi.nlm.nih.gov/pubmed/17332451
http://dx.doi.org/10.1161/STROKEAHA.114.007370
http://www.ncbi.nlm.nih.gov/pubmed/25523050
http://dx.doi.org/10.1016/j.wneu.2014.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25003696
http://dx.doi.org/10.1212/WNL.0b013e318249f6dc
http://www.ncbi.nlm.nih.gov/pubmed/22377811
http://dx.doi.org/10.1007/978-3-7091-0353-1_34
http://www.ncbi.nlm.nih.gov/pubmed/21116939
http://dx.doi.org/10.1016/j.surneu.2007.03.039
http://www.ncbi.nlm.nih.gov/pubmed/18262255


ORIGINAL RESEARCH
ADULT BRAIN

Prevalence of Intracranial Aneurysms in Patients with
Aortic Aneurysms

X A. Rouchaud, X M.D. Brandt, X A.M. Rydberg, X R. Kadirvel, X K. Flemming, X D.F. Kallmes, and X W. Brinjikji

ABSTRACT

BACKGROUND AND PURPOSE: Previous studies have suggested an association between aortic aneurysms and intracranial aneurysms
with a higher prevalence of intracranial aneurysms in patients with aortic aneurysms. The aims of the present study were to evaluate the
incidence of intracranial aneurysms in a large cohort of patients with aortic aneurysms and to identify potential risk factors for intracranial
aneurysms in this population.

MATERIALS AND METHODS: We included all patients with aortic aneurysms (either abdominal and/or thoracic) who had available
cerebral arterial imaging and were seen at our institution during a 15-year period. We identified patients with intracranial aneurysms. Patient
demographics, comorbidities, and aortic aneurysm and intracranial aneurysm sizes and locations were analyzed. Univariate analysis was
performed with a �2 test for categoric variables and a Student t test or ANOVA for continuous variables.

RESULTS: A total of 1081 patients with aortic aneurysms were included. Of them, 440 (40.7%) had abdominal aortic aneurysms, 446 (41.3%)
had thoracic aortic aneurysms, and 195 (18.0%) had both abdominal aortic and thoracic aortic aneurysms. The overall prevalence of
associated intracranial aneurysms in patients with aortic aneurysms was 11.8% (128/1081), with 12.7% (56/440), 10.8% (48/446), and 12.3%
(24/195), respectively, in patients with abdominal aortic aneurysms, thoracic aortic aneurysms, and both thoracic aortic aneurysms and
abdominal aortic aneurysms. Female patients had a higher risk of associated intracranial aneurysms (OR � 2.08; 95% CI, 1.49 –3.03; P �

.0002). There was a slight association between abdominal aortic aneurysm size and the prevalence of intracranial aneurysms (OR � 1.02;
95% CI, 1.01–1.03; P � .045). There was no significant association between the locations of the aortic and intracranial aneurysms (P � .93).

CONCLUSIONS: The prevalence of intracranial aneurysms is high in patients with aortic aneurysms. Further studies examining the role and
cost-effectiveness of intracranial aneurysm screening in patients are warranted.

ABBREVIATIONS: AA � aortic aneurysm; AAA � abdominal aortic aneurysm; ADPKD � autosomal dominant polycystic kidney disease; IA � intracranial aneurysm;
TAA � thoracic aortic aneurysm

The overall prevalence of unruptured intracranial aneurysms

(IAs) in the general population is estimated as 3.2%.1 The

overall prevalence of aortic aneurysms (AAs), with both thoracic

(TAAs) and abdominal (AAAs) aortic aneurysms, is estimated at

around 1%–2% in the general population with up to 10% preva-

lence in older age groups.2 Previous studies have identified a link

between intracranial aneurysms and aortic diseases such as coarc-

tation of the aorta or a bicuspid aortic valve.3-6 A few studies have

reported an association between abdominal aortic aneurysms and

thoracic aortic aneurysms and IAs, with a higher prevalence of IA

in patients with aortic aneurysms.6-14 However, contrary to other

pathologies such as autosomal dominant polycystic kidney dis-

ease (ADPKD), which is associated with IA in 12.4% of cases, no

systematic screening for IA is proposed for patients with AA.15

The aims of the present study were to evaluate the prevalence of IA

in a large cohort of patients with AA and to identify potential risk

factors for IA in this population.

MATERIALS AND METHODS
Patient Population
Following institutional review board approval, we performed a

search of our imaging and clinical data base for all patients with

clinical or radiologic notes between January 2001 and June 2015

with the key words “aortic aneurysms,” “abdominal aortic aneu-

rysm,” and “thoracic aortic aneurysm.” We selected patients who
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were 18 years of age or older who had an aortic aneurysm and

cerebral arterial imaging (CTA, MRA, or DSA). Patients with

known connective tissue diseases (ie, Marfan, Ehlers-Danlos, and

Loeys-Dietz syndromes) were excluded.

Data Collection
The diagnosis of AA was determined according to previous re-

ports for each patient. The definition of an abdominal aortic an-

eurysm was a diameter of �3.5 cm, and the diameter of a thoracic

aortic aneurysm was �4.5 cm. The location of the AA (TAA, AAA,

or both) and the size of the aneurysms were retrieved from avail-

able reports. In case the size was not reported, a radiologist mea-

sured the maximum aneurysm diameter on available examina-

tions (CT or MR imaging). The primary outcome of this study

was the prevalence of saccular intracranial aneurysms. Head CTA,

MRA, and DSA radiology reports of patients with AA read by

board-certified neuroradiologists were queried for the terms “an-

eurysm,” “dilatation,” or “saccular.” All reports that did not have

one of these terms were considered negative for aneurysms.

Among those that did have a mention of the terms in their radi-

ology reports, imaging was further evaluated to confirm the pres-

ence, location, and size of an intracranial aneurysm. This was

performed by a neuroradiologist with 4 years of training. Patients

with dissecting and fusiform aneurysms were excluded because

these lesions are associated with a dis-

tinct natural history and pathophysiol-

ogy compared with saccular aneurysms

(20 patients). Partially thrombosed an-

eurysms were included in this study. Pa-

tients undergoing CTA evaluation had

CT angiography on either 16-, 32-, or

64-section CT scanners. MR imaging

and MRA were performed on 1.5T or 3T

scanners. Each aneurysm was described

according to its location and maximum

diameter.

In addition to the presence of a sac-

cular aneurysm, we collected the fol-

lowing baseline data: age at diagnosis

of the intracranial aneurysm, sex, hy-

pertension, coronary artery disease,

diabetes mellitus, previous or current

tobacco use, bicuspid aortic valve, and

hyperlipidemia.

Statistical Analysis
All categoric variables were analyzed by

using a �2 test. All continuous variables

were analyzed by using a Student t test or

ANOVA. We performed a subgroup

analysis of AA location (ie, TAA, AAA,

or both TAA and AAA). We also deter-

mined whether any of the above-

mentioned baseline characteristics were

associated with the presence of intra-

cranial aneurysms. Odds ratios and

their associated 95% confidence inter-

vals were calculated. To determine

which variables, if any, were independently associated with the

presence of an intracranial aneurysm, we performed a multivari-

ate analysis, adjusting for aortic aneurysm type and any variables

that were associated with the presence of aneurysms on univariate

analysis (ie, carotid artery disease, female sex, and aortic aneu-

rysm size). All statistical analyses were performed by using JMP

12.0 (SAS Institute, Cary, North Carolina).

RESULTS
Baseline Characteristics
A total of 1081 patients with AA were included. Of them, 440

(40.7%) had AAAs, 446 (41.3%) had TAAs, and 195 (18.0%)

had both AAAs and TAAs. Baseline demographics and aneu-

rysm characteristics according to the AA location are presented

in Table 1.

The mean age of all patients was 69.3 � 16.2 years, with 74.0%

(800/1081) of patients being men. The mean maximal diameters

of the AAs were 49.3 � 14.3 mm and 50.2 � 11.1 mm for AAAs

and TAAs, respectively. There were statistically significant differ-

ences regarding the comorbidities and cardiovascular risk factors

between the AAA and TAA groups, with a higher prevalence of

stroke/TIA, coronary artery disease, hypertension, diabetes, hy-

perlipidemia, and smoking history in the AAA group than in the

TAA group (all P values �.01), demonstrating that AAAs are

Table 1: Summary of baseline characteristics by AA type
All Patients AAA TAA AAA and TAA P

No. (%) 1081 440 (40.7) 446 (41.3) 195 (18.0) –
Mean age (yr) (SD) 69.3 (16.2) 77.8 (9.3) 62.2 (17.0) 70.8 (16.7) �.0001
Mean max AAA diameter 49.3 (14.3) 49.6 (14.4) – 48.5 (14.0) –
Mean max TAA diameter 50.2 (11.1) – 48.5 (9.2) 54.5 (13.8) –
Sex

Male 800 (74.0) 348 (79.1) 310 (69.5) 142 (72.8) .005
Female 281 (26.0) 92 (20.9) 136 (30.5) 53 (27.2)

Comorbidities
Stroke/TIA 509 (47.1) 236 (53.6) 163 (36.6) 110 (56.4) �.0001
Coronary artery disease 510 (47.3) 278 (63.3) 125 (28.1) 107 (54.9) �.0001
Hypertension 855 (79.2) 394 (89.8) 283 (63.5) 178 (91.3) �.0001
Diabetes 208 (19.3) 119 (27.2) 56 (12.6) 33 (16.9) �.0001
Hyperlipidemia 743 (68.8) 369 (84.1) 228 (51.1) 146 (74.9) �.0001
Current/former smoker 356 (33.0) 214 (48.8) 68 (15.3) 74 (38.0) �.0001
Bicuspid aortic valve 142 (13.1) 3 (0.7) 132 (29.6) 7 (3.6) �.0001

Imaging
MRA 903 (83.5) 373 (84.8) 369 (82.7) 161 (82.6) .66
CTA 249 (23.0) 94 (21.4) 104 (23.3) 51 (26.2) .52
DSA 114 (10.5) 55 (12.5) 40 (9.0) 19 (9.7) .34

No. (%) with intracranial aneurysms 128 (11.8) 56 (12.7) 48 (10.8) 24 (12.3) .44
No. of aneurysms 172 70 65 37 –

No. (%) of patients with multiple
aneurysms

30 (23.4) 14 (25.0) 10 (15.4) 6 (25.0) .34

Mean size 6.0 (5.8) 5.4 (4.4) 6.3 (6.5) 7.1 (7.2) .54
Location

ICA 93 (54.1) 36 (51.4) 34 (52.3) 23 (62.2) .67
ACA 16 (9.3) 7 (10.0) 7 (10.8) 2 (5.4)
AcomA 16 (9.3) 5 (7.1) 8 (12.3) 3 (8.1)
MCA 24 (14.0) 12 (17.1) 7 (10.8) 5 (13.5)
Basilar artery 13 (7.6) 8 (11.4) 3 (4.6) 2 (5.4)
PICA 5 (2.9) 1 (1.4) 2 (3.1) 2 (2.7)
PCA 4 (2.3) 1 (1.4) 3 (4.6) 0 (0.0)
Vertebral artery 2 (1.2) 0 (0.0) 1 (1.5) 1 (2.7)

Location by anterior/posterior
Anterior 148 (86.0) 60 (83.3) 56 (86.2) 32 (86.5) .99
Posterior 24 (14.0) 10 (16.7) 9 (13.8) 5 (13.5)

Note:—Max indicates maximum; ACA, anterior cerebral artery; AcomA, anterior communicating artery; PICA, posterior
inferior cerebellar artery; PCA, posterior cerebral artery.
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linked to cardiovascular risk factors. TAAs were strongly associ-

ated with bicuspid aortic valve (P � .0001). Patients with TAAs or

both TAAs and AAAs were significantly younger than patients

with AAAs alone (P � .0001).

Prevalence and Risk Factors for Aneurysm
Of the overall cohort, 128 patients (11.8%) had IAs, with a total

of 172 IAs. The mean size of the IAs was 6.0 � 5.8 mm. The IAs

were located in the anterior circulation in 86.0% (148/172) of

cases.

IAs were identified in 12.7% (56/440), 10.8% (48/446), and

12.3% (24/195), respectively, in patients with AAAs, TAAs, and

both AAAs and TAAs. There was no statistical difference across

groups for the location of associated IAs (P � .67), even when

aneurysm locations were grouped into anterior or posterior cere-

bral circulation (P � .93). Similarly, the sizes of IAs were not

different across the various groups (P � .54). The number of

patients with multiple IAs was not different across the 3 AA

groups (P � .34). The size of the AAAs or TAAs was not signifi-

cantly associated with a higher prevalence of associated IAs in the

different groups, except in the patients with both AAAs and TAAs

and associated IAs who had larger AAAs than patients without

associated IAs (P � .003).

A summary of risk factors for intracranial aneurysms in pa-

tients with aortic aneurysms is provided in Table 2. Prevalences of

intracranial aneurysms by comorbidity are provided in Table 3.

Among all patients, female sex was associated with higher odds of

an intracranial aneurysm (OR � 2.08; 95% CI, 1.49 –3.03; P �

.0002). In addition, increased AAA size was associated with an

increased prevalence of IAs (OR � 1.02;

95% CI, 1.01–1.03; P � .045). Among

patients with only AAAs, no variables

were associated with an increased prev-

alence of IAs. Among patients with

TAAs, only female sex (OR � 2.32; 95%

CI, 1.26 – 4.26; P � .006) was associated

with a higher risk of IA. No other vari-

able, including the presence of a bicus-

pid valve, was associated with IAs.

Among patients with both TAAs and

AAAs, variables associated with IA for-

mation were female sex (OR � 4.74;

95% CI, 1.95–11.50; P � .0002), the

presence of a bicuspid valve (OR � 5.96; 95% CI, 1.25–28.50; P �

.01), and smoking history (OR � 3.90; 95% CI, 1.58 –9.64; P �

.002).

On multivariate logistic regression analysis, adjusting for aor-

tic aneurysm type, aortic aneurysm size, sex, and the presence of

carotid artery disease, female sex was the only variable indepen-

dently associated with the presence of intracranial aneurysms

(OR � 2.17; 95% CI, 1.25–3.70; P � .006).

Aneurysm Rupture
Of the 128 patients with intracranial aneurysms in this study, 8

had aneurysm rupture (6.3%). Five patients with ruptured aneu-

rysms were men and 3 were women. Four had AAAs without

TAAs, 2 had TAAs without AAAs, and 2 had both TAAs and

AAAs. The mean size of the AAAs in the ruptured aneurysm pop-

ulation was 56 � 12.2 mm, and the mean size of the TAAs was

41.5 � 3.4 mm. Mean intracranial aneurysm size was 9.6 � 10.5

mm. Six ruptured aneurysms were located in the anterior circu-

lation, and 2 were located in the posterior circulation.

DISCUSSION
The present study demonstrates, in a large cohort of patients with

AA, that the prevalence of associated IAs is high, with a global

prevalence of 11.8%. This prevalence is about 4 times higher than

that in the general population. Furthermore, this association is

higher in women with TAAs. Female sex was the only variable

independently associated with IAs in the AA population. There

was no significant relation between the AA type and the pres-

Table 2: Risk factors for intracranial aneurysms in patients with aortic aneurysms
All AAA Only TAA Only TAA and AAA

OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P
Age (1-yr increase) 0.99 (0.91–1.08) .29 0.99 (0.95–1.04) .61 1.00 (0.97–1.03) .61 0.96 (0.92–0.98) .01
AAA size (mm increase) 1.02 (1.01–1.03) .045 1.01 (0.96–1.07) .36 – – 1.04 (1.02–1.06) .03
TAA size (mm increase) 1.01 (0.97–1.04) .49 – – 1.00 (0.96–1.04) .83 1.02 (0.98–1.06) .14
Female sex 2.08 (1.49–3.03) .0002 1.31 (0.68–2.51) .42 2.32 (1.26–4.26) .006 4.74 (1.95–11.50) .0002
Comorbidities

Stroke/TIA 0.83 (0.58–1.20) .035 0.61 (0.35–1.07) .08 1.40 (0.76–2.57) .27 0.51 (0.21–1.21) .12
CAD 0.68 (0.47–0.99) .047 0.63 (0.37–1.11) .11 0.40 (0.18–0.92) .03 0.97 (0.41–2.28) .94
HTN 0.93 (0.60–1.46) .76 0.64 (0.28–1.46) .29 0.96 (0.51–1.77) .88 1.06 (0.23–4.94) .94
DM 0.85 (0.52–1.39) .52 0.70 (0.36–1.38) .34 0.43 (0.13–1.45) .16 2.30 (0.87–6.08) .13
HLP 0.82 (0.55–1.20) .31 0.41 (0.21–0.78) .006 1.26 (0.69–2.30 .54 0.63 (0.25–1.58) .32

Bicuspid aortic valve 0.72 (0.40–1.32) .33 NA .84 0.59 (0.29–1.23) .16 5.96 (1.25–28.50) .01
Current/former smoker 1.25 (0.86–1.84) .24 0.82 (0.47–1.45) .57 0.94 (0.40–2.20) .89 3.90 (1.58–9.64) .002

Note:—CAD indicates carotid artery disease; HTN, hypertension; DM, diabetes mellitus; HLP, hyperlipidemia; NA, not applicable.

Table 3: Prevalence of aneurysms by comorbidity
Aneurysm Prevalence (%)

All Patients AAA TAA AAA and TAA
Sex

Male 51/281 (18.2) 42/348 (12.1) 25/310 (8.1) 10/142 (7.0)
Female 77/800 (9.6) 14/92 (15.2) 23/136 (16.9) 14/53 (26.4)

Comorbidities
Stroke/TIA 55/509 (10.8) 24/236 (10.2) 21/163 (12.9) 10/110 (9.1)
CAD 50/510 (9.8) 30/278 (10.8) 7/125 (5.6) 13/107 (12.2)
HTN 100/855 (11.7) 48/394 (12.2) 30/283 (10.6) 22/178 (12.4)
DM 22/208 (10.6) 12/119 (10.1) 3/56 (5.4) 7/33 (21.2)
HLP 83/743 (11.2) 40/369 (10.8) 27/228 (11.8) 16/146 (11.0)

Bicuspid aortic valve 13/142 (9.2) 0/3 (0.0) 10/132 (7.6) 3/7 (42.9)
Current/former smoker 48/308 (13.5) 25/214 (11.7) 7/68 (10.3) 16/74 (21.6)

Note:—CAD indicates carotid artery disease; HTN, hypertension; DM, diabetes mellitus; HLP, hyperlipidemia.
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ence of IAs. We also identified patients with coronary artery dis-

ease and hyperlipidemia having lower odds of IA. We did not find

any significant association between the AA size and the presence

of an IA or its location. These results are important because they

suggest that further studies examining the role of IA screening in

patients with AAA and TAA are warranted.

Our results are in accordance with a recent study published by

Shin et al,14 who reported a 11.6% prevalence of IAs in a cohort of

611 patients with AAs. In a small study, Kuzmik et al13 observed a

9.0% prevalence of IAs in a series of 212 patients with TAAs.

Unlike the study of Shin et al, we found that female sex was a

significant risk factor for the presence of IAs, and we did not find

any association between AA type and IA size or location. We did

not find any higher risk for IAs in patients with AAs with hyper-

tension or smoking history, contrary to the findings of Kuzmik

et al.13

The present results suggest potential common pathophysio-

logic mechanisms for IA and AA. However, TAA and AAA have

different origins, risk factors, and pathomechanisms.16 AAAs are

related to cardiovascular risk factors,2 as confirmed in our cohort,

with significantly more patients with stroke/TIA, coronary artery

disease, hypertension, diabetes, hyperlipidemia, and smoking his-

tory in the AAA group than in the TAA group. On the contrary,

TAAs and IAs are mostly considered nonatherosclerotic arte-

riopathies, even though they share some common risk factors

with AAAs, such as hypertension or tobacco use.1,11,14,16,17 TAAs

usually appear in younger patients. However, the present study

shows that whatever the location of the AA (either TAA or AAA),

there is a high prevalence of associated IAs that appears to be

independent of cardiovascular risk factors. A potential explana-

tion is that the aorta and intracranial arteries embryologically

originate from the neural crest cells, and some anomalous devel-

opment of these cells (neurocristopathy) could explain the sus-

ceptibility for both AA and IA.18-20 However, despite the origin

and susceptibility factors for AA and IA, their origin is probably a

combination of genetic and environmental factors.

Furthermore, our study identified a prevalence of IAs in the

AA population 4 times higher than in the general population. This

is very important and should be taken into account when consid-

ering patients with AAs for a systematic screening to identify IAs.

Indeed, in patients with autosomal dominant polycystic kidney

disease, the prevalence of associated IA was around 10%, with a 4

times higher risk.15,17 According to this relative risk, some have

advised a systematic screening with MRA for IA in ADPKD.21-26

However, to date, there is no proved benefit in morbidity, mor-

tality, or reduction in subarachnoid hemorrhage among patients

with ADPKD screened for IA,27 potentially due to other factors

such as a higher risk of IA treatment in patients with ADPKD, as

recently suggested by Rozenfeld et al.28,29 In our study, the IA

prevalence in patients with AAs was similar to the IA prevalence in

the ADPKD population. Our results suggest that future prospec-

tive studies examining the role of IA screening in patients with

AAs could be warranted, especially in female patients with

TAAs.28,29

Also, there is a high association of IA with AA in the perioper-

ative care of AA. Indeed, the pressure on the cerebral arteries

varies substantially due to cross-clamping and declamping of the

aorta during aortic surgery.30 There is a theoretic potential risk of

IA rupture with increasing cerebral perfusion pressure by occlud-

ing the aorta, albeit temporarily.3 Surgeons should be aware of the

presence of an IA to avoid large pressure variations. In addition,

measures such as strict postoperative blood pressure control can

also be taken with a known IA, to reduce the risk of rupture.13

Systematic identification of an IA in patients with AAs seems ben-

eficial to prevent IA rupture.

Limitations
Our study is limited by its retrospective nature. We could not

exclude a potential selection bias because patients with previous

neurologic symptoms were more likely to have cerebral arterial

imaging available and to be included in the present study; this

feature could create the possibility of skewing the data toward a

greater prevalence of IA. It is also possible that we underestimated

the prevalence of IA in this population. We did not search for the

indication of arterial intracranial imaging, which could poten-

tially introduce a selection bias if the imaging was performed to

search for an intracranial aneurysm. We also did not document

the time of IA detection in relation to the AA detection. There is

also a limitation in the ascertainment of the smoking status be-

cause we did not differentiate patients with previous or current

smoking history and did not perform any analysis regarding the

pack-year consumption. Also for the TAA, we did not separate

ascending and descending TAAs, which could potentially have

different results regarding the incidence of associated IAs. Our

study did not find any significant association between AA and IA

locations, which could potentially be due to the low statistical

power of multiple subgroup analyses; however, the global popu-

lation of our cohort was the largest compared with previously

published series.

CONCLUSIONS
This study shows that in a large AA cohort, prevalence of IAs is

high in patients with AA. Women were at higher risk for concom-

itant IA. Further studies are needed to determine whether patients

with known AAs should be screened for IAs.
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Ventricular Microaneurysms in Moyamoya Angiopathy
Visualized with 7T MR Angiography

X T. Matsushige, X M. Kraemer, X M. Schlamann, X P. Berlit, X M. Forsting, X M.E. Ladd, X U. Sure, and X K.H. Wrede

ABSTRACT
SUMMARY: The pathophysiologic role of hemodynamic alteration to peripheral vessels in Moyamoya angiopathy and the formation of
microaneurysms remains unclear. The purpose of this study was to investigate microaneurysms in collateral Moyamoya vessels by using 7T
ultra-high-field MR imaging. Ten patients with Moyamoya disease were evaluated with TOF-MRA at 7T acquired with 0.22 � 0.22 � 0.41
mm3 resolution. In 10 patients, 4 microaneuryms located in the ventricles were delineated. The mean diameters of collateral vessels and
microaneurysms arising from those vessels were 0.87 mm (range, 0.79 –1.07 mm) and 0.80 mm (range, 0.56 – 0.96 mm), respectively. In 1 case
with follow-up scans 6 months after a direct extracranial-intracranial bypass operation, the microaneurysm disappeared. Ventricular
microaneurysms in Moyamoya angiopathy collateral vessels, inaccessible by conventional imaging techniques, can be detected by 7T
TOF-MRA.

ABBREVIATION: MMA � Moyamoya angiopathy

Moyamoya angiopathy (MMA) is a rare cerebrovascular pa-

thology characterized by progressive occlusion of the ter-

minal carotid arteries associated with the formation of collateral

Moyamoya vessels.1,2 The patients could have ischemic and/or

hemorrhagic stroke, though there are notable differences in clin-

ical symptoms among the age of onset and race.3-6 The proposed

pathophysiologic mechanism for hemorrhage in MMA is long-

term hemodynamic stress to collateral vessels.5-8 It has been hy-

pothesized that formation of microaneurysms might be an addi-

tional pathophysiologic explanation. Small aneurysms (2–3 mm)

of these collateral vessels have been associated with intraventric-

ular hemorrhage in several reports.7-11 However, the incidence

and natural history of microaneurysms associated with MMA re-

main unclear because detection of submillimeter-range aneu-

rysms remains unfeasible with conventional imaging techniques.

This study aimed to investigate underlying microaneurysms of

collateral vessels by using ultra-high-field 7T TOF-MRA.

MATERIALS AND METHODS
In addition to a standard clinical work-up with 3T TOF-MRA and

selective DSA, patients with MMA were prospectively recruited in

a 7T TOF-MRA feasibility study between October 2011 and No-

vember 2012.12 These data were recently re-evaluated to screen

for the presence of microaneurysms in collateral Moyamoya ves-

sels. The study was conducted according to the principles ex-

pressed in the Declaration of Helsinki and was approved by the

University Duisburg-Essen institutional review board. Written

informed consent was obtained before each examination. All 7T

examinations were performed by using a whole-body MR

imaging system (Magnetom 7T; Siemens, Erlangen, Germany)

equipped with a 1-channel transmit/32-channel receive head ra-

diofrequency coil (Nova Medical, Wilmington, Massachusetts).

The system has a gradient system providing 45 mT/m maximum

amplitude and a slew rate of 200 mT/m/ms. For MRA, a previ-

ously described customized 3D fast low-angle shot TOF pulse

sequence was applied.12,13 Datasets were acquired with the fol-

lowing parameters: flip angle � � 18°, TE � 4.34 ms, TR � 20 ms,

FOV � 200 � 169 � 46 mm3, 112 sections per slab (oversampling

14%), parallel imaging (generalized autocalibrating partially par-

allel acquisition) with an acceleration factor R � 4 (phase direc-

tion), partial Fourier 6/8 in both section and phase directions,

matrix � 896 � 756 (noninterpolated), voxel size � 0.22 �
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0.22 � 0.41 mm3 (noninterpolated), and total acquisition time of

6 minutes 22 seconds. Images were analyzed by 2 experienced

vascular neurosurgeons (T.M. and K.H.W.) and an experienced

neuroradiologist (M.S.) in a consensus reading by using an open-

source medical image viewer (Horos; http://www.horosproject.

org/) in a 3-step evaluation process. At first, every rater individually

assessed the transverse source images for the presence of microaneu-

rysms. In the second step, multiplanar 3D image reconstructions and

MIPs were similarly evaluated. Finally, all 3 raters discussed their

individual evaluations to establish a consensus reading.

RESULTS
Basic demographic data for all patients and major anatomic fea-

tures of microaneurysms are summarized in the Table. There

were no signs of acute hemorrhage or
bleeding remnants in any patient. Col-
lateral vessels in the ventricles branching
from the posterior choroidal arteries
were present in 8 of 10 patients. Neither
conventional MRA nor DSA detected
microaneurysms in these collateral
Moyamoya vessels. All raters detected 3
microaneurysms in transverse source
images during the initial evaluation
(cases 5, 6, and 8). Two raters detected a
microaneurysm in transverse source im-
ages (case 4), which was only suspected
in these images by the third rater. All 4
microaneurysms were individually de-
tected by the raters in multiplanar 3D
image reconstructions and MIPs. After
individual assessments, all findings were
discussed to have a consensus reading.
There was no false-positive or false-neg-
ative detection of a microaneurysm by a
single rater. The mean diameters of col-
lateral vessels and microaneurysms aris-
ing from those vessels were 0.87 mm
(range, 0.79 –1.07 mm) and 0.80 mm
(range, 0.56 – 0.96 mm), respectively.

Figure 1 illustrates specific features of 3

microaneurysms. One microaneurysm disappeared on the fol-

low-up examination 6 months after the direct extracranial-intra-

cranial bypass operation (Figs 2 and 3).

DISCUSSION
This is the first presentation of MMA with microaneurysms in

collateral Moyamoya vessels. This study illustrates the possible

clinical application of 7T TOF-MRA to detect submillimeter-

range microaneurysms arising from peripheral collateral vessels

in MMA. So far, only 1 histopathologic study has analyzed the

presence of microaneurysms (200- to 550-�m diameter) in

MMA.14 It revealed true microaneurysm formation or degenera-

tive changes in the vessels predisposing to rupture of perforating

FIG 1. Two different projections of MIP from TOF-MRA at 7T in cases 4 (A and B), 6 (C and D),
and 8 (E and F) demonstrate an intraventricular microaneurysm (arrow) arising from collateral
vessels.

Patient demographics and anatomic characteristics for all microaneurysms

Pt No. No. Age (yr) Sex
Bypass
Surgery

Collateral
Vessels Microaneurysm Location

Maximum
Diameter (mm)

Diameter of a
Ventricular Collateral

Vessel (mm)
1 1 23 M Pre � –

2 24 Post � –
2 3 46 M Post � –
3 4 26 F Pre – –
4 5 35 F Pre �� � 3rd Vent. 0.76 1.07
5 6 34 F Pre �� � 3rd Vent. 0.56 0.82

7 34 Post �� Disappeareda Disappeareda

6 8 29 F Pre � � Lateral Vent. 0.96 0.79
7 9 58 F Post � –
8 10 42 F Post � � Subependium 0.93 0.81
9 11 38 F Pre – –
10 12 35 F Pre � �

Note:—Pt indicates patient; Pre, before; Post, after; �, moderate development of collateral vessels in the ventricles; ��, advanced development of collateral vessels in the
ventricles, – , not delineated; Vent., ventricle.
a Disappeared after bypass surgery.
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arteries. However, the prevalence of these microaneurysms re-

mains unclear because current imaging techniques are unable to

detect them. Given the previously published histopathologic

data,14 spatial resolution has to be well below the diameter of

Moyamoya vessels to be capable of visualizing microaneuryms.

Detecting these submillimeter-range microaneurysms in com-

plex and tiny collateral Moyamoya ves-

sels remains unfeasible even for DSA,

the current criterion standard, or high-

resolution 3T MRA. The high spatial

resolution used in the presented study

allowed visualizing these microaneu-

ryms in vivo for the first time. Several

recent studies showed the excellent diag-

nostic accuracy of this imaging tech-

nique to delineate microvascular struc-

tures and vessel walls.15-18

The formation of flow-related aneu-

rysms has recently been investigated in

patients with cerebral arteriovenous

malformations.19 The proposed patho-

physiologic mechanism involves hemo-

dynamic alterations to peripheral vessel

walls that cannot compensate for in-

creased blood flow.19 The same patho-

physiologic mechanism seems to play a

key role in aneurysm formation in MMA

and can explain intracranial hemor-

rhage in patients with Moyamoya dis-

ease.5-8 Nevertheless, dedicated compu-

tational flow simulations are pending to

evaluate this hypothesis. Several authors

suggested the relevance of hemody-

namic changes for the treatment of flow-

related peripheral aneurysms.9-11 In

their recent study, Miyamoto et al20

showed a significant reduction of intra-

cranial hemorrhage after superficial

temporal artery–MCA bypass surgery.

They speculated that reduction of long-

term hemodynamic alterations in fragile

Moyamoya collateral vessels might ex-

plain their findings. The disappearance

of 1 microaneurysm in the present case

series (case 5) might support the hy-

pothesis of favorable hemodynamic al-

terations after a bypass operation.

The prevalence of microaneurysms

and their pathophysiologic relevance

remains unclear. This report warrants

further prospective studies to reveal

the prevalence of microaneurysms associ-

ated with MMA and their fate after

treatment.

Limitations
The lack of a diagnostic criterion stan-

dard for nonsurgical detection of microaneurysms is the main
limitation of the present study. None of the patients under-
went surgical exposure of parent vessels and microaneurysms.
Thus, histopathologic validation of the microaneurysms was
not available. However, the dedicated 3-step image assessment
by 3 experienced raters and the high spatial resolution of the

FIG 2. Cerebral angiography with anteroposterior (A) and lateral (B) views in case 5. Right internal
carotid angiography reveals occlusion of the right carotid fork and tiny basal collateral vessels.
The right posterior cerebral artery and right posterior choroidal artery are also prominent as
collateral vessels. No intracranial aneurysms can be delineated.

FIG 3. TOF-MRA and MIP of TOF-MRA at 7T before (A–C) and 6 months after (D–F) the bypass
operation in case 5. A microaneurysm (560-�m maximum diameter) is delineated arising from
a collateral vessel of the posterior choroidal artery in the third ventricle (arrow). Six months
after the bypass operation, MIP of TOF-MRA shows disappearance of the microaneurysm.
The signal intensity of collateral vessels has decreased in the matched axial planes (asterisk).
The scale bar indicates 10.0 mm (TOF-MRA, A and D) and 1.0 mm (MIP image, B and C; E and F),
respectively.
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applied 7T TOF sequence yields reliable results. The high di-
agnostic accuracy to delineate microvascular structures has re-
cently been shown for the applied TOF sequence.

The small number patients was another limitation to the
study. However, enlisting a substantially larger number of pa-
tients with MMA for a 7T MR imaging study remains restricted
due the low incidence of MMA and the limited availability of 7T
MR imaging systems.

CONCLUSIONS
Ventricular microaneurysms in MMA collateral vessels, inacces-

sible by conventional imaging techniques, can be detected by 7T

TOF-MRA.
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ORIGINAL RESEARCH
INTERVENTIONAL

Risk Factors for Ischemic Complications following Pipeline
Embolization Device Treatment of Intracranial Aneurysms:

Results from the IntrePED Study
X W. Brinjikji, X G. Lanzino, X H.J. Cloft, X A.H. Siddiqui, X E. Boccardi, X S. Cekirge, X D. Fiorella, X R. Hanel, X P. Jabbour,

X E. Levy, X D. Lopes, X P. Lylyk, X I. Szikora, and X D.F. Kallmes

ABSTRACT

BACKGROUND AND PURPOSE: Risk factors for acute ischemic stroke following flow-diverter treatment of intracranial aneurysms are
poorly understood. Using the International Retrospective Study of Pipeline Embolization Device (IntrePED) registry, we studied demo-
graphic, aneurysm, and procedural characteristics associated with postoperative acute ischemic stroke following Pipeline Embolization
Device (PED) treatment.

MATERIALS AND METHODS: We identified patients in the IntrePED registry with post-PED-treatment acute ischemic stroke. The rate of
postoperative acute ischemic stroke was determined by demographics, comorbidities, aneurysm characteristics, and procedure charac-
teristics (including anticoagulation use, platelet testing, number of devices used, sheaths, and so forth). Categoric variables were compared
with �2 testing, and continuous variables were compared with the Student t test. Odds ratios and 95% confidence intervals were obtained
by using univariate logistic regression. Multivariate logistic regression analysis was used to determine which factors were independently
associated with postoperative stroke.

RESULTS: Of 793 patients with 906 aneurysms, 36 (4.5%) patients had acute ischemic stroke. Twenty-six (72.2%) strokes occurred within 30
days of treatment (median, 3.5 days; range, 0 –397 days). Ten patients died, and the remaining 26 had major neurologic morbidity. Variables
associated with higher odds of acute ischemic stroke on univariate analysis included male sex, hypertension, treatment of MCA aneurysms,
treatment of fusiform aneurysms, treatment of giant aneurysms, and use of multiple PEDs. However, on multivariate analysis, the only one
of these variables independently associated with stroke was treatment of fusiform aneurysms (OR, 2.74; 95% CI, 1.11– 6.75; P � .03). Fusiform
aneurysms that were associated with stroke were significantly larger than those not associated with stroke (mean, 24.5 � 12.5 mm versus
13.6 � 6.8 mm; P � .001).

CONCLUSIONS: Ischemic stroke following PED treatment is an uncommon-but-devastating complication. Fusiform aneurysms were the
only variable independently associated with postoperative stroke.

ABBREVIATIONS: PED � Pipeline Embolization Device; IntrePED � International Retrospective Study of Pipeline Embolization Device

The Pipeline Embolization Device (PED; Covidien, Irvine, Cal-

ifornia) is increasingly used in the treatment of intracranial

aneurysms.1-5 The bare metal construct of the PED serves as a

scaffold for neointimal proliferation, thereby excluding the aneu-

rysm sac from the parent artery.6,7 A number of previous studies

have demonstrated that the PED is associated with high rates of

aneurysm occlusion with relatively low complication rates.1,3 Al-

though uncommon, postoperative acute ischemic stroke is the

most common neurologic complication to occur following treat-

ment of aneurysms with flow diverters such as the PED, with

estimated rates of 3%– 6% of patients.3,8,9 Understanding the risk

factors for post-Pipeline ischemic complications is important for

risk stratification and consent of these patients. Using the Inter-

national Retrospective Study of Pipeline Embolization Device
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registry (IntrePED), we compared the clinical and procedural

characteristics of patients who had postoperative acute ischemic

stroke with those who did not, to determine which clinical and

procedural characteristics were associated with this condition.

MATERIALS AND METHODS
Study Design and Participants
This study is a subanalysis of the IntrePED study, which has been

previously published.9 Details regarding ethics committee and in-

stitutional review board approval and inclusion and exclusion

criteria are provided in the original article.9 Several additional

subgroup analyses separate from this study are currently under-

way using data from the IntrePED registry. This study will be the

only subgroup analysis performed examining variables associated

with acute ischemic stroke in the IntrePED registry. We retrospec-

tively evaluated all patients with intracranial aneurysms treated

with the Pipeline Embolization Device in the IntrePED registry.

Seven hundred ninety-three patients with 906 treated aneurysms

were enrolled.

Procedures
Because this was a retrospective registry, procedural details and

patient management varied across centers. All centers reported

baseline characteristics of patients and aneurysms, procedural in-

formation, and follow-up information from clinic visits or tele-

phone calls by using a common study protocol form. Site investi-

gators identified patients with acute ischemic stroke by using the

study protocol form. All complications, including acute ischemic

stroke, were reviewed in detail by an Adverse Events Review Com-

mittee, comprising 3 members of the Steering Committee, includ-

ing the overall study principal investigator. The committee deter-

mined whether the acute ischemic stroke was major or minor.

A “major” adverse event was defined as an ongoing clinical

deficit at 7 days following the event. All major adverse events

are included in the neurologic morbidity and mortality rates.

Timing of all adverse events was in relation to the time of PED

placement.

Baseline Characteristics and Outcomes
For each patient, the following characteristics were collected as

part of this study: age, sex, hypertension, control of hypertension,

smoking status, aneurysm location, aneurysm rupture status, an-

eurysm type, aneurysm size, use of antiplatelet medications before

the procedure, use of platelet aggregation studies, heparin admin-

istration and reversal, number of PEDs used, type of sheath used,

type of guide catheter used, type of microcatheter used, type of

guidewire used, balloons used, and type of closure device used.

The incidence of acute ischemic stroke was calculated for each of

the above-mentioned variables.

In addition, for patients with any acute ischemic stroke, we

obtained the following information: whether the stroke was ipsi-

lateral or contralateral to the device, timing after the operation,

and final clinical outcome (minor morbidity, major morbidity, or

death). “Minor morbidity” was defined as a clinical deficit that

persisted for �7 days, and “major morbidity” was defined as a

clinical deficit that persisted �7 days.

Statistical Analysis
Statistical analyses were performed by using SAS, Version 9.2

(SAS Institute, Cary, North Carolina). Descriptive statistics were

used to present the data and to summarize the results. Discrete

variables are presented by using frequency distributions and

cross-tabulations. Continuous variables are summarized by pre-

senting the number of observations, mean, and SD and median,

minimum, and maximum values. For categoric variables, differ-

ences between the groups were tested by using appropriate con-

tingency table analyses (exact or �2 approximations). For contin-

uous variables, the differences were tested by using an unpaired

Student t test or a nonparametric test, depending on variable dis-

tribution. Odds ratios and 95% confidence intervals were ob-

tained by using univariate logistic regression. We also performed

a multivariate logistic regression analysis to determine which fac-

tors were independently associated with postoperative stroke.

Variables included in this model were those that were statistically

significantly associated with postoperative stroke on the univari-

ate analysis. Because treatment of fusiform aneurysms was the

only variable significantly associated with postoperative stroke on

the multivariate analysis, we performed a separate post hoc sub-

group analysis comparing the features of fusiform aneurysms that

were and were not associated with stroke. All statistical analyses

were performed on a per-patient basis.

Role of the Funding Source
The principal investigator and steering committee were indepen-

dent of the funding source (Medtronic; Dublin, Ireland). The

steering committee interpreted the results, and the principal in-

vestigator wrote the report. The study sponsor was responsible for

site management, data management, statistical analysis, and

safety reporting. The corresponding author had full access to all

study data and had final responsibility for the decision to submit

for publication.

RESULTS
Patient and Aneurysm Characteristics and Acute Ischemic
Stroke
A summary of the baseline characteristics of all patients included

in the IntrePED registry is provided elsewhere.9 Thirty-six (4.5%)

patients had postoperative acute ischemic stroke, while 757 pa-

tients (95.5%) did not. There was no difference in the mean age of

patients with and without acute ischemic stroke (54.2 � 15.6

years versus 57.0 � 14.1 years, P � .2516); 8.1% of male patients

(13/161) and 3.6% of female patients (23/632) had acute ischemic

stroke (P � .02). Hypertension was also associated with postop-

erative stroke because 9.2% of patients with hypertension (23/

249) and 3.8% of patients without hypertension (12/318) had

stroke (P � .009). These data are summarized in Table 1.

There was no difference in the rate of acute ischemic stroke

between anterior circulation aneurysms (30/704, 4.3%) and pos-

terior circulation aneurysms (6/89, 6.7%) (P � .29). Patients with

middle cerebral artery aneurysms had higher odds of stroke than

those with internal carotid artery aneurysms (12.5%, 5/40 versus

3.9%, 23/590; P � .01). The rate of stroke (9.3%, 4/43) in patients
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with basilar artery aneurysms was higher than in those with internal

carotid artery aneurysms, but the difference trended toward statisti-

cal significance (P � .06). There was no difference in stroke rates

between ruptured (5.4%, 4/74) and unruptured (4.5%, 32/719) an-

eurysms (P � .71). Patients with fusiform aneurysms had signifi-

cantly higher stroke rates (12.7%, 13/102) than those with saccular

aneurysms (3.2%, 19/600; P � .0001). Giant aneurysms had higher

rates of stroke than small aneurysms

(14.3%, 9/63 versus 2.6%, 10/387; P �

.0001). These data are summarized in

Table 1.

Treatment Characteristics and
Acute Stroke
The stroke rate in patients with 1 PED
was 3.0% (16/533) compared with 7.1%
(13/183) in patients with 2 PEDs (P �

.02) and 9.2% (7/76) in patients with �3
PEDs (P � .008). There was no differ-
ence in stroke rates based on how PEDs
were used. Use of a microcathether
other than the Marksman (Covidien)
was associated with a 16.7% risk of
stroke (4/24), while the use of a Marks-
man was associated with a 5.7% risk of
stroke (32/557, P � .04). There was no
difference in stroke rates between pa-
tients with and without preprocedural
antiplatelet therapy (4.6%, 31/681 ver-
sus 4.5%, 5/112; P � .97) or among pa-
tients with and without preprocedural
platelet aggregation studies (5.1%, 29/
564 versus 3.1%, 7/229, P � .21). These
data are summarized in the On-line
Table.

Multivariate Analysis
On multivariate analysis, the only vari-

able independently associated with post-

operative stroke was treatment of fusi-

form aneurysms (OR, 2.74; 95% CI,

1.11– 6.75, P � .03). Higher rates of

acute stroke were observed in patients with hypertension (OR,

2.01; 95% CI, 0.99 – 4.08; P � .053) and in patients with aneu-

rysms of the MCA (OR, 2.79; 95% CI, 0.91– 8.60; P � .07), but the

differences were not statistically significant. The use of multiple

PEDs was not independently associated with postoperative infarct

(OR, 1.17; 95% CI, 0.94 –1.45; P � .16). These data are summa-

rized in Table 2.

Timing and Clinical Outcomes of Stroke
Of the 36 patients with stroke, 21 (58.3%) had stroke within 1

week of the procedure. Five patients (13.9%) had stroke between

1 week and 1 month of the procedure, 5 patients (13.9%) had

stroke between 1 and 6 months after the procedure, and 5 patients

had stroke �6 months after the procedure (13.9%). The median

time of onset for stroke was 3.5 days, and the mode was 0 days as

8 patients had stroke on day 0. Among patients with stroke, 10

(27.0%) died and 26 (73.0%) had major neurologic morbidity.

The location of the stroke was ipsilateral to the device in 34 of 36

patients (94.4%), including 2 patients who also had contralateral

infarcts. In 2 patients, the infarcted area was located contralateral

to the device and there was no ipsilateral infarct. None of the

strokes occurred in the intraoperative period.

Table 1: Demographic and aneurysm characteristics
Variable No. Stroke/No. Total (%) OR (95% CI) P Value

Age (yr) 54.2 � 15.6/57.0 � 14.1 0.99 (0.97–1.01) .2516
Sex

Male 8.1% (13/161) 2.33 (1.15–4.70) .0187
Female 3.6% (23/632) Ref

Hypertension
Yes 9.2% (23/249) 2.60 (1.26–5.33) .0093
No 3.8% (12/318) Ref

Controlled hypertension
Yes 8.7% (18/206) 3.03 (1.54–5.94) .0013
No 0.0% (0/4) Ref

Current smoker
Yes 4.3% (4/94) 0.93 (0.32–2.68) .8878
No 4.6% (32/699) Ref

Aneurysm location
Posterior circulation 6.7% (6/89) 1.62 (0.66–4.02) .2940
Anterior circulation 4.3% (30/704) Ref

Aneurysm location by vessel
Internal carotid artery 3.9% (23/590) Ref
Anterior cerebral artery 12.5% (1/8) 4.83 (0.72–32.44) .1052
Basilar artery 9.3% (4/43) 2.75 (0.94–8.02) .0636
Middle cerebral artery 12.5% (5/40) 3.74 (1.38–10.16) .0096
PcomA 1.9% (1/53) 0.69 (0.13–3.74) .6668
Vertebral artery 6.1% (2/33) 1.92 (0.49–7.55) .3523
Other 0.0% (0/26) 0.46 (0.03–8.12) .5928

Rupture status
Ruptured 5.4% (4/74) 1.23 (0.42–3.57) .7074
Unruptured 4.5% (32/719) Ref

Aneurysm type
Saccular 3.2% (19/600) Ref
Fusiform 12.7% (13/102) 4.47 (2.13–9.36) .0001
Dissecting 3.8% (2/53) 1.20 (0.27–5.29) .8105
Other 5.3% (2/38) 1.70 (0.38–7.58) .4873

Aneurysm size
�10 mm 2.6% (10/387) Ref
10–24.9 mm 4.7% (16/338) 1.87 (0.84–4.19) .1260
�25 mm 14.3% (9/63) 6.28 (2.44–16.16) .0001

Note:—Ref. indicates reference; PcomA, posterior communicating artery.

Table 2: Multivariate analysis
Variable OR (95% CI) P Value

Male 1.21 (0.51–2.85) .6636
HTN 2.01 (0.99–4.08) .0533
ACA vs ICA 4.47 (0.58–34.44) .1502
BAS vs ICA 1.12 (0.31–4.04) .8584
MCA vs ICA 2.79 (0.91–8.60) .0734
Other artery vs ICA 0.53 (0.03–9.04) .6596
PcomA vs ICA 0.84 (0.15–4.53) .8351
Vertebral artery vs ICA 1.27 (0.27–6.09) .7620
Dissecting vs saccular 0.83 (0.19–3.63) .8089
Fusiform vs saccular 2.74 (1.11–6.75) .0283
Other aneurysm type vs saccular 1.71 (0.44–6.66) .4370
Aneurysm size 1.03 (0.99–1.07) .1370
PED No. 1.17 (0.94–1.45) .1610

Note:—HTN indicates hypertension; ACA, anterior cerebral artery; BAS, basilar ar-
tery; PcomA, posterior communicating artery.
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Subgroup Analysis of Fusiform Aneurysms
On the subgroup analysis of fusiform aneurysms, 13 fusiform

aneurysms were included in the stroke group and 89 were in-

cluded in the nonstroke group. Fusiform aneurysms associated

with stroke were significantly larger than those not associated

with stroke (mean, 24.5 � 12.5 mm versus 13.6 � 6.8 mm; P �

.001). Aneurysm neck size was also significantly larger in the

stroke subgroup than in the nonstroke subgroup (mean, 26.2 �

19.5 mm versus 10.2 � 5.2 mm; P � .01). There was no difference

in aneurysm location or rupture status between groups. These

data are summarized in Table 3.

DISCUSSION
Our current large, multicenter study of flow-diversion therapy

demonstrated that approximately 5% of patients have postoper-

ative acute ischemic stroke with most occurring in the early post-

operative period. All patients who experienced postoperative

acute ischemic stroke in our study either had major morbidity or
died. In our series, treatment variables associated with stroke in-
cluded male sex, hypertension, treatment of MCA aneurysms,
giant aneurysms, fusiform aneurysms, and the use of multiple
PEDs. However, treatment of fusiform aneurysms was the only
variable independently associated with postoperative stroke.
Most interesting, fusiform aneurysms made up more than one-
third of all cases of postoperative stroke, while comprising slightly
more than one-tenth of all patients with PED. Fusiform aneu-
rysms associated with stroke were generally large or giant with a
mean size of nearly 25 mm and a mean neck size of 26 mm. These
findings are important because they provide additional informa-
tion that can be used to risk-stratify patients treated with the PED
by using a multi-institutional real-world data base.

The stroke rate in IntrePED is similar to that in other large
studies. In one meta-analysis, Brinjikji et al3 noted an acute isch-
emic stroke rate of 5.0% within 30 days of flow-diverter treatment
and 3.0% beyond 30 days. These findings are similar to those of
our study in which we found that nearly 75% of acute ischemic
stroke events occurred within 30 days of the procedure. Ischemic
stroke rates in a more recently published meta-analysis on aneu-

rysm treatment with flow diverters
found an ischemic stroke rate of 4.1%,
similar to that seen in our study.10 In the
Pipeline for Uncoilable or Failed Aneu-
rysms (PUFS) trial, the rate of acute
ischemic stroke within 180 days of treat-
ment was 6.5%, with 2.8% of patients
having stroke secondary to in-stent
thrombosis or occlusion caused by in-
stent stenosis.8 The rate of stroke after 6
months in PUFS was 0%, while in our
study, the stroke rate after 6 months was
just 0.6% (5/793).8

There are a number of potential
mechanisms for postoperative cerebral
infarction following PED therapy. Peri-
operative stroke secondary to catheter-
related thromboemboli is a common
mechanism of stroke in this population
as many studies have now demonstrated

that well over 50% of patients treated with flow diverters have

multiple foci of restricted diffusion on immediate postoperative

MR imaging.11 Acute and subacute in-stent thrombosis during

the procedure and in the postoperative period resulting in oc-

clusion of the parent vessel with or without distal emboli is

another common mechanism of stroke, possibly related to the

thrombogenic nature of the bare metal construct or lack of

adequate antiplatelet therapy.12,13 Other mechanisms of stroke

include particle emboli from devices such as catheters or

sheaths.14-16 Intraoperatively, acute thrombus formation can

be mitigated by prompt injection of glycoprotein IIb/IIIa

platelet inhibitors; however, it is difficult to reduce the long-

term risk of thromboembolic events associated with flow-

diverter treatment.3,9 In general, delayed ischemic events are

uncommon.17

In our series, higher stroke rates were seen following treat-

ment of MCA and basilar artery aneurysms than in ICA aneu-

rysms, though these results are not statistically significant.

Prior studies have demonstrated that aneurysms of the poste-

rior circulation and MCA are at higher risk of thromboembolic

complications due to the risk of perforator infarction.3,18 Per-

forator infarction due to coverage of the lenticulostriates and

brain stem perforators secondary to reduced flow and perfora-

tor occlusion are likely responsible for the higher stroke rates

seen in these patients in some studies.18,19 In a study of 17

patients with flow-diverter coverage of perforator arteries,

Gawlitza et al18 noted that 7 of 17 patients had infarctions in

the territory of the covered perforators, of which 2 were symp-

tomatic. In their meta-analysis of �1300 cases, Brinjikji et al3

noted a perforator infarction rate of 3.0% among all treated

aneurysms with a significantly higher rate of perforator infarc-

tion in the treatment of posterior circulation aneurysms than

in anterior circulation aneurysms.

A number of studies have reported poor outcomes and

high rates of thrombosis in the treatment of dolichoectatic and

fusiform aneurysms, particularly of the posterior circulation,

with flow diverters in general.9,20,21 High rates of infarction

Table 3: Subgroup analysis of fusiform aneurysms
Aneurysm Characteristics With Stroke Without Stroke P Value

Aneurysm size (mm) �.001
Mean (No.) 24.5 � 12.5 (12) 13.6 � 6.8 (88)
Median (range) 21.0 (13.0–55.0) 11.8, (1.6–42.0)

Aneurysm neck (mm) .010
Mean (No.) 26.2 � 19.5 (9) 10.2 � 5.2 (60)
Median (range) 22.0 (8.0–53.0) 9.0 (2.0–27.0)

Aneurysm location .211
Posterior circulation 38.5% (5/13) 22.5% (20/89)
Anterior circulation 61.5% (8/13) 77.5% (69/89)

Aneurysm location by vessel .677
ICA 53.8% (7/13) 59.6% (53/89)
ACA 0.0% (0/13) 1.1% (1/89)
BA 23.1% (3/13) 10.1% (9/89)
MCA 7.7% (1/13) 13.5% (12/89)
PcomA 0.0% (0/13) 0.0% (0/89)
VA 15.4% (2/13) 10.1% (9/89)
Other 0.0% (0/13) 5.6% (5/89)

Presented with ruptured aneurysm 0.0% (0/13) 5.6% (5/89) .381

Note:—BA indicates basilar artery; VA, vertebral artery; PcomA, posterior communicating artery; ACA, anterior cere-
bral artery.
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seen in these patients are likely due to a combination of poor

wall apposition due to the large size of the aneurysm, early

discontinuation of antiplatelet therapy, and the requirement

for multiple PEDs.20,21 Recently, there has been increased in-

terest in the relationship between wall apposition of the flow

diverter and rates of delayed postoperative stroke.22 It is

thought that poor wall apposition can result in delayed endo-

thelialization of the stent, resulting in an increased risk of in-

stent thrombosis in the delayed postoperative period.20,21 This

is supported by the fact that the fusiform aneurysms that were

associated with stroke in our series were generally large or

giant, with a mean aneurysm size of nearly 25 mm and a mean

neck size of 26 mm. The large aneurysm maximum diameter

and neck size likely made achieving good wall apposition, thus

increasing the risk of in-stent thrombosis. As a means to mit-

igate the risk of delayed thromboembolic events in the treat-

ment of fusiform aneurysms secondary to delayed endotheli-

alization, some authors have advocated the use of prolonged

dual-antiplatelet therapy.21 However, the efficacy of such reg-

imens needs to be studied systematically.

Limitations
Our study has limitations. First, the interpretation of out-

comes in this study should be viewed with caution because

the study was not randomized, did not include an active com-

parator group, or was not powered to demonstrate a significant

association of postoperative ischemic stroke with any of the

variables studied. The study protocol did not require regular

postoperative CT or MR imaging, and there were variable

lengths of patient follow-up. Thus, we cannot determine the

rate of silent ischemia in these patients, and it is possible that

patients who had strokes in the delayed postoperative period

were not included due to incomplete follow-up. Patients were

not censored early before ascertainment of the primary out-

come. Another limitation is that for patients undergoing plate-

let testing, we do not have information regarding platelet re-

sponsiveness before the ischemic event or whether and how

antiplatelet prescriptions changed in response to these tests. Ad-

verse events were self-reported in this study, and there is a general

tendency toward underestimation of adverse events when they are

self-reported. Last, we do not have any consistent data regarding

how these strokes were managed.

CONCLUSIONS
In conclusion, acute ischemic stroke following endovascular

treatment of intracranial aneurysms with the PED is an uncommon-

but-devastating complication, with 100% of patients having ma-

jor morbidity or mortality. Several patient and procedural char-

acteristics as well as aneurysm shape, size, and location appear to

be associated with postoperative ischemic stroke after PED treat-

ment. Fusiform aneurysms were the only variable independently

associated in the multivariate analysis. Most strokes occurred

within 1 month of the procedure, and delayed ischemic events

were rare.
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ORIGINAL RESEARCH
INTERVENTIONAL

WEB Treatment of Ruptured Intracranial Aneurysms
X W.J. van Rooij, X J.P. Peluso, X R.S. Bechan, and X M. Sluzewski

ABSTRACT

BACKGROUND AND PURPOSE: The Woven EndoBridge (WEB) device was recently introduced for intrasaccular treatment of wide-neck
aneurysms without the need for adjunctive support. We present our first experience in using the WEB for small ruptured aneurysms.

MATERIALS AND METHODS: During 11 months, 32 of 71 (45%) endovascularly treated acutely ruptured aneurysms were treated with the
WEB. The patients were 12 men and 20 women, with a mean age of 61 years (range, 34 – 84 years). The mean aneurysm size was 4.9 mm, and
14 were �4 mm. Of 32 aneurysms, 24 (75%) had a wide neck.

RESULTS: All 32 aneurysms were adequately occluded after WEB placement. There were no procedural ruptures and no complications
related to the WEB device. No adjunctive stents or balloons were needed. In 3 patients, thromboembolic complications occurred. One
patient developed an infarction, and 2 patients were asymptomatic. The procedural complication rate was 3%. Seven patients admitted in
poor clinical grade conditions died during hospital admission due to the sequelae of SAH. In 18 patients with angiographic follow-up at 3
months, 16 aneurysms remained adequately occluded. Two aneurysms showed slight compression of the WEB without reopening. Clinical
follow-up in the 25 patients who survived the hospital admission period revealed mRS 1–2 in 24 and mRS 4 in 1. There were no rebleeds from
the ruptured aneurysms during follow-up.

CONCLUSIONS: WEB treatment of small ruptured aneurysms was safe and effective without the need for anticoagulation, adjunctive
stents, or balloons. Our preliminary experience indicates that the WEB may be a valuable alternative to coils in the treatment of acutely
ruptured aneurysms.

ABBREVIATIONS: DL � Dual-Layer; SL � Single-Layer; SLS � Single-Layer Sphere; WEB � Woven EndoBridge

Endovascular treatment with coils of wide-neck intracranial an-

eurysms remains a technical challenge. To prevent extrusion of

coils from the aneurysmal sac, a temporary protection balloon or a

stent can be used. However, this makes the procedure more compli-

cated with a higher chance of complications.1,2 With the use of stents,

periprocedural dual-antiplatelet therapy is required and has to be

prolonged for 3–6 months. With this anticoagulation, stent-assisted

coiling in ruptured aneurysms has a higher inherent risk for early

rebleed or hemorrhage in the postoperative period.3

Recently, an intrasaccular flow disruptor, Woven EndoBridge

(WEB; Sequent Medical, Aliso Viejo, California), has been devel-

oped. The primary use of the WEB is the treatment of bifurcation

or wide-neck aneurysms without the need of adjunctive devices.

There is a growing body of literature on the use of the WEB device

with excellent safety and efficacy profiles. Most of the published

series comprised wide-necked, unruptured aneurysms.4-16 When

the WEB became available in our hospital, our initial results in

unruptured aneurysms were encouraging, and we decided to ex-

pand the indications to both ruptured and unruptured aneurysms

suitable for accommodating a WEB device, regardless of neck size.

Our intention was to avoid using stents or balloons in ruptured

aneurysms. In this article, we present our first results of the use of

the WEB device in small ruptured aneurysms.

MATERIALS AND METHODS
General
This observational study with prospectively collected data was

compliant with institutional privacy policy. The institutional re-

view board gave exempt status for approval and informed

consent.
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The WEB Device
The Woven EndoBridge system is a self-expanding, pumpkin-

shaped, braided mesh of platinum cored nitinol wires that can be

deployed in the aneurysm sac. The design of the WEB device has

progressed from a Dual-Layer configuration (WEB-DL) into a

Single-Layer version (WEB-SL) with a

higher number of nitinol wires. The

WEB-SL device is available in diameters

ranging between 4 and 11 mm and

heights ranging between 3 and 9 mm.

The WEB–Single-Layer Sphere (SLS)

has a spheric shape and is available in

diameters ranging between 4 and 11

mm, each with a fixed height ranging be-

tween 2.6 and 9.6 mm. The WEBs with

diameters of 4 –7 mm can be delivered

through a 0.021-inch internal-diameter

microcatheter; the WEBs with diameters

of 8 –9 mm, through a 0.027-inch mi-

crocatheter; and the WEBs with diame-

ters of 10 –11 mm, through a 0.033-inch

microcatheter. Placed in the aneurysm,

the WEB modifies the blood flow at the

level of the neck and induces aneurysmal

thrombosis. The WEB can be fully re-

trieved until final detachment by an

electrothermal detachment system con-

tained in a hand-held controller. Expe-

rience of early users of the WEB indi-

cated that slight oversizing of the device

(1–2 mm oversizing depending on an-

eurysm size) was advisable to ensure a

stable WEB position.17

General Indications in This Study
The WEB device was initially developed

for the treatment of wide-neck intracra-

nial aneurysms as an alternative to bal-

loon- or stent-assisted treatment. After

our first experiences in unruptured

wide-neck aneurysms, during the study

period we decided to gradually expand

the indications to all aneurysms suitable

for the WEB, regardless of neck size or

rupture status. In general, these are an-

eurysms of �10 mm with a shape and

geometry suitable for catheterization

with a 0.021-inch microcatheter and

with a possible fit of a pumpkin-shaped

or spheric WEB device.

With the patient under general anes-

thesia, we advanced a microcatheter

(VIA 0.021 inch or VIA 0.027 inch; Se-

quent Medical) into the aneurysm via a

coaxial or triaxial approach. Apart from

heparin in the pressure bags for flushing

(1000 IU/L), no anticoagulation was

used.

Patient demographics and treat-

ment and aneurysm characteristics were collected. Clinical

grading during admission was according to the Hunt and Hess

scale, and clinical follow-up was classified according to the

modified Rankin Scale. For surviving patients, angiographic

FIG 1. Flow chart of all treated patients with aneurysms between February and December 2015.
PVO indicates parent vessel occlusion.

FIG 2. A 61-year-old man with a ruptured basilar tip aneurysm treated with the WEB and coils. A,
CT scan with subarachnoid blood. B, 3D angiogram reveals a 13-mm basilar tip aneurysm. C, Neck
measurement on a 3D angiogram. D and E, After placement of coils in the dome and a WEB-SL, 6 �
3 mm, in the neck. F, Three-month follow-up angiogram with complete occlusion.
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follow-up was scheduled at 3 months, and MR imaging follow-

up, at 6 months.

Patients
Between February and December 2015, 134 intracranial aneu-

rysms in 128 patients were treated in our institution (Fig 1). Six

patients had 2 treated aneurysms.

Of 134 aneurysms, 105 (78%, 71 ruptured and 34 unruptured)

were treated with endovascular techniques and 29 aneurysms

(22%) were treated surgically. Of 71 ruptured aneurysms treated

endovascularly, 39 (55%) were treated with selective coiling and

32 (45%) were treated with the WEB.

The 32 patients with a ruptured aneurysm treated with the

WEB were the subjects of this study. There were 12 men and 20

women with a mean age of 61 years (range, 34 – 84 years).

Clinical condition at the time of treatment was Hunt and Hess

1–2 in 14, Hunt and Hess 3 in 9, and Hunt and Hess 4 –5 in 14

patients. The timing of treatment after SAH was 0 –1 day in 26,

2– 4 days in 4, and �4 days in 2 patients. Aneurysm location

was the anterior communicating artery in 11; middle cerebral

artery in 8; posterior communicating artery in 7; pericallosal

artery in 3; and basilar tip, superior cerebellar, and ophthalmic

arteries, 1 in each. The mean aneurysm size was 4.9 mm (me-

dian, 5 mm; range, 3–12 mm), and 14 aneurysms were �4 mm

(Figs 1 and 2). Of 32 aneurysms, 24 (75%) had a wide neck

defined as �4 mm or a dome/neck ratio of �1.5. Three pa-

tients had 2 aneurysms treated in the same session, 1 with WEB

and 2 with coils.

RESULTS
Initial Results and Complications
After WEB placement with sealing of the aneurysm neck, the po-

sition of the WEB inside the aneurysm was judged as good in 31

aneurysms without filling of aneurysm remnants. In 1 patient

with a ruptured pericallosal artery aneurysm, a small aneurysm

remnant was present. In 2 patients, coils were placed in the aneu-

rysm dome through a jailed second microcatheter before detach-

ment of the WEB (Fig 2). There were no procedural ruptures and

no complications related to the WEB device. In 3 patients, throm-

boembolic complications occurred with occlusion of an M2

branch in 2 and a P3 branch in 1. All 3 vessels could be reopened

during the procedure by mechanical thrombectomy. One patient

developed a partial middle cerebral artery infarction, and 2 pa-

tients were asymptomatic. In 1 patient, catheterization caused a

dissection of the internal carotid artery, which was successfully

treated with a stent.

Clinical and Imaging Follow-Up
Of 32 patients, 7 died during hospital admission due to sequelae of

SAH. All 7 patients were admitted with poor-grade conditions (Hunt

and Hess 4–5). One of these patients had a thromboembolic compli-

cation in an M2 branch during treatment, leading to partial right

frontal brain infarction (procedural mortality, 3%; 1 of 32; 95% CI,

0.01%–17%). Of the remaining 25 patients, 18 had 3-month angio-

graphic follow-up and 6 of these 18 had 6-month MR imaging fol-

low-up. In 7 patients, imaging follow-up is pending.

Fifteen aneurysms (83%) remained completely occluded (Figs

3 and 4). One aneurysm remained subtotally occluded. Two an-

FIG 3. A 57-year-old woman with a ruptured anterior communicating
artery aneurysm. A, 3D angiogram shows a small anterior communi-
cating artery aneurysm. Note the spasm in the left A1. B, Measurement
of the height (3.9 mm) and neck width (2.3 mm). C, Angiogram directly
after placement of a 4-mm WEB-SLS. Note some opacification inside
the WEB. D, Angiogram at 3 months demonstrates complete occlu-
sion of the aneurysm.

FIG 4. A 42-year-old man with a ruptured anterior communicating
artery aneurysm. A, 3D angiogram shows a small anterior communi-
cating artery aneurysm with a bleb pointing upward. Angiogram be-
fore (B) and after (C) placement of a 4-mm WEB-SLS inside the aneu-
rysm. Note complete aneurysm occlusion with slight protrusion of
the WEB into the parent vessel (arrow). D, Angiogram at 3 months
demonstrates persistent complete occlusion.
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eurysms showed opacification of the central recess due to slight

compression of the WEB. In all 6 patients with MR imaging fol-

low-up, the aneurysm was stable in the 3- to 6-month period.

Clinical follow-up in the 25 patients who survived the hospital

admission period revealed mRS 1–2 in 24 and mRS 4 in 1. There

were no rebleeds from the ruptured aneurysms during follow-up.

DISCUSSION
Our initial experience with endovascular treatment of ruptured

intracranial aneurysms by using the WEB device was encourag-

ing. With growing skill and confidence, more and more, even

small, ruptured aneurysms were treated with the WEB, in addi-

tion to small aneurysms with a small neck (Fig 5). During the

study, 32 of 71 endovascularly treated ruptured aneurysms (45%)

were treated with the WEB. Once the microcatheter was inside the

aneurysm, deployment of the WEB was technically straightfor-

ward and quick in most cases. Despite aneurysms being very

small, no procedural ruptures occurred. The detachment system

proved fast and reliable. In most cases, the position of the WEB

after deployment in the aneurysm was easily evaluated. With

complicated anatomy, a 3D angiographic run proved helpful in

exactly delineating the position of the WEB inside the aneurysm

lumen and in relation to the parent vessels. In wide-neck aneu-

rysms, the WEB-SL bridges the neck without the need for a stent

or balloon. (Examples of WEB treatment can be found in the

On-line Videos). In fact, in none of the 71 endovascularly treated

ruptured aneurysms was balloon- or stent assistance necessary

(Fig 1).

In our opinion based on our own and previous experience,17

the most important aspect of the WEB treatment was the siz-

ing. Oversizing the WEB seems crucial
for good immediate and long-term re-
sults. With oversizing, the WEB an-
chors itself against the aneurysm wall
while bridging the neck completely.
Oversizing the compressed WEB
width results in increased height, and
one has to be sure that the aneurysm
can accommodate this augmented
height. Oversizing protects against
displacement, overturning, and com-
pression of the WEB during follow-up.
In small aneurysms, oversizing of 1
mm will usually be sufficient, while in
larger aneurysms, at least 2-mm over-
sizing is necessary for stably securing
the device in the neck.

A stable position of the microcath-
eter inside the aneurysm is important
for WEB deployment. The WEB sys-
tem is slightly more rigid than most
coil systems, and negotiating slack in
the microcatheter during advance-
ment may result in unwanted forward
or backward movement of the catheter
tip. Therefore, advancing the WEB
should be done under constant fluoro-
scopic control. Distal-access guiding

catheters are preferably used to enhance the stability of the
microcatheter.

We used the newer 0.021-inch VIA microcatheter in the treat-
ment of small aneurysms in WEB sizes up to 7 mm. Although this
microcatheter is less rigid than the 0.027-inch one used in previ-
ous studies, the system is still stiffer than most coil systems. In fact,
negotiating the curve into the A1 for anterior communicating
artery aneurysms proved impossible with the VIA 0.021 in 6 cases,
and all 6 aneurysms were coiled with 0.017-inch microcatheters.
However, the recently introduced lower profile VIA 0.017 micro-
catheter will probably overcome most problems encountered
with the thicker microcatheters.

Our excellent clinical and imaging results are in concordance
with those in previous studies.4,6-8,10,15,16 Complications were
low; there were no procedural ruptures, no early rebleeds, and no
reopenings at short-term follow-up. However, our patient group
with only ruptured small aneurysms differed from those in other
series, in which mostly wide-neck unruptured aneurysms were
treated.

CONCLUSIONS
In our opinion, WEB treatment of ruptured intracranial aneu-

rysms is feasible and safe. The WEB can be a valuable alternative to

coils in many aneurysms and reduces or eliminates the need for

adjunctive devices such as stents and balloons. Anticoagulation in

the periprocedural period is not necessary; this finding is a great

advantage in view of possible surgical procedures that are needed

in patients with acutely ruptured aneurysms. In our practice,

WEB treatment has become the first choice in both ruptured and

unruptured aneurysms.

FIG 5. A 60-year-old woman with a ruptured small-neck posterior communicating artery aneu-
rysm. A, CT scan shows subarachnoid hemorrhage. B, 3D angiogram reveals a 6-mm posterior
communicating artery aneurysm with a small neck. Angiogram before (C) and after (D and E)
placement of a 6-mm WEB-SLS shows complete aneurysm occlusion.
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ORIGINAL RESEARCH
INTERVENTIONAL

Contrast-Enhanced and Time-of-Flight MRA at 3T Compared
with DSA for the Follow-Up of Intracranial Aneurysms Treated

with the WEB Device
X C. Timsit, X S. Soize, X A. Benaissa, X C. Portefaix, X J.-Y. Gauvrit, and X L. Pierot

ABSTRACT

BACKGROUND AND PURPOSE: Imaging follow-up at 3T of intracranial aneurysms treated with the WEB Device has not been evaluated
yet. Our aim was to assess the diagnostic accuracy of 3D–time-of-flight MRA and contrast-enhanced MRA at 3T against DSA, as the
criterion standard, for the follow-up of aneurysms treated with the Woven EndoBridge (WEB) system.

MATERIALS AND METHODS: From June 2011 to December 2014, patients treated with the WEB in our institution, then followed for �6
months after treatment by MRA at 3T (3D-TOF-MRA and contrast-enhanced MRA) and DSA within 48 hours were included. Aneurysm
occlusion was assessed with a simplified 2-grade scale (adequate occlusion [total occlusion � neck remnant] versus aneurysm remnant).
Interobserver and intermodality agreement was evaluated by calculating the linear weighted �. MRA test characteristics and predictive
values were calculated from a 2 � 2 contingency table, by using DSA data as the standard of reference.

RESULTS: Twenty-six patients with 26 WEB-treated aneurysms were included. The interobserver reproducibility was good with DSA (� �

0.71) and contrast-enhanced-MRA (� � 0.65) compared with moderate with 3D-TOF-MRA (� � 0.47). Intermodality agreement with DSA
was fair with both contrast-enhanced MRA (� � 0.36) and 3D-TOF-MRA (� � 0.36) for the evaluation of total occlusion. For aneurysm
remnant detection, the prevalence was low (15%), on the basis of DSA, and both MRA techniques showed low sensitivity (25%), high
specificity (100%), very good positive predictive value (100%), and very good negative predictive value (88%).

CONCLUSIONS: Despite acceptable interobserver reproducibility and predictive values, the low sensitivity of contrast-enhanced MRA
and 3D-TOF-MRA for aneurysm remnant detection suggests that MRA is a useful screening procedure for WEB-treated aneurysms, but
similar to stents and flow diverters, DSA remains the criterion standard for follow-up.

ABBREVIATIONS: CE � contrast-enhanced; DL � Dual-Layer; EV � Enhanced-Visualization; SL � Single-Layer; SLS � Single-Layer Sphere; WEB � Woven
EndoBridge

Endovascular treatment is now the first-line treatment for the

management of ruptured and unruptured intracranial aneu-

rysms.1-4 However, the limitations of standard coiling for com-

plex aneurysms (large, wide-neck, or developed in a bifurcation)

have contributed to the development of new endovascular ap-

proaches, including balloon-assisted coiling, stent-assisted coil-

ing, flow diversion, and flow disruption.5

The Woven EndoBridge (WEB) aneurysm embolization sys-

tem (Sequent Medical, Aliso Viejo, California) is an intrasaccular

device designed to disrupt the intra-aneurysmal flow at the level

of the neck.6,7 Initial experience with the WEB–Dual-Layer (DL)

showed the clinical utility of this device in wide-neck bifurcation

aneurysms with high technical success and low acute morbidity

and mortality.6-16 Several WEB devices are now available, includ-

ing Single-Layer (WEB-SL), Single-Layer Sphere (WEB-SLS), and

WEB-DL subtypes.12,13 Recently, Enhanced-Visualization (EV)

versions were developed to improve fluoroscopic visualization of

the devices during treatment.

Because of the potential risk of aneurysm recanalization after

endovascular treatment, regular imaging follow-up is recom-

mended. Digital subtraction angiography is the criterion standard

for the follow-up of intracranial aneurysms after endovascular

treatment but has some disadvantages, including potential neu-

rologic complications, iodinated contrast injection, and radiation

exposure. With the goal of avoiding DSA drawbacks, several MR

angiography techniques have been tested to follow intracranial
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aneurysms. 3D-TOF-MRA and contrast-enhanced MRA (CE-

MRA) at 3T are appropriate techniques for the follow-up of coiled

aneurysms but have some limitations for the aneurysms treated

with stents or flow diverters.17-23 Because the WEB is a relatively

new device, the value of 3D-TOF-MRA and CE-MRA for the fol-

low-up of WEB-treated intracranial aneurysms has been evalu-

ated in a small number of patients at 1.5T.24

The aim of this single-center prospective study was to assess

the diagnostic accuracy of 3D-TOF-MRA and CE-MRA at 3T

against DSA, as the criterion standard, for the evaluation of aneu-

rysm occlusion after WEB treatment.

MATERIALS AND METHODS
Study Population
Institutional review board approval was obtained, and informed

consent was waived according to the design of the study. The

present study complies with the Standards for Reporting of Diag-

nostic Accuracy.25 Between June 2011 and December 2014, con-

secutive patients treated at the Universitary Hospital of Reims

with the WEB were prospectively included in a data base. Patients

treated with the WEB and followed for �6 months after treatment

with both MRA and DSA were included retrospectively. Addi-

tional inclusion criteria were the following: patients older than 18

years of age treated with the WEB; followed with both MRA tech-

niques (3D-TOF-MRA and CE-MRA) at 3T and DSA, with MRA

and DSA being performed within �48 hours.

To avoid redundant data, in case of multiple MRA or DSA

examinations, we used only the last examination.

Imaging Technique for Intra-Arterial DSA
DSA was performed with a biplane angiographic system (Axiom

Artis dBA; Siemens, Erlangen, Germany). Using transfemoral

catheterization, we performed selective injections of the internal

carotid artery or vertebral artery according to the aneurysm

location.

Anteroposterior and lateral working view standard projec-

tions were obtained with an additional 3D rotational angiography

sequence. For the ICA, 8 mL of nonionic contrast agent (iodix-

anol, Visipaque; GE Healthcare, Piscataway, New Jersey) was in-

jected with a velocity of 4 mL/s. For the vertebral artery, 8 –10 mL

was injected with a velocity of 4 –5 mL/s.

Imaging Technique for MRA
MRA examinations were performed at 3T (Achieva; Philips

Healthcare, Best, the Netherlands). Examinations were per-

formed with the following parameters: For 3D-TOF-MRA: TE,

3.45 ms; TR, 18 ms; flip angle, 20°; total acquisition time, 4:59

minutes; number of sections, 140; section thickness, 0.55 mm;

FOV, 210 mm; rectangular FOV, 90%; acquisition matrix, 464;

reconstruction matrix, 512; reconstructed voxel size, 0.41 �

0.41 � 0.55 mm. For the CE-MRA, the parameters were TE, 1.96

ms; TR, 5.4 ms; flip angle, 30°; total acquisition time, 52 seconds;

number of sections, 110; section thickness, 0.5 mm; FOV, 210

mm; rectangular FOV, 85%; acquisition matrix, 480; reconstruc-

tion matrix, 512; reconstructed voxel size, 0.41 � 0.41 � 0.50

mm. CE-MRA randomly sampled the central k-space during ve-

nous injection of a gadolinium-based contrast agent (gadoterate

meglumine, Dotarem; Guerbet, Aulnay-sous-Bois, France). A bo-

lus of 20 mL was used, followed by 30 mL of saline with a scopic-

based detection of the bolus (phase-contrast survey).

Data Collection
Clinical and anatomic data regarding the patient (sex, age) and

aneurysm (number, localization, size, aneurysm status) were

collected. The interval time between aneurysm treatment and

anatomic evaluation was also collected. Aneurysm location was

classified into 4 groups: anterior cerebral artery/anterior commu-

nicating artery, ICA, middle cerebral artery, and posterior circu-

lation/vertebrobasilar artery. We recorded WEB-DL, SL, SLS,

and/or EV.

Data Analysis
All examinations (DSA and MRA) were anonymized by different-

number random assignment by series. All images were indepen-

dently evaluated in random order by 2 interventional neuroradi-

ologists (both with �20 years’ experience). Then, in case of

disagreement, consensus was found between the 2 radiologists.

DSA, 3D-TOF-MRA, and CE-MRA were evaluated separately

without knowledge of the MRA or DSA examination results. The

pretreatment DSA was withheld, but the location of the aneu-

rysms to be evaluated was provided to the readers. For both 3D-

TOF-MRA and CE-MRA, source images and maximum-inten-

sity-projection reconstructions were analyzed. Aneurysm

occlusion was evaluated by using a 3-grade scale (total occlusion,

neck remnant, and aneurysm remnant).26 A simplified 2-grade

scale was used for statistical analysis: adequate occlusion (total

occlusion and neck remnant) and aneurysm remnant.

Statistical Analysis
Quantitative variables are reported as extremes, mean � SD, and

median (interquartile range), while qualitative variables are re-

ported as number and percentage. The � statistic was used to

evaluate interobserver and intermodality agreement for each

technique. The interpretation of � was done according to Landis

and Koch.27 Using the consensus evaluation of intra-arterial DSA

as a reference test to evaluate the degree of aneurysm occlusion,

we calculated the sensitivity, specificity, negative predictive value,

and positive predictive value for 3D-TOF-MRA and CE-MRA. All

analyses were performed by using MedCalc for Windows, Version

14.12.0 (MedCalc Software, Mariakerke, Belgium).

RESULTS
Study Population
Twenty-six of the 36 patients treated with the WEB were included

(age extremes, 34 –78 years; mean age, 55 � 10 years; median age,

57 years; interquartile range, 48 – 61 years) including 22 women

(85%) and 4 men (15%). Ten patients were not included for the

following reasons: Six did not have DSA follow-up at the time of

data collection, 1 died after treatment, and 3 refused MRA follow-

up. The set of imaging data (3D-TOF-MRA, CE-MRA, and DSA)

was acquired between 6 and 15 months after the endovascular

treatment (mean, 9.2 � 3.9 months; median, 9 months; interquartile

range, 6 –13 months). Each patient had 1 aneurysm treated with
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the WEB. Detailed characteristics of the aneurysms are shown in

Table 1.

Among the aneurysms treated with the WEB, 20 (77%) were

treated with the WEB alone; 5 (19%), with coils and the WEB; and

1 (4%), with the WEB and a stent. We used WEBs in the following

manner: 14 DLs, 8 SLs (including 5 EVs), and 4 SLSs (including 1

EV).

Interobserver Agreement
When evaluating aneurysm occlusion by using the 3-grade

scale, the 2 observers were in agreement in 21 of 26 DSAs

(81%), 21 of 26 3D-TOF-MRAs (81%), and 25 of 26 CE-MRAs

(96%), resulting in good interobserver agreement for DSA (� �

0.69; 95% CI, 0.46 – 0.93), excellent agreement for CE-MRA (� �

0.92; 95% CI, 0.76 –1.00), and moderate agreement for 3D-TOF-

MRA (� � 0.59; 95% CI, 0.30 – 0.88). When evaluating aneurysm

occlusion by using the simplified 2-grade scale (adequate occlu-

sion versus aneurysm remnant), the 2 observers were in agree-

ment in 24 of 26 DSAs (92%), 24 of 26 3D-TOF-MRAs (92%),

and 25 of 26 CE-MRAs (96%), resulting in good interobserver

agreement for DSA (� � 0.71; 95% CI, 0.32–1.00) and CE-MRA

(� � 0.65; 95% CI, 0.02–1.00) and moderate interobserver agree-

ment for 3D-TOF-MRA (� � 0.47; 95% CI, 0.13–1.00). Despite

good raw agreement for all modalities, lower � values were ob-

tained by 3D-TOF by using the 3-grade occlusion scale and by

3D-TOF and CE-MRA by using the simplified 2-grade scale. This

was due to a lower number of aneurysm remnants detected by

3D-TOF-MRA and CE-MRA. Consequently, 1 disagreement for

MRA created more imbalance between well-occluded aneurysms

versus aneurysm remnants than with DSA, and the corresponding

� dropped more.

Intermodality Agreement
The results of aneurysm occlusion with the Raymond Scale and

the simplified 2-grade scale for DSA, 3D-TOF-MRA, and CE-

MRA are shown in Table 2. After a consensus reading, by using the

simplified 2-grade scale, 3D-TOF-MRA and CE-MRA showed

identical results. Both MRAs agreed with DSA in 23 of 26 aneu-

rysms (89%). Disagreement occurred in 3 aneurysm remnants on

DSA that were not detected with both MRAs (3 false-negative

cases): 2 aneurysm remnants classified as neck remnants from

both MRA sequences and 1 aneurysm with complete circulation

within the WEB-SL device undetected by both MRAs (Fig 1).

3D-TOF-MRA and CE-MRA showed fair agreement with DSA

regarding aneurysm remnant depiction (� � 0.36; 95% CI,

�0.16;0.88, for both techniques).

Diagnostic Accuracies for Aneurysm Remnant Depiction
With the simplified 2-grade scale for aneurysm-remnant detec-

tion, prevalence was low (15%) on the basis of DSA, and both

MRA techniques showed low sensitivity (25%), high specificity

(100%), very good positive predictive value (100%), and very

good negative predictive value (88%).

Analysis by the Type of WEB
Among the 14 patients treated with the WEB-DL, with a simpli-

fied 2-grade scale, consensus readings agreed for 13 aneurysms

(including 12 adequate occlusions and 1 aneurysm remnant) and

disagreed for 1 aneurysm remnant on DSA, classified as adequate

FIG 1. A 78-year-old man with an anterior communicating artery aneurysm treated by the WEB-SL with enhanced visualization. Follow-up
images were acquired 7 months after endovascular treatment. 3D-TOF-MRA and CE-MRA were performed 24 hours after DSA. DSA frontal
projection (A) and 3D reconstruction in an embolization incidence (B) show aneurysm remnants with complete circulation within the device,
while 3D-TOF-MRA and CE-MRA MIP reconstructions (C and D) show total occlusion.

Table 1: Patient and aneurysm characteristics (n � 26)a

Patients
Female 22 (84.5%)
Age (yr) 57 (48–61)
Aneurysms

Aneurysm localization
Internal carotid artery 6 (23%)
Anterior cerebral artery/anterior

communicating artery
9 (35%)

Middle cerebral artery 7 (27%)
Vertebrobasilar artery 4 (15%)

Aneurysm size
�5 mm 1 (4%)
5–10 mm 22 (84%)
�10 mm 3 (12%)

Aneurysm status
Unruptured 24 (92%)

a Continuous variables are described as median and interquartile range, and categoric
variables, as number and percentage.

Table 2: Aneurysm occlusion evaluation (n � 26)
DSA

(No.) (%)
3D-TOF-MRA

(No.) (%)
CE-MRA
(No.) (%)

Montreal scale
Total occlusion 12 (46) 17 (65) 18 (69)
Neck remnant 10 (38.5) 8 (31) 7 (27)
Aneurysm remnant 4 (15.5) 1 (4) 1 (4)

Simplified 2-grade scale
Adequate occlusion 22 (85) 25 (96) 25 (96)
Aneurysm remnant 4 (15) 1 (4) 1 (4)
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occlusion with both MRA techniques. Among the 12 patients

treated with the WEB-SL or SLS (including 6 EVs), with the sim-

plified 2-grade scale, consensus readings agreed for 10 aneurysms

(4 EVs and 6 non-EVs) and disagreed for 2 aneurysm remnants (2

EVs) on DSA classified as adequate occlusion with both MRA

techniques.

DISCUSSION
In our series of patients with aneurysms treated with the WEB,

DSA was superior to CE-MRA and 3D-TOF-MRA for the evalu-

ation of aneurysm remnants, and both MRA techniques had

equivalent accuracy (� � 0.36); however, the interobserver repro-

ducibility was higher with CE-MRA (� � 0.65) than with 3D-

TOF-MRA (� � 0.47).

WEB treatment of wide-neck bifurcation aneurysms induces

intra-aneurysmal thrombosis. Long-term anatomic results after

WEB treatment are available,28,29 and several follow-up imaging

modalities may be used, such as DSA, MRA, or CTA. If it is now

accepted that the artifacts produced by coils do not hamper MRA

interpretation,17-21 it is important to understand the accuracy and

reliability of MRA techniques for WEB-treated aneurysms.

The WEB has a different material composition (nickel-titani-

um-platinum composite wires with radio-opaque platinum

markers) compared with coils but is similar to intracranial stents

and flow diverters. Despite recent progress in neurovascular de-

vice manufacturing, MR imaging of a stent or flow-diverter lu-

men remains difficult due to a combination of magnetic suscep-

tibility artifacts and the Faraday cage effect. Given the material

similarities to neurovascular stents and flow diverters, the above

MR imaging effects may be expected with the WEB.

In terms of magnetic susceptibility, the WEB is similar to most

commercially available neurovascular stents and flow diverters

that are made from nonferromagnetic alloys such as nitinol with

either platinum alloy markers or platinum alloy wires for radio-

opacity. Of note, a minority of components of these alloys or

impurities in the alloy itself are thought to disturb the homoge-

neity of the magnetic field and cause an alteration of the resonance

condition of the protons in the vicinity of the implant, thus lead-

ing to intravoxel dephasing with an attendant loss of signal.30

These susceptibility artifacts that prevent visualization of the de-

vice lumen may be variable, depending on the materials.31 This

phenomenon may explain, in part, the loss of signal that prevents

the physician from seeing the interior of the WEB on MRA se-

quences. WEBs are now available with composite nitinol/plati-

num wires that improve radio-opacity but likely have the same

magnetic susceptibility profile as intracranial stents and flow di-

verters with the same or similar materials.

Given that neurovascular stents and flow diverters are con-

structed of electrically conductive materials, they likely provide a

Faraday cage or Faraday shield effect with MR imaging. The

braids prevent the proton spins of water molecules in the stent

lumen from being flipped or excited. This phenomenon depends

on the wave length of the radiation, the size of the mesh in the

cage, the conductivity of the materials, thickness, and other vari-

ables.32,33 Unlike stainless steel or cobalt alloy stents, nitinol stents

are relatively more sensitive to radiofrequency artifacts than to

susceptibility artifacts.34 If one drew a parallel between the WEB

and stents/flow diverters of equivalent composition, it seems rea-

sonable that there is also a Faraday shield effect with the WEB and

that it contributes to loss of signal from the interior.

The same MRA parameters for stent evaluation were used

without optimization for the WEB evaluation. However, it has

been shown that optimized sequences can minimize stent-in-

duced artifacts. Using a T1-weighted spin-echo pulse sequence

may produce artifacts smaller than those of fast-spoiled gradient-

recalled echo pulse sequences, shorter TEs can also decrease stent

artifacts, and contrast-enhanced MRA may help to better delin-

eate the stent lumen.30 Also, for nitinol stents, the visualization of

the stented segment can be at least partially overcome by using a

higher flip angle.35-37 Recently, a “silent scan” technique combin-

ing ultrashort TEs (to minimize the phase dispersion of the la-

beled blood flow signal in the voxel) and arterial spin-labeling

showed promising improvement of flow visualization in an intra-

cranial stent.38 This technique may theoretically improve visual-

ization within the WEB device and will deserve further dedicated

studies.

There are few data in the literature about noninvasive methods

for WEB follow-up. MRA was evaluated in a small number of

patients at 1.5T, while CTA has not been reported.24 Mine et al24

compared DSA and CE-MRA for the follow-up of intracranial

aneurysms treated with the WEB-DL and found a better inter-

technique agreement (mean � � 0.67) than in the present study

(� � 0.36). Despite these results, 2/5 (40%) aneurysm remnants

were not detected with CE-MRA in their study, while 3/4 (75%)

were not detected in ours; these findings underlie the sensitivity

limitations of MRA compared with DSA for aneurysm remnant.

There are differences between the 2 studies. Mine et al24 eval-

uated 16 aneurysms treated with the WEB-DL, by using a 1.5T

device, while we used a 3T magnet, which has been reported to be

better for the follow-up of coiled intracranial aneurysms20 but

may have potentially enhanced artifacts. In addition, the time

between CE-MRA and DSA was longer in their study (2 months);

this difference could have introduced modifications between the 2

examinations. They chose to evaluate only CE-MRA, while our

study also provided data on the value of 3D-TOF-MRA. Finally,

they classified the occlusion according to the Raymond classifica-

tion scale,26 while we decided to use a simplified 2-grade scale

closer to our clinical practice. At first sight, one can infer that there

will be more disagreement by using a 3-grade scale; nevertheless,

the 2-grade scale by gathering completely occluded aneurysms

and those with neck remnants can influence strongly the intermo-

dality agreement when several disagreements between neck

remnant and aneurysm remnant occur. This difference may

sometimes be subjective and related to small differences in mea-

surements. Specific occlusion grading scales have been proposed

for aneurysms treated with the WEB such as the WEB occlusion

scale. The WEB occlusion scale was approved and validated as the

grading scale for the 150 patients in the US WEB-IT Clinical Study

and was correlated to histology in an 80-subject preclinical

study.39,40

Our study has several limitations. First, a small number of

patients were included. Second, the heterogeneity of endovascular

implants (different types of WEB and adjunction, in some cases,

of stents or coils) might have affected MRA image quality. Despite
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disagreement occurring in only 1 of the patients with an adjunc-

tive device (WEB � 2 coils) and the 2 readers not noticing dra-

matic modifications between different devices, the adjunctive de-

vice may have been the source of supplemental artifacts and

remains to be evaluated in a larger series of patients. Third, we

used standardized MRA stent parameters, and optimization of

these parameters for the WEB may reduce artifacts. Future studies

of CTA and optimized MRA for WEB follow-up are necessary.

Also, the difference between DSA standard views and strict axial

and coronal MIP views for MRA images possibly affected the

readers’ ratings between the neck and aneurysm remnants, under-

lying the importance of careful reading of axial source images.23

CONCLUSIONS
In our series, despite acceptable interobserver reproducibility and

predictive values, the low sensitivity of CE-MRA and 3D-TOF-

MRA for aneurysm remnant detection suggests that MRA is a

useful screening procedure for WEB-treated aneurysms, but sim-

ilar to stents and flow diverters, DSA remains the criterion stan-

dard for follow-up. Regarding improving noninvasive follow-up

of WEB-treated aneurysms, further studies will have to focus on

the analysis of optimized MRA techniques in larger cohorts of

patients treated with homogeneous WEB devices.

Disclosures: Laurent Pierot—RELATED: Consulting Fee or Honorarium: Sequent
Medical; UNRELATED: Consultancy: Blockade Medical, Medtronic, MicroVention,
Neuravi.

REFERENCES
1. Molyneux AJ, Kerr RS, Yu LM, et al; International Subarachnoid An-

eurysm Trial (ISAT) Collaborative Group. International Subarach-
noid Aneurysm Trial (ISAT) of neurosurgical clipping versus endo-
vascular coiling in 2143 patients with ruptured intracranial
aneurysms: a randomised comparison of effects on survival, depen-
dency, seizures, rebleeding, subgroups, and aneurysm occlusion.
Lancet 2005;66:809 –17 Medline

2. Cognard C, Pierot L, Anxionnat R, et al; Clarity Study Group. Results
of embolization used as the first treatment choice in a consecutive
nonselected population of ruptured aneurysms: clinical results of
the Clarity GDC study. Neurosurgery 2011;69:837– 41; discussion 842
CrossRef Medline

3. Pierot L, Spelle L, Vitry F; ATENA Investigators. Immediate clinical
outcome of patients harboring unruptured intracranial aneurysms
treated by endovascular approach: results of the ATENA study.
Stroke 2008;39:2497–504 CrossRef Medline

4. Pierot L, Cognard C, Anxionnat R, et al; CLARITY Investigators.
Endovascular treatment of ruptured intracranial aneurysms: fac-
tors affecting midterm quality anatomic results—analysis in a pro-
spective, multicenter series of patients (CLARITY). AJNR Am J Neu-
roradiol 2012;33:1475– 80 CrossRef Medline

5. Pierot L, Wakhloo A. Endovascular treatment of intracranial
aneurysms: current status. Stroke 2013;44:2046 –54 CrossRef
Medline

6. Pierot L, Liebig T, Sychra V, et al. Intrasaccular flow-disruption
treatment of intracranial aneurysms: preliminary results of a mul-
ticenter clinical study. AJNR Am J Neuroradiol 2012;33:1232–38
CrossRef Medline

7. Lubicz B, Mine B, Collignon L, et al. WEB device for endovascular
treatment of wide-neck bifurcation aneurysms. AJNR Am J Neuro-
radiol 2013;34:1209 –14 CrossRef Medline

8. Pierot L, Klisch J, Cognard C, et al. Endovascular WEB flow disrup-
tion in middle cerebral artery aneurysms: preliminary feasibility,

clinical, and anatomical results in a multicenter study. Neurosurgery
2013;73:27–34; discussion 34 –35 CrossRef Medline

9. Caroff J, Mihalea C, Dargento F, et al. Woven Endobridge (WEB)
Device for endovascular treatment of ruptured intracranial wide-
neck aneurysms: a single-center experience. Neuroradiology 2014;
56:755– 61 CrossRef Medline

10. Lubicz B, Klisch J, Gauvrit JY, et al. WEB-DL endovascular treat-
ment of wide-neck bifurcation aneurysms: short- and midterm re-
sults in a European study. AJNR Am J Neuroradiol 2014;35:432–38
CrossRef Medline

11. Papagiannaki C, Spelle L, Januel AC, et al. WEB intrasaccular flow
disruptor: prospective, multicenter experience in 83 patients with
85 aneurysms. AJNR Am J Neuroradiol 2014;35:2106 –11 CrossRef
Medline

12. Pierot L, Moret J, Turjman F, et al. WEB treatment of intracranial
aneurysms: feasibility, complications, and 1-month safety results
with the WEB DL and WEB SL/SLS in the French Observatory.
AJNR Am J Neuroradiol 2015;36:922–27 CrossRef Medline

13. Gherasim DN, Gory B, Sivan-Hoffmann R, et al. Endovascular treat-
ment of wide-neck anterior communicating artery aneurysms us-
ing WEB-DL and WEB-SL: short-term results in a multicenter
study. AJNR Am J Neuroradiol 2015;36:1150 –54 CrossRef Medline

14. Pierot L, Costalat V, Moret J, et al. Safety and efficacy of aneurysm
treatment with WEB: results of WEBCAST study. J Neurosurg 2015;
18:1–7 CrossRef Medline

15. Pierot L, Moret J, Turjman F, et al. WEB treatment of intracranial
aneurysms: clinical and anatomic results in the French Observa-
tory. AJNR Am J Neuroradiol 2016;37:655–59 CrossRef Medline

16. Pierot L, Spelle L, Molyneux A, et al; WEBCAST and French Obser-
vatory Investigators. Clinical and anatomical follow-up in patients
with aneurysms treated with WEB device: 1-year follow-up report
in the cumulated population of 2 prospective, multicenter series
(WEBCAST, French Observatory). Neurosurgery 2016;78:133– 41
CrossRef Medline

17. Boulin A, Pierot L. Follow-up of intracranial aneurysms treated
with detachable coils: comparison of gadolinium-enhanced 3D
time-of-flight MR angiography and digital subtraction angiogra-
phy. Radiology 2001;219:108 –13 CrossRef Medline

18. van Amerongen MJ, Boogaarts HD, de Vries J, et al. MRA versus DSA
for follow-up of coiled intracranial aneurysms: a meta-analysis.
AJNR Am J Neuroradiol 2014;35:1655– 61 CrossRef Medline

19. Pierot L, Portefaix C, Gauvrit JY. Follow-up of coiled intracranial
aneurysms: comparison of 3D time-of-flight MR angiography at 3T
and 1.5T in a large prospective series. AJNR Am J Neuroradiol 2012;
33:2162– 66 CrossRef Medline

20. Pierot L, Portefaix C, Boulin A, et al. Follow-up of coiled intracranial
aneurysms: comparison of 3D-time-of-flight and contrast-en-
hanced magnetic resonance angiography at 3T in a large, prospec-
tive series. Eur Radiol 2012;22;2255– 63 CrossRef Medline

21. Pierot L, Delcourt C, Bouquigny F, et al. Follow-up of intracranial
aneurysms selectively treated with coils: prospective evaluation of
contrast-enhanced MR angiography. AJNR Am J Neuroradiol 2006;
27:744 – 49 Medline

22. Agid R, Schaaf M, Farb R. CE-MRA for follow-up of aneurysms post
stent-assisted coiling. Interv Neuroradiol 2012;18:275– 83 Medline

23. Attali J, Benaissa A, Soize S, et al. Follow-up of intracranial aneu-
rysms treated by flow diverter: comparison of three-dimensional
time-of-flight MR angiography (3D-TOF-MRA) and contrast-en-
hanced MR angiography (CE-MRA) sequences with digital subtrac-
tion angiography as the gold standard. J Neurointerv Surg 2016;8:
81– 86 CrossRef Medline

24. Mine B, Tancredi I, Aljishi A, et al. Follow-up of intracranial aneu-
rysms treated by a WEB flow disrupter: a comparative study of DSA
and contrast-enhanced MR angiography. J Neurointerv Surg 2015
May 21. [Epub ahead of print] CrossRef Medline

25. Bossuyt PM, Reitsma JB, Bruns DE, et al; Standards for Reporting of
Diagnostic Accuracy. Towards complete and accurate reporting of

1688 Timsit Sep 2016 www.ajnr.org

http://www.ncbi.nlm.nih.gov/pubmed/16139655
http://dx.doi.org/10.1227/NEU.0b013e3182257b30
http://www.ncbi.nlm.nih.gov/pubmed/21623247
http://dx.doi.org/10.1161/STROKEAHA.107.512756
http://www.ncbi.nlm.nih.gov/pubmed/18617659
http://dx.doi.org/10.3174/ajnr.A3003
http://www.ncbi.nlm.nih.gov/pubmed/22517279
http://dx.doi.org/10.1161/STROKEAHA.113.000733
http://www.ncbi.nlm.nih.gov/pubmed/23798560
http://dx.doi.org/10.3174/ajnr.A3191
http://www.ncbi.nlm.nih.gov/pubmed/22678844
http://dx.doi.org/10.3174/ajnr.A3387
http://www.ncbi.nlm.nih.gov/pubmed/23292529
http://dx.doi.org/10.1227/01.neu.0000429860.04276.c1
http://www.ncbi.nlm.nih.gov/pubmed/23615104
http://dx.doi.org/10.1007/s00234-014-1390-7
http://www.ncbi.nlm.nih.gov/pubmed/24930127
http://dx.doi.org/10.3174/ajnr.A3869
http://www.ncbi.nlm.nih.gov/pubmed/24457823
http://dx.doi.org/10.3174/ajnr.A4028
http://www.ncbi.nlm.nih.gov/pubmed/24994823
http://dx.doi.org/10.3174/ajnr.A4230
http://www.ncbi.nlm.nih.gov/pubmed/25655876
http://dx.doi.org/10.3174/ajnr.A4282
http://www.ncbi.nlm.nih.gov/pubmed/25792534
http://dx.doi.org/10.3171/2015.2.JNS142634
http://www.ncbi.nlm.nih.gov/pubmed/26381253
http://dx.doi.org/10.3174/ajnr.A4578
http://www.ncbi.nlm.nih.gov/pubmed/26514608
http://dx.doi.org/10.1227/NEU.0000000000001106
http://www.ncbi.nlm.nih.gov/pubmed/26552042
http://dx.doi.org/10.1148/radiology.219.1.r01mr06108
http://www.ncbi.nlm.nih.gov/pubmed/11274544
http://dx.doi.org/10.3174/ajnr.A3700
http://www.ncbi.nlm.nih.gov/pubmed/24008171
http://dx.doi.org/10.3174/ajnr.A3124
http://www.ncbi.nlm.nih.gov/pubmed/22678846
http://dx.doi.org/10.1007/s00330-012-2466-6
http://www.ncbi.nlm.nih.gov/pubmed/22569997
http://www.ncbi.nlm.nih.gov/pubmed/16611757
http://www.ncbi.nlm.nih.gov/pubmed/22958765
http://dx.doi.org/10.1136/neurintsurg-2014-011449
http://www.ncbi.nlm.nih.gov/pubmed/25352582
http://dx.doi.org/10.1136/neurintsurg-2015-011644
http://www.ncbi.nlm.nih.gov/pubmed/25999378


studies of diagnostic accuracy: the STARD Initiative. Radiology
2003;226:24 –28 CrossRef Medline

26. Raymond J, Guilbert F, Weill A, et al. Long-term angiographic re-
currences after selective endovascular treatment of aneurysms with
detachable coils. Stroke 2003;34:1398 – 403 CrossRef Medline

27. Landis JR, Koch GG. The measurement of observer agreement for
categorical data. Biometrics 1977;33:159 –74 CrossRef Medline

28. Pierot L, Klisch J, Liebig T, et al. WEB-DL endovascular treatment of
wide-neck bifurcation aneurysms: long-term results in a European
series. AJNR Am J Neuroradiol 2015;36:2314 –19 CrossRef Medline

29. Sivan-Hoffmann R, Gory B, Riva R, et al. One-year angiographic
follow-up after WEB-SL endovascular treatment of wide-neck bi-
furcation intracranial aneurysms. AJNR Am J Neuroradiol 2015;36:
2320 –24 CrossRef Medline

30. Klemm T, Duda S, Machann J, et al. MR imaging in the presence of
vascular stents: a systematic assessment of artifacts for various
stent orientations, sequence types, and field strengths. J Magn Reson
Imaging 2000;12:606 –15 Medline

31. Lenhart M, Völk M, Manke C, et al. Stent appearance at contrast-
enhanced MR angiography: in vitro examination with 14 stents.
Radiology 2000;217:173–78 CrossRef Medline

32. Acton QA. Monovalent Cations–Advances in Research and Application.
Atlanta: ScholarlyEditions; 2013:407– 08

33. Camacho CR, Plewes DB, Henkelman RM. Nonsusceptibility arti-
facts due to metallic objects in MR imaging. J Magn Reson Imaging
1995;5:75– 88 CrossRef Medline

34. Hähnel S, Nguyen-Trong TH, Rohde S, et al. 3.0 Tesla contrast-en-
hanced MR angiography of carotid artery stents: in vitro measure-
ments as compared with 1.5 Tesla. J Neuroradiol 2006;33:75– 80
CrossRef Medline

35. Bartels LW, Bakker CJ, Viergever MA. Improved lumen visualiza-
tion in metallic vascular implants by reducing RF artifacts. Magn
Reson Med 2002;47:171– 80 CrossRef Medline

36. Choi JW, Roh HG, Moon WJ, et al. Optimization of MR parameters
of 3D-TOF-MRA for various intracranial stents at 3.0T MRI. Neu-
rointervention 2011;6:71–77 CrossRef Medline

37. Meyer JM, Buecker A, Spuentrup E, et al. Improved in-stent mag-
netic resonance angiography with high flip angle excitation. Invest
Radiol 2001;36:677– 81 CrossRef Medline

38. Irie R, Suzuki M, Yamamoto M, et al. Assessing blood flow in an
intracranial stent: a feasibility study of MR angiography using a
silent scan after stent-assisted coil embolization for anterior circu-
lation aneurysms. AJNR Am J Neuroradiol 2015;36:967–70 CrossRef
Medline

39. Fiorella D, Arthur A, Byrne J, et al. Interobserver variability in the
assessment of aneurysm occlusion with the WEB aneurysm em-
bolization system. J Neurointerv Surg 2015;7:591–95 CrossRef
Medline

40. Rouchaud A, Brinjikji W, Ding YH, et al. Evaluation of the angio-
graphic grading scale in aneurysms treated with the WEB device in
80 rabbits: correlation with histologic evaluation. AJNR Am J Neu-
roradiol 2016;37:324 –29 CrossRef Medline

AJNR Am J Neuroradiol 37:1684 – 89 Sep 2016 www.ajnr.org 1689

http://dx.doi.org/10.1148/radiol.2261021292
http://www.ncbi.nlm.nih.gov/pubmed/12511664
http://dx.doi.org/10.1161/01.STR.0000073841.88563.E9
http://www.ncbi.nlm.nih.gov/pubmed/12775880
http://dx.doi.org/10.2307/2529310
http://www.ncbi.nlm.nih.gov/pubmed/843571
http://dx.doi.org/10.3174/ajnr.A4445
http://www.ncbi.nlm.nih.gov/pubmed/26228882
http://dx.doi.org/10.3174/ajnr.A4457
http://www.ncbi.nlm.nih.gov/pubmed/26294645
http://www.ncbi.nlm.nih.gov/pubmed/11042644
http://dx.doi.org/10.1148/radiology.217.1.r00se28173
http://www.ncbi.nlm.nih.gov/pubmed/11012441
http://dx.doi.org/10.1002/jmri.1880050115
http://www.ncbi.nlm.nih.gov/pubmed/7696813
http://dx.doi.org/10.1016/S0150-9861(06)77234-0
http://www.ncbi.nlm.nih.gov/pubmed/16733419
http://dx.doi.org/10.1002/mrm.10004
http://www.ncbi.nlm.nih.gov/pubmed/11754456
http://dx.doi.org/10.5469/neuroint.2011.6.2.71
http://www.ncbi.nlm.nih.gov/pubmed/22125752
http://dx.doi.org/10.1097/00004424-200111000-00007
http://www.ncbi.nlm.nih.gov/pubmed/11606845
http://dx.doi.org/10.3174/ajnr.A4199
http://www.ncbi.nlm.nih.gov/pubmed/25523588
http://dx.doi.org/10.1136/neurintsurg-2014-011251
http://www.ncbi.nlm.nih.gov/pubmed/24984707
http://dx.doi.org/10.3174/ajnr.A4527
http://www.ncbi.nlm.nih.gov/pubmed/26405081


ORIGINAL RESEARCH
INTERVENTIONAL

Incidence and Clinical Significance of Acute Reocclusion after
Emergent Angioplasty or Stenting for Underlying Intracranial

Stenosis in Patients with Acute Stroke
X G.E. Kim, X W. Yoon, X S.K. Kim, X B.C. Kim, X T.W. Heo, X B.H. Baek, X Y.Y. Lee, and X N.Y. Yim

ABSTRACT

BACKGROUND AND PURPOSE: A major concern after emergent intracranial angioplasty in cases of acute stroke with underlying intra-
cranial stenosis is the acute reocclusion of the treated arteries. This study reports the incidence and clinical outcomes of acute reocclusion
of arteries following emergent intracranial angioplasty with or without stent placement for the management of patients with acute stroke
with underlying intracranial atherosclerotic stenosis.

MATERIALS AND METHODS: Forty-six patients with acute stroke received emergent intracranial angioplasty with or without stent
placement for intracranial atherosclerotic stenosis and underwent follow-up head CTA. Acute reocclusion was defined as “hypoattenu-
ation” within an arterial segment with discrete discontinuation of the arterial contrast column, both proximal and distal to the hypoat-
tenuated lesion, on CTA performed before discharge. Angioplasty was defined as “suboptimal” if a residual stenosis of �50% was detected
on the postprocedural angiography. Clinical and radiologic data of patients with and without reocclusion were compared.

RESULTS: Of the 46 patients, 29 and 17 underwent angioplasty with and without stent placement, respectively. Acute reocclusion was
observed in 6 patients (13%) and was more frequent among those with suboptimal angioplasty than among those without it (71.4% versus
2.6%, P � .001). The relative risk of acute reocclusion in patients with suboptimal angioplasty was 27.857 (95% confidence interval,
3.806 –203.911). Furthermore, a good outcome was significantly less frequent in patients with acute reocclusion than in those without it
(16.7% versus 67.5%, P � .028).

CONCLUSIONS: Acute reocclusion of treated arteries was common after emergent intracranial angioplasty with or without stent
placement in patients with acute stroke with intracranial atherosclerotic stenosis and was associated with a poor outcome. Suboptimal
results of angioplasty appear to be associated with acute reocclusion, irrespective of whether stent placement was performed.

ABBREVIATIONS: ICAS � intracranial atherosclerotic stenosis; IQR � interquartile range

Intracranial atherosclerotic stenosis (ICAS) is rapidly becoming

a major concern worldwide in patients with stroke because

Asian, Hispanic, and African populations, which are prone to

ICAS, constitute an overwhelming majority of the population of

the world.1 Acute stroke caused by an in situ thrombosis at the site

of ICAS differs from that caused by cardiogenic embolic occlusion

and may not respond to modern mechanical embolectomy pro-

cedures such as stent-retriever embolectomy or manual aspira-

tion embolectomy. Few studies have been published hitherto on

the optimal treatment plan for patients with acute stroke with

underlying ICAS.2-5 Emergent intracranial angioplasty, with or

without stent placement, has been recently suggested as an effec-

tive treatment option for the management of underlying ICAS

following mechanical embolectomy; for example, Yoon et al4 re-

ported a successful revascularization rate of 95% and a favorable

outcome rate of 65% with this strategy.

Nevertheless, a major concern after emergent intracranial an-

gioplasty in cases of acute stroke is the acute reocclusion of the
treated arteries. Acute reocclusion may occur following intracra-
nial angioplasty or stent placement as a result of platelet activa-
tion, adherence, and aggregation triggered by the disruption of
vulnerable plaque and endothelial damage; unsuccessful or inad-
equate pretreatment with antiplatelet drugs; dissection; or vaso-
spasm.6 Despite the possibility of this complication in patients
with acute stroke, data regarding its incidence and clinical conse-
quences have not yet been reported in literature, to our
knowledge.
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Thus, this study aimed to investigate the incidence and clinical
outcomes of arterial reocclusion in patients with acute stroke un-
dergoing emergent angioplasty with or without stent placement
following stent-retriever embolectomy. Additionally, we sought
to determine the risk factors associated with acute reocclusion in
these patients.

MATERIALS AND METHODS
Patients
Between January 2011 and February 2014, 240 patients with acute

ischemic stroke were treated with mechanical embolectomy at

our comprehensive regional stroke center. Of these, 50 (20.8%)

consecutive patients with underlying ICAS as a cause of acute

large-vessel occlusion underwent emergent intracranial angio-

plasty with or without stent placement subsequent to mechanical

embolectomy. Forty-six of these patients underwent follow-up

head CTA after endovascular therapy, as per our institutional

protocol for acute stroke management. The remaining 4 patients

could not undergo CTA during hospitalization due to their poor

health status. Thus, 46 patients were finally enrolled in this retro-

spective study, and their clinical and radiologic data were ana-

lyzed. The institutional ethics committee approved this retrospec-

tive analysis and waived informed consent due to the

retrospective study design.

On admission, a stroke neurologist performed an assessment

by using the NIHSS. Before the initiation of endovascular treat-

ment, all patients underwent nonenhanced cranial CT and mul-

timodal MR imaging. The inclusion criteria for endovascular

therapy were as follows: presentation within 6 and 8 hours of

stroke onset for anterior and posterior circulation stroke, respec-

tively; a baseline NIHSS score of �4; no evidence of intracranial

hemorrhage on cranial CT or MR imaging; evidence of major

arterial occlusion on MR angiography; a target mismatch pattern

on multimodal MR imaging based on visual estimation (time-to-

peak map of perfusion imaging showing a lesion volume �30%

larger than that detected with DWI) for an anterior circulation

stroke; an infarct volume of less than one-third of the MCA terri-

tory for anterior circulation stroke, as determined by DWI or

nonenhanced CT; an absence of bilateral diffuse pontine ischemia

on DWI for posterior circulation stroke; and a premorbid mRS

score of �3.

Endovascular Therapy
All endovascular therapy was performed by a single interventional

neuroradiologist with 12 years of experience in neurovascular in-

tervention. For each patient, written informed consent for endo-

vascular therapy was obtained from a family member. Both cere-

bral angiography and endovascular therapy were performed with

the patient under conscious sedation. In case of agitation, an in-

travenous bolus of midazolam was administered and repeated if

necessary. When pretreatment diagnostic angiography showed an

arterial occlusion, stent-retriever embolectomy with the Solitaire

stent (Covidien, Irvine, California) was performed as the first-line

endovascular treatment. When stent-retriever embolectomy was

unsuccessful, other mechanical approaches were performed, in-

cluding manual aspiration embolectomy by using a Penumbra

aspiration catheter (Penumbra, Alameda, California). The details

of the techniques used for mechanical embolectomy have been

described previously.7,8

If severe (�70%) underlying ICAS of the target artery was seen

on the initial diagnostic angiography or on follow-up angiogra-

phy after mechanical embolectomy, intracranial angioplasty with

or without stent placement was performed. The severity of arterial

stenosis was graded according to the Warfarin-Aspirin Symptom-

atic Intracranial Disease criteria.9 For underlying ICAS seen after

the initial mechanical embolectomy, ICAS was determined if the

stenotic lesion remained unchanged 3–5 minutes after intra-arte-

rial injection of a vasodilator through the guide catheter. The

devices and techniques used for intracranial angioplasty and stent

placement have been described in detail elsewhere.4

Neither heparin nor glycoprotein IIb/IIIa inhibitor was ad-

ministered either intravenously or intra-arterially during the en-

dovascular procedure. All patients underwent nonenhanced CT

immediately after endovascular therapy. If no intracranial hem-

orrhage was detected on this scan, aspirin and clopidogrel (Plavix)

were administered orally via the nasogastric tube after the proce-

dure. Dual antiplatelet therapy was then continued for at least 3

months after the procedure.

CTA Image Acquisition and Analysis
CTA was performed on a dual-source CT scanner (Somatom Def-

inition Flash; Siemens, Erlangen, Germany) with the following

parameters: collimation, 128 � 0.6 mm; tube voltage, 120 kV;

tube current, 250 mA; gantry rotation, 0.28 seconds; pitch factor,

0.6; FOV, 180 mm; and matrix, 512 � 512. All patients were

administered 100 mL of nonionic contrast agent with 350 mg of

iodine per milliliter (iohexol, Omnipaque 350; GE Healthcare,

Piscataway, New Jersey), which was injected into the antecubital

vein at a rate of 4 mL/s. Scanning was triggered by the bolus-tracking

technique with the ROI positioned in the aortic arch and the trigger

threshold set at 25 HU. CTA source images were then reconstructed

with a section width of 0.75 mm for further evaluation. The source

images were transferred to the workstation and processed with the

use of a commercial software package (syngo.CT Dynamic Angio;

Siemens). Thick, maximum-intensity-projection images (section

thickness, 30 mm; increments, 5 mm) were reconstructed in axial,

coronal, sagittal, and oblique coronal planes to evaluate the intracra-

nial arteries.

Maximum-intensity-projection and source images of all pa-

tients were reviewed by 2 neuroradiologists and were evaluated

for the presence or absence of occlusion or stenosis of �50% at

the site of previous angioplasty or stent placement. Decisions were

made by consensus between the 2 investigators. Arterial occlusion

was defined as a hypoattenuation within the arterial segment with

discrete discontinuation of the arterial contrast column between

the proximal and distal points of the hypoattenuated lesion.

Outcome Measures
We recorded the clinical and radiologic data from the medical

records of the patients. The “start of endovascular therapy” was

defined as the moment the needle punctured the common femo-

ral artery. “Symptomatic intracranial hemorrhage” was defined as

any intracranial hemorrhage that caused neurologic deteriora-
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tion, which was a �4-point increase in the NIHSS score or a

1-point deterioration in the level of consciousness.

Revascularization status was assessed by using the final angio-

gram according to the modified TICI scale,10 with “successful

revascularization” defined as a modified TICI grade of 2b or 3.

“Arterial perforation” was defined by evidence of frank angio-

graphic contrast extravasation on serial angiograms. “Arterial dis-

section” was defined as an identifiable, intimal flap on the final

angiogram. The angiographic findings were characterized as ei-

ther “optimal” (�50% residual stenosis) or “suboptimal” (�50%

residual stenosis) on the final angiogram.11,12 Angiographic im-

ages were evaluated by 2 neuroradiologists in consensus.

Neurologic evaluation was performed by a stroke neurologist

immediately and 24 hours after treatment, before discharge, 3

months after treatment, and when there were any changes in clin-

ical symptoms. Clinical outcome was assessed by a stroke neurol-

ogist by using the mRS score during an outpatient visit 3 months

after treatment. If patients were unable to attend the outpatient

clinic, assessment was made via telephone interviews. A good clin-

ical outcome was defined as an mRS score of �2 or equal to the

premorbid mRS score.

Statistical Analysis
Continuous variables are presented as medians and interquartile

ranges (IQRs). Discrete variables are presented as counts and per-

centages. First, patients were divided into 2 groups for compari-

son, according to the presence or absence of acute reocclusion on

head CTA. The baseline characteristics and clinical outcomes of

the 2 groups were compared. Second, the relationship between

each clinical and radiologic characteristic and the 3-month out-

come was determined. The �2 or Fisher exact test was used for

comparing categoric and binary data, and the Mann-Whitney

U test was used for comparing continuous data. Third, a logistic

regression analysis was performed to identify independent pre-

dictors of good clinical outcome. The variables tested in the logis-

tic regression models were those with P � .05 in the univariate

analysis, age, and successful revascularization. All statistical anal-

yses were performed with SPSS software (Version 21.0; IBM, Ar-

monk, New York). A P value � .05 was significant.

RESULTS
Data from 46 patients were analyzed. Baseline patient character-

istics are shown in Table 1. Of the 46 patients treated with emer-

gent angioplasty with or without stent placement for acute stroke,

26 had ICAS in the MCA; 12, in the basilar artery; and 8, in the

intracranial internal carotid artery. Follow-up CTA was per-

formed within 48 hours of endovascular therapy in 45 patients

(97.8%). The remaining patient underwent CTA 120 hours after

endovascular therapy.

Follow-up CTA showed reocclusion at the site of angioplasty

or stent placement in 6 patients (13%), with reocclusion occur-

ring in the MCA in 5 patients and in the basilar artery in 1 patient

(Fig 1). A history of previous stroke or TIA was more frequent in

patients with reocclusion (66.7% versus 10%, P � .005) than in

those without it. Postprocedural residual stenosis was signifi-

cantly greater in patients with acute reocclusion (56% versus 25%,

P � .009). No significant intergroup differences were noted in

terms of patient age, sex, history of other risk factors, occlusion

sites, use of intravenous or intra-arterial thrombolysis, time to

procedure, duration of the procedure, time to revascularization,

and baseline NIHSS score. Severe stenosis (�50%) at the site of

angioplasty or stent placement was not observed in the remaining

40 patients.

Thirty-two patients underwent both intracranial angioplasty

and stent placement, while 14 patients underwent only angio-

Table 1: Baseline characteristics of the study population

All Patients
(N = 46)

Patients with
Acute Reocclusion

(n = 6)

Patients without
Acute Reocclusion

(n = 40) P Value
Age (yr) (IQR) 66 (57.75–74.75) 63 (57.5–72.5) 66 (57.5–76.25) NS
Male sex (No.) (%) 28 (60.9) 3 (50) 25 (62.5) NS
Risk factors (No.) (%)

Hypertension 29 (63) 4 (66.7) 25 (62.5) NS
Diabetes mellitus 20 (43.6) 2 (33.3) 18 (45) NS
Dyslipidemia 26 (56.5) 4 (66.7) 22 (55) NS
Smoking 10 (21.7) 2 (33.3) 8 (20) NS
Atrial fibrillation 4 (8.7) 0 (0) 4 (10) NS
Previous CAD 1 (2.2) 0 (0) 1 (2.5) NS
Congestive heart failure 1 (2.2) 0 (0) 1 (2.5) NS
History of stroke or TIA 8 (17.4) 4 (66.7) 4 (10) .005

Occlusion site (No.) (%)
Middle cerebral artery 26 (56.5) 5 (83.3) 21 (52.5) NS
Internal carotid artery 8 (17.4) 0 (0) 8 (20) NS
Basilar artery 12 (26.1) 1 (16.7) 11 (27.5) NS

Baseline NIHSS score (IQR) 12 (8–14) 9.5 (6.5–14.5) 10 (9–14) NS
Intravenous thrombolysis (No.) (%) 18 (39.1) 4 (66.7) 14 (35) NS
Intra-arterial thrombolysis (No.) (%) 7 (15.2) 1 (16.7) 6 (15) NS
Time to procedure (min) (IQR) 270 (207.75–362) 277.5 (233.75–330.00) 252.5 (187.5–360) NS
Procedural time (min) (IQR) 36 (25–46.75) 33 (22.75–47.25) 37 (25.75–48.75) NS
Time to revascularization (min) (IQR) 319.5 (231.75–401.5) 305 (264.75–385.75) 301 (217.5–407) NS
Postprocedural residual stenosis (%) (IQR) 25 (19.5–35.0) 56 (42.3–71.3) 25 (19–33) 0.009
Postprocedural antiplatelet therapy (No.) (%) 41 (89.1) 6 (100) 35 (87.5) NS

Note:—CAD indicates coronary artery disease; NS, not significant.
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plasty. Acute reocclusion was more frequent among patients

treated with intracranial angioplasty alone than among those

treated with intracranial stent placement in addition to angio-

plasty (23.5% versus 6.9%); however, this difference was not sta-

tistically significant (P � .174). Of the 46 patients, 41 received

antiplatelet medication after completion of endovascular therapy;

5 patients did not receive this therapy because they showed evi-

dence of intracranial hemorrhage in the postprocedural CT scan.

However, none of these 5 patients exhibited acute reocclusion on

follow-up CTA.

Of 6 patients with reocclusion, 4 patients had an ASPECTS of

8, 1 had an ASPECTS of 7, and 1 had a posterior circulation

ASPECTS of 5 on pretreatment DWI. The NIHSS score gradually

increased by 2–5 points during the first 24 hours after endovascu-

lar therapy in all 6 patients with reocclusion. At the time of dis-

charge, the NIHSS score was unchanged in 3 patients, decreased

in 2 patients (by 2 and 4 points, respectively), and slightly in-

creased in 1 patient (by 3 points) compared with the score on

day 1.

The clinical outcomes of patients with or without acute reoc-

clusion are shown in Table 2. Overall, successful revascularization

(modified TICI grade 2b or 3) was achieved in 95.7% (44/46) of

patients. There was no significant difference between the 2 groups

in terms of the rate of successful revascularization. A suboptimal

result (�50% residual stenosis at the site of angioplasty or stent

placement) was observed on the final angiograms in 7 patients

(15.2%). Furthermore, acute reocclusion was more frequent

among patients with a suboptimal result than among those with-

out (71.4% [5/7] versus 2.6% [1/39], P � .001). The relative risk

for acute reocclusion in patients with a suboptimal result was

FIG 1. Brain images obtained in a patient with acute stroke. A, Anteroposterior view of a vertebral angiogram shows arterial occlusion at the
proximal portion of the basilar artery. B, Lateral projection of the vertebral angiogram obtained after stent-retriever embolectomy reveals
severe underlying stenosis (arrow) at the site of arterial occlusion. There were no retrieved thrombi with the Solitaire stent. C, Lateral projection
of vertebral angiography performed after intracranial stent placement shows suboptimal angioplasty, with residual stenosis of 60% (arrow).
Arrowheads indicate the proximal and distal ends of the stent. D, Axial source image of CTA shows hypoattenuation (arrow) within the stented
segment of the basilar artery. E, Maximum-intensity-projection image of the follow-up CTA 2 days after the procedure shows a discontinuation
of the contrast column both proximal and distal to the stent (arrows).
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27.857 (95% CI, 3.806 –203.911). Overall, a good clinical out-
come was achieved in 60.9% (28/46) of patients. A good outcome
was less frequent in patients with acute reocclusion than in those
without it (16.7% versus 67.5%, P � .028); the relative risk of a
poor outcome in patients with acute reocclusion was 2.564 (95%
CI, 1.447– 4.544).

Arterial perforation of a thalamoperforating artery by micro-
guidewire occurred in 1 patient. Arterial dissection was not ob-
served in the postprocedural angiograms of any patients. Overall,
2 patients (4.3%) without acute reocclusion had symptomatic
hemorrhage, while 3 patients (6.5%) without acute reocclusion
died before the 3-month follow-up. However, none of the pa-
tients with acute reocclusion showed symptomatic hemorrhage
or 3-month mortality. There was no significant difference be-
tween the 2 groups in the rate of symptomatic hemorrhage and
mortality.

In a univariate analysis, the following variables were identified
as predictors of a good outcome at 3 months: acute reocclusion,
history of stroke or TIA, and procedural time. A good outcome
occurred less frequently among patients with a history of previous
stroke or TIA than among those without (12.5% [1/8] versus
71.1% [27/38], P � .004). The median procedural time was
shorter in patients with a good outcome than in those with a poor
outcome (35 minutes [IQR, 25– 42 minutes] versus 44 minutes
[IQR, 32.75– 62 minutes], P � .019). When acute reocclusion,
history of previous stroke or TIA, procedural time, each year of
age, and successful revascularization were selected for the logistic
regression analysis, independent predictors of good outcome
were a history of previous stroke or TIA (OR, 0.055; 95% CI,
0.004 – 0.821; P � .035) and procedural time (per 1-minute de-
crease; OR, 1.046; 95% CI, 1.000 –1.093; P � .048).

DISCUSSION
The main findings of this study are summarized as follows: 1)

acute reocclusion of arteries treated with emergent angioplasty

with or without stent placement was fairly common in this study

population, at a rate of 13%; 2) suboptimal angioplasty with or

without stent placement was significantly associated with acute

reocclusion; and 3) acute reocclusion was significantly associated

with a poor outcome at 3-month follow-up.

Few studies have been published thus far on the incidence of

acute reocclusion after intracranial angioplasty in acute stroke.

Consistent with our study, Lee et al2 reported that early reocclu-

sion occurred within 48 hours in 16.7% (2/12) of patients with

acute MCA occlusion after intracranial stent placement for the

treatment of underlying ICAS. Additionally, Guo et al13 reported

that acute reocclusion occurred in 9.1% (1/11) of patients within

1 day of intracranial stent placement.
Moreover, Bang et al14 reported that in-
stent thrombosis occurred within 1
week in 18.8% (6/32) of their patients
who underwent intracranial stent place-
ment for acute ischemic stroke. How-
ever, the latter 2 studies differ from our
study and that of Lee et al in that stent
placement was attempted to recanalize
the embolic occlusions and not to treat
the underlying ICAS. Furthermore,

those studies did not provide data on specific stroke etiology or
postprocedural antiplatelet medication for the treated patients.

In our study, suboptimal angioplasty (�50% residual steno-
sis) seemed to be a main predisposing factor for acute reocclusion.
Suboptimal angioplasty was associated with a 28-fold increase in
the rate of acute reocclusion in the present study. A suboptimal
result may cause insufficient blood flow through the angioplasty-
treated or stented arterial segment, thereby accelerating platelet
aggregation. Sufficient blood flow at the site of angioplasty, with
or without stent placement, prevents acute thrombus forma-
tion.15 Thus, our findings strongly suggest that neurointerven-
tionists should pay particular attention to achieving optimal pa-
tency of the target artery during emergent intracranial angioplasty
or stent placement for the treatment of underlying ICAS in pa-
tients with acute stroke.

A systematic review has shown that the frequency of reocclu-
sion after stent placement is lower than after angioplasty alone in
patients undergoing acute coronary interventions.16 Similarly, in-
tracranial stent placement has been shown to be more effective
than angioplasty alone in postoperative residual stenosis or late
restenosis in cases of subacute-to-chronic symptomatic
ICAS.12,17 Stent placement has been associated with a lower inci-
dence of acute reocclusion than angioplasty alone, by eliminating
vascular recoil and dissection and allowing increased vessel diam-
eter.15 In our study, we also noted a trend toward a lower inci-
dence of acute reocclusion among patients treated with stent
placement than among those treated with angioplasty alone
(6.9% versus 23.5%); however, this difference was not statistically
significant, probably due to the small sample size.

Angioplasty with or without stent placement may lead to me-
chanical disruption of atherosclerotic plaques or endothelial in-
jury that triggers platelet activation, adhesion, and aggregation,
which are key features of arterial thrombosis and reocclusion.
Therefore, adequate antiplatelet therapy is generally recom-
mended to prevent acute thrombosis and reocclusion in cases of
scheduled intracranial angioplasty or stent placement. Although
optimal doses of antiplatelet therapy for periprocedural support
during endovascular stroke therapy have not yet been established,
loading doses of aspirin (300 – 650 mg) and clopidogrel (600 mg)
are generally recommended, followed by daily doses of aspirin
(100 –300 mg) and clopidogrel (75 mg) for 1–3 months.18 Most
interesting, the administration of periprocedural antiplatelet
therapy did not appear to be associated with acute reocclusion in
our study. There was no acute reocclusion in the 5 patients who
did not receive postprocedural antiplatelet therapy in our study.
All patients with acute reocclusion received loading doses of aspi-
rin and clopidogrel after the procedure. Therefore, further studies

Table 2: Comparison of clinical outcomes between patients with and without acute
reocclusion

All
Patients
(N = 46)

Patients
with Acute
Reocclusion

(n = 6)

Patients
without Acute

Reocclusion
(n = 40) P Value

m-TICI grade 2b or 3 (No.) (%) 44 (95.7) 5 (83.3) 39 (97.5) NS
Suboptimal result (No.) (%) 7 (15.2) 5 (83.3) 2 (5) �.001
mRS 0–2 (No.) (%) 28 (60.9) 1 (16.7) 27 (67.5) .028
Symptomatic hemorrhage (No.) (%) 2 (4.3) 0 (0) 2 (5) NS
Mortality (No.) (%) 3 (6.5) 0 (0) 3 (7.5) NS

Note:—m-TICI indicates modified TICI; NS, not significant.
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are necessary to determine the exact role of periprocedural anti-
platelet therapy in patients undergoing emergency angioplasty
with or without stent placement for the management of acute
ischemic stroke in patients with ICAS.

There have been no studies to date on the clinical conse-
quences of acute reocclusion after emergency angioplasty with or
without stent placement in patients with acute stroke due to ICAS.
In our study, a good outcome was considerably less frequent
among patients with acute reocclusion than among those without
it (16.7% versus 67.5%, P � .028); in fact, acute reocclusion was
associated with a 2.6-fold increase in poor outcome at the
3-month follow-up. Similar results have been reported in a study
on the immediate reocclusion of recanalized arteries during
intra-arterial thrombolysis for embolic occlusion. Janjua
et al19 showed that a favorable outcome was less frequently
achieved in patients with immediate arterial reocclusion after var-
ious endovascular treatments than in those without it (6% versus
37%, P � .01). The odds ratio of a poor outcome in patients with
arterial reocclusion was 3.9 in their analysis.19

The limitations of our study include its small sample size and
retrospective design. While most patients (97.8%) underwent
head CTA 2 days after endovascular therapy, 1 patient underwent
the procedure 5 days after the operation. In addition, platelet
function testing was not routinely performed. Thus, individual-
izing antiplatelet therapy was not possible; this situation may have
influenced the incidence of acute reocclusion in this study. How-
ever, the impact of clopidogrel resistance on the effectiveness of
endovascular therapy for acute ischemic stroke remains largely
unstudied. Furthermore, routine platelet-function testing is
not currently recommended in cases of acute coronary
intervention.18,20

CONCLUSIONS
Our findings indicate that acute reocclusion of treated vessels

with or without stent placement after emergent angioplasty is

common in patients with acute stroke due to ICAS and that this

complication is associated with a poor outcome. Acute reocclu-

sion in such cases appears to be associated with suboptimal an-

gioplasty or stent placement. In light of these results, neurointer-

ventionists should make every effort to achieve optimal results in

restoring the patency of the affected artery during emergent an-

gioplasty in cases of acute stroke due to ICAS.
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Suspected Metallic Embolism following Endovascular
Treatment of Intracranial Aneurysms

X R. Yasuda, X M. Maeda, X M. Umino, X Y. Nakatsuka, X Y. Umeda, X N. Toma, X H. Sakaida, and X H. Suzuki

ABSTRACT
SUMMARY: We describe a case series of suspected metallic embolism after coil embolization for intracranial aneurysms. Between January
2012 and December 2014, 110 intracranial aneurysms had been treated by coil embolization in our institution. In 6 cases, the postprocedural
MR imaging revealed abnormal spotty lesions not detected on the preprocedural MR imaging. The lesions were also undetectable on the
postprocedural CT scan. They were demonstrated as low-intensity spots on T1WI, T2WI, DWI, and T2*-weighted imaging. On DWI, they
were accompanied by bright “halo,” and on T2*-weighted imaging, they showed a “blooming” effect. In 3 of the 6 cases, follow-up MR
imaging was available and all the lesions remained and demonstrated no signal changes. Although histologic examination had not been
performed, these neuroradiologic findings strongly supported the lesions being from metallic fragments. No specific responsible device
was detected after reviewing all the devices used for the neuroendovascular treatment in the 6 cases.

Clinically asymptomatic emboli are a common complication

of cerebral angiography and neuroendovascular procedures,

occurring in approximately 20% of cases.1 Foreign body emboli

after cerebral angiography are a much less known complication,

and only a few isolated cases have been reported.2-4 Recently, we

have noticed abnormal signals suggesting metallic emboli on the

postprocedural MR imaging in several cases of coil embolization

for cerebral aneurysms. In this report, we describe the particular

MR imaging findings of suspected metallic emboli following neu-

roendovascular procedures and discuss possible sources for these

findings.

Case Series
After the retrospective review of our medical data base between

January 2012 and December 2014 that contains 110 intracranial

aneurysms treated by coil embolization, we encountered 6 cases

that showed abnormal spotty lesions on the postprocedural MR

imaging. The details of the clinical features of the 6 cases are sum-

marized in Table 1. The devices used for the treatment in the 6

cases are summarized in Table 2. In all 6 cases, the lesions were low

intensity on T1WI, T2WI, DWI, and T2*-weighted images. Addi-

tionally, they were accompanied by a hyperintense “halo” on

DWI and showed a “blooming” effect on T2*-weighted images.

In 5 of the 6 cases (cases 1–5), a postprocedural CT scan was ob-

tained but none of the lesions were detected. Follow-up MR im-

ages were available in 3 of the 6 cases (cases 1, 5, and 6), and in all

3 cases, the lesions remained without any signal changes during

the follow-up periods (range, 6 –34 months). No patients showed

any symptoms associated with the lesions.

Illustrative Cases

Case 1. A 68-year-old woman was treated for a left ICA aneurysm

(Fig 1A) with coil embolization. On the preprocedural MR imag-

ing, no abnormal findings apart the aneurysm were identified. For

the coil embolization procedure, a 5F guiding sheath was placed

in the left ICA and a 1.7F microcatheter was inserted into the

aneurysm by using a 0.014-inch microguidewire. The aneurysm

was embolized with multiple platinum coils (Fig 1B). The MR

images were obtained the next day by using a 1.5T MR imaging

unit (Achieva Nova Dual; Philips Healthcare, Best, the Nether-

lands) with a 5-mm section thickness, and DWI revealed low-

intensity spots accompanied by a hyperintense halo at the left

medial frontal and left parietal regions (Fig 1C, -D). These signals

were obviously different from the bright lesion in the left parietal

lobe indicating thromboembolism (Fig 1E) that showed no signal

changes on T2*-weighted images.

While these lesions were shown as low-intensity spots on

T1WI (Fig 1F) and T2WI (Fig 1G), they had a blooming effect on
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T2*-weighted images (Fig 1H). Head CT (Aquilion ONE CT

scanner; Toshiba Medical Systems, Tokyo, Japan) obtained on the

following day demonstrated no abnormal findings except a coil

mass. The patient was discharged from our hospital 1 week after

the coil embolization without any symptoms. Follow-up MR im-

aging was performed at 13 months after the procedure, and both

abnormal spots remained without any signal changes (Fig 1I, -L).

The patient remained asymptomatic at the last follow-up.

Case 5. A 70-year-old man was referred to our hospital for treat-

ment of his unruptured anterior communicating artery aneurysm

(Fig 2A). Preprocedural MR imaging showed no abnormal find-

ings apart from the aneurysm. The coil embolization was per-

formed; a 6F guiding catheter was placed in his left ICA. After a

balloon catheter was placed underneath the aneurysmal neck by

using a 0.01-inch microguidewire, a 1.7F microcatheter was

placed in the aneurysm by using another 0.014-inch microguide-

wire. During the embolization, the first coil uncoiled, and it was

withdrawn by using a retrieval device. Because the hub of the

FIG 1. A left ICA aneurysm in case 1 (A) is embolized by using
multiple coils (B). Postprocedural DWI shows abnormal low-inten-
sity spots with a hyperintense halo (white arrow) in the left pari-
etal (C) and frontal (D) lobes. These are different from a bright spot
in the left parietal lobe (E), indicating thromboembolism. These
abnormal spots are low intensity on T1WI (F) and T2WI (G) and
show a blooming effect on T2*-weighted images (H). Follow-up
MR imaging obtained 13 months after the procedure shows that
all the abnormal signal spots remain without any signal changes
(I–L).

Table 1: Patient characteristics

Case No.
Patient Age

(yr)/Sex Location of Aneurysm
Aneurysm Size

(mm) Procedure
Procedural Time

(min)
Postprodedural

Symptoms
1 68/F Left ICA 10.2 � 8.2 � 7.3 Coil embolization 170 None
2 56/M Right vertebral artery 15.6 � 7.1 � 6.5 Internal trapping 135 None
3 80/F Right ICA 12.6 � 10.3 � 11.0 Coil embolization 150 None
4 45/F Right ICA 4.9 � 4.5 � 4.3 Coil embolization 158 None
5 70/M Anterior communicating artery 9.6 � 7.1 � 9.5 Coil embolization 145 None
6 41/F Left ICA 5.6 � 4.9 � 3.8 Coil embolization 150 None

Table 2: Devices used for treatment in each case
Devices 1 2 3 4 5 6

0.035-inch Radifocus Standarda � � � � � �
0.035-inch Radifocus Stiffa �
0.035-inch Quick Flex Standardb �
0.010–0.014-inch Tenroub � � � � �
0.014-inch CHIKAIc � � � �
0.010-inch X-Pediond �
0.010-inch SilverSpeedd �
0.014-inch Traxcesse �
Excelsior SL-10f � � � � �
Headway17e � �
Prowler Select Plusg �
Hydrogel coilse � �
ED coilsb � � � �
Target coilsf � � �
Cashmereg �
VFCe �
Orbit Galaxyg � � �
Deltapaqg �
Deltaplushg �
Matrix coilsf �
Scepter XCe � �
HyperFormd �
Enterprise VRDg �
Amplatz GooseNeck Snared �

Note:—� indicates that the product was used.
a Terumo, Tokyo, Japan.
b Kaneka Medix, Osaka, Japan.
c Asahi Intecc, Aichi, Japan.
d Covidien, Irvine, California.
e MicroVention, Tustin, California.
f Stryker, Kalamazoo, Michigan.
g Codman & Shurtleff, Raynham, Massachusetts.
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microcatheter had to be cut to advance the retrieval device,

another 1.7F microcatheter was used for the embolization. The

aneurysm was finally embolized by using multiple platinum coils

(Fig 2B). The MR imaging performed on postoperative day 1 by

using a 1.5T machine (Achieva Nova Dual; Philips) with 5-mm

section thickness demonstrated a low-intensity spot with a hyper-

intense halo on DWI in the right frontal lobe (Fig 2C). A head CT

scan (Aquilion ONE; Toshiba) with 5-mm section thickness ob-

tained on postoperative day 3 showed no abnormal findings ex-

cept a coil mass (Fig 2D). The patient’s postoperative course was

good, and he was discharged from our hospital 1 week after the

procedure without any symptoms. Follow-up MR imaging ob-

tained 3 years after the procedure demonstrated that the lesion

remained at the right frontal lobe without any signal changes

(Fig 2E, -F). The patient remained asymptomatic at the last

follow-up.

DISCUSSION
Because the new low-signal spotty lesions appeared just after the

endovascular procedure and they were restricted to the vascular

territory of the catheterized arteries, it is reasonable to believe they

represented embolic phenomena.

Potential etiologies of the low-signal spotty lesions include air,

thrombus, hemosiderin, calcium deposits, and metal. If they were

air or thrombus, resolution of signal changes would be expected

with time. Moreover, parenchymal ischemic changes due to an

embolism could occur. Hemosiderin is also unlikely because it

does not appear at this early stage just after coil embolization.

Furthermore, if the lesions were calcium, they might be detected

by CT. Metal results in a dark spot on MR imaging because it has

no MR imaging signal. Additionally, it can cause substantial MR

imaging artifacts,5 which could exhibit the hyperintense halo. Be-

cause only microscopic metal fragments are required to produce

MR imaging artifacts,6 it is not surprising that the metal frag-

ments were invisible on CT. Moreover, if microscopic metal frag-

ments were present, it would be reasonable that patients had no

embolic complications. Taking these observations into consider-

ation, we believe that the spotty lesions found on the postopera-

tive MR imaging in our cases were from metallic fragments.

Cerebral MR imaging findings suggesting embolic metal frag-

ments are rare, and only 4 cases have been reported (Table 3).7-10

In addition to a mechanical prosthetic cardiac valve and robotic

surgery, angiographic guidewires used during cardiac catheteriza-

tion were suspected as an embolic source in 2 cases.9, 10 To the best

of our knowledge, this cases series is the first in reporting MR

imaging metallic signal following neuroendovascular treatment

of intracranial aneurysms. Besides the guidewires, various devices

(ie, coils, balloons, and stents) composed of metal are used in

neuroendovascular procedures, which can provide more frequent

opportunities for metallic embolism compared with cardiac

catheterization.

Our study has several limitations. First and most important, it

was not pathologically confirmed that the lesion represented me-

tallic emboli. Because our patients were completely free from

symptoms, it was not reasonable to perform a brain biopsy. Sec-

ond, we cannot determine which devices and which parts could be

a source of metallic emboli in our cases. In neuroendovascular

treatment, metallic emboli can be released at any step, including

delivery; deployment or withdrawal of the devices; friction be-

tween the devices; and detachment of the coils. Coil uncoiling and

withdrawal of the uncoiled coil were likely responsible for metallic

emboli in case 5. However, in the remainder of cases, coil embo-

lization was completed uneventfully. Although MR imaging sus-

ceptibility artifacts vary depending on metals,11 these were not

metal-specific and there is no way to differentiate various metals

on MR imaging. We have reviewed all the devices used during

FIG 2. An anterior communicating artery aneurysm in case 5 (A) is
embolized by using multiple coils (B). Postprocedural DWI shows an
abnormal low-intensity spot with a hyperintense halo (white arrow)
in the right frontal lobe (C), which is undetectable on the postproce-
dural CT (D). Follow-up MR imaging obtained 3 years after the proce-
dure shows that the lesion remains without any signal changes (E
and F).

Table 3: Past cases of suspected metallic embolism
Author Patient/Sex T2WI/Proton T2*-Weighted Image CT Suspected Etiology Symptom

Wingerchuk et al7 35/F Low intensity halo Low intensity blooming Normal Prosthetic cardiac valve None
Naumann et al8 66/M Low intensity halo Not available Not available Prosthetic cardiac valve Seizure
Jassal et al9 55/M Low intensity halo Not available Normal Coronary guidewire Headache
Roshal et al10 55/F Low intensity Low intensity blooming,

halo
Normal Coronary guidewire,

robotic surgery
Headache

1698 Yasuda Sep 2016 www.ajnr.org



endovascular treatment in these cases (Table 3). No specific de-

vices except one 0.035-inch guidewire (0.035-inch Radifocus

Standard; Terumo, Tokyo, Japan) were used in all cases. It is un-

likely, however, that the 0.035-inch guidewire is responsible be-

cause we have routinely used the guidewire in all endovascular

procedures, including diagnostic angiography. Devices for intra-

cranial use seem more likely than the 0.035-inch guidewire. Fur-

ther investigations should be done in the near future.

Finally, the exact incidence of the abnormal MR imaging

signals was unclear. Our retrospective review included 110

coiling procedures for aneurysm treatment. Although peripro-

cedural MR imaging was available in almost all cases, many

cases lacked pre- and/or postoperative DWI, T2*-weighted im-

ages, or SWI, and only 29 cases had adequate imaging. Prospec-

tive registration with a specific perioperative MR imaging pro-

tocol is ongoing.

CONCLUSIONS
This is the first report on the brain MR imaging findings suggest-

ing that metallic emboli were found after coil embolization of

cerebral aneurysms, to our knowledge. Particular DWI and T2*-

weighted imaging findings of low intensity accompanied by a hy-

perintense halo should be kept in mind for patients undergoing

coil embolization.
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Endovascular Coiling of Wide-Neck and Wide-Neck Bifurcation
Aneurysms: A Systematic Review and Meta-Analysis

X B. Zhao, X R. Yin, X G. Lanzino, X D.F. Kallmes, X H.J. Cloft, and X W. Brinjikji

ABSTRACT

BACKGROUND AND PURPOSE: We present the results of a systematic review and meta-analysis examining outcomes of endovas-
cular coiling of wide-neck and wide-neck bifurcation aneurysms with and without stent assistance. The aim of our study was to
assess angiographic and clinical outcomes.

MATERIALS AND METHODS: We performed a comprehensive literature search for all articles on the endovascular coiling of wide-neck
and wide-neck bifurcation aneurysms. Studies meeting our inclusion criteria and abstracted data were selected by 2 independent review-
ers. Primary outcomes were �6-month complete or near-complete angiographic occlusion, aneurysm recanalization, and aneurysm
retreatment. Secondary outcomes included initial complete or near-complete occlusion, long-term good neurologic outcome, proce-
dure-related morbidity, and procedure-related mortality. Data were analyzed by using random-effects meta-analysis.

RESULTS: In total, 38 studies including 2446 patients with 2556 aneurysms were included. For all wide-neck aneurysms, immediate
complete or near-complete occlusion rate was 57.4% (95% CI, 48.1%– 66.8%). Follow-up near-complete occlusion rate was 74.5% (95% CI,
68.0%– 81.0%). Recanalization and retreatment rates were 9.4% (95% CI, 7.1%–11.7%) and 5.8% (95% CI, 4.1%–7.5%), respectively. Long-term
good neurologic outcome was 91.4% (95% CI, 88.5%–94.2%). For wide-neck bifurcation aneurysms, initial complete or near-complete
occlusion rate was 60.0% (95% CI, 42.7%–77.3%), long-term complete or near-complete occlusion rate was 71.9% (95% CI, 52.6%–91.1%), and
the recanalization and retreatment rates were 9.8% (95% CI, 7.1%–12.5%) and 5.2% (95% CI, 1.9%– 8.4%), respectively.

CONCLUSIONS: Our study of angiographic and clinical outcomes for patients with wide-neck aneurysms demonstrates that endovas-
cular coiling with or without stent-assisted coiling is safe, with low rates of perioperative morbidity and mortality. Initial and long-term
angiographic outcomes were generally satisfactory, but not ideal. These data provide some baseline comparisons against which emergent
technologies can be assessed.

With the advent of stent-assisted and balloon-assisted coil-

ing, wide-neck and wide-neck bifurcation intracranial

aneurysms are increasingly treated with endovascular tech-

niques to prevent hemorrhage or recurrent bleeding. Both

stent-assisted and balloon-assisted coiling have been shown to

be safe and effective in the treatment of these aneurysms by

allowing for increased packing density and lower rates of

parent artery occlusion compared with conventional coiling

alone.1-5 Even in the era of endoluminal and intrasaccular flow

diverters, many wide-neck and wide-neck bifurcation aneu-

rysms will continue to be treated with conventional coiling,

particularly with stent assistance.6-8

We present the results of a systematic review and meta-

analysis examining outcomes of endovascular coiling of wide-

neck and wide-neck bifurcation aneurysms with and without

stent-assisted coiling. The aim of our study was to assess both

angiographic and clinical outcomes in order to provide overall

data against which current and future emergent techniques can

be compared.

MATERIALS AND METHODS
Literature Search
A comprehensive literature search of the PubMed, Ovid MEDLINE,

and Ovid EMBASE data bases was designed and conducted by an

experienced librarian with input from the authors. The keywords
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intracranial aneurysm, cerebral aneurysm, aneurysm, wide-neck,

bifurcation, complex, stent, balloon, endovascular, coiling, and

coils were used in both “AND” and “OR” combinations. The

search was limited to articles published from 1992 to week 18 of

2015 and is summarized in the On-line Table. All studies report-

ing patients with wide-neck or wide-neck bifurcation aneurysms

treated with endovascular coiling with or without stent assistance

were included. We used the following inclusion criteria: 1) Eng-

lish language, 2) study reporting a consecutive series of wide-neck

and/or wide-neck bifurcation aneurysms treated with coiling, 3)

series of at least 10 patients reporting angiographic and/or clinical

outcomes, and 4) at least 6 months of angiographic follow-up.

Review articles, comments, guidelines, technical notes, and edito-

rials were excluded. The included studies were selected by 2 of the

authors (B.Z., R.Y.), both with at least 1 year of experience in

meta-analysis. Differences were resolved by a senior author

(W.B.) with 5 years of experience in meta-analysis. Patients re-

ceiving endovascular treatment with flow diverters and intrasac-

cular flow diverters such as the Woven EndoBridge (WEB) aneu-

rysm embolization system (Sequent Medical, Aliso Viejo,

California) were excluded.

Outcomes and Data Extraction
For each study, we extracted the following baseline information:

number of patients, aneurysm rupture status, sex, mean age,

number of aneurysms treated, mean aneurysm size, mean aneu-

rysm neck size, definition of wide neck, clinical outcome score

used, length of clinical follow-up, and length of angiographic

follow-up.

The primary outcomes of this study were �6-month follow-

up, complete or near-complete angiographic occlusion, aneu-

rysm recanalization, and aneurysm retreatment. Complete occlu-

sion was defined as 100% occlusion or absence of angiographic

filling in aneurysm neck or sac. Near-complete occlusion was de-

fined as either 90%–99% occlusion or small residual neck filling

without any filling of the sac.

Secondary outcomes included initial complete or near-com-

plete occlusion, long-term good neurologic outcome, procedure-

related morbidity, and procedure-related mortality. Good neuro-

logic outcome was defined as an mRS score of 0 –2 or Glasgow

Outcome Score of 4 –5 (good recovery, moderate disability). In

cases where these scores were not available, good neurologic out-

come was determined if the study used terms such as “no mor-

bidity,” “good recovery,” or “moderate disability.”

In addition to studying overall outcomes of patients with

wide-neck aneurysms receiving endovascular coiling, we per-

formed 3 subgroup analyses including patients treated with non–

stent-assisted coiling (ie, with or without balloon remodeling),

patients treated with stent-assisted coiling, and patients with

wide-neck bifurcation aneurysms. Outcomes of ruptured and un-

ruptured aneurysms could not be separated because most studies

did not stratify outcomes by rupture status.

Study Risk of Bias
We modified the New Castle Ottawa Quality Assessment Scale for

Case Control Studies to assess the risk of bias of the studies in-

cluded in this meta-analysis. This tool is designed for use in com-

parative studies; however, because none of the included studies

were controlled, we assessed study risk of bias based on selected

items from the tool focusing on the following questions: 1) Did

the study include all patients or consecutive patients versus a se-

lected sample?; 2) Was the study retrospective or prospective?; 3)

Was angiographic and clinical follow-up satisfactory, thus allow-

ing for ascertainment of all outcomes?; 4) Were outcomes clearly

reported?; and 5) Were the interventionalists treating the patients

the same as those who assessed angiographic and clinical

outcomes?

Statistical Analysis
We estimated from each cohort the cumulative incidence (event

rate) and 95% CI for each outcome. Event rates for each interven-

tion were pooled in a meta-analysis across studies by using the

random-effects model.9 Anticipating heterogeneity between

studies, we chose this model a priori because it incorporates with-

in-study variance and between-study variance. Heterogeneity of

treatment effect across studies was evaluated by using the I2 sta-

tistic, in which I2 �50% suggests substantial heterogeneity.10 A �2

analysis was used to compare outcomes between the stent-assisted

and non–stent-assisted coiling groups. Statistical analysis was

performed by using the software program OpenMeta[Analyst]

(http://www.cebm.brown.edu/openmeta/).

RESULTS
Study Selection and Characteristics
The initial literature search yielded 900 articles. Upon review of

the abstracts and titles, 649 articles were excluded. We selected

239 articles for full-text screening. After screening, we excluded

213 articles, most of which were excluded because they did not

separate outcomes of wide-neck versus narrow-neck aneurysms

or had insufficient data. In total, we included 38 articles including

2446 patients with 2556 aneurysms. Of these, 656 patients had

ruptured aneurysms and 1793 patients had unruptured aneu-

rysms; in 107 aneurysms, the rupture status was not known.

Among all aneurysms in the study, 496 were wide-neck bifurca-

tion aneurysms. Regarding interventions, 376 were treated with

coiling alone and 2090 were treated with stent-assisted coiling.

Of the 38 studies, 4 had a low risk of bias, 11 had a high risk of

bias, and 23 had a medium risk of bias. The most commonly used

definition for wide-neck aneurysm was a neck size of �4 mm

and/or a dome-to-neck ratio of �2 (17 studies). In 5 studies,

wide-neck aneurysms were defined as those with a neck size of �4

mm and/or a dome-to-neck ratio of �1.5. All included studies

had at least 6 months of angiographic follow-up. The smallest

study had 10 patients with 10 aneurysms, and the largest study

had 468 patients with 500 aneurysms. A summary of included

studies is provided in the On-line Table. The flow chart for study

selection is provided in Fig 1.

Angiographic Outcomes
Overall, the rate of initial complete or near-complete occlusion

was 57.4% (95% CI, 48.1%– 66.8%) (Fig 2). Follow-up complete

occlusion rates were 74.5% (95% CI, 68.0%– 81.0%) overall,

80.1% (95% CI, 70.9%– 89.2%) for coiling alone, and 73.0%

(95% CI, 65.1%– 81.0%) for stent-assisted coiling (P � .38)
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(Fig 3). Wide-neck bifurcation aneurysms had long-term com-

plete occlusion rates of 71.9% (95% CI, 52.6%–91.1%).

Aneurysm recanalization rates were 9.4% (95% CI, 7.1%–

11.7%) overall, 10.3% (95% CI, 4.3%–16.4%) for coiling

alone, 9.2% (95% CI, 6.7%–11.7%) for stent-assisted coiling,

and 9.8% (95% CI, 7.1%–12.5%) for wide-neck bifurcation

aneurysms (P � .17). Aneurysm retreatment rates were 5.8%

(95% CI, 4.1%–7.5%) overall, 5.5% (95% CI, 1.7%–9.2%) for

coiling alone, 5.7% (95% CI, 3.8%–7.7%) for stent-assisted

coiling, and 5.2% (95% CI, 1.9%– 8.4%) for wide-neck bifur-

cation aneurysms (P � .47).

Clinical Outcomes
Overall procedure-related permanent morbidity rate for coiling

with and without stent-assistance was 2.6% (95% CI, 1.7%–

3.4%). Stent-coil procedure-related permanent morbidity rate

was 1.9% (95% CI, 0.0%–3.7%), and wide-neck bifurcation pro-

cedure-related permanent morbidity rate was 4.4% (95% CI,

1.9%–7.0%). Procedure-related mortality rate was 1.0% (95% CI,

0.6%–1.5%).

The overall rate of good neurologic outcome for coiling with

and without stent assistance was 91.4% (95% CI, 88.5%–94.2%).

Stent-coil long-term good neurologic outcome rate was 89.0%FIG 1. Flow chart of literature search.

FIG 2. Forest plot for long-term complete or near-complete angiographic occlusion rates.
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(95% CI, 82.0%–96.1%), and the rate of good neurologic out-

come for wide-neck bifurcation aneurysms was 86.3% (95% CI,

78.1%–93.4%). These data are summarized in the Table.

Heterogeneity
Heterogeneity of treatment effect across studies was evaluated

by using the I2 statistic, in which I2 � 50% suggests substantial

heterogeneity.10 There was no substantial heterogeneity for
procedure-related morbidity and mortality for any of the
groups. There was substantial heterogeneity for initial and
long-term angiographic outcomes, long-term good neurologic
outcome, and aneurysm recanalization rates for all study
groups. I2 values were approximately 50% for retreatment for
all groups.

FIG 3. Forest plot for long-term complete or near-complete angiographic occlusion by treatment type.

Results of meta-analysis

All I2 (%)
Coil Without

Stent-Assistance I2 (%) Stent-Coil I2 (%) P
Wide-Neck
Bifurcation

Initial complete or near-complete occlusion 57.4 (48.1–66.8) 97 68.0 (54.3–81.6) 90 54.4 (43.0–66.8) 98 .01 60.0 (42.7–77.3)
Long-term complete or near-complete

occlusion
74.5 (68.0–81.0) 95 80.1 (70.9–89.2) 80 73.0 (65.1–81.0) 96 .38 71.9 (52.6–91.1)

Aneurysm recanalization 9.4 (7.1–11.7) 67 10.3 (4.3–16.4) 59 9.2 (6.7–11.7) 69 .17 9.8 (7.1–12.5)
Retreatment 5.8 (4.1–7.5) 55 5.5 (1.7–9.2) 40 5.7 (3.8–7.7) 58 .47 5.2 (1.9–8.4)
Long-term good neurologic outcome 91.4 (88.5–94.2) 75 89.0 (82.0–96.1) 57 91.8 (88.6–95.1) 78 .53 86.3 (78.1–93.4)
Procedure-related morbidity 2.6 (1.7–3.4) 26 1.9 (0.0–3.7) 0 2.8 (1.7–3.8) 37 .33 4.4 (1.9–7.0)
Procedure-related mortality 1.0 (0.6–1.5) 0 1.1 (0.0–2.3) 0 1.0 (0.6–1.5) 0 .92 0.9 (0.1–1.8)
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DISCUSSION
Our meta-analysis including 38 studies and over 2000 patients

with wide-neck aneurysms treated with coiling and stent-assisted

coiling demonstrated that though these techniques are generally

safe, initial and long-term complete and near complete occlusion

rates are not ideal. Overall, approximately 75% of aneurysms had

complete or near-complete occlusion at last angiographic follow-

up, and approximately 6% of aneurysms were retreated. Wide-

neck aneurysms located at bifurcation points such as the MCA

and basilar artery had complete occlusion rates of 72% and re-

treatment rates of approximately 5%. These findings are impor-

tant because they suggest that the continued development of

newer devices and techniques aimed at treating these complex

lesions is needed to improve angiographic outcomes.

In general, treatment of wide-neck and wide-neck bifurcation

aneurysms by using endovascular techniques is challenging. Em-

bolization of these aneurysms without the use of adjunctive de-

vices is difficult because of instability of the coil mass leading to

the risk of coil protrusion into the parent artery. The risk of coil

protrusion often makes attenuated packing of the aneurysm dif-

ficult or impossible to achieve, which can lead to lower rates of

complete occlusion.11 Neurovascular stents act as a scaffold to

prevent coil protrusion into the parent artery. Over the past 2

decades, a number of improvements to flexibility and delivery

have been made to neurovascular stents, and as a result, these

devices are increasingly used in the treatment of complex intra-

cranial aneurysms.11,12 A recently published systematic review of

stent-assisted coiling of wide-neck aneurysms including 702 an-

eurysms treated through 2011 demonstrated initial and long-

term complete occlusion rates of 46% and 72%, respectively, and

recanalization rates of 13%.11 However, improvements in the de-

sign of neurovascular stents and the advent of newer neurovascu-

lar stents will likely result in improvements in angiographic out-

comes for stent-assisted coiling of wide-neck aneurysms. In fact, a

recently published multicenter registry on the use of the LVIS

stent (MicroVention, Tustin, California) in treating wide-neck

aneurysms found complete and near-complete occlusion rates of

82% and 6%, respectively.13

Flow diverters such as the Pipeline Embolization Device (Co-

vidien, Irvine, California) and Silk Device (Balt Extrusion, Mont-

morency, France) are increasingly being used in the treatment of

complex, wide-neck intracranial aneurysms, particularly an-

eurysms of the ICA. In the Pipeline for Uncoilable or Failed

Aneurysms clinical trial including over 100 patients with large

and giant wide-neck ICA aneurysms, the rate of complete an-

giographic occlusion at 12 months was 87%, with only 5.5% of

patients having residual aneurysm.14 There was even improve-

ment in angiographic results with time; more than 95% of

patients had complete angiographic occlusion at 5 years.15

However, it is important to note that flow-diverter treatment

of bifurcation aneurysms can be challenging and is associated

with higher morbidity rates and lower occlusion rates that

those reported for aneurysms of the ICA. In a study of 14

patients with MCA bifurcation aneurysms treated with flow

diverters, Caroff et al16 found complete occlusion rates of 62%

and procedure-related morbidity rates of over 20%. Gawlitza

et al17 found occlusion rates of just 33% after treatment of

MCA and anterior communicating artery aneurysms with

flow-diverter stents. The challenging factors for treating bifur-

cation aneurysms with flow diverters include the need to cover

branch vessels and perforators with the flow-diverter stent and

technical challenges with device delivery.

Over the past several years, intrasaccular flow diverters such as

the Woven EndoBridge system have emerged as effective tech-

niques for the treatment of wide-neck bifurcation aneurysms.

These devices function by disrupting intra-aneurysmal flow and

creating intra-aneurysmal thrombosis.18 The devices are designed

to essentially plug the neck of the aneurysm sac and prevent in-

ward blood flow. One advantage of the Woven EndoBridge device

is the lack of a need for dual antiplatelet therapy, which is espe-

cially important in the setting of treating ruptured aneurysms.

The Woven EndoBridge has been the subject of numerous clinical

studies designed to investigate the efficacy of treating intracranial,

wide-neck bifurcation aneurysms. Thus far, early small studies

suggest that the Woven EndoBridge device is associated with

higher angiographic occlusion rates than stent-assisted coiling in

the treatment of wide-neck bifurcation aneurysms with similar

low rates of procedure-related morbidity and mortality. In a study

of 52 patients with 55 aneurysms, Behme et al19 found favorable

angiographic outcomes in 75% of cases, with all patients experi-

encing good neurologic outcomes on long-term follow-up. In a

multicenter study of 45 patients with 45 aneurysms, Lubicz et al20

found complete or near complete occlusion in 90% of cases, with

good long-term neurologic outcome rates of 93%. The WEB Clin-

ical Assessment of IntraSaccular Aneurysm Therapy (WEBCAST)

study, which examined outcomes for treatment of wide-neck bi-

furcation aneurysms in 51 patients, found complete and near-

complete occlusion rates of 85% and procedure-related morbid-

ity and mortality rates of 2% and 0%, respectively.21

Limitations
Although data in this meta-analysis were derived from a strictly

defined patient population with at least 6 months of follow-up,

our study has limitations. Almost all studies were retrospective

case series; thus, our study undoubtedly suffers from selection

bias. In our assessment of study risk of bias, most of the studies

had a medium to high risk of bias. I2 values were above 50% for

most outcomes, indicating substantial heterogeneity. In addition,

most studies did not have neurologic outcomes assessed by an

independent physician, and these assessments were not blinded to

the aneurysm treatment used. Publication bias is also possible

because centers with better outcomes may have been more prone

to report their results. We did not have access to individual patient

data and, consequently, could not investigate the effect of impor-

tant factors (including age, aneurysm size and location, medical

comorbidities, etc) on angiographic and clinical outcomes. We

were unable to stratify outcomes by aneurysm rupture status;

however, most aneurysms included in this study were unrup-

tured. Overall, the quality of evidence (confidence in estimates) is

low because of imprecision, heterogeneity, and methodologic

limitations of the included studies.22,23 Nevertheless, this system-

atic review and meta-analysis provides useful data to share with

families when discussing the possible outcomes of stent-assisted

coiling of wide-neck and wide-neck bifurcation aneurysms. In
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addition, this study could serve as a benchmark for which to com-

pare results of newer stents, flow diverters, and intrasaccular flow

diverters.

CONCLUSIONS
Our study of angiographic and clinical outcomes for patients with

wide-neck aneurysms demonstrates that endovascular coiling,

with or without stent-assisted coiling, is generally safe, with low

rates of perioperative morbidity and mortality. Initial and long-

term angiographic outcomes were satisfactory, but not ideal, and

lower than those reported for treatment of similar aneurysms

with newer technologies such as intraluminal and intrasaccular

flow diverters. Future comparative clinical trials could be consid-

ered to identify the best treatments for wide-neck and wide-neck

bifurcation aneurysms.
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ORIGINAL RESEARCH
HEAD & NECK

Diffusion-Weighted Imaging of Nasopharyngeal Carcinoma:
Can Pretreatment DWI Predict Local Failure Based on

Long-Term Outcome?
X B.K.H. Law, X A.D. King, X K.S. Bhatia, X A.T. Ahuja, X M.K.M. Kam, X B.B. Ma, X Q.Y. Ai, X F.K.F. Mo, X J. Yuan,

and X D.K.W. Yeung

ABSTRACT

BACKGROUND AND PURPOSE: Pretreatment prediction of patients with nasopharyngeal carcinoma who will fail conventional treat-
ment would potentially allow these patients to undergo more intensive treatment or closer posttreatment monitoring. The aim of the
study was to determine the ability of pretreatment DWI to predict local failure in patients with nasopharyngeal carcinoma based on
long-term clinical outcome.

MATERIALS AND METHODS: One hundred fifty-eight patients with pretreatment DWI underwent analysis of the primary tumor to
obtain the ADC mean, ADC skewness, ADC kurtosis, volume, and T-stage. Univariate and multivariate analyses using logistic regression
were performed to compare the ADC parameters, volume, T-stage, and patient age in primary tumors with local failure and those with
local control, by using a minimum of 5-year follow-up to confirm local control.

RESULTS: Local control was achieved in 131/158 (83%) patients (range, 60.3–117.7 months) and local failure occurred in 27/158 (17%) patients
(range, 5.2–79.8 months). Compared with tumors with local control, those with local failure showed a significantly lower ADC skewness
(ADC values with the greatest frequencies were shifted away from the lower ADC range) (P � .006) and lower ADC kurtosis (curve peak
broader) (P � .024). The ADC skewness remained significant on multivariate analysis (P � .044). There was a trend toward higher tumor
volumes in local failure, but the volume, together with T-stage and ADC mean, were not significantly different between the 2 groups.

CONCLUSIONS: Pretreatment DWI of primary tumors found that the skewness of the ADC distribution curve was a predictor of local
failure in patients with nasopharyngeal carcinoma, based on long-term clinical outcome.

ABBREVIATIONS: LC � local control; LF � local failure; NPC � nasopharyngeal carcinoma; ROC � receiver operating characteristic

Nasopharyngeal carcinoma (NPC) is a radiosensitive tumor,

but despite recent advances in treatment by using intensity-

modulated radiation therapy, local tumor recurrence still occurs

in 12% of patients.1 Recurrent primary tumors deep to the naso-

pharyngeal wall may be undetectable by endoscopy, and they are

difficult to treat. Moreover, only a small percentage of these re-

current primary tumors present early while the tumor is still ame-

nable to salvage surgery.2 It would be beneficial to identify pa-

tients with resistant NPC so that more aggressive treatment can be

given from the outset, such as an additional radiation therapy

boost, chemotherapy, or targeted therapy, or these patients can be

selected for posttreatment biopsy or closer posttreatment surveil-

lance imaging.

Hypoxia and high stromal content are 2 of the factors related

to a poor treatment outcome in head and neck cancers. Both

micronecrosis, believed to be related to hypoxia, and high stromal

content3 may decrease the restriction of the diffusion of water

molecules in tumors that is reflected by an increase in the ADC on

DWI. Indeed, reports of head and neck squamous cell carcinoma

suggest a significant association between high pretreatment ADC

and poor treatment outcome.4-10 However, for NPC, a smaller

number of pretreatment predictive DWI studies have been re-

ported. This is probably because local tumor relapse is less com-
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mon in NPC than in squamous cell carcinoma and is spread out

during a longer posttreatment period. Most relapses in squamous

cell carcinoma occur in the first 2 years, whereas for NPC, only

around 52% of NPCs relapse in the first 2 years, with a further

39% at 2–5 years and 9% after 5 years.11 Currently, most predic-

tive treatment-response NPC studies are based on a relatively

short-term outcome ranging up to 3 months posttreatment,12-14

and only 1 study has reported results based on longer term out-

come correlating pretreatment DWI with local relapse-free or dis-

ease-free survival at 3 years.15

Therefore, the aim of this study was to determine the diagnos-

tic performance of pretreatment DWI of the primary tumor site

for the prediction of local failure (LF) based on long-term fol-

low-up at a minimum of 5 years for patients diagnosed with local

control (LC) in NPC.

MATERIALS AND METHODS
Patients
Patients presenting with NPC from an endemic region in south-

ern China underwent MR imaging of the head and neck to obtain

conventional anatomic-based images and DWI. Local institu-

tional review board approval was obtained for this retrospective

study. Patients were eligible for this study on the basis of the

following: 1) biopsy-proved, previously untreated NPC; 2) com-

pletion of a full course of treatment with radiation therapy or

chemoradiotherapy; and 3) clinical follow-up of at least 5 years

from the start of treatment in patients with LC.

MR Imaging Examination and Analysis
All MR imaging examinations were performed on a 1.5T

whole-body system (Intera NT; Philips Healthcare, Best, the

Netherlands) with a 30 mT m�1 maximum gradient capability. A

standard receive-only head and neck coil was used. The diffusion-

weighted images were acquired in the axial plane by using a spin-

echo single-shot echo-planar imaging sequence (TR, 2000 ms; TE,

75 ms; section thickness, 4 mm without gap; FOV, 23 cm; acqui-

sition matrix, 112 � 112; reconstruction matrix, 256 � 256; num-

ber of signal averages, 4) with fat suppression. A pair of rectangu-

lar diffusion gradients was applied along all 3 orthogonal axes to

obtain isotropic DWI with 6 b-values of 0, 100, 200, 300, 400, and

500 s/mm2. Conventional MR imaging, including axial fat-sup-

pressed T2-weighted turbo spin-echo, axial T1-weighted spin-

echo, and contrast-enhanced axial T1-weighted spin-echo se-

quences, was also performed for anatomic correlation. DWI was

performed before contrast agent injection.

DWI Analysis
The ADC map was calculated with DWI of all 6 b-values. The

primary tumor in the nasopharynx was contoured on the ADC

map by using the anatomic images for guidance by using the Ex-

tended MR Workspace (Philips Healthcare). Radiologic assess-

ment was performed without knowledge of the clinical outcome.

The entire volume of the primary NPC was outlined by a single

radiologist (A.D.K.) with �20 years of experience in MR imaging

of NPC. A histogram analysis method was used to examine the

distribution of ADC values. The distribution of the ADC values

within the primary tumor was assessed by using an in-house-

developed Matlab (Version 7.10; MathWorks, Natick, Massachu-

setts) program.

The ADC parameters obtained from histogram analysis in

each tumor were the ADC mean, ADC skewness, and ADC kur-

tosis. In this study, skewness and kurtosis are defined as E(x � �)3/

�3 and E(x � �)4/�4, respectively, where E is the expected value,

� is the mean of x, and � is the SD of x. ADC skewness measures

the skew in shape of the ADC distribution curve, with the skew-

ness value being more positive when there is a greater frequency of

low ADC values (the curve is “right-skewed” with the peak and

short tail of the curve toward the left side and the long tail toward

the right side) and more negative when there is a greater frequency

of high ADC values (the curve is “left-skewed” with the peak and

short tail of the curve toward the right side and the long tail to-

ward the left side). ADC kurtosis measures the shape of the peak

of the curve, with the kurtosis value being higher when the peak is

more acute and lower when the peak is more flattened/broadened.

Conventional MR Imaging Analysis
The stage of the primary tumor (T-stage according to the seventh

edition of the American Joint Committee on Cancer classification)

was obtained together with primary tumor volume, calculated man-

ually by tracing the outline of the primary nasopharyngeal tumor on

the contrast-enhanced axial T1-weighted image to obtain the cross-

sectional area and multiplying by the section thickness.

Clinical End Point Assessment
Regular scheduled clinical follow-up was performed after treat-

ment in all patients. LF was determined by histology (a biopsy

positive for NPC at the local site at least 12 weeks after the end of

treatment) or increase in tumor size on imaging or endoscopic

examination. Most patients with LF present in the first 5 years;

therefore, a minimum of 5-year follow-up was required in this

study to confirm LC. Patients who had insufficient clinical fol-

low-up before LC could be confirmed (including those who died

within 5 years) were excluded from the study.

Statistical Analysis
The ADC parameters (mean, skewness, and kurtosis), primary

tumor volume, and patient age were compared in the group of

patients with LC and the group of patients with LF by using inde-

pendent Student t tests. Univariate logistic regression analyses

with ADC parameters, primary tumor volume, patient age, and

T-stage (T1–T2 versus T3–T4) were performed to determine

whether there was a correlation between these parameters and LF.

Odds ratios and their corresponding 95% CI were calculated, pa-

rameters with P values � .05 were included, and the duration of

follow-up was adjusted in a multivariate analysis. Receiver oper-

ating characteristic (ROC) analysis with the area under the ROC

curve was used to identify the optimal threshold of any significant

parameter on multivariate analysis. The optimal threshold was

obtained by optimizing the sensitivity and specificity. The sensi-

tivity, specificity, accuracy, positive predictive value, and negative

predictive value of the optimal threshold were calculated, and the

significance of this threshold was re-evaluated with the �2 test to

ensure that it remained significant. All statistical tests were
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2-sided, and P values � .05 indicated a statistically significant

difference. Statistical analyses were performed by using SPSS soft-

ware (Version 20.0; IBM, Armonk, New York).

RESULTS
Two hundred sixty-six patients underwent DWI from March

2004 to April 2009, of whom, 108 patients were excluded from

analysis for the following reasons: incomplete follow-up data (�5

years of clinical follow-up for patients with LC; n � 53) and small

lesion size/degradation of DWI for ROI analysis (n � 55). The

study group comprised 158 patients with NPC (119 men and 39

women; mean age, 50 years; range, 27– 81 years) with undifferen-

tiated carcinoma (n � 155) or poorly differentiated carcinoma

(n � 3) who had undergone concurrent chemoradiotherapy (n �

100) or radiation therapy alone (n � 58). The T-stage was T1 (n �

42), T2 (n � 32), T3 (n � 56), and T4 (n � 28). The volume of the

primary tumors ranged from 6.1 to 98.7 mL, with a mean of 24.6

mL and a median of 18.4 mL.

Clinical End Point
LC was achieved in 131/158 (83%) patients (undifferentiated car-

cinoma; n � 128; poorly differentiated carcinoma; n � 3), with a

median follow-up of 87 months (mean,

88 months; range, 60.3–117.7 months)

from the start of treatment. LF occurred

in 27/158 (17%) patients (undifferenti-

ated carcinoma; n � 27; poorly differen-

tiated carcinoma; n � 0) at a median of

25 months (mean, 33 months; range,

5.2–79.8 months) from the start of treat-

ment. LF occurred in the first 2 years in

12/27 (44%) patients; at 2–5 years in

11/27 (41%) patients, of whom, LF oc-

curred in the 2- to 3-year period in 4/27

(15%) patients; and after 5 years in 4/27

(15%) patients.

DWI and Tumor Volume
The pretreatment ADC mean, ADC

skewness, ADC kurtosis, primary tumor

volume, T-stage, and patient age for the

group of patients with LF and the group

of patients with LC and the statistical

analysis are shown in Table 1. Compar-

ison of these 2 groups showed a statistically significantly lower

ADC skewness (ADC values with the greatest frequencies were

shifted away from the lower ADC range) and ADC kurtosis (ADC

curve peak broader) in the group with LF (Fig 1) compared with

the group with LC (Fig 2) (P � .006 and .024, respectively). There

was a trend toward higher tumor volumes in the group with LF,

but the difference was not significant (P � .256). The other pa-

rameters also showed no significant differences. ADC skewness

and kurtosis significantly predicted LF in univariate analysis, but

only ADC skewness remained significant (P � .044) in multivar-

iate analysis. Side-by-side boxplots of the ADC skewness values of

tumors with LF and LC are shown in Fig 3. Moreover, a threshold

of ADC skewness of �0.55 (P � .0001) was identified as a predic-

tor of LF in ROC curve analysis (Fig 4); the diagnostic perfor-

mance of ADC skewness is shown in Table 2.

DISCUSSION
On the basis of long-term clinical follow-up of patients treated for

NPC, pretreatment DWI showed that the ADC distribution

curves of primary tumors with LF had significantly lower ADC

skewness than primary tumors with LC (ie, the ADC distribution

FIG 1. ADC map and histogram of primary NPC before treatment in a 50-year-old woman with
local failure. The histogram shows that the greatest frequency of ADC values is shifted toward the
central ADC range (ADC skewness � 0.11) and the peak is broadened (ADC kurtosis � 3.89).

Table 1: ADC parameters, volume, and T-stage of the primary tumor and the patient age for prediction of treatment response

Parameter

Whole Group
(N = 158)
(Mean)

Local Failure
(n = 27)
(Mean)

Local Control
(n = 131)
(Mean)

Student
t Test

(P Value)

Univariate Logistic
Regression

P
Value

Odds Ratio
(95% CI)

ADC mean (�10�3 mm2/s) 0.91 � 0.11 0.90 � 0.12 0.91 � 0.11 .879 .878 0.75 (0.02–29.45)
ADC skewness 0.68 � 0.47 0.45 � 0.40 0.72 � 0.47 .006a .007a 0.22 (0.08–0.67)
ADC kurtosis 4.93 � 1.87 4.19 � 1.29 5.08 � 1.94 .024a .024a 0.65 (0.44–0.95)
Primary tumor volume (mL) 24.63 � 17.99 28.20 � 17.90 23.89 � 17.99 .256 .298 1.011 (0.99–1.03)
T-stage

T1, T2 74 12 62 NA .785 1.123 (0.49–2.58)
T3, T4 84 15 69

Patient age (yr) 50.19 � 10.34 49.74 � 11.34 50.28 � 10.17 .805 .804 1.00 (0.96–1.04)

Note:—NA indicates not applicable.
a Statistically significant.
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curve of tumors with LF showed that the

greatest frequencies of ADC values were

shifted away from the lower ADC

range). Therefore, visually, compared

with tumors with LC, those with LF

showed a shift of the curve peak away

from the left side of the curve (greater

frequency of lower ADC values) toward

the center (symmetric frequency distri-

bution of low and high ADC values) or

right side of the curve (greater frequency

of higher ADC values). ADC skewness

remained significant on multivariate

analysis, and a threshold of �0.55 pro-

duced a relatively high negative predic-

tive value (93%) for LF, though the pos-

itive predictive value was low (30%),

which could limit the clinical value of

using DWI to predict NPC response.

Analysis of the shape of the ADC his-

togram curve pretreatment also showed

that primary tumors with LF had signif-

icantly lower ADC kurtosis values than

tumors with LC (ie, their ADC histogram peak was broader and

less acute compared with the ADC histogram peak of the tumors

with LC). A broader peak suggests that the tumor is more heter-

ogeneous; this finding supports the view that those tumors with

greater heterogeneity are more likely to fail treatment.16 In this

study, there was also a trend toward tumors with higher volume

having LF, but neither volume difference nor T-stage was signif-

icant. These results highlight the potential value of ADC skewness

and ADC kurtosis because they stand out as the only parameters

that may be able to identify resistant tumors over a range of tumor

volumes and T-stages.

Pretreatment tumor ADC values have been shown to be pre-

dictors of treatment response in head and neck cancers. Previous

head and neck squamous cell carcinoma studies have found sig-

nificantly higher tumor ADC values in patients with LF,5-7,10

nodal failure,4 or poor treatment response,8-9 while other studies

have shown a similar trend in the ADC values that did not reach

statistical significance.17-19 It has been postulated that poor out-

comes of some squamous cell carcinomas are due to tumor factors

that are known to increase ADC values, such as micronecrosis,

lower cellularity, and, more recently, negative human papilloma-

virus status and high stromal content.3,20-21 Of note, the ratio of

stroma to tumor cells is recognized as an important determinant

of outcome in head and neck squamous cell carcinoma. In regard

to NPC, research now also shows that stroma-rich NPCs are as-

sociated with poor prognosis and an increased risk of relapse.22

Therefore, it could be postulated that NPCs with high ADCs are

more likely to have a poor outcome compared with those with low

ADCs. Currently, there are only a few NPC DWI studies that have

correlated diffusion parameters with tumor characteristics at di-

agnosis, such as T-stage,23,24 early intratreatment response,25 and

posttreatment response.12-15,26 Regarding using pretreatment tu-

mor ADC to predict posttreatment response,12-15 3 of these stud-

ies were based on short-term outcome at the end or 3 months after

FIG 2. ADC map and histogram of primary NPC before treatment in a 43-year-old man with
local control. The histogram shows that the greatest frequency of ADC values is shifted
toward the lower ADC range (ADC skewness � 1.42) and the peak is more acute (ADC
kurtosis � 8.77).

FIG 3. Side-by-side boxplots of ADC skewness comparing local con-
trol and local failure.

FIG 4. ROC analysis curve for ADC skewness.
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the end of treatment.12-14 These 3 studies showed mixed results

with both low12-13 and high14 pretreatment ADCs reported in

tumors with poor outcomes, with the results being significant in

only 1 of the studies.12 However, a recent NPC study by Zhang

et al15 with long-term follow-up and a large sample size of 541 pa-

tients showed a significant association between a high mean ADC

in primary tumors pretreatment and poor survival at 3 years. That

study measured the pretreatment mean ADC at the level of the

largest primary tumor diameter and used ROC curve analysis to

identify an optimal cutoff ADC for LF of �0.747 � 10�3 mm2/s

(area under the ROC curve � 0.68, P � .004), which was shown to

correlate with both local relapse-free survival and disease-free

survival.

Our study broadly supports the findings of Zhang et al,15 with

high primary tumor ADC values being associated with poor local

response. However, we were unable to show this correlation by

using the ADC mean and could only show such a correlation by

using the ADC skewness. This discrepancy between our results

and those of Zhang et al15 may be related to the longer follow-up

period in our study, with a subsequently greater incidence of fail-

ure at the primary site, 17% (27/158) compared with 4.3% (23/

541), of which 44% (13/27) in our study occurred beyond 3 years.

We postulate that more sophisticated ADC measurements

such as ADC skewness may be needed to identify primary tumors

that will relapse at a longer time after the end of treatment. The

assessment of ADC skewness in this study used histogram analysis

of the distribution of the ADC values from the entire tumor vol-

ume and had an advantage over the ADC mean in that it took

tumor heterogeneity into account. Most tumors are heterogeneous,

and the proportion of the cancer cell population with high ADC

values may influence the final treatment outcome. From the results,

we postulate that tumors that are likely to have resistant tumor cells

are those in which the proportion of high ADC cells is similar or

greater than the proportion of low ADC cells. However, other rea-

sons for the discrepancy in the significance of the ADC mean between

the 2 studies could include the smaller sample size in our study and

the difference in the outcome measures used to denote response.

Specifically, we did not use survival data such as local relapse-free

survival to assess primary site response; instead, we took a simple

approach and directly compared the ADC values of the primary tu-

mors with LC against the ADC values of primary tumors with LF.

Previous NPC studies have shown that larger tumor volumes

are associated with more unfavorable outcomes at the primary

site.27-35 This finding was also a trend in this study but did not

reach significance, possibly because the mean volume of our pri-

mary tumors (24.6 mL) was in the lower range of previously re-

ported cutoff thresholds, which have ranged from 13 to 60

mL.27-35 In addition, the T-stage was not significant. This finding

is possibly explained by the better treatment outcomes as a result

of intensity-modulated radiation therapy36 and also the wide use

of MR imaging for staging, which can lead to upstaging to T3

disease as a result of greater sensitivity to bone invasion compared

with CT.37 Histologic NPC subtype also has a major influence on

treatment outcome, whereby the undifferentiated form of NPC

has a better prognosis than the other subtypes.38 In our fairly large

study of 158 patients, we think that the histologic subtype did not

influence the results because most (98%) were of the same undif-

ferentiated carcinoma subtype, with only 2% (3 tumors) being

poorly differentiated, none of which showed LF.

Use of ADC measures of tumor heterogeneity such as ADC

skewness and kurtosis is fairly new to the DWI research, but a few

cancer studies in head and neck squamous cell carcinoma and

tumors of the ovary/peritoneum and brain have shown that pre-

treatment39,40 or intratreatment19,39,40 ADC skewness and kurto-

sis may predict treatment outcome.

NPC may relapse many years after treatment; therefore, one of

the main strengths of this study was the long-term clinical fol-

low-up of the primary site (mean, �7.5 years and maximum, �10

years) with a minimum of 5 years for patients with LC. However,

because of the long clinical follow-up required for this study, one

of the main limitations was that the DWI protocol was set up

some time ago when, to reduce susceptibility artifacts at the skull

base, the fitted 6 b-values used were up to a maximum of 500

s/mm2. It has been shown subsequently that more advanced non-

Gaussian models for ADC analysis influence the ADC in NPC.41

In head and neck squamous cell carcinoma, the choice of b-values

may also influence the accuracy of ADC for the prediction of

treatment response, and some authors have proposed using ADCs

calculated from the mid/high b-range (300/500-1000 s/mm2)9,10

to predict locoregional response.

CONCLUSIONS
This study correlated the ADC values of the pretreatment primary

NPC with treatment outcome at the primary site on the basis of

long-term clinical follow-up. Compared with primary tumors

with LC, those with LF had lower ADC skewness and kurtosis. The

ADC skewness remained significant on multivariate analysis. The

simple ADC measurement using the mean value was not a predic-

tor of outcome in this study, suggesting that more sophisticated

measurements, such as skewness, may be needed to reflect the

predictive value of high ADC cancer cell populations in heteroge-

neous tumors. The primary tumor volume and T-stage of NPC

were not significant parameters in this study for predicting treat-

ment response at the primary site, suggesting that ADC skewness

and kurtosis may have the potential to predict tumor response,

even in smaller volume or earlier stage tumors.
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Table 2: ADC skewness threshold obtained from ROC curve
analysis to predict local failure

Parameter ADC Skewness
Threshold �0.55
P value .0001
Area under the ROC curve 0.68
True-positive 21
False-positive 49
True-negative 82
False-negative 6
Sensitivity 78%
Specificity 63%
Accuracy 65%
Positive predictive value 30%
Negative predictive value 93%
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Childhood Cerebral Adrenoleukodystrophy: MR Perfusion
Measurements and Their Use in Predicting Clinical Outcome

after Hematopoietic Stem Cell Transplantation
X A.M. McKinney, X J. Benson, X D.R. Nascene, X J. Eisengart, X M.B. Salmela, X D.J. Loes, X L. Zhang, X K. Patel, X G.V. Raymond,

and X W.P. Miller

ABSTRACT
BACKGROUND AND PURPOSE: MR perfusion has shown abnormalities of affected WM in cerebral X-linked adrenoleukodystrophy, but
serial data is needed to explore the import of such findings after hematopoietic stem cell transplantation. Our aim was to prospectively
measure MR perfusion parameters in patients with cerebral adrenoleukodystrophy pre- and post-hematopoietic stem cell transplantation,
and to correlate those measurements with clinical outcome.

MATERIALS AND METHODS: Ten patients with cerebral adrenoleukodystrophy prospectively underwent DSC–MR perfusion imaging at
�45 days pre- (baseline), 30 – 60 days post-, and 1 year post-hematopoietic stem cell transplantation. MR perfusion measurements in the
10 patients and 8 controls were obtained from the parieto-occipital WM, splenium of the corpus callosum, leading enhancing edge, and
normal-appearing frontal white matter. MR imaging severity scores and clinical neurologic function and neurocognitive scores were also
obtained. MR perfusion values were analyzed in the patients with cerebral adrenoleukodystrophy at each time point and compared with
those in controls. Correlations were calculated between the pre-hematopoietic stem cell transplantation MR perfusion values and 1-year
clinical scores, with P value adjustment for multiple comparisons.

RESULTS: At baseline in patients with cerebral adrenoleukodystrophy, both relative CBV and relative CBF within the splenium of the
corpus callosum and parieto-occipital WM significantly differed from those in controls (P � .005–.031) and remained so 1 year post-
hematopoietic stem cell transplantation (P � .003–.005). Meanwhile, no MR perfusion parameter within the leading enhancing edge
differed significantly from that in controls at baseline or at 1 year (P � .074 –.999) or significantly changed by 1 year post-hematopoietic
stem cell transplantation (P � .142–.887). Baseline Loes scores correlated with 1-year clinical neurologic function (r � 0.813, P � .0001), while
splenium of the corpus callosum relative CBV also significantly correlated with 1-year neurologic function scale and the neurocognitive
full-scale intelligence quotient and performance intelligence quotient scores (r � �0.730 – 0.815, P � .007–.038).

CONCLUSIONS: Leading enhancing edge measurements likely remain normal post-hematopoietic stem cell transplantation in cerebral
adrenoleukodystrophy, suggesting local disease stabilization. Meanwhile, parieto-occipital WM and splenium of the corpus callosum
relative CBV and relative CBF values worsened; this change signified irreversible injury. Baseline splenium of the corpus callosum relative
CBV may predict clinical outcomes following hematopoietic stem cell transplantation.

ABBREVIATIONS: ALD � adrenoleukodystrophy; cALD � cerebral X-linked adrenoleukodystrophy; HSCT � hematopoietic stem cell transplantation; K2 � the
coefficient obtained by leakage correction of the dynamic bolus; LEE � leading edge of enhancement; MRP � MR perfusion; NAFWM � normal-appearing frontal white
matter; PH � peak height; POWM � parietal-occipital white matter; r- � relative; SCC � splenium of the corpus callosum

A adrenoleukodystrophy (ALD) is a rare, inherited peroxi-

somal disorder (1 in 20,000 live births); about 35% of males

with ALD develop childhood-onset cerebral X-linked adrenoleu-

kodystrophy (cALD).1-5 Hematopoietic stem cell transplantation

(HSCT) can halt further demyelination and improve survival and

neurologic function in cALD.6-10 While not fully elucidated, the

therapeutic effect of HSCT may relate to relief of the inflamma-
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tion, which is the prominent histologic finding in untreated

cALD.5 Most important, those with less cerebral disease are more

likely to benefit from HSCT; thus, timely HSCT is critical.6-10

MR imaging of cALD is vital in predicting disease course and

outcomes. The Loes MR imaging severity score, which quantifies

the burden of WM disease, correlates with survival and neuro-

logic outcomes after HSCT.6-10 The extent of enhancement on

postcontrast T1WI, particularly the leading edge of enhancement

(LEE), predicts disease progression in untreated cALD, suggesting

that blood-brain barrier dysfunction plays a role in cALD.3,11,12

Thus, monitoring the LEE and noting that it is halted may be

important in defining treatment response.

DSC–MR perfusion parameters such as relative CBV (rCBV),

relative CBF (rCBF), relative TTP (rTTP), relative peak height

(rPH), and dynamic leakage correction coefficient (K2) can re-

flect the pathophysiology of various disorders.12-17 Elevated CBV

reflects high capillary permeability, while low CBV suggests irre-

versibly injured tissue.12-17 CBF reflects tissue perfusion, being

increased in high-grade tumors or inflammation, while TTP ele-

vation indicates a delay in perfusion.12-17 Peak height is the signal-

intensity change from the baseline of a dynamic enhancement

curve, while K2 is the coefficient obtained by leakage correction of

the dynamic bolus, reflecting permeability at sites of blood-brain

barrier injury.14,17

Scant literature exists regarding MRP parameters in cALD at

baseline or how they change following HSCT; 1 sole study of 8

patients noted low rCBV within the core of nonenhancing pari-

etal-occipital white matter (POWM) at baseline, while within the

LEE rCBV was preserved.12 However, other MRP parameters

should be explored, and the prognostic impact of baseline (pre-

HSCT) regional DSC-MRP parameters on outcome is of primary
importance. Thus, according to these limited prior data, the hy-
pothesis of this study was that MRP parameters, in particular
rCBV, would be abnormal in the POWM and perhaps the sp-
lenium of the corpus callosum, compared with these parameters
in controls, while perfusion within the LEE would be preserved
following successful HSCT. Hence, the aims of this study were the
following: 1) to determine whether MRP parameters at baseline in
various regions of the cALD-affected brain differ from those of
controls, 2) to describe several MRP parameters on the pre- and

post-HSCT cALD MR imaging, and 3)
to determine whether any of the mea-
sured baseline (pre-HSCT) MRP pa-
rameters in various locations correlate
with the neurologic outcomes.

MATERIALS AND METHODS
Patient Selection
Institutional review board approval was

obtained for this study; all patients were

enrolled after informed consent. MR

imaging examinations were performed

at 3 time points relative to transplanta-

tion: baseline pre-HSCT (�45 days be-

fore transplantation), 30 – 60 days post-

HSCT, and 1 year post-HSCT. There

was retrospective measurement of the

DSC-MRP values. Patients with cALD

were included if they met all of the following criteria: 1) biochem-

ical confirmation of ALD, 2) posterior-type cALD variant (the

most common type), 3) clinical and neurocognitive evaluations

both at baseline and at 1 year, 4) HSCT being performed between

January 2010 and January 2014, 5) younger than 18 years of age

and, 6) each MR imaging study adequate for the MRP evaluation

(Fig 1). Eight male controls were assessed for DSC-MRP values.

Controls lacked any cerebral abnormality on MR imaging (which

was typically performed to evaluate the skull base or upper neck),

had no previous radiation or chemotherapy, and were matched

to the ages of patients with cALD at pre-HSCT (baseline) MR

imaging.

MR Imaging Acquisition Technique
The 3T MR imaging protocol included FLAIR, precontrast 3D

T1WI, and postcontrast 3D T1WI. Noncontrast 3D T1WI, neces-

sary for coregistration, used an MPRAGE sequence: TR/TE/NEX/

FOV/parallel factor, 1810/3.5 ms/1/230 mm/2; 0.9 � 0.9 � 0.9

mm isotropic voxel; and 6-minute acquisition.18 For postcontrast

3D T1WI, an intravenous 0.1-mmol/kg of body weight– based

dose of gadopentetate dimeglumine (Magnevist; Bayer Health-

Care Pharmaceuticals, Wayne, New Jersey) was administered at

4 mL/s for a 10-mL maximum dose (Figs 2– 4). The echo-planar

DSC-MRP parameters were the following: TR/TE/NEX/FOV/

parallel factor, 1500/43 ms/1/230 mm/0; 1.8 � 1.8 � 5 mm voxel

size; and approximately 1-minute acquisition. The postcontrast

3D T1WI sequence was identical to that of the noncontrast 3D

T1WI, being initiated at approximately 10 minutes after the con-

trast injection.

MRP Postprocessing and Review
The postprocessing of 38 total DSC-MRP examinations (10 pa-

tients with cALD with 3 time points each; 8 controls with 1 study

each) was retrospectively processed on a DynaSuite Neuro MR

Workstation (Invivo, Gainsville, Florida) by a staff neuroradiolo-

gist (A.M.M., with �10 years’ experience in pediatric neuroimag-

ing) who was blinded to the clinical data. The noncontrast 3D

T1WI and FLAIR images were automatically coregistered with the

DSC-MRP maps by the postprocessing software and were con-

firmed visually, with both a neuroradiology fellow and radiology

FIG 1. Organizational chart delineating how the 10 patients with cerebral ALD were included for
MRP review from the initial 47 patients with ALD.
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resident present to aid in confirming the adequacy of the coregis-

tration, the presence/absence of contrast enhancement, and the

ROI site. Freehand ROIs of �5-mm diameter were measured

centrally within the normal-appearing frontal white matter

(NAFWM) and within 3 affected sites: the POWM, centrally

within the splenium of the corpus callosum (SCC), and the visibly

enhancing LEE (such enhancing regions occurred within areas of

FLAIR abnormality in either the POWM or SCC) as demon-

strated in Figs 2– 4.3,11,12 At least 3 ROIs were measured at each

site, and the mean was recorded; if lesions were bilateral, the mean

of 6 ROIs (3 ROIs on each side) was used. In controls, normal

POWM was substituted for the LEE measurement because no

enhancement was present. Notably, LEE lesions being either bi-

lateral, unilateral, or midline prevented a side-to-side comparison

of MRP values and thus necessitated the incorporation of mea-

surements for both sides for a conglomerate mean of at least 3

MRP parameter values.

After ROI placement, leakage-corrected CBV, CBF, TTP, and

K2 maps were automatically generated in patients and controls,

while PH was calculated by manual analysis of the dynamic con-

trast curve (Fig 2).13-18 Regarding the LEE, because enhancement

typically resolves following HSCT for cALD, the post-HSCT MR

images were automatically coregistered to the pre-HSCT MR im-

ages, with visual confirmation to ensure that the same anatomic

site of the LEE was measured across time. Relative values of each

parameter were calculated from the POWM, SCC, or LEE by di-

viding by the value of that parameter with the measurement ob-

tained from NAFWM; the exception was that only raw K2 was

recorded because relative K2 cannot be calculated given its zero

value within the NAFWM.

MR Imaging Severity Scoring (Loes Score)
Two neuroradiologists with �5 years’ experience with cALD

(D.J.L, D.R.N.) reviewed the FLAIR images by consensus to gen-

erate MR imaging severity (Loes) scores. This review was per-

formed according to the method of prior studies.8,19 Both neuro-

radiologists were blinded to the clinical data.

Measurement of Clinical Outcome
The gross neurologic function at baseline (pre-HSCT) and 1 year

post-HSCT was determined by using a previously described 25-

point cALD severity neurologic function scale; notably, increasing

scores on the scale denotes worsening function.9,10 For the cALD

cohort, the neurologic function scale was retrospectively con-

structed from detailed clinical assessments in the medical re-

cord by a pediatric HSCT specialist (W.P.M.).9,10,19 Neurocog-

nitive scores from the Wechsler Intelligence Scale Series,

including full-scale intelligence quotient, performance intelli-

gence quotient, and verbal intelligence quotient, were prospec-

tively obtained by dedicated examination from 1 of several

neuropsychologists both pre-HSCT and at 1 year, as described

previously.19-21 Both the pediatric transplantation specialist

FIG 2. Example of DSC-MRP measurements in a 10-year-old boy with cALD. Baseline (pre-HSCT) MR images show the LEE (arrows) on postcon-
trast T1WI (A), with typical findings of posterior-type cALD on FLAIR at that time (B). On DSC-MRP at that time, both rCBV (C) and rCBF (D) are
mildly elevated at the LEE (arrows) but appear low centrally within the POWM (asterisks). G, The method of relative peak height measurement
within the LEE and NAFWM ROIs on the baseline (pre-HSCT) MR imaging examination, via measurement of the dynamic contrast curve.
Follow-up MR imaging at 1 year shows that the LEE has resolved on postcontrast T1WI (E) and that the WM abnormalities did not progress on
FLAIR (F), though moderate overlying parieto-occipital-predominant atrophy has ensued, with interval sulcal enlargement.
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and the neuropsychologists were blinded to the MR imaging

data.

Statistical Analysis
Mann-Whitney tests were used to assess differences between pa-

tients with cALD and controls regarding the regional DSC-MRP

values at each MR imaging time point (notably, the MRP values at

a single time point in controls were compared for each of the 3

cALD cohort time points). Intrapatient pre- and post-HSCT

MRP values were compared via the linear mixed model, with P

value adjustment for multiple comparisons applied by using the

Tukey method. Both the pre-HSCT (baseline) MRP values and

the Loes scores were correlated with the 1-year clinical outcome

functional and neurocognitive scores (neurologic function scale,

full-scale intelligence quotient, performance intelligence quo-

tient, and verbal intelligence quotient) by the Spearman method.

Statistical analyses were performed by using SAS software (Ver-

sion 9.3; SAS Institute, Cary, North Carolina). The significance

threshold was set to P � .05.

RESULTS
Ten boys with cALD were ultimately included for analysis from

the initial population of 47 males with ALD who were evaluated in

the clinic during the same period. Reasons for exclusion are pro-

vided in Fig 1. Neither the baseline ages nor the Loes scores dif-

fered between the included and excluded patients (both P � .05).

The mean age at baseline MR imaging for the 10 patients was

8.2 � 2.7 years (range, 5–14 years), and for controls, it was 7.8 �

3.2 years (range, 4 –12 years); these ages were not significantly

different (P � .748). During the study period, none of the 10

patients with cALD incurred other cerebral pathology that con-

founded the DSC-MRP evaluation. The mean MRP measure-

ments for the cALD cohort at all 3 time points are provided, with

P values when comparing with controls, in Table 1.

Regarding the SCC, both rCBV and rCBF were significantly

less in patients than in controls at both baseline and 1-year post-

HSCT (Table 1). At the 30- to 60-day post-HSCT time point, only

rPH significantly differed between patients and controls. As for

intrapatient rCBV and rCBF, both parameters decreased from

pre- to 1-year post-HSCT by 5.6% and 10.0%, respectively; how-

ever, such changes were not statistically significant between the 2

time points for either parameter (P � .057–.076).

As for the POWM, there were significant differences between

the patients with cALD and controls; rCBV, rCBF, and rTTP dif-

fered significantly between patients and controls at all 3 time

points (Table 1). Within the cALD cohort, both intrapatient

rCBV and rCBF decreased from the pre- (baseline) to 1-year post-

HSCT time points by 30.7% and 33.0%, respectively; however,

these were not found to be significantly different between the 2

time points for either parameter (P � .101–.118).

All patients had an enhancing LEE before HSCT, and each had

resolution of that visibly enhancing edge by 1 year post-HSCT

(Figs 2– 4). Within the LEE, the day 30 – 60 rPH was the only MRP

parameter that differed significantly between the 10 patients with

cALD and controls, while the pre- (baseline) and 1-year post-

FIG 3. A 6-year-old boy with cALD. Pre-HSCT, a LEE (arrows) is present along the anterior SCC on postcontrast T1WI (A), with edema on FLAIR
within the SCC and, to a lesser degree, within the POWM (B). Also at baseline, the CBV (C) and CBF (D) maps demonstrate ROIs obtained from
the NAFWM, POWM, and SCC. After HSCT, on 1-year follow-up postcontrast T1WI (E), the LEE has disappeared, with decreased swelling and no
worsening of the extent on FLAIR (F). Note that the sagittal postcontrast T1WI at 1 year (G) demonstrates the disappearance of the enhancing LEE
(arrow) within the SCC, compared with the initial postcontrast image at baseline (H).
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HSCT values did not (Table 1). Regarding the LEE within the

cALD cohort, the intrapatient rCBV and rCBF both decreased by

9.4% and 7.9%, respectively, though neither these nor any other

measured MRP parameter changed significantly between the

baseline and 1-year time points (P � .142–.887).

Regarding the Loes MR imaging severity scores, the mean Loes

scores at each time point for the cALD cohort (based on FLAIR)

were 6.35 � 5.5 at baseline (pre-HSCT), 6.40 � 5.5 at 30 – 60 days

post-HSCT, and 7.90 � 5.6 on the 1-year follow-up MR imaging

examinations. As would be expected on the basis of prior litera-

ture, the pre-HSCT Loes score strongly correlated with the 1-year

clinical neurologic function scale score (r � 0.813, P �

.0001).9,10,19 Regarding the neurocognitive measures, moderate

correlations existed between the baseline Loes score and the

1-year neurocognitive full-scale intelligence quotient, perfor-

mance intelligence quotient, and verbal intelligence quotient

FIG 4. A 15-year-old adolescent boy with ALD. Pre-HSCT postcontrast T1WI (A) demonstrates a LEE (arrows) in the POWM and optic radiations,
with edema on noncontrast FLAIR (B). Baseline pre-HSCT ROIs from the NAFWM, POWM, and SCC are depicted on postcontrast T1WI (A) and
on the MRP CBV (C), CBF (D), TTP (G), and K2 (H) maps. After HSCT, the 1-year follow-up MR imaging demonstrates resolution of the LEE on
postcontrast T1WI (E), with no overt change in the extent of abnormality on FLAIR (F), though mild-moderate cerebral atrophy has ensued, being
more prominent within the SCC.

Table 1: Mean of DSC-MRP parameters with P values comparing patients with ALD with controls at each timea

DSC-MRP
Parameter

Pre-HSCT Post-HSCT (30–60 Days) Post-HSCT (1 year)

Mean
P Value versus

Controls Mean
P Value versus

Controls Mean
P Value versus

Controls
SCC: rCBV 0.71 � 0.32 .005

b
1.02 � 0.47 .404 0.67 � 0.25 .005b

SCC: rCBF 0.70 � 0.34 .005b 1.00 � 0.47 .553 0.63 � 0.24 .003b

SCC: rTTP 0.26 � 1.83 .813 0.13 � 1.51 .887 0.35 � 2.94 .377
SCC: rPH 0.96 � 0.38 .093 0.85 � 0.30 .025b 0.82 � 0.36 .019b

SCC: K2 0.004 � 0.001 .177 0.00 � 0.00 .824 0.00 � 0.00 .999
POWM: rCBV 0.72 � 0.30 .031b 0.63 � 0.31 .004b 0.50 � 0.40 .004b

POWM: rCBF 0.70 � 0.27 .023b 0.61 � 0.30 .004b 0.47 � 0.34 .004b

POWM: rTTP 1.92 � 1.46 .007b 1.95 � 0.95 �.001b 0.42 � 5.22 .043b

POWM: rPH 1.19 � 0.26 .092 0.92 � 0.34 .552 0.87 � 0.38 .238
POWM: K2 0.002 � 0.003 .662 0.00 � 0.00 .999 0.00 � 0.00 .999
LEE: rCBV 1.38 � 0.63 .168 1.43 � 0.62 .301 1.25 � 0.48 .618
LEE: rCBF 1.39 � 0.64 .153 1.43 � 0.66 .651 1.28 � 0.46 .554
LEE: rTTP 0.24 � 1.34 .982 �0.11 � 0.88 .432 �1.29 � 3.76 .601
LEE: rPH 1.62 � 0.67 .074 1.43 � 0.43 .020b 1.12 � 0.46 .459
LEE: K2 0.004 � 0.005 .177 0.00 � 0.00 .662 0.003 � 0.004 .999

a The relative MRP ratios in patients with ALD compared with NAFWM.
b P values �.05.
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scores, but these did not reach clinical significance (r � �0.596 to

�0.646, P � .068 –.090) after correction for multiple compari-

sons (Table 2).

Regarding correlating the baseline DSC-MRP parameters with

the functional and neurocognitive scores at 1 year post-HSCT, the

only parameters that correlated with the clinical and neurocogni-

tive outcomes were rCBV and rCBF within the SCC (Table 2). In

particular, baseline SCC rCBV had an inverse, significant corre-

lation with the clinical neurologic function scale score at 1 year

(r � �0.730, P � .016) and a positive correlation with the neu-

rocognitive scores full-scale intelligence quotient (r � 0.735, P �

.038) and performance intelligence quotient (r � 0.815, P �

.007); there was a positive, significant correlation also found be-

tween baseline SCC rCBF and performance intelligence quotient

(r � 0.678, P � .045). Notably, no significant correlation was

found between any regional MRP parameter and the 1-year neu-

rocognitive verbal intelligence quotient scores, after correction

for multiple comparisons. Additionally, no MRP measure within

the POWM or LEE significantly correlated with the 1-year neuro-

logic function scale or neurocognitive outcome scores (each P� .05).

DISCUSSION
Because childhood cALD is typically a progressive and severe dis-

order in the absence of HSCT, the primary goals of this study were

the following: 1) to determine whether MRP parameters differ

from those in controls in various regions of the cALD-affected

brain, 2) to describe a variety of DSC-MRP parameters both pre-

and post-HSCT, and 3) to determine whether any baseline (pre-

HSCT) MRP markers portend the clinical outcome following

HSCT.6-10 Regarding the former goal, both this study and that of

Musolino et al12 seem to be in accord, because this study confirms

that in untreated cALD, rCBV within the “core” of nonenhancing

POWM but not the LEE is significantly lower than that in con-

trols. In our transplanted cohort, this difference in rCBV from

controls persisted at 1 year following HSCT. Such findings indi-

cate that the core of abnormal POWM (termed “Zone A” in the

prior study by Musolino et al12) likely comprises severely injured

and perhaps nonviable tissue. Accordingly, slowly progressing pa-

rieto-occipital regional atrophy typically develops in this region,

which was also observed in the current
study.12 Meanwhile, the arrest of en-
hancement at the LEE, along with the
preserved rCBV and rCBF at 1 year post-
HSCT, would imply viable tissue
therein. Notably, in our cohort, the
POWM rCBV was, on average, about
50% of that of the NAFWM, whereas the
rCBV was about 20% of that of the
NAFWM in the prior study.12 This dif-
ference in rCBV could relate to the
higher mean Loes score (13.4 versus 6.4
in this study) in the prior study, perhaps
reflecting more severe tissue injury
overall.12

The mechanism of how HSCT atten-
uates the neuroinflammation in cALD is
unknown; however, the normal rCBV
within the LEE that persists after HSCT

suggests a correction of the blood-brain barrier abnormality,
along with preservation of regional parenchyma.3,5,10-12 Simi-
larly, the study by Musolino et al12 found that rCBV was preserved
in the LEE (termed “Zone B”) but was lower in adjacent, centrif-
ugally located areas (Zone C); hence, the current study corrobo-
rates the Zone B findings of that study. Such an arrest in demyeli-
nation may have a histopathologic precedent, in which murine
studies have shown that certain microglial cells are absent initially
at the demyelinating edge, but there is a subsequent slow return of
microglial guard cells by about 1 year post-HSCT as progression
of the disease halts.22-26 Thus, 1 theory, which remains specula-
tive, is that blood-brain barrier dysfunction is actually helpful or is
required for the marrow-derived precursor cells to return into the
cerebrum and differentiate into microglia because a LEE is nearly
always present before HSCT in those patients who have under-
gone a successful HSCT and ultimately have stabilized cerebral
disease.22-26 Thus, this theory suggests that microglia reflect an
overall return of hematopoietic precursor stem cells to the cere-
brum, resulting in the observed disease arrest, along with the sub-
sequent repair.22-26 Zonal measurements within and adjacent to
the LEE were not the focus of the current study but could be
considered in future ones.

Regarding the SCC, this aforementioned theory may, at least
in part, explain the lack of a significant difference in the large
majority of the various MRP measures at 30 – 60 days post-HSCT,
even though there were significant differences at baseline and at
1 year post-HSCT (especially in rCBV and rCBF).22-26 Thus, we
surmise that there could be both components of irreversible in-
jury and healing of the blood-brain barrier occurring macroscop-
ically in the SCC, which may be an “inflection point” in the disease
process. For example, according to the above-mentioned theory,
HSCT can correct the underlying microglial dysfunction by way
of bone marrow resident and progenitor cells entering the cere-
brum through a patent and abnormal blood-brain barrier via cap-
illary recruitment and resultant increased microperfusion; we
opine that this might be represented by a transient relatively de-
creased rTTP and relatively increased rCBV and CBF.22-26 In the
current study, such transient changes (ie, increased rCBF and
rCBV) were indeed noted in the SCC, where the rTTP transiently

Table 2: Correlations between both the pre-HSCT MRI severity and MRP parameters with
the 1-year follow-up clinical outcome scoresa

Parameter NFS FSIQ PIQ VIQ
SCC: rCBV �0.730, .016b 0.735, .038b 0.815, .007b 0.500, .171
SCC: rCBF �0.451, .191 0.590, .123 0.678, .045b 0.233, .546
SCC: rTTP �0.291, .414 0.205, .627 0.033, .932 0.400, .286
SCC: rPH 0.118, .745 �0.012, .977 0.059, .881 �0.017, .966
POWM: rCBV �0.555, .096 0.325, .432 0.301, .431 0.367, .332
POWM: rCBF �0.557, .095 0.325, .432 0.301, .431 0.360, .342
POWM: rTTP 0.569, .086 �0.663, .073 �0.619, .075 �0.550, .125
POWM: rPH �0.326, .358 �0.036, .932 �0.126, .748 0.250, .517
LEE: rCBV 0.045, .901 �0.217, .606 �0.126, .748 �0.326, .391
LEE: rCBF �0.090, .804 0.024, .955 0.042, .915 �0.017, .967
LEE: rTTP 0.083, .819 �0.217, .606 �0.226, .559 �0.150, .700
LEE: rPH 0.111, .760 �0.506, .201 �0.452, .222 �0.250, .517
Loes score 0.813, �.0001b �0.646, .084 �0.633, .068 �0.596, .090

Note:—NFS indicates neurologic function scale; FSIQ, full-scale intelligence quotient; PIQ, performance intelligence
quotient; VIQ, verbal intelligence quotient.
a Numbers are rounded to the one-thousandth place. In addition, the correlations for K2 are not shown because most
measurements were 0.00.
b P values � .05.
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decreased at 30 – 60 days post-HSCT and then rose again to above
baseline at 1 year post-HSCT. However, by 1 year post-HSCT,
both SCC rCBF and rCBV decreased to below baseline, suggesting
that such increased perfusion at 30 – 60 days post-HSCT was in-
deed only a temporary phenomenon.

Hence, the measurements at 30 – 60 days post-HSCT might
reflect an attempt for the cerebrum to undergo healing by tempo-
rarily increasing perfusion to the SCC by a vascular response,
though there is also likely a component of underlying irreversible
injury, as evidenced by the lower 1-year rCBV and rCBF values. If
so, then this combination of findings might explain the SCC being
the 1 site where the baseline DSC-MRP measurements predict the
neurocognitive outcomes (hence, the term “inflection point”) be-
cause it is a region that has both viable tissue that can potentially
be saved, along with nonviable tissue. In contrast, the POWM
appears to be a region where the tissue injury is largely irrevers-
ible, as evidenced by the lack of such transient findings at 30 – 60
days post-HSCT. Accordingly, within the POWM, rTTP re-
mained higher and rCBV and rCBF both progressively decreased
after HSCT. Thus, the POWM seems mostly unaffected by suc-
cessful transplantation.

This study also found that the baseline SCC rCBV and rCBF
values strongly correlated with various measures of neurologic
function at 1 year after successful HSCT, perhaps due to the rea-
sons described above. While the Loes MR imaging score is known
to correlate with the gross neurologic outcome after HSCT, the
findings in the current study suggest that regional DSC-MRP values
could augment the Loes score in predicting outcomes better.7-11

However, this study was limited, in that most boys within the cohort
had generally favorable baseline Loes scores. Hence, these findings
may not be applicable to those patients with more severe initial dis-
ease. Thus, the utility of MRP in predicting outcomes in patients with
cALD with more severe disease needs to be further studied.

There has been an ongoing search for the best baseline (pre-
HSCT) imaging marker of clinical outcome following transplan-
tation (HSCT). Regarding such biomarkers, to our knowledge,
the Loes score is the most reproducible and strongest predictor of
outcome, being proved across multiple centers.6-10 While the
Loes score is a “continuous” marker of radiographic severity be-
tween 0.5 (minimum nonzero score) and 34 (maximum score),
its predictive value mostly rests on a binary correlation with quite
broad outcomes. Specifically, boys with a score of �10 generally
do well after HSCT, while those with a Loes �10 generally do
poorly after transplantation. Thus, there is a need for imaging
biomarkers within both subgroups of less affected (ie, Loes of
�10) and more severely affected (ie, Loes of �10) patients at
baseline. Thus, to our knowledge, there has been no baseline im-
aging biomarker within the less affected subgroup shown to cor-
relate with eventual posttransplantation neurocognition; the cur-
rent data suggest that DSC-MRP could be of some utility in this
subgroup. Meanwhile, within a subgroup of patients with higher
Loes scores (�10), a recent study found that the intensity of vis-
ible enhancement on postcontrast T1WI may lend predictive
value to clinical outcome, and this was found to be relatively sim-
ple to measure, as well as reproducible between observers.27

Limitations of this study include the relatively small size of the
patient cohort with cALD. Thus, the expense of travel, care, and
MR imaging for multiple trips is a known factor contributing to

this limitation.19 Similarly, it is difficult to obtain a large number
of age-matched controls for MRP because most pediatric indica-
tions for MR imaging do not necessitate contrast. A third poten-
tial limitation was the use of relative rather than absolute perfu-
sion measurements; however, relative measurements of CBV or
CBF are typically more reproducible than absolute ones.15,16 Ad-
ditionally, a limitation could be the lack of interobserver reliability
calculations between readers regarding the 3� ROI placements (6�
if the measurement was bilateral) and subsequent MRP values ob-
tained. However, it was not feasible to have 2 readers, given the ex-
pertise needed in interpretation of cALD along with familiarity with
the postprocessing software for coregistration and MRP calculation;
such postprocessing steps including the MRP measurements and cal-
culations were too exhaustive and time-consuming for multiple
readers. Particularly, the numerous steps in this process could inher-
ently cause variability among observers.

Finally, a limitation may be that the patient cohort of this
study demonstrated relatively low pretransplantation Loes scores
(eg, compared with a study by Musolino et al12), while there was
no significant difference in scores between the excluded (n � 37)
and included cohort (n � 10); this could raise the question of an
underlying selection bias in our patient pool.6-12 Thus, factors
that decreased the mean Loes score in the excluded group were
that 6 patients had no cerebral disease (Loes score of 0), while 4
were stable (having very low Loes scores near zero); however, this
apparent lowering in mean Loes score at baseline may, to some
degree, be counterbalanced because some of the excluded patients
had disease too severe to be transplanted (n � 8) or they did not
travel back after transplantation for each MR imaging due to se-
vere dysfunction (n � 13) (Fig 1).

Meanwhile, among the 10 included patients, the mean Loes
score was relatively low because those with very high scores are
very unlikely to undergo transplantation, for example, compared
with the prior study by Musolino et al,12 which focused on pa-
tients with higher mean Loes scores. Hence, there may be an in-
herent selection bias in this study because those with much higher
Loes scores are not likely to undergo HSCT and thus would be
excluded, while those patients who did undergo HSCT but were
too sick or dysfunctional to travel and return for an adequate
follow-up MR imaging were also likely to be excluded. Therefore,
as mentioned previously, the findings of this study regarding the
clinical response to HSCT cannot be generalized to the subset of
patients with cALD who present with much higher Loes MR im-
aging severity scores on initial evaluation for HSCT. The predic-
tion of outcomes, based on MRI, may be better addressed by gad-
olinium-intensity measurements, which has been a focus of a
recent study by Miller et al.27

CONCLUSIONS
This study found that certain DSC-MRP values in patients with

cALD, as measured within the POWM and SCC pre-HSCT, are

significantly different from those in controls, while the LEE values

are not. With time, rCBV within the LEE remained normal in the

patients with cALD relative to controls. This outcome suggests

stabilization of a dysfunctional blood-brain barrier at the LEE;

conversely, the finding that rCBV worsens within the POWM

following HSCT suggests irreversible injury. This study also

found that the rCBV is the only baseline MRP measurement that
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seems to be a reliable predictor of clinical outcome. Thus, MRP

could be a useful adjunct to the Loes MR imaging severity score in

predicting the functional and neurocognitive outcomes of boys

with cALD with lower Loes scores who are to undergo HSCT.
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ORIGINAL RESEARCH
PEDIATRICS

Widespread Focal Cortical Alterations in Autism Spectrum
Disorder with Intellectual Disability Detected by

Threshold-Free Cluster Enhancement
X V.E. Contarino, X S. Bulgheroni, X S. Annunziata, X A. Erbetta, and X D. Riva

ABSTRACT

BACKGROUND AND PURPOSE: In the past decades, a large body of work aimed at investigating brain structural anomalies accrued in
autism spectrum disorder. Autism spectrum disorder is associated with intellectual disability in up to 50% of cases. However, only a few
neuroimaging studies were conducted in autism spectrum disorder with intellectual disability, and none of them benefited from a
nonsyndromic intellectual disability control group.

MATERIALS AND METHODS: We performed a voxelwise investigation of the structural alterations in 25 children with autism spectrum
disorder with intellectual disability by comparing them with 25 typically developing children and 25 nonsyndromic children with an
intellectual disability. Besides a classic voxel-based morphometry statistical approach, the threshold-free cluster enhancement statistical
approach was adopted.

RESULTS: Classic voxel-based morphometry results did not survive family-wise error correction. The threshold-free cluster enhance-
ment– based analysis corrected for family-wise error highlighted the following: 1) widespread focal cortical anomalies and corpus callosum
alteration detected in autism spectrum disorder with intellectual disability; 2) basal ganglia and basal forebrain alteration detected both in
autism spectrum disorder with intellectual disability and in nonsyndromic intellectual disability; and 3) differences in the frontocingulate-
parietal cortex between autism spectrum disorder with intellectual disability and nonsyndromic intellectual disability.

CONCLUSIONS: The present study suggests that the frontocingulate-parietal cortex may be the eligible key region for further investi-
gations aiming at detecting imaging biomarkers in autism spectrum disorder with intellectual disability. The detection of structural
alterations in neurodevelopmental disorders may be dramatically improved by using a threshold-free cluster enhancement statistical
approach.

ABBREVIATIONS: ASD � autism spectrum disorder; CC � corpus callosum; ID � intellectual disability; IQ � intelligence quotient; TD � typically developing;
TFCE � threshold-free cluster enhancement; VBM � voxel-based morphometry

The autism spectrum disorder (ASD) is a life-long neurodevel-

opmental disorder, the underlying biologic causes of which

remain to be established. The ASD includes diverse endopheno-

types sharing 2 clusters of core symptoms, such as persistent def-

icits in social communication and social interaction across mul-

tiple contexts and restricted, repetitive patterns of behaviors,

interests, and activities.1

In past decades, a large body of work has accrued investigating

anomalies in ASD by using neuroimaging techniques. Most of the

studies were performed in normally gifted (not affected by mental

retardation) patients with ASD or Asperger syndrome. However, a

large proportion of patients with ASD are intellectually impaired.

The patients with ASD with an intelligence quotient (IQ) lower than

70 are usually referred to as having low-functioning ASD or ASD

with intellectual disability (ID). Epidemiologic surveys of ASD re-

ported up to a 50% prevalence of ASD with ID, with a degree of

variation due to differences in diagnostic criteria and difficulty in

assessing IQ in patients with ASD as well as genetic and environmen-

tal variables.2,3 Despite the high prevalence of ASD with ID, these

patients were rarely examined, probably because of the difficulties in

cooperation for neuroradiologic investigations.

Only a few studies performed voxelwise investigation of struc-

tural anomalies in ASD with ID,4-7 and none of them benefited

from a nonsyndromic ID control group.

In past years, advanced nonparametric statistical approaches

were developed in neuroimaging. Among these, threshold-free
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cluster enhancement (TFCE) aims to address some well-known

voxel-based morphometry (VBM) criticalities, such as smoothing

kernel extent, threshold dependence, and localization of the re-

sults. TFCE was shown to improve the detection of structural

anomalies in neurodegenerative disease and psychiatric disorder

studies.8-10 However, the nature of structural anomalies in neu-

rodevelopmental disorders may differ from those in neurodegen-

erative diseases and psychiatric disorders, and detection improve-

ments in such disorders have not yet been evaluated.

According to our hypotheses, ASD with ID may show struc-

tural differences from both typically developing (TD) children

and nonsyndromic ID that can be better detected by TFCE-VBM.

The present study had the following aims: 1) to detect structural

anomalies in the under-researched condition of ASD with ID, also

directly comparing those patients with subjects with nonsyn-

dromic ID; and 2) to verify the improvement in detecting struc-

tural anomalies in neurodevelopmental disorders by using TFCE

in comparison with the classic VBM approach.

MATERIALS AND METHODS
Participants
Twenty-five subjects with idiopathic ASD with ID (22 males, 3

females; age range, 2.4 –12.7 years; mean, 6.11 � 3.10 years) and

25 age-matched children with nonsyndromic ID (16 males, 9 fe-

males; age range, 2.1–12.4 years; mean, 7 � 3.1 years) were re-

cruited from patients attending the Developmental Neurology

Unit from January 2008 to January 2012. All patients were evalu-

ated by a pediatric neurologist, a clinical geneticist, and a child

neuropsychologist. The patients with ASD were diagnosed in ac-

cordance with the Diagnostic and Statistical Manual of Mental

Disorders-DSM-5 criteria and confirmed by the Autism Diagnos-

tic Observation Schedule-Generic11 and the Autism Diagnostic

Interview-Revised.12

Twenty-five age-matched TD children (12 males, 13 females;

age range, 2.1–12.3 years; mean, 6.11 � 2.6 years) were also en-

rolled. The TD children were recruited among the children of the

staff involved in the study and among inpatients with suspected

spinal cord abnormalities whose brain and spine examination

findings were normal.

Cognitive functioning was assessed by using the Wechsler In-

telligence Scales,13,14 according to their age, and the Griffiths

Mental Developmental Scale15,16 for children with a chronologic

or mental age younger than 4 years, considering the correlation

between the Wechsler Preschool Scale Full IQ and the General

Quotient obtained by the Griffiths Scales.17

The parents of ID and TD children were asked to fill out the

lifetime version of the Social Communication Questionnaire,18 a

self-report questionnaire that provides valuable information on a

child’s body movements, use of language or gestures, and style of

interacting, through 40 questions based on the Autism Diagnostic

Interview-Revised items. It is not meant to provide a detailed

diagnosis of ASD but to indicate whether a child needs a more

careful and in-depth evaluation. The cutoff score is 15.

The exclusion criteria were as follows: 1) preterm birth or

known pregnancy complications or perinatal injury history; 2)

associated seizures or neurologic diseases, known infectious, met-

abolic, or genetic diseases (high-resolution karyotype, DNA anal-

ysis of fragile-X syndrome); 3) the presence of major cerebral

malformations (details in Erbetta et al19); 4) anomalies of the

visceral organs and/or facial dysmorphisms; 5) Social Communi-

cation Questionnaire score higher than the cutoff of 15 for chil-

dren with ID and TD; 6) the presence of severe ID because the

clinical differential diagnosis between ASD and severe ID is argu-

able and the administration of autism diagnostic tools is not rec-

ommended in such patients.

All patients and TD children younger than 6 years of age were

examined under propofol sedation (1 mg/Kg).

All the examinations were performed with written informed

consent of the subject’s parents. The study was approved by the

Ethics Committee of Fondazione Istituto di Ricovero e Cura a

Carattere Scientifico (IRCCS) Istituto Neurologico C. Besta.

Data Acquisition
Volumetric T1-weighted images were acquired on a 1.5T MR im-

aging system (Magnetom Avanto; Siemens, Erlangen, Germany)

by using a magnetization-prepared rapid acquisition of gradient

echo sequence (TR � 1640 ms, TE � 2.48 ms, TI � 552 ms,

FOV � 256 � 256 mm, matrix � 256 � 256, 160 sagittal sections,

voxel size � 1 � 1 � 1 mm). Structural imaging included axial

proton-density/T2-weighted images (TR � 3500 ms, TE � 17/84

ms, FOV � 208 � 256 mm, matrix � 208 � 256, section thick-

ness � 5 mm) and coronal turbo spin-echo T2-weighted images

(TR � 4100 ms, TE � 143 ms, FOV � 324 � 384 mm, matrix �

324 � 384, section thickness � 5 mm). Structural imaging was

visually assessed by a senior neuroradiologist for the presence or

absence of supratentorial and infratentorial abnormalities and

signal-intensity changes in patients and TD subjects.

Image Processing
A VBM study was conducted to investigate the local differences in

GM and WM volume among ASD with ID, TD, and ID groups.

The T1-weighted volumetric images were analyzed with the Sta-

tistical Parametric Mapping 8 (SPM8) package (http://www.fil.

ion.ucl.ac.uk/spm/software/spm12/) and VBM8 toolbox (http://

dbm.neuro.uni-jena.de/vbm8/). We used the Diffeomorphic

Anatomical Registration by using the Exponentiated Lie algebra

(DARTEL) algorithm,20 implemented in VBM8 to generate a

study-specific template and to perform the registration of the sub-

jects to that template.21

The VBM preprocessing steps are as follows: 1) checking for

scanner artifacts and gross anatomic abnormalities in each sub-

ject; 2) image origin setting to the anterior commissure; 3) VBM8

segmentation of brain tissues with default settings based on the

DARTEL template in Montreal Neurological Institute space de-

rived from the IXI data base (http://www.brain-development.

org); 4) creation of a study-specific template from all the seg-

mented images by using the VBM8 toolbox; 5) a second VBM8

segmentation of brain tissues, with alignment of the subjects to

the study-specific template and “nonlinear only” modulation to

account for different individual brain sizes; 6) check for subopti-

mal overlapping by visual inspection of the normalized images

and dishomogeneities by using a covariance matrix; and 7) spatial

smoothing of the preprocessed GM and WM images, applying
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different isotropic Gaussian kernels such as 2-, 4-, 8-mm full

width at half maximum kernels.

The GM, WM, and CSF volumes were calculated by the relevant

VBM8 function, and the total intracranial volume, as the sum.

Statistical Analysis
Differences in age, total intracranial volume, total GM, total WM,

and CSF volumes among the 3 groups were assessed by 2-way

ANOVA by using group (ASD with ID, ID, and TD) and sex as

independent variables. One-way ANOVA was performed to assess

IQ differences.

Classic Parametric Analysis
A parametric statistical analysis based on the random field theory

was performed. Two 1-way ANOVAs were designed by using the

general linear model to investigate local GM and local WM vol-

ume differences among the 3 groups. We used age, sex, IQ, and

total GM/WM volume as covariates in the local GM/WM volume

analysis to correct for any differences due to nuisance variables. T

tests were performed to investigate group differences in local

GM/WM volume between the following: 1) ASD with ID and TD,

2) ASD with ID and ID, 3) ID and TD.

The above-described classic analysis was performed on nor-

malized and modulated GM/WM images with the standard

smoothing level (8-mm full width at half maximum) and, in ad-

dition, with lower smoothing levels (4-mm, 2-mm full-width

half-maximum) to allow comparison with the following non-

parametric approach.

Threshold-Free Cluster Enhancement Analysis
A TFCE nonparametric permutative statistical analysis was per-

formed. The TFCE method is extensively described in the related

article10 and implemented in the freely available toolbox (http://

dbm.neuro.uni-jena.de/tfce/). Briefly, the TFCE algorithm takes

an input raw statistical image and produces an output image in

which the voxelwise values represent the amount of clusterlike

local spatial support. Then, for each contrast, the group labels are

randomly permuted to obtain an empirically derived null distri-

bution against which one can compare the observed effects.

In the same way as in the classic parametric analysis, two 1-way

ANOVAs with 4 nuisance regressors (age, sex, IQ, and total GM/WM

volume) were designed by using the general linear model to investi-

gate local GM and WM volume differences. Then, TFCE nonpara-

metric tests were performed to investigate group differences in local

GM/WM volume between the following: 1) ASD with ID and TD, 2)

ASD with ID and ID, and 3) ID and TD. The group labels were

randomly permuted 5000 times (default setting) for each test. A Bon-

ferroni correction was applied to each pair-wise test in order to cor-

rect for multiple comparisons across groups.

TFCE does not explicitly require image smoothing and allows

small smoothing kernels.10 Thus, the above-described TFCE anal-

ysis was performed on normalized and modulated GM/WM im-

ages with no smoothing and, in addition, with 2- and 4-mm full

width at half maximum isotropic Gaussian kernels.

RESULTS
The 3 groups were matched for age (F � 0.16, P � .985), and the

2 clinical groups were comparable for IQ. The mean IQ was 56 �

7 (range, 41– 66) and 53 � 10 (range, 37– 66) for ASD with ID and

ID respectively (t � �1.127, P � .266). The mean IQ in TD was

103 � 9 (range, 91–126), which is significantly higher than that in

the 2 clinical groups (F � 251.41, P � .000).

Increased Total Volumes in ASD with ID
The 2-way unrelated ANOVA showed that a significant effect was

obtained on total GM volume, total WM volume, and total intra-

cranial volume for sex but not for group and their interactions.

Males had total volume measures higher than females in all 3

groups. The main effect of group on CSF volume is significant,

with significantly less volume in those with ID compared with TD

(P � .016). Total volumes in the ASD with ID, ID, and TD groups

and 2-way unrelated ANOVA output are shown in the Table.

Classic Parametric VBM Analysis
No differences in local GM volumes and local WM volumes

among the 3 groups survived the multiple comparison correction

(P � .05 family-wise error– corrected), regardless of the smooth-

ing kernel applied during preprocessing.

TFCE-Based VBM Analysis
The TFCE-based analysis was sensitive to local GM and WM vol-

ume differences (P � .05 family-wise error– corrected), and Bon-

ferroni-corrected P values were lower than the significant thresh-

old (.05), regardless of the smoothing kernel applied during

Total volumes in ASD with ID, ID, and TD groups and 2-way unrelated ANOVA output
ASD with ID (Mean) (SD) ID (Mean) (SD) TD (Mean) (SD)

2-Way ANOVA (Mean)Male Female Male Female Male Female
TIV (mL) 1396.1 (116.2) 1222.2 (61.7) 1293.5 (136.2) 1177.7 (105.7) 1326.7 (100.1) 1235.5 (74.7) Group 1.910 � .156

Sex 16.793 � .000
Group � sex .523 � .595

Total GM (mL) 724.0 (92.4) 569.6 (55,1) 662.6 (71,5) 628.2 (83,4) 654.3 (40.8) 602.5 (73.4) Group .377 � .687
Sex 2.373 � .000
Group � sex 14.003 � .101

Total WM (mL) 411.8 (54.4) 353.7 (31.8) 378.4 (53.1) 330.7 (47.3) 387.5 (40.9) 361.3 (31.7) Group 1.668 � .196
Sex 10.874 � .002
Group � sex .532 � .590

CSF (mL) 260.2 (53.6) 298.9 (56.7) 252.5 (55.7) 218.8 (51.3) 284.8 (55.9) 271.7 (51.4) Group 4.449 � .015
Sex .032 � .858
Group � sex 1.639 � .202

Note:—TIV indicates total intracranial volume.
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preprocessing. The effect of the smoothing was an enlargement of

the blobs. TFCE nonparametric analysis results based on un-

smoothed images are shown in Figure.

Widespread Cortical and Subcortical Anomalies in ASD
with ID
ASD with ID showed widespread cortical and subcortical GM

decreases, compared with TD (Fig 1A, red). Frontobasal regions

together with the anterior cingulate cortex and dorsolateral pre-

frontal cortex compounded the largest and most statistically sig-

nificant cluster. More spotty differences were detected in the mid-

dle and posterior cingulate; parietal (precuneus and superior

parietal lobule bilaterally, left inferior parietal lobule), occipital

(cuneus bilaterally, left lateral occipital cortex, and right superior

occipital gyrus), and temporal (right superior temporal gyrus and

left middle temporal gyrus) cortices; insula; and thalamus.

Analysis focused on WM revealed decreased WM in the body,

genu, and forceps minor of the corpus callosum (CC) (Fig 1A,

yellow). Increased WM was detected in a small area in the

midbrain.

Subcortical Anomalies in ID
GM decrease in ID compared with TD was detected in the basal

ganglia and basal forebrain (Fig 1B, green). Two small areas of

increased WM were found in the midbrain and the medulla

oblongata.

Frontocingulate-Parietal Differences between ASD with
ID and ID
GM decrease in ASD with ID compared with ID was detected in

the fronto-orbital cortex, middle and posterior cingulate cortices,

and precuneus (Fig 1C, blue).

DISCUSSION
Classic VBM voxel-based inference and cluster-based infer-

ence are known to carry some criticisms such as smoothing

kernel extent and statistical threshold.22,23 In theory, the defi-

nition should be based on the expected study-specific effect

(that is actually unknown), while in common practice, the ex-

tent of the smoothing kernel and the statistical significance

threshold are defined arbitrarily. TFCE was proposed to ad-

dress the criticisms of smoothing kernel extent, threshold de-

pendence, and localization of the results and to optimize the

detection of both diffuse, low-amplitude signals and sharp,

focal signals, while keeping strong control over family-wise

error.10 Moreover, while cluster-based inference requires an

adjustment to ensure homogeneity of the local smoothness,

TFCE inference is robust to nonstationarity.24 Several recent

studies transversely adopted TFCE in several neuroimaging

modalities, and it was demonstrated that it improves the sen-

sitivity of VBM statistical analysis in neurodegenerative and

psychiatric diseases.8-10

Our goal was to detect structural anomalies in the under-

researched condition of ASD with ID, also directly comparing

it with nonsyndromic ID, and to verify the improvement of

structural anomaly detection in neurodevelopmental disor-

ders by using TFCE. In this study, no significant voxelwise

differences among the groups survived correction for multiple

comparisons by using a classic parametric VBM approach, and

significant voxelwise differences among the groups survived

correction for multiple comparisons by using a TFCE non-

parametric statistical approach. The cortical and subcortical

alterations in ASD with ID are discussed in the following

paragraphs.

FIG 1. TFCE nonparametric analysis (P � .05 family-wise error– corrected) based on unsmoothed images. A, ASD with ID shows cortical and
subcortical GM decrease (red) and WM decrease (yellow) in comparison with TD. B, ID shows subcortical GM decrease (green) in comparison
with TD. C, ASD with ID shows cortical GM decrease (blue) in comparison with ID.
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Widespread Focal Cortical Alterations in ASD with ID
Local GM volume decrease was distributed throughout the lobes

in ASD with ID. The larger the smoothing kernel applied during

image preprocessing, the larger were the blobs. When no smooth-

ing was applied, anomalies were characterized by a focal appear-

ance, the attenuation of which seemed not constant across the

cortical lobes. Indeed, such attenuation seemed to follow a nega-

tive gradient from the ventromedial prefrontal cortex to the oc-

cipital and temporal regions, through the cingulate and medial

parietal cortex. Image smoothing did impact on anomaly focality

and made it difficult to observe the variation of focal abnormality

attenuation across the lobes. Thus, we showed the results based on

unsmoothed images. However, we used the analysis based on

smoothed images to exclude results based on the unsmoothed

images being due to noise and to make classic and TFCE-based

VBM analyses comparable (ie, the same preprocessing pipeline).

The TFCE method allows the use of unsmoothed images that in

turn, allows investigating focal cortical anomalies.

Among the cortical regions altered in ASD with ID, significant

differences in the frontocingulate-parietal cortex were also de-

tected between ASD with ID and ID, while ID had no significant

anomalies in cortical regions. The frontocingulate-parietal net-

work involves cortical areas that some authors have assumed to

underlie general intelligence,25 while others are associated with

specific higher cognitive abilities, such as working memory or

executive functions.26 The present study suggests that the fronto-

cingulate-parietal cortex may be the eligible key region for further

investigations aiming at detecting imaging biomarkers in ASD

with ID.

The widespread focal cortical anomalies in ASD with ID

shown in the present study might be related to patches of disor-

ganization in the neocortex27; subtle focal cortical dysplasias are

most abundant within the prefrontal lobes and are explicitly as-

sociated with focal and distributed thinning of the cortex in post-

mortem investigations.28

Corpus Callosum Alterations in ASD with ID
The genu and body of the CC showed decreased local WM volume

in ASD with ID. The CC is one of the most consistently altered

regions in ASD, according to conventional MR imaging29 and

DTI.30 The anterior sector of the CC seems to be more involved

than the posterior sectors.31 WM decrease in the genu and body of

the CC supports the hypothesis of impaired interhemispheric

communication, particularly involving the frontal and parietal

regions.

No significant differences were detected in the CC by compar-

ing ASD with ID and ID as well as ID and TD. Diffusion MR

imaging studies are needed to subcharacterize the WM in ASD

with ID.

Basal Ganglia Alterations Shared between ASD with ID
and ID
Alterations of the basal ganglia were repeatedly described in pa-

tients with ASD, and they were often found to correlate with im-

paired motor performance or repetitive and stereotyped behav-

ior.32,33 Alterations in the basal forebrain were also previously

described in patients with ASD with ID.6 The basal forebrain

comprises a group of structures located in the medial and ventral

surface of the frontal lobe, implicated in a number of cognitive

functions and social behavior patterns.34

In the present study, local volumetric anomalies in the basal

ganglia and basal forebrain were detected in both ASD with ID

and ID. Further multimodal research in the complex basal ganglia

system is needed to deepen the role of basal ganglia alteration in

neurodevelopmental disorders.

Present Limitations and Future Prospects
One limitation of the present study may be the restricted number

of participants (75 children in total). Twenty-five participants in

each group were the largest sample available, taking into account

image artifacts, exclusion criteria, IQ matching between the 2

clinical groups, and age matching among the 3 groups. Larger

samples would also allow studying the dynamics of the structural

anomalies across ages. Although our experimental model con-

trolled for sex differences and related total volume differences, the

study would have benefited from sex matching and a balanced sex

ratio.

In addition, the comparison with a group with ASD and nor-

mal intelligence would deepen the comprehension of the struc-

tural anomalies in ASD with ID.

The administration of propofol to only TD children younger

than 6 years of age might impact the results. To exclude this out-

come, we performed quantitative image quality control by the

relevant tool available in VBM8, besides a qualitative visual check

of original and preprocessed images. The images of the unsedated

TD subjects did not differ from those of subjects who were admin-

istered propofol.

Future neuroimaging research ought to focus on studying the

different features that characterize the cortical surfaces (ie, inten-

sity, cortical thickness, surface area, sulcal depth, gyrification) in

ASD with ID, taking into account the focal nature of the expected

anomalies. In light of the recent postmortem studies on the lam-

inar architecture in ASD,27,28 the investigation into each of the 6

cortical layers would be crucial. However, in vivo detection of a

particular cortical layer is still a challenge for MR brain imaging

and future developments might allow ultra-high-resolution ac-

quisitions in clinical settings.

CONCLUSIONS
The present voxelwise structural MR imaging investigation shows

widespread focal cortical anomalies and subcortical alterations in

ASD with ID. The comparison with nonsyndromic ID suggests

the frontocingulate-parietal cortex as the key region eligible for

further investigations to detect imaging biomarkers in ASD with

ID. The detection of structural alterations in neurodevelopmental

disorders may be dramatically improved by the TFCE statistical

approach.
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In Vivo T1 of Blood Measurements in Children with Sickle Cell
Disease Improve Cerebral Blood Flow Quantification from

Arterial Spin-Labeling MRI
X L. Václavů, X V. van der Land, X D.F.R. Heijtel, X M.J.P. van Osch, X M.H. Cnossen, X C.B.L.M. Majoie, X A. Bush, X J.C. Wood,

X K.J. Fijnvandraat, X H.J.M.M. Mutsaerts, and X A.J. Nederveen

ABSTRACT

BACKGROUND AND PURPOSE: Children with sickle cell disease have low hematocrit and elevated CBF, the latter of which can be
assessed with arterial spin-labeling MR imaging. Quantitative CBF values are obtained by using an estimation of the longitudinal relaxation
time of blood (T1blood). Because T1blood depends on hematocrit in healthy individuals, we investigated the importance of measuring T1blood

in vivo with MR imaging versus calculating it from hematocrit or assuming an adult fixed value recommended by the literature, hypothe-
sizing that measured T1blood would be the most suited for CBF quantification in children with sickle cell disease.

MATERIALS AND METHODS: Four approaches for T1blood estimation were investigated in 39 patients with sickle cell disease and subse-
quently used in the CBF quantification from arterial spin-labeling MR imaging. First, we used 1650 ms as recommended by the literature
(T1blood-fixed); second, T1blood calculated from hematocrit measured in patients (T1blood-hematocrit); third, T1blood measured in vivo with a
Look-Locker MR imaging sequence (T1blood-measured); and finally, a mean value from T1blood measured in this study in children with sickle cell
disease (T1blood–sickle cell disease). Quantitative flow measurements acquired with phase-contrast MR imaging served as reference values for CBF.

RESULTS: T1blood-measured (1818 � 107 ms) was higher than the literature recommended value of 1650 ms, was significantly lower than
T1blood-hematocrit (2058 � 123 ms, P � .001), and, most interesting, did not correlate with hematocrit measurements. Use of either
T1blood-measured or T1blood–sickle cell disease provided the best agreement on CBF between arterial-spin labeling and phase-contrast MR
imaging reference values.

CONCLUSIONS: This work advocates the use of patient-specific measured T1blood or a standardized value (1818 ms) in the quantification
of CBF from arterial spin-labeling in children with SCD.

ABBREVIATIONS: ASL � arterial spin-labeling; Hct � hematocrit; pCASL � pseudocontinuous ASL; PC-MRI � phase-contrast MR imaging; SCD � sickle cell disease;
T1blood � longitudinal relaxation time of blood

Sickle cell disease (SCD) is associated with a considerable risk of

stroke,1 which is reduced by blood transfusion therapy2 and

identified by screening blood flow velocities in intracranial arter-

ies with transcranial Doppler.3 Additionally, microvascular tissue

perfusion, or CBF, is also increased in patients with SCD4,5; which

is related to low hematocrit (Hct).6,7 CBF measurements are in-

strumental in understanding the pathophysiology of impaired

perfusion in the occurrence of silent cerebral infarcts in SCD.4,8,9

Noninvasive CBF measurements can be performed with arterial

spin-labeling (ASL) and a quantification model to calculate phys-

iological CBF values. The wide range of CBF values reported in the

literature in SCD1,4,9 emphasizes the need for either more accu-

rate estimates or direct measurements of the often-assumed pa-

rameters required for CBF quantification models.

The longitudinal relaxation time of the blood (T1blood) pa-

rameter accounts for the decay of the ASL signal with time, and
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inaccurate estimates of T1blood could result in over- or underesti-

mation of CBF.10-12 For healthy adults, with a stable Hct, a fixed

T1blood value of 1650 ms is recommended for CBF quantification

from pseudocontinuous ASL (pCASL) at 3T.13,14 T1blood is in-

versely correlated with Hct,10,13,15-19 and a linear relationship has

been proposed in the literature permitting the calculation of

T1blood from measured Hct values.12,13,16 While Hct ranges from

38% to 45% in healthy children,20 it is as low as 18%–30% in

children with SCD.21 Hence, if measured Hct values are available,

T1blood can be derived accordingly. However, recent studies suggest

that T1blood may additionally differ in children with SCD.12,22,23

Owing to recent developments in MR imaging, direct mea-

surements of the inversion recovery of T1blood are now possible by

combining a global inversion pulse and a subsequent section-

selective Look-Locker readout in the sagittal sinus.16,17 Patient-

specific, in vivo T1blood measurements are noninvasive, robust,

and fast, making them preferable to calculating T1blood from

blood samples. Our first hypothesis was that in vivo–measured

T1blood would be higher in children with SCD than the adult refer-

ence value of 1650 ms due to anemia. We also considered that con-

formational changes inherent to sickle red blood cells may produce

additional unforeseen changes in T1blood.12 We investigated the im-

portance of measuring patient-specific differences in T1blood for the

accuracy of ASL quantification in patients with SCD. We hypothe-

sized that patient-specific T1blood values acquired in vivo would im-

prove CBF quantification in SCD compared with CBF quantification

with T1blood calculated from Hct or T1blood-fixed at 1650 ms.

The aim of this study was to determine which of the following

4 T1blood derivatives would provide the best CBF quantification

compared with quantitative reference CBF values measured with

2D phase-contrast MR imaging (PC-MRI): 1) literature-recom-

mended adult T1blood of 1650 ms,14 2) T1blood calculated from

Hct, 3) in vivo–measured T1blood, or 4) a fixed average SCD value

from the mean T1blood measured in vivo in this study.

MATERIALS AND METHODS
Experiments were performed according to principles of the Dec-

laration of Helsinki, and the study was approved by the local

institutional review board at the Academic Medical Center,

Amsterdam, the Netherlands.

Patients
Eligible children were approached prospectively from 2 outpa-

tient clinics as described previously.24 Informed consent was ob-

tained from parents or guardians and children older than 12 years

of age. Inclusion criteria were HbSS or HbS�0 genotypes and

8 –17 years of age. Exclusion criteria were a history of stroke, ste-

nosis of the intracranial arteries and velocity of �155 cm/s on

transcranial Doppler imaging, current chronic blood transfusion

therapy, bone marrow transplant, MR imaging contraindications,

and major concomitant health problems. Patients were in a

steady-state of SCD, without evidence of infection or sickle cell

crisis up to 1 month before participation.

Hematocrit
Venous blood samples were drawn from an antecubital vein on

the day of the MR imaging assessment and processed according to

standard procedures in the hospital laboratory. Hct values were

used to calculate T1blood-Hct values.

MR Imaging Acquisition
Thirty-two children underwent 3T imaging on an Intera scanner

(Philips Healthcare, Best, the Netherlands) with an 8-channel head

coil, and due to a scanner upgrade, the remaining 8 children were

scanned at 3T on an Ingenia (Philips Healthcare) with a 15-channel

head coil. The protocol included 3D-TOF MRA, 2D T2-weighted,

T1blood, 2D pseudocontinuous ASL, and 2D phase-contrast

sequences.

The T1blood acquisition section was planned perpendicular to

the posterior sagittal sinus16 and comprised a multi time-point

inversion recovery experiment. This technique uses a global in-

version pulse followed by a series of 95° section-selective readout

pulses, which are intended to saturate the tissue surrounding the

sinus. Assuming complete replenishment of inverted blood be-

tween 2 consecutive pulses, a high contrast is achieved between

tissue and blood, allowing the detection of the inversion recovery

of blood. A nonselective adiabatic 180° inversion pulse (hyper-

bolic secant pulse, B1 value/duration of the pulse � 13.5 mT/13

ms) preceded a single section Look-Locker EPI readout (flip

angle, 95°; voxel size, 1.5 � 1.5 mm; matrix, 240 � 240 mm;

section thickness, 2 mm; TE/TR, 15/10,000 ms; TI1, 200 ms;

�TI, 150 ms; 60 readouts; 6 signal averages; scan duration, 1

minute 20 seconds).

A gradient-echo single-shot EPI pCASL sequence was used to

acquire perfusion-weighted images (75 subtracted label-control

pairs; resolution, 3 � 3 � 7 mm; FOV, 240 � 240 mm; 17 con-

tinuous axial sections; TE/TR, 17/4000 ms; flip angle, 90°; labeling

duration, 1650 ms; postlabeling delay, 1525 ms; background sup-

pression, 1680 and 2830 ms after a prelabeling saturation pulse;

scan duration, 10 minutes 7 seconds).

Quantitative flow measurements were obtained with a non-

triggered 2D single-section PC-MRI acquisition in the internal

carotid and vertebral arteries. Imaging parameters were the fol-

lowing: FOV, 230 � 230 mm; voxel size, 0.45 � 0.45 mm; TR/TE,

15/5 ms; flip angle, 15°; maximum velocity-encoding, 140 cm/s;

section thickness, 4 mm; scan duration, 1 minute.

Table 1: Demographic and clinical characteristics
Demographic or Clinical Parameter Mean and SD
Total No. 39
Females (No. and % of total) 16 (41%)
Males (No. and % of total) 23 (59%)
Age (yr) 12 � 2
Hematocrit (%) 23 � 3
Hemoglobin (g/d/L)a 8.4 � 1.1
Hemoglobin F (%)b 10 � 6
Hemoglobin A2 (%)c 4.8 � 1
Hemoglobin S (%) 84 � 5
Mean corpuscular volume (mL)d 82 � 10
Mean corpuscular hemoglobin

concentration (mmol/L)e
21 � 0.6

a Normal range reference values: Hb � 10 –16.
b HbF � 1%.
c HbA2 � 2–3.
d MCV � 75–95.
e MCHC � 19.0 –22.5.
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Data Postprocessing

T1blood. Blood-filled voxels within the sagittal sinus were selected on

the basis of the highest signal intensity. Voxel values were subse-

quently averaged, and the data were fitted to a 3-parameter model

(Nealder-Mead method; MathWorks, Natick, Massachusetts), with

the parameters M0, Offset, and T1blood,
17 and solved for T1blood:

1) M�nTI	 � abs�M0 �

�1 � 2 � exp� �
Offset � TI1 � �nTI � 1	 � �TI

T1blood
��� ,

where M models the T1 recovery from the data, nTI is the

readout number, abs denotes the absolute values, M0 is the net

magnetization, “Offset” accounts for imperfect inversion, TI1 is

200 ms, and �TI is the sampling interval (150 ms). The sum of

squared errors of the final (optimal) iteration after solving the

Nealder-Mead function indicated how well the data fitted the

model and served as a quality check.

Cerebral Blood Flow. Raw pCASL data were processed as described

previously25 by using a processing pipeline for the registration and

quantification of the data. A 2-compartment quantification model

was used, as published in detail previously9,26 (except that the equi-

librium magnetization of arterial blood was derived from the M0 of

CSF multiplied by the blood-water partition coefficient,27 and label-

ing efficiency was 0.7). The T1blood parameter was adjusted for each

CBF quantification as follows: first, adult fixed T1blood of 1650 ms

taken from literature13; second, patient-specific Hct-calculated

T1blood values16; third, patient-specific in vivo–measured T1blood

values; and finally an average T1blood value

obtained from the mean of in vivo T1blood

measurements in our patients with SCD.

T1blood-Hct was calculated per patient ac-

cording to the relationship proposed by

Varela et al16 derived from venous blood

in neonates:

2) T1blood �
1

0.5 � Hct � 0.37
.

PC-MRI. The internal carotid and verte-

bral arteries were segmented manually

from phase difference images by using

ITK-SNAP (http://www.itksnap.org) to

obtain total flow (milliliters per minute). Total flow was then

divided by brain mass (gram), which was calculated from the

product of the volume (estimated from segmented anatomic im-

ages in SPM8; http://www.fil.ion.ucl.ac.uk/spm/software/spm12)

and an assumed brain density of 1.05 g/L,28 to obtain PC-MRI

CBF in milliliters/100 g/min,29 which served as the reference value

for CBF.22,29

Statistical Analysis
A Pearson correlation was performed between T1blood-measured

and Hct. Repeated-measures ANOVA was used to test the statis-

tical significance of the differences among the 5 CBF quantifica-

tion methods: 1) CBF (T1blood-fixed at 1650 ms), 2) CBF

(T1blood-Hct), 3) CBF (T1blood-measured in vivo, 4) CBF (T1blood-

SCD fixed at the average measured value), and 5) PC-MRI reference

CBF. Paired t tests were used to test the statistical significance of

individual group differences post hoc. Agreement between PC-MRI

and the 4 ASL methods was investigated with linear regression and

Bland-Altman analyses in Matlab (MathWorks, Natick, Massachu-

setts). Linear regression analysis was performed to show agreement

between PC-MRI and the 4 CBF quantification methods from ASL.

Bland-Altman analysis was performed to indicate the bias corre-

sponding to over- or underestimation of the ASL CBF method com-

pared with the PC-MRI method. The limits of agreement (dotted

lines) indicate the 95% confidence intervals.

RESULTS
Demographic and clinical characteristics are summarized in Table 1.

One patient’s T1blood scan was discarded due to poor image quality,

so the mean CBF values from pCASL are based on 39 datasets. For

PC-MRI, only 33 datasets were of sufficient quality to quantify refer-

ence CBF.

Measured T1blood

The mean Hct was 23% � 3% for 39 children. The mean T1blood-

measured value was 1818 � 107 ms, which was significantly lower

than mean T1blood-Hct values (2045 � 69 ms; paired t test, P � .001)

but higher compared to the fixed adult value of 1650 ms. T1blood-

measured was not significantly different between scanners (t test, P�

.94). Figure 1A shows a representative inversion recovery curve from

1 patient as a function of the sum of least-squares fit. The sum of

squared errors from fitting the T1blood-measured values to the model

is shown in On-line Fig 1. T1blood-measured values did not correlate

FIG 1. A, Representative inversion recovery of the venous T1blood signal acquired in the sagittal
sinus in a child with sickle cell disease. B, In vivo–measured T1blood values are significantly lower
than Hct-derived T1blood values. T1blood-measured does not correlate with patient hematocrit
(mean Hct, 23% � 3%) (Pearson r � 0.02, P � .89; n � 39).

Table 2: T1blood values and corresponding CBF values quantified
from ASLa

T1blood Method (Value)
ASL-CBF

(mL/100 g/min)
P

Value
T1blood-fixed Literature (1650 ms) 114 � 13 �.05
T1blood-Hct Calculated from patient’s

hematocrit (variable)
95 � 10 �.05

T1blood-
measured

Measured with MR in vivo in
patients with SCD (variable)

106 � 14 NS

T1blood-SCD Mean of T1blood-measured
(1818 ms)

105 � 12 NS

Note:—NS indicates not significant.
a Repeated-measures ANOVA was performed to test the significance (P in the final
column) of differences between CBF from ASL and reference CBF obtained from
phase-contrast MRI flow measurements.
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with Hct values measured from blood samples (r � 0.02, P � .89; Fig

1B) or with age (r � 0.03, P � .85) and did not differ significantly

between males and females (t test, P � .37).

Cerebral Blood Flow
Four CBF quantification methods were compared with PC-

MRI CBF, the results of which are summarized in Table 2.

Linear regression analyses between PC-MRI and pCASL CBF

are shown in the left panel of Fig 2 and

reveal slopes significantly different

from zero for all CBF quantifications

except for the T1blood-Hct CBF quan-

tification. The Bland-Altman plots in

the right panel of Fig 2 show the bias

and limits of agreement for the mean

and the difference between the mea-

surements. T1blood-fixed overesti-

mated CBF and T1blood-Hct underes-

timated CBF, while the individual in

vivo T1blood-measured values and

mean T1blood-SCD value provided the

best agreement with PC-MRI values,

both on an absolute level, revealed by

no significant difference between PC-

MRI and CBF in the repeated-mea-

sures ANOVA analysis (Table 2), but

also on a one-to-one basis, as demon-

strated in the linear regression plots

(Fig 2). A representative example of

CBF maps quantified with T1blood-

measured from 2 patients is shown in

Fig 3.

DISCUSSION
We demonstrate that in vivo–measured

venous T1blood values in children with

SCD were higher than the literature-rec-

ommended 1650 ms, were not signifi-

cantly correlated with measured Hct, and

were lower than the Hct-derived values for

T1blood. CBF quantified with in vivo–mea-

sured T1blood provided better agree-

ment with PC-MRI reference mea-

surements than CBF quantified with

fixed adult T1blood and Hct-derived

T1blood.

T1blood and Hematocrit
Previous literature suggests that healthy

children 6 –18 years of age (assuming a

stable Hct of 40%– 45%) have T1blood

values between 1680 and 1880 ms.18 In

this study, in patients with a much lower

Hct than healthy children, we measured

T1blood values closer to the upper range

of the literature-reported T1blood val-

ues.18 Yet, our T1blood values were lower

than expected, considering the low Hct

values obtained from our patients’ blood samples. It is unlikely

that we underestimated T1blood due to sequence-related limita-

tions because the Look-Locker T1 technique has previously pro-

vided robust results in the same ROI.16,17,27

Reports of T1blood values ranging from 1500 to 2100 ms follow

a linear relationship with Hct between 23% and 50%.13,16,18 It is
possible that we did not have sufficient precision to detect this
inverse relationship in our dataset or that the range of Hct values

FIG 2. Linear regression and Bland-Altman plots between CBF values measured with PC-MRI and ASL,
which was quantified by using 4 different T1blood values: a fixed literature value of 1650 ms (CBF
T1blood-fixed) (A and B); T1blood calculated from hematocrit (CBF T1blood-Hct), T1 � 0.5*Hct
0.37 (C
and D)16; in vivo–measured T1blood (CBF T1blood-measured) (E and F); and a fixed SCD value obtained
from the mean of the in vivo–measured T1blood (CBF T1blood-SCD) (G and H). The left panel shows linear
regressions (solid line), and the right panel shows the mean on the x-axis versus the difference on the y-axis
between pCASL and PC-MRI CBF with limits of agreement (dotted lines above and below) (n � 33).
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was too narrow in our patients (17%–32%). Abnormalities in
SCD blood, other than low Hct, may account for the incongruity
between T1blood and Hct measured here. While we did not mea-
sure blood rheology, abnormalities such as decreased red blood
cell deformability, increased aggregation, and increased viscosity
have been demonstrated consistently.21,30-34 Furthermore, red
blood cells in SCD exhibit different membrane properties and
viscosity, which may have reduced T1blood due to shrinkage of
cells and therefore lower water content.35

CBF Quantification
Our CBF results fall within the large range of reported values in chil-

dren with SCD (�70–150 mL/100 g/min).1,4,9,36,37 The necessary

reliance on a quantification model for obtaining physiologically

meaningful CBF values means that the method is sensitive to the

assumptions of the model used, which could differ between
healthy adults and children with SCD. The fact that measured
T1blood ameliorates the CBF quantification but Hct-calculated
T1blood does not opposes the use of Hct-corrected CBF quantifi-
cation in SCD and, instead, advocates the use of measured
T1blood. T1blood measurements are advantageous over Hct-cal-
culated T1blood because they are faster (1 minute 20 seconds)
and less invasive. In the absence of T1blood measurements, we
propose using a mean value of 1818 ms, as measured in this
study in children with SCD, which would suffice in improving
the absolute agreement with PC-MRI for CBF quantification
from ASL.

Limitations
This study should be considered in light of the technical limita-

tions of the T1blood measurement and the potentially inaccurate

reference flow measurements from PCMR.

Whereas T1blood measurements were acquired in venous blood,

the quantification model requires arterial estimates. However, be-

cause we compared venous T1blood measurements with T1blood val-

ues derived from venous Hct, the potential mismatch would have

been similar for both methods. Moreover, we demonstrate that the

measured venous T1blood, used to quantify CBF, improved the agree-

ment with independently acquired flow measurements in arterial

vessels with PC-MRI, which shows that although the arterial mea-

surement may be better, the venous measurement is sufficient.

PC-MRI as a surrogate for CBF could be critiqued for CBF over-

estimation due to partial volume effects38 and inaccurate brain den-

sity estimates or underestimated flow due to noncardiac-triggered

acquisition. Still, recent literature suggests that errors in flow values

associated with nontriggered 2D PC-MRI are �3% compared with

triggered acquisitions.29,39 Despite these limitations, a recent study

has shown high agreement (intraclass correlation coefficient, 0.73)

between PC-MRI and pCASL,40 emphasizing that PC-MRI is cur-

rently the best noninvasive reference for pCASL CBF.

CONCLUSIONS
Inaccurate T1blood estimates can be a major confounder for quan-

titative perfusion assessment from ASL. Patient-specific, in vivo–

measured T1blood measurements provided more accurate CBF

values than T1blood derived from Hct values. To avoid overesti-

mation of CBF in SCD, we recommend the use of a fixed value of

1818 ms (T1blood-SCD) for CBF quantification from ASL in SCD

if measured T1blood values are not available.
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FIG 3. Axial brain sections showing CBF from 2 representative examples of 2 fourteen-year-old boys with SCD. The upper row shows a patient
with low CBF and the lower row shows a patient with high CBF.
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Normal Developmental Globe Morphology on Fetal
MR Imaging

X M.T. Whitehead and X G. Vezina

ABSTRACT

BACKGROUND AND PURPOSE: Age-dependent structural changes of the globes occur during gestation. The posterolateral globe
margins bulge outward, and the eyes are conical in early gestation. Later, the globes are ellipsoid. The purpose of this study was to establish
normal developmental fetal globe morphology.

MATERIALS AND METHODS: The fetal MR imaging data base at an academic children’s hospital was queried for all brain MRIs performed during
8 years. Motion artifacts, brain/craniofacial/globe malformations, and chromosomal defects were exclusion criteria. Two board-certified neu-
roradiologists evaluated each examination for globe shape (elliptic/nonelliptic) and hyaloid visibility. Logistic regression was used to evaluate
correlations among variables. Age-specific cut-points for globe shape and hyaloid visibility were chosen to optimize specificity.

RESULTS: We identified 1243 examinations from 1177 patients. Six hundred eighty-two examinations met the inclusion criteria (17–39
weeks). Receiver operating characteristic analysis showed that age was highly predictive of globe shape (area under the curve � 0.99) and
fetal vasculature visibility (area under the curve � 0.94). Nonelliptic globes were universal up to 22 weeks. Thereafter, globes gradually
assumed an elliptic shape, present in nearly all patients 29 weeks and older (sensitivity, 81%; 95% CI, 76%– 85%; specificity, 99%; 95% CI,
98%–100%). The hyaloid vasculature was visible in most patients up to 19 weeks and occasionally in those at 20 –24 weeks, but never in
those 25 weeks and older (sensitivity, 69%; 95% CI, 65%–72%; specificity, 100%; 95% CI, 95%–100%).

CONCLUSIONS: Physiologic nonspheric globe shapes are normal up to 29 weeks’ gestation and should not be misinterpreted as pathologic.
Thereafter, globes are generally elliptic. The timing of this process coincides with the resolution of the primary vitreous and may be related.

The eyes are complex organs of sight. Primordial ocular tissue

originates at the end of the first gestational month, just before

neural tube closure, as paired projections from the basal fore-

brain. Ectoderm, mesoderm, and neural crest cells all contribute

to the formation of the mature globe and related orbital compo-

nents.1 During gestation, the globes undergo progressive enlarge-

ment, corresponding best to a quadratic curve.2-4 The composi-

tion of the largest segment of the eye, the vitreous chamber,

changes during gestation as well. The primary vitreous transmits

primitive vasculature called the “hyaloid artery,” which supports

the developing vitreous and lens. Then, the primary vitreous is

replaced with secondary (mature) vitreous in normal situations.

Meanwhile, the hyaloid vasculature regresses contemporaneously

for weeks, sometime during the second and third trimesters.5-9

As the ocular globes grow and develop, their shapes evolve

from asymmetric elongated/conical toward a nearly spheric, ellip-

tical morphology. Ellipsoid globe shape is not typically achieved

until late in gestation. On fetal MR imaging, the developing globes

display a focal convexity along their posterolateral margins in the

axial plane and a conical, keel shape in the sagittal plane. Knowl-

edge of age-specific fetal globe anatomy is necessary to distinguish

normal development from structural pathology as can be seen in

diseases such as microphthalmia, coloboma, and persistent fetal

vasculature, all of which may be occasionally associated with var-

ious syndromes and chromosomal defects.2,10 The purpose of this

study was to establish the normal morphologic appearance of the

developing globes at different gestational ages.

MATERIALS AND METHODS
This Health Insurance Portability and Accountability Act– com-

pliant retrospective study was performed after institutional re-

view board approval. The fetal MR imaging data base at a single
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academic children’s hospital was queried for all fetal brain MR

imaging examinations performed during an 8-year period

(February 2007 to February 2015). Examinations with excessive

motion artifacts, structural brain and craniofacial malformations,

brain growth retardation, and overt globe malformations were

excluded. Gestational age at the time of imaging was extracted

from each patient’s medical record. Gestational age was estab-

lished by the clinicians caring for the patient on the basis of the last

menstrual period and sonographic data.

Studies were performed on a 1.5T

MR imaging scanner (GE Healthcare,

Milwaukee, Wisconsin; or Siemens, Er-

langen, Germany). Sequences included

multiplanar single-shot fast spin-echo

T2-weighted images (flip angle, 90°; TR/

TE, 910 –1090/60 –160 ms; 2- to 5-mm

section spacing with no gap; NEX, 0.53;

echo-train length, 1); multiplanar heav-

ily T2WI (“hydrography” or “fetogra-

phy”) (flip angle, 90°; TR/TE, 5000/163

ms; 2- to 5-mm section spacing with no

gap; NEX, 0.54; echo-train length, 1)

(GE Healthcare); or multiplanar half-

Fourier acquisition single-shot turbo

spin-echo images (flip angle, 150°; TR/

TE, 1270/80 ms; 3- to 5-mm section

spacing with no gap; NEX, 1; echo-train

length, 250) (Siemens).

A qualitative structural analysis of

bilateral fetal globes was undertaken by

2 fellowship-trained neuroradiologists

with American Board of Radiology sub-

specialty certificates in neuroradiology.

Gestational ages were not provided to

the reviewers before interpretation.

Both readers had �4 years of clinical ex-

perience after subspecialty board certifi-

cation. Although the entire imaging da-

taset included visibility of the brain and

globes, reviewers were careful to focus

on the appearance of the globes and ig-

nored the brain to the extent possible.

Each reader reviewed 200 cases indepen-

dently with excellent interreader reli-

ability (Cohen � coefficient � 0.98). The

few initial discrepancies between readers

were resolved in consensus. A consensus

reading was also reached in all other

cases.

Ocular globes were assessed in axial,

sagittal, and coronal planes. Ocular

globe shape was recorded either as “ellip-

tic,” “nonelliptic,” or “transitional.” All

intermediate, ambiguous, and mild

cases of nonellipsoid globe morphology

in �1 imaging plane were considered

“transitional.” For statistical simplicity,

transitional and definitively nonelliptic cases were grouped to-

gether and considered “nonelliptic.” Hyaloid vasculature was

noted to be either present or absent on the basis of whether tubu-

lar/linear hypointense signal was seen extending from the poste-

rior globe margin to the lens.

Data Collection and Statistics
Data were stored and analyzed by using an Excel 2011 spreadsheet

(Microsoft, Redmond, Washington). Logistic regression analyses

Sensitivity 69% (CI 65–72%) 
Specificity 100% (CI 95–100%)

Sensitivity 81% (CI 76–85%) 
Specificity 99% (CI 98–100%)

FIG 1. Receiver operating characteristic curves demonstrate sensitivity (true-positive) versus
1-specificity (false-positive) of MR imaging of the fetal brain for elliptic globe shape (X) and hyaloid
vasculature visibility (diamond) as a function of age.

Frequency of hyaloid visibility and elliptic, transitional, nonelliptic, and combined
transitional and noneliptic globe morphology at various gestational ages (16 –39 weeks)

GA F H (F) H (%) E (F) E (%) T (F) T (%) NE (F) NE (%) T + NE (F) T + NE (%)
17 7 6 86 0 0 0 0 7 100 7 100
18 16 9 89 0 0 0 0 16 100 16 100
19 37 23 62 0 0 0 0 37 100 37 100
20 60 13 22 0 0 0 0 60 100 60 100
21 48 13 27 0 0 0 0 48 100 48 100
22 50 6 12 0 0 3 6 47 94 50 100
23 28 2 7 0 0 3 11 25 89 28 100
24 18 3 17 0 0 5 27 13 73 18 100
25 29 0 0 6 21 18 62 5 17 23 79
26 27 0 0 11 46 16 59 0 0 16 59
27 38 0 0 17 45 21 75 0 0 21 75
28 43 0 0 32 74 11 6 0 0 11 6
29 34 0 0 33 97 1 3 0 0 0 0
30 30 0 0 30 100 0 0 0 0 0 0
31 41 0 0 40 98 1 2 0 0 1 2
32 31 0 0 31 100 0 0 0 0 0 0
33 30 0 0 30 100 0 0 0 0 0 0
34 34 0 0 34 100 0 0 0 0 0 0
35 33 0 0 33 100 0 0 0 0 0 0
36 15 0 0 15 100 0 0 0 0 0 0
37 21 0 0 21 100 0 0 0 0 0 0
38 8 0 0 8 100 0 0 0 0 0 0
39 3 0 0 3 100 0 0 0 0 0 0

Note:—GA indicates gestational age in weeks; F, frequency; H, hyaloid vasculature; E, elliptic; T, transitional globe
morphology/mild nonellipsoid shape; NE, nonelliptic.
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were used to evaluate the relationship between age and globe

shape as well as age and visibility of hyaloid vasculature. Receiver

operating curve characteristics were subsequently calculated. Sen-

sitivity and specificity at each gestational week data-point were

calculated to determine the optimal cut-points for visibility of

fetal vasculature and ellipsoid globe morphology. Cut-points

were chosen to optimize specificity at the expense of sensitivity. P

values � .05 were considered significant.

RESULTS
We reviewed 1243 examinations from 1177 patients; 561 examina-

tions were excluded. Six hundred eighty-two examinations from pa-

tients of 17–39 weeks’ gestational age met the inclusion criteria

(mean, 27 � 0.4 weeks’ gestation). Receiver operating characteristic

analysis showed that age was highly predictive of globe shape (area

under the curve � 0.99) and visibility of the fetal vasculature (area

under the curve � 0.94) (Fig 1). Gestational age cut-points were

determined to be 29 weeks (sensitivity, 81%; 95% CI, 76%–85%;

specificity, 99%; 95% CI, 98%–100%) and 25 weeks (sensitivity,

69%; 95% CI, 65%–72%; specificity, 100%; 95% CI, 95%–100%) for

the presence of elliptic globes and the absence of fetal vasculature,

respectively (Fig 1). Globe morphology

and internal signal corresponding to the

presence or absence of hyaloid vasculature

changed during gestation (Table and Fig 2).

All globes were generally symmetric to

one another in shape bilaterally. Nonellip-

tic globe morphology (focal convexity of

the posterolateral margins) was universal

until 22 weeks’ gestation in both the axial

and sagittal planes (Figs 3 and 4A, -B).

Thereafter, globe morphology gradually

changed. At 22–24 weeks, most patients

had nonelliptic globes (sagittal and axial

planes), and a few were transitional, ap-

proaching an elliptic shape (abnormal

only on axial images). At 25–28 weeks, no-

ticeably milder changes occurred, with mi-

nor nonelliptic globe morphology gener-

ally only visible in the axial plane in most

patients. At 29 weeks and beyond, almost

all patients demonstrated elliptic globe

morphology with no more than minimal

contour deformity noted (Fig 4 and

Table). All patients with follow-up fetal MR

imaging examinations (n � 25) had pro-

gression of globe morphology toward an el-

liptic shape in accordance with this timeline.

The hyaloid vasculature was visible

in most patients up to 19 weeks, then

occasionally up to 24 weeks (Fig 5). After

that, the hyaloid vasculature system was

no longer detectable.

DISCUSSION
The embryologic origin of the ocular

globe and its components is varied and

complex. Multiple cell types contribute

to ocular formation, including neuroectoderm, surface ectoderm,

mesoderm, and neural crest cells. Thus, globe malformations can

be seen in conjunction with craniofacial and brain malformations

and as part of a number of syndromes. On imaging, eye abnor-

malities may take the form of alterations in size and/or shape of

the ocular globes, either symmetric or asymmetric, underscoring

the importance of in utero globe structure assessment. Size and

shape asymmetries can be found in both acquired diseases (eg,

infectious, inflammatory, or ischemic injury) and congenital pro-

cesses (eg, microphthalmia, colobomas, persistent fetal vascula-

ture, chromosomal abnormalities, and dystroglycanopathies).2,10

Furthermore, abnormalities of globe structure may impart valu-

able information regarding the integrity of the brain and sur-

rounding craniofacial structures.

The primary vitreous appears in the first gestational month, be-

gins to regress at the end of the first trimester, and is nearly com-

pletely replaced by the secondary vitreous by 30 weeks.1,6,9-11 The

hyaloid vasculature is a marker for the primary vitreous; it involutes

in conjunction with the primary vitreous but may persist until the

34th gestational week.12 The hyaloid artery and canal are small struc-

FIG 2. Age-related changes in globe morphology and hyaloid vasculature visibility from 17 to 39
weeks’ gestation.

FIG 3. Sagittal (A) and axial (B) “fetography” T2WI (TR/TE, 5000/163 ms) of a normal fetal brain at
20 weeks’ gestational age. The globe morphology is conical, with angulation of its posterior
(arrows, A) and posterolateral (arrows, B) margins.
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tures that challenge the resolution of imaging. On sonography, the

hyaloid artery is normally seen up to the beginning of the third tri-

mester and can be seen up to 28–30 gestational weeks.6,8,9 Sono-

graphic visibility of the hyaloid vascular system after 30 weeks is ab-

normal and indicates residual primary vitreous or persistent fetal

vasculature. Persistent fetal vasculature is generally unilateral. Bilat-

eral persistent fetal vasculature should raise a differential diagnosis of

Walker-Warburg syndrome, Norrie disease, and chromosomal

trisomies.6,10,13

Sparse literature exists regarding the regression of the hya-

loid system on fetal MR imaging; however, hyaloid vasculature

is not generally visible after 20 weeks.10 Our findings are in

general agreement in that most examinations performed after

20 weeks had homogeneous vitreous signal; however, we did

identify anteroposteriorly oriented linear hypointense signal

traversing the vitreous in several patients of 17–24 weeks’ ges-

tational age, more commonly in younger patients, consistent

with components of the hyaloid vascular system. The hyaloid

vasculature is not normally visible in patients 25 weeks or older

on MR imaging, assuming an identical imaging technique. Hy-

aloid visibility beyond this time should raise suspicion of per-

sistent fetal vasculature.

Mature fetal globe shapes are generally described as round or

spheric. However, Li et al3 reported that the normal fetal globe

shape is better classified as elliptic because globes are consistently

larger in the transverse than the anteroposterior dimension

throughout gestation. Our study demonstrates that elliptic ocular

globe morphology is not fully achieved until the third trimester.

Convexity of the posterolateral globe margins in the axial plane

and conical, keel-shaped globes in the sagittal plane are transient

and normal in the early developing eyes. This morphology may

persist until around 29 weeks. Thereafter, the globes assume a

nearly round or elliptic shape. Nonelliptic globes in patients older

than 29 weeks’ gestational age should raise suspicion of possible

structural pathology. Most important, our study also shows that

ocular globe morphology is symmetric on fetal MR imaging in the

second and third trimesters (17–39 weeks) under normal circum-

stances. All apparent asymmetries between the ocular globes

should be closely inspected; definitive asymmetries should be

considered pathologic unless proved otherwise.

Limitations of this study include its retrospective design and

the inability to ensure that each patient’s ocular globes were en-

tirely normal. However, globe morphology differences were con-

sistent among patients during gestation. Motion artifacts could

have caused apparent shape alterations and ghosting artifacts that

simulated the hyaloid vascular system. Some degree of patient

motion artifacts was an inevitable limitation; however, examina-

tions with excessive motion artifacts were excluded. Although

gestational ages were not provided to the readers during assess-

ment and the brain was ignored to the extent possible when as-

sessing the globes, images of the brain were visible to the reader in

each study, potentially introducing an interpretation bias. However, be-

tween 23 and 28 weeks of gestation, when globe shapes transition from

nonelliptic to elliptic, the extent of brain sulcation and gyration changes

only modestly, whereas anterior frontal lobe sulcation near the orbits

does not. Therefore, it was relatively easy for the readers to remain unin-

formed as to the gestational age during these critical weeks.

CONCLUSIONS
Physiologic nonelliptic globe shapes are normal up to 29 weeks’

gestation and should not be misinterpreted as pathologic. There-

after, the ocular globes assume an elliptic morphology. Transient

symmetric, nonelliptic globes with convexity of the posterolateral

margins are a normal developmental phenomenon. The timing of

this process coincides with the resolution of the primary vitreous

and hyaloid vasculature and may be related. Any major morpho-

logic asymmetry between the ocular globes should be considered

pathologic.

FIG 4. Sagittal (A) and axial (B) T2 HASTE (TR/TE, 1270/80 ms) of a normal fetal brain at 18 weeks’ gestational age. The globe morphology is conical
with angulation of its posterior (arrows, A) and posterolateral (arrows, B) margins. Follow-up sagittal (C) and axial (D) T2 HASTE (TR/TE, 1270/81
ms) of a normal fetal brain from imaging performed on the same patient at 30 weeks’ gestational age. Ocular globe morphology is round/elliptic
in the axial and sagittal planes. Fetal vasculature is not visible.

FIG 5. Sagittal single-shot fast spin-echo T2WI (TR/TE, 1087/56 ms) of a
normal fetal brain at 19 weeks’ gestation. Linear hypointense signal ex-
tending from the posterior margin of the lens through the vitreous to-
ward the apex represents the hyaloid vasculature (arrow).
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ORIGINAL RESEARCH
PEDIATRICS

Gray Matter Growth Is Accompanied by Increasing Blood Flow
and Decreasing Apparent Diffusion Coefficient

during Childhood
X N.D. Forkert, X M.D. Li, X R.M. Lober, and X K.W. Yeom

ABSTRACT

BACKGROUND AND PURPOSE: Normal values of gray matter volume, cerebral blood flow, and water diffusion have not been established
for healthy children. We sought to determine reference values for age-dependent changes of these parameters in healthy children.

MATERIALS AND METHODS: We retrospectively reviewed MR imaging data from 100 healthy children. Using an atlas-based approach,
age-related normal values for regional CBF, apparent diffusion coefficient, and volume were determined for the cerebral cortex, hip-
pocampus, thalamus, caudate, putamen, globus pallidus, amygdala, and nucleus accumbens.

RESULTS: All gray matter structures grew rapidly before the age of 10 years and then plateaued or slightly declined thereafter. The ADC
of all structures decreased with age, with the most rapid changes occurring prior to the age of 5 years. With the exception of the globus
pallidus, CBF increased rather linearly with age.

CONCLUSIONS: Normal brain gray matter is characterized by rapid early volume growth and increasing CBF with concomitantly decreas-
ing ADC. The extracted reference data that combine CBF and ADC parameters during brain growth may provide a useful resource when
assessing pathologic changes in children.

ABBREVIATION: ASL � arterial spin-labeling

At birth, brain volume is approximately one-third that of a

healthy adult brain and undergoes rapid growth during the

first 3 months.1 By the age of 1 year, brain volume has already

doubled in size.2 Initially, most hemispheric growth relates to an

increase in gray matter volume,3 thought to reflect synapse for-

mation occurring earliest in the primary motor and sensory cor-

tices and later in the prefrontal cortex,4 directing a posterior-to-

anterior pattern of hemispheric white matter maturation.5 After

the first few years, white matter volume increases at a higher rate

during the rest of the childhood,6 while synaptic pruning occurs

concurrently in the gray matter.4

Compared with macrostructural analysis using image-based

volume extraction, diffusion-weighted MR imaging can be used

to probe microstructural changes, including myelination pat-

terns7,8 and white matter connectivity,9 and has also shown utility

for brain tumor characterization10 and metabolic diseases.11 Var-

ious studies have examined apparent diffusion coefficient changes

of white matter in children.12-14 However, at present, the ADC

of the gray matter, notably at the cortical level, is not well-

documented.

While volumetric and diffusion analysis can be used to probe

macro- and microstructural changes, respectively, arterial spin-

labeling (ASL) cerebral blood flow is increasingly used clinically to

obtain advanced physiologic information.15-18 ASL may be par-

ticularly useful in the pediatric population because it does not

require intravenous contrast or ionizing radiation. However, only

a few studies have examined ASL CBF changes in children.19,20

These few studies have included ASL CBF of unsedated healthy

term and preterm neonates21 or infants 3–5 months of age.22

Apart from these 2 studies, normal values have also been assessed

as part of studies investigating CBF changes across the whole life

span with only limited data from children20 or for feasibility anal-

ysis of ASL imaging, also using only a limited number of healthy

children.19
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At present, no study has examined the CBF of a healthy pedi-

atric cohort across the age spectrum. Therefore, the goal of this

study was to extract and establish age-related CBF values in gray

matter along with corresponding volume and diffusion metrics.

MATERIALS AND METHODS
Study Cohort
All children presenting for evaluation by a 3T MR imaging system

at our children’s hospital from May 2010 to October 2013 were

retrospectively reviewed after approval by the Stanford University

institutional review board (protocol 28674). The study cohort

included patients 4 months to 18 years of age with no known

neurologic, neurocognitive, or developmental deficits, who had a

normal appearing brain MRI protocol that included ASL and

DWI datasets. All MR imaging brain studies with normal findings

were additionally reviewed and confirmed by at least 1 pediatric

neuroradiologist with a Certificate of Added Qualification

(K.W.Y. or P. Barnes both with �7 years of dedicated experience).

Patients who had brain MR imaging with any focal intensity on

FLAIR or other sequences, cysts, wide Sylvian fissures, or other

nonspecific structural appearances were excluded. Patients with

dental braces/metal artifacts and motion-degraded or non-diag-

nostic-quality imaging were also excluded.

A thorough chart review was performed (M.D.L.) to identify

any disease history. Examples of clinical reasons for obtaining MR

imaging included syncope, nausea, family history of aneurysm or

cancers, scalp nevus, isolated facial lesions (eg, orbital or glabellar

dermoid) without associated syndromes or intracranial exten-

sion, orbital strabismus, cholesteatoma of the ear, isolated head-

aches, sinus disease or inflammatory nasal obstruction, and short

stature that was considered familial without intracranial or endo-

crine abnormality.

Patients with any systemic or non-central nervous system dis-

eases (eg, diseases of the renal, gastrointestinal, cardiac systems),

cancers, history of prematurity, phacomatoses, genetic or syn-

dromic conditions, epilepsy, migraines, hearing loss, hemor-

rhage, vascular lesions (aneurysm, AVM, fistula, or steno-occlu-

sive disease of the CNS or elsewhere), acute or recent infection

and fever of unknown origin, prior radiation or chronic medical

therapy, or endocrine symptoms/laboratory abnormalities were

excluded. Patients were also screened for all psychiatric and ab-

normal behavioral conditions (attention deficit/hyperactivity dis-

order, autism, psychosis) and were excluded if present.

Finally, subjects with insufficient data or registration results

(see below) were also excluded from the final analysis.

Imaging Methods
All subjects had brain MR imaging obtained at 3T (Discovery 750;

GE Healthcare, Milwaukee, Wisconsin) using an 8-channel head

coil. Pseudocontinuous ASL MR imaging was performed using

the technique described by Dai et al.23 Briefly, this vendor-sup-

plied ASL was performed using a pseudocontinuous labeling pe-

riod of 1500 ms, followed by a 1500-ms postlabel delay. Whole-

brain images were acquired with a 3D background-suppressed

fast spin-echo stack-of-spirals method. Multiarm spiral imaging

was used, with 8 arms and 512 points acquired on each arm

(bandwidth � 62.5 kHz), yielding a 3-mm2 in-plane spatial reso-

lution and a 4-mm section thickness. A high level of background

suppression was achieved using 4 separate inversion pulses spaced

around the pseudocontinuous labeling pulse. The acquisition

time for this sequence is approximately 5 minutes, which also

includes proton-density images required for CBF quantification.

For a graphic setup of the ASL, the sagittal image following the

3-plane localizer was used for alignment. Postprocessing was per-

formed using an automated reconstruction procedure using the

microsphere methodology described by Buxton et al.24 Other

pseudocontinuous ASL MR imaging parameters were TR � 4632

ms, TE � 10.5 ms, FOV � 24 cm, and NEX � 3.

Additionally, echo-planar DWI was performed using TR �

1500 ms, TE � 37 ms, flip angle � 90°, acceleration factor � 2,

in-plane resolution � 0.94 mm2, acquisition matrix � 128 � 128

interpolated to a 256 � 256 matrix, 44 sections with 4-mm section

thickness, no skip, FOV � 24 cm, 2 diffusion-weightings of b�0

s/mm2 and b�1000 s/mm2, with diffusion gradients acquired in 3

directions averaged for the latter.

Image Processing
The image-processing pipeline used for extraction of quantitative

values of regional brain volume, ADC, and CBF is illustrated in

Fig 1. The complete image-processing pipeline used was cus-

tom-developed and implemented in C�� using the Insight

Segmentation and Registration Toolkit (ITK, http://www.itk.

org/). In the first step of this pipeline, the ASL CBF and b�1000

s/mm2 DWI dataset were registered to the corresponding T2-

weighted DWI dataset (b�0 s/mm2) using rigid transformations,

linear interpolation, and maximization of the mutual informa-

tion.25 The registered DWI datasets were then used to calculate

the corresponding ADC map for each subject using the Stejskal-

Tanner equation.26

Finally, the Montreal Neurological Institute-152 brain atlas27

was registered to each b � 0 s/mm2 DWI dataset using a concat-

enated affine and nonlinear spline transformation. The affine

transformation was determined using a linear interpolation and

maximization of the mutual information metric. The calculated

affine transformation was used to prealign the atlas to the patient

anatomy in terms of initialization of a b-spline transformation,

which was used for the fine nonlinear alignment of the Montreal

Neurological Institute atlas to the b�0 s/mm2 DWI dataset. This

b-spline transformation was optimized using linear interpolation

and maximization of the mutual information metric.

All registrations were performed within a multiresolution reg-

istration framework with 3 levels, while the calculation of the

mutual information similarity metric was restricted in all cases to

the brain mask of the b�0 s/mm2 DWI dataset, which was gener-

ated using the method described by Forkert et al.28 Two experi-

enced observers (N.D.F., K.W.Y.) checked all registration results

to ensure suitable data and registration quality.

For quantitative assessment of volume, ADC, and CBF of the

different gray matter brain regions, the resulting nonlinear spatial

deformation field for alignment of the Montreal Neurological In-

stitute atlas to each subject was used to warp the Harvard-Oxford

subcortical brain regions, as defined in the Montreal Neurological

Institute atlas space, to each b�0 s/mm2 DWI dataset by applying

nearest neighbor interpolation.
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After registration of all datasets, volume, median ADC, and

median CBF values were determined for each subject within

the following 8 gray matter brain structures: cerebral cortex,

hippocampus, thalamus, caudate, putamen, globus pallidus,

amygdala, and nucleus accumbens.

Statistical Analysis
The volume for each structure was averaged between the 2 corre-

sponding structures in the left and right hemispheres, while the

median ADC and median CBF values were determined for each

region combined for the left and right hemispheres.

The quantile local piecewise regression analysis described by

Sakov et al29 was used in this work to determine the age-related

5th, 10th, 25th, 50th, 75th, 90th, and 95th quantile curves indi-

vidually for each brain structure and for the 3 parameters: vol-

ume, ADC, and CBF. The parameters for the local piecewise re-

gression analysis were kept identical for

all plots generated. More specifically, a

window size of 30 points, 95% overlap

between the windows, Gaussian

smoothing, and a polynomial degree

of 2 were used.

Each scatterplot and corresponding

regression curves were inspected for

qualitative description of the age-related

changes.

In our study, intravenous propofol

sedation was performed for all children

3 months to 6 years of age. After 10 years

of age, no patients received sedation. Be-

tween 6 and 9 years of age, there were

variable rates of sedation. In this age

group, comparison of sedated and

nonsedated groups was conducted using

the Welch 2-tailed t test to test for signif-

icant differences between children with

and without sedation.

All statistics were calculated using

the R statistical software package of The

R Foundation of Statistical Computing

(Version 3.2.2; www.r-project.org).

RESULTS
One hundred healthy subjects (age

range, 4 month to 18 years; 39 males)

met the inclusion criteria and were included in the study. The

specific number of children in each age group is summarized in

the Table. Overall, all structures analyzed exhibited similar pat-

terns of the age-dependent distribution of regional brain volume,

ADC, and CBF values with different levels. Figure 2 exemplarily

displays the age-dependent distribution of regional brain volume,

ADC, and CBF values in the thalamus. The corresponding graphs

for all gray matter structures analyzed in this work can be found in

On-line Fig 1.

Gray Matter Volume
In general, the volume increased with age in all gray matter

structures. The volumetric increase with age was nonlinear and

was highest from birth to approximately 8 –10 years of age.

Thereafter, volumes reached a stable plateau or displayed a

slight decrease.

ADC of the Gray Matter
Median ADC values of the gray matter declined with increasing

age. The highest median ADC values occurred in the first 5

years of childhood. During this period, an exponential decay of

ADC values was observed in all gray matter structures. After 5

years of age, ADC continued to decrease in a rather linear

fashion with increasing age. Overall, median ADC values in the

cerebral cortex and hippocampus were about 10% higher than

in the other gray matter regions investigated. This finding was

consistent across all age groups.

FIG 1. Illustration of the image-processing pipeline used for determination of the age-dependent
volumetric, ADC, and CBF normal values.

Age distribution of neurologically healthy patients
Age Range (yr) No. of Children

0–2 14
2–4 22
4–6 8
6–8 7
8–10 4

10–12 16
12–14 7
14–16 13
16–18 9
Total 100
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CBF of the Gray Matter
Cerebral blood flow was more variable than volume and ADC,

particularly in the first 5 years of childhood. Unlike the rapid

volume and ADC changes in the first 5 years of life, CBF increased

rather linearly with age, with decreased variability at older ages.

CBF in all gray matter structures increased with age, except for the

globus pallidus, which was stable throughout childhood. The de-

gree of CBF increase did not differ considerably among the cau-

date, thalamus, putamen, nucleus accumbens, and amygdala, but

a smaller degree of CBF increase was found for the hippocampus,

and a larger CBF increase, for the cerebral cortex with age.

Sedated versus Nonsedated Children
The comparison of sedated (n � 7; mean age, 7.6 years) and

nonsedated children (n � 4; mean age, 7.9 years) revealed no

significant CBF differences in any brain region studied (Welch

2-tailed t test, P � .01; Bonferroni-adjusted significance level �

.005).

DISCUSSION
Gray matter CBF increased with age, except in the globus pallidus.

Notably, the cerebral cortex, amygdala, and nucleus accumbens

showed the highest CBF increase. These CBF changes were ac-

companied by a progressive ADC decrease and volumetric in-

crease for all gray matter structures, with ADC stabilizing at about

10 –12 years and peak volume occurring at around 8 –12 years,

with a slight decrease thereafter. To our knowledge, this is the first

study to investigate age-related changes of gray matter CBF ac-

companied by corresponding volume and ADC values in a single

cohort of neurologically healthy children throughout childhood

and adolescence.

Our volumetric results are consistent with prior studies of

healthy subjects that showed an overall increase in cortical gray

matter volume in the preadolescent years and a decline in the

postadolescent period.30 Volumetric analysis for infancy and

early childhood remains sparse, but our results are also consistent

with the growth pattern described in a study of 28 children 1

month to 10 years of age, in whom a rapid growth pattern was

followed by a more gradual increase.31 A more recent study that

focused on infants (3–13 months of age) also observed an increas-

ing volume of all gray matter regions with some regionally differ-

ent growth patterns.32

While volume increased, the ADC of the gray matter declined

rapidly, with a fast exponential component in the first few years,

which then stabilized in early adolescence. These findings likely

reflect the combined effects of neuronal development, myelina-

tion, and decrease in water content33 and associated MR imaging

signal changes34,35 that rapidly occur in the early years of devel-

opment. Potential contributions of iron-deposition that decrease

T2 relaxation time may also be considered, particularly in the

deep gray nuclei, which has been observed in children older than

4 years of age and in adolescents.36

Although various studies have reported ADC changes of cere-

bral white matter in children,12-14 gray matter structures have

remained relatively unexplored. We observed a steep decline with

an exponential component in early childhood with a decreasing

trend continuing into later childhood, consistent with results of

prior ROI-based studies in selected deep gray regions (caudate,

putamen, globus pallidus).37,38

Compared with volume and ADC changes, a wider variation

in CBF values was seen across age. In addition, median CBF values

and the magnitude of increase varied among the gray matter re-

gions. Previous studies have described a close relationship be-

tween CBF and the cerebral metabolic rate39-41; and in a study of

cerebral metabolism in 29 children (5 days to 15 years of age)

using 18F-FDG positron-emission tomography, a similar pattern

of highest proportional increase in metabolic activity was seen in

the cerebral cortex compared with the other brain regions.42

We observed a gradual increase in CBF in all gray matter re-

gions, except for the globus pallidus, throughout childhood and

adolescence, which differs from a previous ASL CBF study that

described a relatively stable-to-decreased CBF between 4 and 12

years of age, followed by a sharp decline in adolescence20 in 23

children aged 4 –19 years. One possible explanation might be dif-

ferences in postlabel delay periods. Because the ASL tracer lifetime

is dependent on the longitudinal relaxation time of blood, which

is similar to the transport time from the labeling position to the

tissue (arterial transit time), a shorter postlabel delay period of

1000 ms used in the study by Biagi et al20 may be insufficient for

complete delivery of labeled blood to the tissue, a potential limi-

tation when assessing adolescents with slower arterial transit time

compared with younger children.43,44 The present data in our

study were obtained from a pseudocontinuous ASL technique,

FIG 2. Graphic representation of the age-dependent volumetric, ADC, and CBF normal values for the thalamus illustrated using the 5%, 10%,
25%, 50%, 75%, 90%, and 95% centile curves.
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which has been shown to have a superior labeling efficiency,23

signal-to-noise ratio, and reproducibility,45 and is thus preferred

over other ASL methods. We also used a postlabel delay of 1500

ms recommended by the current guidelines of the International

Society for Magnetic Resonance in Medicine for clinical imaging

of the pediatric brain.46

Biagi et al20 also observed increased gray matter CBF in pedi-

atric patients receiving halogenated anesthesia relative to awake

patients, which was rather similar to those receiving only intrave-

nous propofol. A review of adult functional imaging studies noted

that propofol was associated with decreased CBF, determined by

PET, in all brain regions in multiple studies.47 Thus, a dispropor-

tionate number of younger children requiring halogenated anes-

thesia could have affected their results. For example, an ASL study

in 4 patients with Moyamoya disease found that halogenated an-

esthesia (sevoflurane) was associated with consistently higher

global gray matter CBF.48 In our study, intravenous propofol se-

dation, with or without mask induction using a halogenated an-

esthetic, was performed for all children 3 months to 6 years of age.

Between 6 and 9 years of age, there were variable rates of sedation.

The statistical analysis of children with and without sedation in

this age range showed no significant differences. This could pos-

sibly be explained by a balancing effect of increased CBF with

halogenated anesthesia and decreased CBF with propofol.20 Thus,

no correction was necessary in this study.

Brain development has been shown to be associated with re-

gional changes in the glucose cerebral metabolic rate42 and CBF.49

Thus, continued increases in ASL CBF during childhood and ad-

olescence may reflect a more protracted period of functional de-

velopment and maturation. While global cerebral volume has

been shown to peak at 14.5 years for boys and 11.5 years for girls,

changes in cortical gray matter volume are more complex and

have shown regional heterochronicity.50 For example, in a study

of 145 subjects 4 –21 years of age, the frontal and parietal lobes

showed an earlier peak at 11–12 years of age, while maximal tem-

poral gray matter volumes occurred at 16 –17 years of age, and the

occipital lobes had a linear increase through 20 years of age with-

out signs of decline.30 Previous studies have also reported periods

of postnatal rapid brain growth up to 20 years of age based on

electroencephalography energy metrics in the � frequencies.51,52

A spike in CBF was observed preceding these stages of brain

growth, suggesting a higher energy requirement during these pe-

riods,53 a pattern also seen in the rat cerebral cortex that has

shown increased vascular sprouting shortly before rapid growth

stages.54

Individual differences in brain growth spurts may also explain

variations of CBF observed in the present study to some degree.

While the definitive reasons for relatively stable CBF in the globus

pallidus and a slower rate of CBF increase in the hippocampus

compared with the other brain regions analyzed remain un-

known, it is possible that these regions demonstrate different rates

of growth or metabolism. For example, a morphometric analysis

of infants 3–13 months of age showed a slower growth rate in

certain brain regions, such as the globus pallidus and hippocam-

pus, relative to the whole brain, despite an overall increase in

volume in absolute values.32

We recognize certain limitations of this study. For example,

for our analysis, the adult Montreal Neurological Institute atlas

was registered to the pediatric brain. While registration of a pedi-

atric atlas might be more accurate for this purpose, different brain

atlases generated by using different age ranges and subjects (eg,

described by Fonov et al55) would be necessary, potentially mak-

ing the results not directly comparable. Therefore, we decided to

use the well-established Montreal Neurological Institute adult

brain atlas with the available Harvard-Oxford atlas brain regions

for this purpose so that the same reference was used for each

subject to analyze CBF, ADC, and volume data metrics. To min-

imize any effects of suboptimal registration results, we performed

further quality control, including visual inspection by our team

members with knowledge of brain imaging and anatomy. Within

this context, 22 subjects not part of the 100 subjects described in

this study were excluded from the final analysis due to insufficient

registration of the Montreal Neurological Institute brain atlas.

In addition, the b�0 s/mm2 DWI datasets were used as a ref-

erence for atlas registration. These datasets do not offer the same

high spatial resolution compared with T1-weighted datasets usu-

ally used for this purpose, which limits the precision of the ex-

tracted regional brain volumes, especially for small structures

such as the amygdala.

However, although our goal was to demonstrate CBF changes

against volume and ADC across various age groups for various

brain regions rather than to define precise metrics for volume, the

growth patterns found are well in line with previous findings,

suggesting reasonable registration results.

Finally, the regional brain volumes were averaged between

corresponding left and right hemispheric structures, while me-

dian ADC and CBF values were calculated for each combined

corresponding left and right hemisphere brain structure. This

procedure was selected to decrease the influence of noise in the

data, especially for the small structures such as the amygdala and

nucleus accumbens. When analyzed separately, no significant dif-

ference between the age-related trends of corresponding left and

right brain structures was found for the regional brain volume,

ADC, and CBF metrics.

CONCLUSIONS
Normal gray matter is characterized by rapid early volume growth

and increasing CBF, with concomitantly decreasing ADC. The

extracted reference data that combine CBF and ADC parameters

during brain growth may provide a useful resource when assess-

ing pathologic changes in children.
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Correlation of MRI Brain Injury Findings with Neonatal Clinical
Factors in Infants with Congenital Diaphragmatic Hernia
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ABSTRACT

BACKGROUND AND PURPOSE: Infants with congenital diaphragmatic hernia are reported to have evidence of brain MR imaging abnor-
malities. Our study aimed to identify perinatal clinical factors in infants with congenital diaphragmatic hernia that are associated with
evidence of brain injury on MR imaging performed before hospital discharge.

MATERIALS AND METHODS: MRIs performed before hospital discharge in infants with congenital diaphragmatic hernia were scored for
brain injury by 2 pediatric neuroradiologists. Perinatal variables and clinical variables from the neonatal intensive care unit stay were
analyzed for potential associations with brain MR imaging findings.

RESULTS: Fifty-three infants with congenital diaphragmatic hernia (31 boys) were included. At least 1 abnormality was seen on MR imaging
in 32 infants (60%). The most common MR imaging findings were enlarged extra-axial spaces (36%), intraventricular hemorrhage (23%),
ventriculomegaly (19%), white matter injury (17%), and cerebellar hemorrhage (17%). The MR imaging brain injury score was associated with
extracorporeal membrane oxygenation (P � .0001), lack of oral feeding at discharge (P � .012), use of inotropes (P � .027), and gastrostomy
tube placement before hospital discharge (P � .024). The MR imaging brain injury score was also associated with a large diaphragmatic
defect size (P � .011).

CONCLUSIONS: Most infants with congenital diaphragmatic hernia have at least 1 abnormality identified on MR imaging of the brain
performed before discharge. The main predictors of brain injury in this population are a requirement for extracorporeal membrane
oxygenation, large diaphragmatic defect size, and lack of oral feeding at discharge.

ABBREVIATIONS: CDH � congenital diaphragmatic hernia; ECMO � extracorporeal membrane oxygenation

Congenital diaphragmatic hernia (CDH), with an incidence of

1 case per 2000 live births, is an anomaly associated with

substantial morbidity and mortality.1 Survivors of CDH are at

risk for long-term respiratory, gastrointestinal, nutritional, hear-

ing, and neurologic sequelae, requiring multidisciplinary sup-

port, especially during early childhood.1 Prenatal predictive fac-

tors for increased morbidity and mortality include prenatal

imaging findings of liver herniation into the chest, lung to head

ratio on prenatal sonography, or lung volumes on fetal MR imag-

ing.2-4 The size of the diaphragmatic defect is another factor that

likely plays a major role in morbidity and mortality in infants with

congenital diaphragmatic hernia.5 However, the association of

the defect size with evidence of injury on brain imaging has not

been studied, to our knowledge.

Long-term neurodevelopmental and neurobehavioral disabil-

ities are reported in up to 70% of infants with congenital dia-

phragmatic hernia.6-9 Both brain maturational delays and evi-

dence of brain injury have been reported on imaging.8,9 There

continues to be some controversy about the correlation of neuro-

imaging abnormalities in CDH with neurologic outcome. In a

small cohort of patients with CDH with prenatal and postnatal

imaging, Tracy et al9 identified an association between brain in-

jury seen on postnatal CT/MR imaging in 4 infants and neurode-

velopmental outcome at 1 year. There was no correlation between

prenatal factors and neurodevelopmental outcome in this study.9

In another study by Danzer et al,10 postnatal brain MR imaging

abnormalities were associated with lower cognitive scores, motor

dysfunction, and language deficits.

The impact of extracorporeal membrane oxygenation

(ECMO) on neonates with CDH requiring ECMO is of clinical

relevance. Studies suggest that neonates with CDH who require
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ECMO have a greater incidence of adverse neurodevelopmental

sequelae, though it unclear whether the severity of the illness lead-

ing up to ECMO (hypercapnia, hypotension, and so forth) or the

ECMO itself should be implicated.6,11

Which clinical factors in the neonatal intensive care unit play a

role in brain injury in infants with CDH is yet to be determined.

In this study, we have developed a brain injury score to deter-

mine whether brain injury seen on predischarge MRI in infants

with CDH is associated with diaphragmatic defect size and post-

natal clinical factors in the NICU.

MATERIALS AND METHODS
After institutional review board approval, we retrospectively

identified infants with CDH born between February 2009 and

March 2014. We included infants with CDH with MR imaging of

the brain before discharge as described in the flow chart (Fig 1).

MR imaging was performed on these infants on 1.5T and 3T,

and with a small-bore extremity 1.5T MR imaging scanner that

was adapted for neonatal imaging in the neonatal intensive

care unit.12 MR imaging was performed without sedation after

feeding and swaddling, except when excessive motion required

light sedation. All studies included standard T1, T2, and sus-

ceptibility- and diffusion-weighted sequences.

The MR images were independently reviewed by 2 pediatric neu-

roradiologists who were blinded to the clinical variables except for

postmenstrual age at the time of MR imaging. Conflicts were re-

solved by consensus. The brain was evaluated for evidence of injury

and then was scored on the basis of a system modified from previous

work by Danzer et al8,10 and Tracy et al.9 Table 1 lists the brain injury

scoring guide. The total brain injury score was calculated in each

infant. Examples of our scoring system are provided in Fig 2.

The medical charts were reviewed to identify perinatal clinical

factors and courses in the neonatal intensive care unit. The clinical

variables extracted from the electronic medical record included

type of diaphragmatic defect, gestational age, birth weight, Apgar

scores at 1 and 5 minutes, the presence of congenital heart disease,

the need for ECMO, days on a ventilator, the presence of blood

stream infection, the need for and type of inotropic support, the

need for oxygen at 28 days of life, any oral feeding at discharge,

and gastrostomy tube placement before hospital discharge. The

size of the diaphragmatic defect identified at surgery was classified

according to the Congenital Diaphragmatic Hernia Study Group

classification from A to D, A being a small defect and D indicating

diaphragmatic agenesis.5

Data were entered into REDCap (http://www.project-redcap.

org/software.php), a secure on-line Web application. Statistical

analysis was performed by using SAS software (Version 9.3; SAS

Institute, Cary, North Carolina). Nonparametric tests and multi-

variable linear regression were performed by using clinical vari-

ables as potential predictors with the brain injury score as the

continuous outcome.

RESULTS
There were 91 neonates with CDH admitted to the neonatal in-

tensive care unit during the study; 28 died and 53 remained suit-

able for the study (Fig 1). Demographic details are provided in

Table 2. Nine of the 53 neonates required ECMO during their

treatment. In the 9 neonates who had ECMO, 2 had a type D

defect and 7 had a type C defect.

MR imaging was performed at a mean corrected gestational

age of 43.6 weeks (range, 37.0 – 64.6 weeks). Fifty of the 53 infants

were imaged at �48 weeks’ corrected gestational age. MR imagingFIG 1. Flowchart of subject inclusion.

Table 1: Brain injury scoring system
MRI Findings vs Score 0 1 2 3 4

Ventriculomegaly �10 mm 10–15 mm �15 mm Obstructive
Extra-axial spaces �5 mm 5–10 mm �10 mm
Intraventricular hemorrhage None Grade 1 Grade 2 Grade 3 Grade 4
Parenchymal hemorrhage (not grade 4

intraventricular hemorrhage)
Absent Present

Cerebellar hemorrhage None �3 foci, �5-mm size �3 foci or �5-mm size
White matter injury None �3 foci, unilateral �3 foci or bilateral Multiregional
Cortical injury None Single Multiple Extensive
Basal ganglia injury None Single Multiple Extensive
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findings were considered abnormal (injury score of �0) in 32/53

(60%) infants. Enlarged extra-axial spaces were the most com-

mon abnormal finding on MR imaging, seen in 36% of infants.

Other abnormal findings on MR imaging included intraventric-

ular hemorrhage in 23%, ventriculomegaly in 19%, white matter

injury in 17%, cerebellar hemorrhage in 17%, parenchymal hem-

orrhage in 8%, cortical injury in 4%, and basal ganglia injury in

2% of infants. The distribution of brain injury scores in infants

with CDH treated with ECMO and those without it is provided in

Fig 3. Ventriculomegaly, enlarged extra-axial spaces, parenchy-

mal hemorrhage, and white matter injury were seen significantly

more often in neonates who required ECMO compared with

those without it (Table 3).

With the Spearman correlation for continuous predictor vari-

ables, there was a weak but significant correlation of the brain

injury score with the number of ventila-

tor days (correlation coefficient, 0.34;

P � .0014) and diaphragmatic defect se-

verity (correlation coefficient, 0.30; P �

.027). There was no correlation between

total injury score and gestational age in

weeks, birth weight, Apgar scores, or

bloodstream infection.

Univariate analysis of median dif-

ferences in the brain injury scores and

clinical variables in the neonatal inten-

sive care unit showed that the use of

ECMO (P � .0001), use of inotropes

(P � .027), gastronomy tube place-

ment before discharge (P � .012), and

not taking any oral feeding at dis-

charge (P � .024) were significantly

associated with higher MR imaging

brain injury scores. When we grouped

the diaphragmatic defects into small

(A and B) and large (C and D) defects,

analysis with the Wilcoxon rank sum

test showed that infants with type C or

D diaphragmatic defects had signifi-

cantly higher brain injury scores com-

pared with infants with type A or B defects (P � .011).

Table 4 lists the clinical predictors of brain injury. There was a

significant association among the use of ECMO, the presence of C

or D diaphragmatic defect, and evidence of brain injury. Infants

who were taking any feeding by mouth (as opposed to being en-

tirely tube-fed) at the time of discharge had a greater chance of

having normal brain MR imaging findings.

To better understand the etiology of ventriculomegaly and

enlarged extra-axial spaces, we plotted the head circumference

measurements of infants imaged before 50 weeks’ corrected ges-

tational age on a standard Fenton head circumference chart

(Fig 4).13 Head circumference was measured within 5 days of the

brain MR imaging in all cases. Infants with moderate or severe

enlargement of the extra-axial spaces had normal or enlarged

head size.

DISCUSSION
Management of CDH is complex, with various strategies used to

improve outcomes. In general, our clinical management strategy

for infants with CDH includes gentle ventilation, aggressive man-

agement of pulmonary hypertension with pulmonary vasodila-

tors such as nitric oxide and epoprostenol, and surgical repair

when pulmonary hypertension is subsystemic or has stabilized.

ECMO is reserved for extremely sick infants who do not respond

to standard medical management. Despite improved therapies,

the early course in infants with CDH continues to be an extremely

vulnerable period with great morbidity. In this article, we report

the associations between clinical variables in the critical neonatal

intensive care unit period and MR imaging evidence of brain in-

jury in infants with CDH.

MR imaging has been used as a tool to identify evidence of

perinatal brain injury in vulnerable populations and to predict

FIG 2. A, Coronal T2-weighted image demonstrates ventriculomegaly, scored as grade 2 on our
scale; B, Coronal T2-weighted image demonstrates enlarged extra-axial spaces, scored as grade 2
on our scale. C, SWI shows evidence of grade 2 intraventricluar hemorrhage (arrows). D, SWI
shows evidence of parenchymal hemorrhage, grade 1 on our scale (arrow). E, SWI shows foci of
cerebellar hemorrhage, grade 2 on our scale (arrows). F, Axial T1 weighted images demonstrate
foci of bilateral white matter injury, grade 2 on our scale (arrows).

Table 2: Demographic table
Total Infants in the Study

(N = 53)
Male (%) 31 (58%)
Gestational age at birth (wk)a 38 (32.9–40.6)
Birth weight (g)a 2960 (1430–4175)
Diaphragmatic defect

A 8 (15%)
B 16 (30%)
C 22 (42%)
D 7 (13%)

Days on ventilatora 27 (8–88)
Length of stay (day)a 60 (15–210)
Age at repair (wk)a 9 (1–54)
Required inotropic support (%) 35 (66%)
Required ECMO (%) 9 (17%)
Required O2 at 28 days of life (%) 37 (70%)
Any oral feeding at discharge (%) 40 (75%)

a Data are expressed as median (range).
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neurodevelopmental outcome.8,9,11,14-16 Consistent with previ-

ous small cohort studies, our results indicate that most infants

with CDH have evidence of brain injury on MR imaging per-

formed before discharge. Hunt et al17 identified white matter and

deep gray matter injury in 8 of 10 patients with CDH. Tracy et al9

identified evidence of brain injury before discharge on 14 of 42

head ultrasounds, 7 of 8 brain MRIs, and 11 of 14 head CTs in

infants with CDH.

In our CDH population, enlarged extra-axial space was the

most common abnormality, seen in 36% of the cases. This finding

is similar to that in the cohort of Danzer et al,10 in which enlarged

extra-axial spaces were present in 40% of the patients with CDH.

The enlarged extra-axial spaces were associated with lower cogni-

tive scores in their study, and the presence of intracranial hemor-

rhage was associated with motor dysfunction. However, the effect

of isolated enlarged extra-axial spaces on neurodevelopmental

outcome, especially in neonates who have had ECMO, is some-

what controversial.18 Enlargement of the extra-axial spaces is a

common finding in neonates with ECMO, particularly in veno-

venous ECMO.18-20 The obstruction of the internal jugular vein

and/or the superior vena cava causes an elevation in intracranial

venous pressure and poor resorption of CSF by the arachnoid

villi.21 In neonates with CDH, intrathoracic mass effect can cause

relative obstruction of the central veins without ECMO. The large

head circumferences in 2 of the 3 infants with ECMO with mod-

erate-to-severe enlarged extra-axial spaces in our cohort support

this hypothesis.

While our prevalence of parenchymal hemorrhage is similar to

that in the study of Danzer et al,10 our cohort had a much higher

incidence of intraventricular hemorrhage (23% compared with

2%). This may be due to use of susceptibility-weighted imaging in

our population, which increases the sensitivity for the detection of

blood products. In our study, infants on ECMO had a higher

proportion of intraventricular and intraparenchymal hemor-

rhage compared with those without it. In 3 of these infants, minor

intracranial hemorrhage was identified on screening head sonog-

raphy during the course of ECMO, but this did not necessitate

withdrawal of ECMO in these infants. We did not include small

amounts of subdural or extra-axial hemorrhage in infants

younger than 4 weeks of age as abnormal, given that this can be

seen in healthy neonates following both vaginal and cesarean de-

livery.22 Although previous reports describe subdural hemor-

rhage in infants with CDH, we did not see any abnormal subdural

hemorrhage in our cohort.

Cerebellar hemorrhage was seen in 17% of our population and

has not been previously described in infants with CDH. Again, the

use of SWI in our cohort may have increased the detection of this

abnormality. The proposed etiology of cerebellar hemorrhage is

impaired brain autoregulation, elevated venous pressure, and fe-

tal distress.23 We did not find a significant difference in cerebellar

hemorrhage between infants with and without ECMO.

Multiple intrauterine, perinatal, and surgical factors are de-

scribed as associated with neonatal neurodevelopmental out-

come, including the need for ECMO, the use of patch repair (a

surrogate for large defect size), the presence of liver in the chest,

the need for oxygen at 4 weeks of life, and hypotonicity.24,25 These

factors would presumably also be associated with brain injury on

imaging. Among the clinical variables assessed in our study, both

large defect size and ECMO were predictors of the severity of

brain injury identified on MR imaging. In our study, all the in-

fants who needed ECMO had a large diaphragmatic defect; how-

ever, there was a substantial percentage (38%) of infants with

large defects who did not require ECMO. The need for supple-

mental oxygen at 4 weeks of life was not associated with brain

injury on imaging in our study. As expected, all our patients who

required ECMO had evidence of intracranial abnormality, com-

FIG 3. Boxplots of the distribution of the brain injury score in infants
with CDH with ECMO and those without it. The central thick line in
each box is the median score. The limits of the box indicate upper and
lower quartiles. The whisker limits indicate the highest or lowest
score, not considering outliers. There is 1 outlier with a higher brain
injury score in the non-ECMO group with a score of �1.5 interquartile
range above the upper quartile. This infant had a CDH defect D.

Table 3: Differences in the presence of brain injury between
infants with and without ECMO

ECMO
(n = 9)

No ECMO
(n = 44) P Valuea

Ventriculomegaly 5 (56%) 8 (18%) .03
Extra-axial spaces 8 (89%) 11 (25%) �.0001
Intraventricular hemorrhage 4 (44%) 8 (18%) .18
Parenchymal hemorrhage 3 (33%) 1 (2%) .013
Cerebellar hemorrhage 3 (33%) 6 (14%) .17
White matter injury 4 (44%) 5 (11%) .035
Cortical injury 1 (11%) 1 (2%) .31
Basal ganglia injury 1 (11%) 0 .17

a Calculated using the Fisher exact test.

Table 4: Predictors of any brain injury on MRI
Any Injury

(n = 32)
No Injury

(n = 21) P Value
Any oral feeding at discharge 21 (65.6%) 19 (90.5%) .04
Requirement for NG feeding

at discharge
9 (28.1%) 10 (47.6%) .15

G-tube placement before
discharge

13 (40.6%) 4 (19.1%) .10

No inotropes 9 (28.1%) 9 (42.9%) .27
Blood stream infectiona 3 (9.4% 0 .27b

Lung infection 7 (22.6%) 2 (9.5%) .28b

Required ECMOa 9 (28.1%) 0 .008b

Diaphragmatic defect .01
A or B 10 (31.3%) 14 (66.7%)
C or D 22 (68.8%) 7 (33.3%)

Note:—NG indicates nasogastic tube; G-tube, gastronomy tube.
a All infants had injury.
b Fisher exact P value.
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pared with 52% of the group without ECMO. In a previous study

from 1999, Ahmad et al11 showed that only 35% of patients with

CDH and ECMO had evidence of CNS abnormality. This study

used head sonography and CT to identify brain injury, and our

numbers are likely higher due to the greater sensitivity of MR

imaging in identifying subtle brain injury. In a study of infants

with CDH from 1997, McGahren et al6 showed a greater inci-

dence of intracranial findings on head sonography and poor neu-

rologic outcome in infants with CDH requiring ECMO. Rollins

et al26 performed a retrospective review of 50 neonates (24 with

CDH) who underwent brain MR imaging after neonatal ECMO.

MR imaging findings were abnormal in 62% of the infants, and

MR imaging was more sensitive than head sonography at detect-

ing brain abnormalities. Similar to findings in our study, abnor-

mal carotid flow, ventriculomegaly, and increased extra-axial

spaces were common. They found that neuroimaging was, in fact,

not correlated with neurodevelopmental outcomes in the 20 pa-

tients who had 12-month follow-up. However, they only classi-

fied neuroimaging findings as “normal” or “abnormal” and did

not attempt to categorize the severity of imaging abnormalities,

which could have potentially impacted their results.

Venoarterial ECMO, which is used at our center for infants

with CDH, requires cannulation of the right internal carotid ar-

tery. In addition to this vascular injury, systemic anticoagulation

is required, greatly increasing the risk of cerebral hemorrhage.

The initiation of ECMO launches a systemic inflammatory re-

sponse, which also appears to affect the brain.27 Use of ECMO has

been found to have an effect on neurodevelopmental outcome.

Gross motor skills are delayed in many children who received

ECMO as neonates compared with healthy controls, though se-

vere disability is uncommon.28 Survivors of CDH who received

ECMO appear to be more affected than those who required

ECMO for other reasons,29 and the cause of poor outcome in this

cohort is unclear. Cognitive development in ECMO survivors also

appears to be overall within the normal

range, but lower than that in healthy

controls.28 Decreased performance is

seen on neuropsychological tasks such

as verbal reasoning and spatial abili-

ties,30 and children treated with ECMO

are at risk for school difficulties despite

normal overall intelligence.31,32 The in-

creased brain injury seen in infants with

CDH requiring ECMO in our study

could provide a mechanism for some of

these findings seen later in childhood.

Our study has several limitations.

Because this is a retrospective study, we

could not control for imaging timing,

which might affect the identification of

brain injury. Predischarge MR imaging

examinations assessed in this study were

performed when the infants were clini-

cally stable after surgical correction and

ECMO if used. The exact cause of brain

injury in this CDH population, espe-

cially in those requiring ECMO, is diffi-

cult to postulate. Neonates who require ECMO are usually sicker

than those who do not require ECMO, and they may have had a

period of clinical instability with hypotension, hypercarbia, and

impaired cerebral autoregulation before the initiation of ECMO.

It is therefore difficult to determine whether ECMO itself or the

illness requiring ECMO contributes more to brain injury. Even if

they do not require ECMO, infants with CDH are often initially

very sick, with episodes of hypoxia, hypercarbia, hypotension,

and acidosis. Use of inotropes can be associated with altered ce-

rebral perfusion leading to brain injury.33,34 Major surgery with

anesthesia would also contribute to brain injury in these

neonates.35,36

Only 53 of the 91 infants admitted to our neonatal intensive

care unit during the study were included, mainly due to high

mortality. Of the 28 infants who died, 21 had been on ECMO. Of

the 63 survivors, 14 infants had ECMO and 9 were included in the

study. The ECMO survivors that were included in our cohort may

have represented the relatively less sick infants on ECMO who

were clinically stable enough to be imaged. Because all our infants

with ECMO had evidence of brain injury and the brain injury

score was higher in infants with ECMO compared with those

without it, it may be reasonably assumed that we imaged only the

milder end of the spectrum and that infants with CDH needing

ECMO would have a greater association with brain injury.

Imaging was performed on both 1.5T and 3T clinical scanners,

which might affect the sensitivity of detection of brain abnormal-

ities. We did not include sonography and CT reviews, because we

believed that MR imaging was more sensitive in identifying brain

injury. Neurodevelopmental tests on our group of infants with

CDH are ongoing, and results are not included in this study. The

clinical significance of the brain imaging abnormalities is there-

fore currently unknown. However, on the basis of available evi-
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FIG 4. Enlarged extra-axial spaces versus head circumference, plotted on Fenton head circum-
ference charts.13
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dence of brain injury in infants with CDH, all infants with CDH

now undergo brain MR imaging before discharge.

CONCLUSIONS
In this study, we demonstrated an association between perinatal

clinical factors and brain imaging abnormalities in infants with

congenital diaphragmatic hernia. The strongest association with

brain abnormality is the use of ECMO, with the most common

abnormality being enlarged extra-axial spaces. The presence of a

large diaphragmatic defect was an intrinsic factor associated with

abnormal brain imaging findings. Infants who were fed orally at

the time of discharge were more likely to have normal neuroim-

aging findings.
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Limitations of T2*–Gradient Recalled-Echo and Susceptibility-
Weighted Imaging in Characterizing Chronic Subdural

Hemorrhage in Infant Survivors of Abusive Head Trauma
X J.A. Cramer, X U.A. Rassner, and X G.L. Hedlund

ABSTRACT
SUMMARY: A possible misconception among radiologists is that chronic subdural hemorrhage should show some degree of blooming on
T2*–gradient recalled-echo or susceptibility-weighted sequences such as SWI and susceptibility-weighted angiography, which is not
necessarily true. We present 5 cases of chronic subdural hemorrhages in infants, demonstrating intensity near or greater than that of CSF
with variable amounts of hemosiderin staining along the neomembranes. We review the physiology and MR imaging physics behind the
appearance of a chronic subdural hemorrhage, highlighting that the absence of a BBB can allow hemosiderin to be completely removed
from the subdural compartment. Finally, we stress the importance of reviewing all multiplanar sequences for the presence of neomem-
branes, which can be quite subtle in the absence of hemosiderin staining and are critical for making the diagnosis of chronic subdural
hemorrhage.

ABBREVIATIONS: GRE � gradient recalled-echo; cSDH � chronic subdural hemorrhage; SDH � subdural hemorrhage; SDHy � subdural hygroma; SWAN �
susceptibility-weighted angiography

Much of the literature characterizing the MR imaging appear-

ance of subdural hemorrhage (SDH) refers to T1 and T2

signal, with no explicit discussion of the appearance on T2*– gra-

dient recalled-echo (GRE) or susceptibility-weighted sequences

such as SWI or susceptibility-weighted angiography (SWAN).

Moreover, one may reason that a chronic subdural hemorrhage

(cSDH) should show blooming or hypointensity on T2*-GRE or

SWI, but this is not necessarily true.1-3 We present 5 infant survi-

vors of abusive head trauma with subdural collections demon-

strating intensity near that of CSF on T2*-GRE or hyperintensity

on SWAN with variable amounts of hemosiderin staining. These

cases either exhibited other imaging features compatible with

cSDH or were called cSDH on surgical drainage. We provide a

review of the physics and physiology relevant to the appearance of

chronic SDHs on MR imaging and offer an explanation for the

subdural fluid signal and variable hemosiderin staining on T2*-

GRE and SWI.

CASE SERIES
Illustrative cases were obtained by reviewing neurosurgical pa-

tients in whom drainage of a subdural collection was performed at

Primary Children’s Hospital between 2009 and 2014. We selected

infants (younger than 12 months of age) with an operative report

indicating chronic subdural hematoma and MR imaging �1 week

before surgical drainage. Those with acute or chronic subdural

hematomas were excluded. One hundred fifty-six total subdural

drainage procedures were performed during our study period,

and 5 patients were selected. A large majority of cases were not

used due to acute hemorrhage, subdural hygromas, or lack of MR

imaging within 1 week of drainage. In all 5 selected patients, a

diagnosis of abusive head trauma was confirmed by the institu-

tional child protective services team. Operative description and

pathology were recorded when available. Results are summarized

in the Table.

Case 1
A 4-month-old boy presented with increasing head circumfer-

ence and no outward signs of trauma. Bilateral subdural hemato-

mas were demonstrated on NCCT. Findings of 2 osseous surveys

were negative, but subsequent investigation led to the diagnosis of

inflicted trauma/abusive head trauma. NCCT and MR imaging

(Fig 1) were performed 4 and 3 days before surgical drainage,

respectively. NCCT demonstrated bilateral subdural collections

that were hyperattenuating to CSF. On MR imaging, the subdural

fluid was hyperintense to CSF on FLAIR and slightly hyperintense
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on T1WI. On SWAN, subdural compartment neomembranes

with hemosiderin staining were seen bilaterally, compatible with

cSDH. The subdural fluid was hyperintense to CSF on SWAN.

T2WI also demonstrates subdural compartment neomembranes.

On T2WI, the subdural collections (white arrows in Fig 1) were

hyperintense to the adjacent subarachnoid fluid (angled black ar-

rows) and isointense to ventricular CSF (not shown). The

neomembranes did not enhance. The operative report described

the fluid as “subdural hematoma.”

Case 2
A 5-month-old boy was brought in for vomiting and was found to

be somnolent. NCCT showed subdural compartment collections

prompting an inflicted trauma evaluation, which revealed a heal-

ing left humerus fracture. NCCT was performed 1 day before

surgery, and MR imaging was performed the day of surgical

drainage (Fig 2). NCCT demonstrated slightly hyperattenuating

bilateral subdural collections and a left frontal subdural compart-

ment neomembrane. On MR imaging, the subdural fluid was

slightly hyperintense to CSF on FLAIR and T1WI. The subdural

fluid was slightly hyperintense to CSF on T2*-GRE. Blooming was

noted along a subdural compartment neomembrane and along

the left tentorium. Contrast was administered with no enhance-

ment along the membranes observed. The subdural fluid was hy-

perintense to CSF on SWAN, and neomembranes were less con-

spicuous on SWAN in the axial plane. On T2WI, the subdural

fluid was isointense to CSF and the neomembranes were also seen.

The neomembranes were compatible with cSDHs. The operative

report described the fluid as “reddish-brown CSF.”

Case 3
This 6-month-old boy was a survivor of witnessed inflicted injury.

Skeletal survey revealed numerous healing fractures. NCCT

Case series of infants with CSF-like subdural collections on T2*-GRE/SWI
Case Age (mo) Sex MRI Diagnosis Operative Description Pathology (If Available)
1 4 M cSDH (1 T1/T2/FLAIR/SWAN,

hemosiderin along neomembranes)
“Subdural hematoma” Culture, no growth; no cell count

2 5 M cSDH (1 T1/FLAIR/SWAN/GRE, iso T2,
hemosiderin along neomembranes)

“Reddish-brown CSF” Culture, no growth; no cell count

3 6 M SDHy (iso to CSF, no neomembranes) “Chronic subdural
hematoma”

Not sent

4 4 M cSDH (1 T1/FLAIR,2 GRE/T2, 1
neomembrane with no hemosiderin)

“Blood-tinged hematoma
fluid”

Culture, no growth; WBC 945/�L (H);
RBC 149,188/�L (H)

5 4 M cSDH (1 T1/FLAIR/GRE, iso T2,
hemosiderin along neomembranes)

“Blood-tinged CSF” Culture, no growth; no cell count

Note:—1 indicates increased signal;2, decreased signal; iso, isointense; WBC, white blood cell count; RBC, red blood cell count; H, high.

FIG 1. Case 1. Axial NCCT demonstrates bilateral subdural collections,
slightly hyperattenuating to CSF (white arrows). The collections are hy-
perintense to CSF on FLAIR and more subtly hyperintense on T1WI (not
shown). On SWAN, the fluid is hyperintense to CSF. Neomembranes with
hemosiderin staining are present bilaterally within the subdural compart-
ment on SWAN and T2WI (black arrows). Hemosiderin staining along the
right-sided neomembrane shown is quite subtle. On T2WI, the subdural
fluid is hyperintense to the adjacent subarachnoid CSF (angled black
arrows) and isointense to ventricular CSF (not shown).

FIG 2. Case 2. Axial NCCT shows bilateral subdural collections slightly
hyperattenuating to CSF (white arrows) and hyperattenuation along a
neomembrane within the medial left frontal subdural collection
(black arrow). The subdural fluid is slightly hyperintense to CSF on
FLAIR (not shown) and T1WI (white arrows). On T2*-GRE, the subdural
fluid is slightly hyperintense to CSF with blooming along a subdural
compartment neomembrane (black arrow) and the left tentorium
(angled black arrow). On SWAN, the subdural fluid is hyperattenuat-
ing to CSF (white arrows). Hemosiderin staining was less conspicuous
in the axial plane on SWAN.
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(Fig 3) showed bilateral subdural collections that were isoattenu-

ating to CSF. The fluid was predominantly isointense to CSF on

FLAIR and T1WI, with subtle areas of hyperintensity. The fluid

was isointense to CSF on T2*-GRE and T2WI with no apparent

neomembranes or hemosiderin staining (Fig 3). Contrast was not

administered. The collections were interpreted as hygromas on

the basis of the imaging appearance. The operative report 3 days

later described the fluid as “chronic subdural hematoma.”

Case 4
This 4-month-old boy was evaluated for increasing head circum-

ference and was subsequently found to have bilateral subdural

hematomas on NCCT (Fig 4). Child protective services evaluation

raised concern for inflicted injury. On MR imaging (Fig 4), the

subdural collections were hyperintense to CSF on FLAIR and

T1WI and slightly hypointense to CSF on T2*-GRE. Hypointen-

sity of the collections was more pronounced on T2WI. A single

subdural compartment neomembrane was also observed on T2*-

GRE with no hemosiderin staining. This membrane was slightly

more conspicuous on T2WI. Contrast was not administered. The

collections were called cSDHs based on the MR imaging appear-

ance. Surgical drainage the next day resulted in a description of

the subdural fluid as “blood-tinged hematoma fluid.”

Case 5
This 4-month-old boy presented with increasing head circumfer-

ence and vomiting. NCCT (Fig 5) revealed bilateral subdural he-

matomas with internal neomembranes. In addition, there were

bilateral parietal bone fractures. On MR imaging (Fig 5), the sub-

dural fluid was hyperintense to CSF on FLAIR and T1WI. On

T2*-GRE, the fluid was slightly hyperintense to CSF and demon-

strated internal neomembranes with hemosiderin staining along

FIG 3. Case 3. Axial NCCT demonstrates bilateral subdural collections
slightly hyperattenuating to CSF (white arrows). On FLAIR and T1WI,
the subdural fluid is nearly isointense to CSF with subtle areas of
hyperintensity reflecting CSF flow artifacts (white arrows). On T2*-
GRE, the subdural fluid is isointense to CSF (angled white arrows) with
no blooming or susceptibility effects along the dural surface. The
multiple tubular hypointense structures on T2*-GRE are cortical veins.

FIG 4. Case 4. Axial NCCT shows right-larger-than-left subdural he-
matomas hyperattenuating to CSF (white arrows). On MR imaging,
the collections are hyperintense to CSF on T1WI and FLAIR (white
arrows). The collections approximate the signal of CSF on T2*-GRE
(angled white arrows) and are notably hypointense on T2WI (white
arrows). Note the right frontal subdural compartment neomembrane
on T2*-GRE (black arrow), with very subtle hemosiderin staining,
slightly more conspicuous on T2WI (black arrow).

FIG 5. Case 5. Axial NCCT demonstrates large bilateral subdural col-
lections hyperattenuating to CSF (white arrows) and a hyperattenu-
ating subdural compartment neomembrane (black arrow). On T1WI
(not shown) and FLAIR, the subdural fluid is hyperintense to CSF
(white arrows). On T2*-GRE, the subdural fluid is slightly hyperintense
to CSF (angled white arrows), with hemosiderin staining along a left-
sided neomembrane (black arrows). On T2WI, the subdural fluid is
isointense to CSF (white arrows) and nicely demonstrates multiple
neomembranes (black arrows).
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the neomembranes. The membranes were also quite conspicuous

on T2WI. Contrast was not administered. Surgical drainage 2

days later revealed “blood-tinged CSF.”

DISCUSSION
We present 5 infants with chronic posttraumatic subdural hem-

orrhage in which the signal of the subdural fluid was near that of

CSF on T2*-GRE or hyperintense on SWAN. Four cases demon-

strated subdural compartment neomembranes, with very subtle

or absent hemosiderin staining along the neomembranes in 2

cases. These observations of subdural fluid signal near or greater

than that of CSF and subtle or absent hemosiderin staining may be

somewhat counterintuitive because one may reason that chronic

subdural hemorrhage should exhibit hypointensity due to suscep-

tibility effects. However, this supposition is not necessarily true

and raises several important points.

Wittschieber et al4 posited that most acute SDH resolves com-

pletely and only rarely goes on to form cSDH. More commonly, a

subdural hygroma (SDHy) serves as an intermediary step between

acute SDH and cSDH. Essential to the formation of a cSDH is the

development of vascularized subdural compartment neomem-

branes. These neomembranes are prone to effusing CSF and mi-

crohemorrhages.4 Therefore, a cSDH is a mixture of blood-break-

down products, CSF, and neomembranes.

How do these components of a cSDH contribute to MR imag-

ing signal? First, consider the evolution of subdural blood. It goes

through the same hyperacute, acute, early subacute, and late sub-

acute stages as parenchymal blood, just more slowly. This slower

progression has been attributed to greater oxygen tension in the

subdural compartment.2,5 However, the chronic stage of subdural

hemorrhage differs from that in parenchymal hemorrhage. A

cSDH is characterized by repeat episodes of rebleeding along vas-

cularized neomembranes, thus containing varying amounts of al-

bumin, hemoglobin, and hemoglobin breakdown products, in-

cluding hemosiderin and globin proteins.6,7 The various proteins

increase T1 and FLAIR signal, and paramagnetic/ferromagnetic

hemosiderin causes blooming on T2*-GRE/SWI. Hemosiderin

tends to layer along the dural surface and along neomembranes.

However, hemosiderin may be completely absent from the sub-

dural compartment1-3 because absence of a BBB allows hemo-

siderin-laden macrophages to scavenge blood products and exit

the subdural compartment.2 Contrast this scenario with chronic

parenchymal hemorrhage, which typically shows hemosiderin

staining. This explains the range of cSDH signal in our 5 cases:

variable T1/FLAIR hyperintensity to CSF due to proteins and

variable hemosiderin staining on T2*-GRE/SWI. Several of our

cases demonstrated absent or very subtle hemosiderin staining

along the neomembranes. Finally, the fluid in chronic subdural

hemorrhage does not need to be hypointense on T2*-GRE/SWI.3

In our cases using SWAN, the fluid was hyperintense to CSF. On

T2*-GRE, 2 of our cases demonstrated slight hyperintensity rela-

tive to CSF: One demonstrated slight hypointensity, and another

demonstrated isointensity. The hyperintensity relates to the same

proteinaceous content that elevates the T1 and FLAIR signal, and

the slight hypointensity reflects the susceptibility effects of blood

products.

Neomembranes are important to note because they are diag-

nostic of cSDH and, along with non-CSF-like subdural fluid sig-

nal, represent the key observations allowing differentiation from

SDHy. However, they are of varying conspicuity, with one of our

cases demonstrating no definite neomembranes. T2*-GRE/SWI

can make neomembranes more conspicuous, particularly in the

presence of hemosiderin staining. Additionally, neomembranes

can enhance, and contrasted imaging may improve membrane

conspicuity in some authors’ experience.5,8 Of note, intravenous

contrast provided no additional information in our 3 contrast-

enhanced cases. Finally, membranes may be much more conspic-

uous in a particular plane, which highlights the importance of

multiplanar imaging. If no membranes are identified and there is

no hemosiderin staining, differentiating among hyperacute SDH,

SDHy, and cSDH can be difficult. In such challenging cases, com-

plementary nonenhanced CT and serial imaging are useful be-

cause these collections will evolve differently.9

Variable detail in the operative reports limits our correlation

of imaging appearance with surgical drainage findings. cSDH

fluid has often been described as having the gross appearance of

“crank case oil”—that is, thick and dark red/brown.4,6,10 Most

interesting, cases 4 and 5 had operative descriptions more typical

of SDHy, yet they still had membranes compatible with cSDH.

This further highlights the complex and varying nature of cSDH

fluid. Case 3 had the imaging appearance of an SDHy, yet it was

called “chronic subdural hematoma” in the operative report.

Given the retrospective nature of this report, it is unclear how to

reconcile this discrepancy, but it is possible that this collection was

indeed an SDHy. Case 1 similarly just described “subdural hema-

toma.” Only case 2 described “reddish-brown CSF,” a description

close to that of classic cSDH.

In summary, we present 5 cases of cSDH in infant survivors of

abusive head trauma, which illustrate important caveats regard-

ing the T2*-GRE and SWI signal characteristics of chronic sub-

dural hemorrhage. First, the fluid in cSDH is often isointense or

hyperintense to CSF on T2*-GRE or SWI. Second, hemosiderin

staining along the dural surfaces or neomembranes is commonly

yet not universally present. When there is a paucity of hemosid-

erin, neomembranes can be very subtle. Because neomembranes

are a key observation in diagnosing cSDH, careful examination of

all MR imaging sequences in multiple planes is necessary. These

observations serve to further refine the described appearance of

cSDH on T2*-GRE/SWI in infants with abusive head trauma and

dispel any notion that chronic subdural hemorrhage must dem-

onstrate hypointense fluid or hemosiderin. This refinement is

particularly important in the setting of child abuse, given the crit-

ical medicolegal and forensic implications of accurate subdural

collection description and dating.
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BRIEF/TECHNICAL REPORT
PEDIATRICS

Demonstration of Normal and Abnormal Fetal Brains Using 3D
Printing from In Utero MR Imaging Data

X D. Jarvis, X P.D. Griffiths, and X C. Majewski

ABSTRACT
SUMMARY: 3D printing is a new manufacturing technology that produces high-fidelity models of complex structures from 3D computer-
aided design data. Radiology has been particularly quick to embrace the new technology because of the wide access to 3D datasets.
Models have been used extensively to assist orthopedic, neurosurgical, and maxillofacial surgical planning. In this report, we describe
methods used for 3D printing of the fetal brain by using data from in utero MR imaging.

The data used to produce the 3D printed fetal brain models

were acquired by using a 3D in utero MR imaging volume

acquisition. This was achieved by imaging the fetal brain by using

an ultrafast, fully balanced steady-state sequence on a 1.5T whole-

body MR imaging scanner as detailed in the Table.

3D volume imaging has an inherently higher signal-to-

noise ratio compared with 2D imaging because the whole-

brain volume is excited at each repetition rather than section.

In addition, the homogeneous excitation across the imaging

volume results in more uniform section profiles compared

with 2D imaging because partial saturation of signal between

sections does not occur. These characteristics enable a smaller

partition thickness and FOV to improve anatomic resolution,

and the contiguous thin partitions permit postprocessing re-

construction for visualization of the anatomy in different

planes. The contrast mechanism of steady-state imaging and

flip angle determines the signal intensity from fluids, provid-

ing good tissue contrast between the fluid and brain interfaces,

which assists in the creation of surface projections. We cur-

rently use a flip angle of 60°–70° because higher flip angles are

associated with greater aliasing artifacts.1 Scan time is kept

short by optimizing the bandwidth (to permit shorter TRs and

TEs) and by partial Fourier techniques. These features allow

acquisition during maternal suspended respiration leading to

reduced movement artifacts.

Postacquisition Image Processing
The images from the 3D dataset are transferred onto a desktop

PC and loaded into a free open-source software package, 3D

Slicer (http://www.slicer.org), for segmentation.2 Once loaded

into 3D Slicer, the brightness and contrast are user-selected to

optimize visualization of the CSF/brain interfaces (both exter-

nal and ventricular). Each brain is manually segmented on a

section-by-section basis in the plane used for acquisition (usu-

ally axial), with other anatomic planes and fetal brain atlases

used for cross-reference to improve accuracy.3,4 Manual out-

lining of the fetal brain anatomy takes approximately 50 – 60

minutes for second-trimester brains and 90 –120 minutes for

more mature fetuses; the longer time is due to the increased

complexity of sulcation/gyration.

3D Slicer identifies anatomic areas by using labels, each repre-

sented by an index value and associated color. Once all the ROIs

have been annotated, the software reconstructs electronic 3D sur-

face models of the fetal brain by using the resultant labels. The

surface model data are then saved in the correct file format (STereo-

Lithography or .stl) required for 3D printing. The STereoLithog-

raphy file cannot be edited, and the resultant 3D printed model is

an exact representation of the generated 3D surface model; there-

fore, the latter should be examined for any extraneous parts to

ensure that the contours are in keeping with anatomic detail.

Laplacian smoothing can be applied at the model-building stage

to smooth contours if necessary.

3D Printing Technique
“3D printing” is the collective term for a number of technologies

that create parts in a layer-by-layer manner directly from 3D com-

puter-aided design data without the need for tooling. The major

benefits of 3D printing stem from the ability to produce complex
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geometries efficiently and effectively. Most 3D printing systems

use data in the STereoLithography format, whereby the 3D object

is reproduced as a triangulated surface.

The laser sintering process was chosen for models of the fetal

brain described in this article. This is a powder bed fusion process,

whereby a layer of powder is deposited and selectively scanned by

a CO2 laser. Areas scanned by the laser melt and, on re-solidifica-

tion, form the layers of the part. Laser sintering can produce

parts from a range of materials, including metals and ceramics. In

our examples, polymer material Nylon-12 (http://www.eos.info/

material-p) was used to construct the models of the fetal brain.

Specifically, the models were produced by using PA 2200 ma-

terial on a Formiga P100 laser sintering system (EOS, Munich,

Germany).

While high strength is not a key requirement for production of

most models, they must be strong enough to endure handling by

potentially large numbers of users. Parts produced via laser sin-

tering generally have relatively high mechanical strength com-

pared with other 3D printing processes, again making this a suit-

able process. While it is possible to build the model in 2 separate

materials, most 3D printing processes only allow the production

of parts in a single color. However, a number of processes allow

the production of multiple colors and/or materials within a single

part as demonstrated later.

Additionally, the lack of a requirement for tooling allows the

production of small volumes (including production of single

units) at no cost penalty. This can provide major advantages in

personalization for medical use, whereby every individual may

have different geometric or functional needs from a similar part.

The ability to produce one-off models economically makes 3D

printing highly suitable for the production of training models and

demonstrators as discussed in this article. More comprehensive

FIG 1. Images of the 3D printed model produced via laser sintering from an in utero MR imaging study performed at 30 weeks’ gestational age
in a fetus with ventriculomegaly and an interhemispheric cyst recognized on ultrasonography, compared with an age-matched fetus with no
brain abnormality. A 2D single-shot fast spin-echo image in the axial plane of the normal brain is shown (A), along with superior (B) and left lateral
(C) views of the 3D printed model. D–F, The matching images from the fetus with agenesis of the corpus callosum and extra-axial cysts, which
do not communicate with the ventricular system (type II cysts of Barkovich et al),7 are shown. Note that the orientation of the 2D image has been
altered to match the 3D model for ease of interpretation. The left hemisphere contains widespread heterotopia, a feature that was confirmed
at postmortem examination.

Imaging sequence parameters for the 3D FIESTA acquisition
3D FIESTA Steady-State Balanced Gradient-Echo

TR (ms) 4.2
TE (ms) 2.1
Flip angle 60°
Bandwidth (Hz) 125
NEX 0.75
Section thickness/gap (mm) 2.2/0
No. of partitions 26
FOV (mm) 340 � 270
Matrix size 320/256
Interpolation phase/secondary phase ZIP 512/ ZIP 2
Scan time (sec) 21

Note:—ZIP indicates interpolation values.
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FIG 2. Images of the 3D printed models produced via laser sintering from 2 in utero MR imaging studies performed at 2 gestational ages in a fetus
with lissencephaly compared with an age-matched fetus with no brain abnormality. A 2D single-shot fast spin-echo image in the axial plane of
the normal brain at 22 weeks’ gestation is shown (A), along with superior (B) and left lateral (C) views of the 3D printed model. The same format
is shown for a healthy 30-week fetus (D–F) and the fetus with lissencephaly (G–L).
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discussions of methods for and applications of 3D printing within

the medical sector can be found elsewhere.5,6

Application of 3D Models of the Fetal Brain
One of the major applications we envisage for this technology is

trying to improve anatomic understanding and training of radi-

ologists to develop their skills in fetal neuroimaging. We have

created a fetal brain teaching file available for review, which con-

sists of a number of cases with sample reports and background of

the condition, with images from both the 2D studies and 3D

printed models produced via laser sintering. The abnormal brain

models consist of several of the more common brain malforma-

tions at various gestational ages along with age-matched controls

(Figs 1 and 2). It is also possible to transpose 2D images from in

utero MR imaging studies onto 3D models to enhance the under-

standing of fetal anatomy further. The 3D volume images can be

manipulated into the same plane as the 2D images, and those

images are copied onto clear plastic with adhesive on 1 side to

produce “transfers.” The STereoLithography file of the matched

sections from the 3D printed model can be exported to produce a

limited print of the model to produce discrete 3D printed sec-

tions of the fetal brain as shown in Fig 3. A further possibility is

the production of models from multiple materials. For exam-

ple in the case of the fetal brain models, it can be useful for

showing clear differentiation of the ventricular system com-

pared with the remainder of the brain parenchyma as shown in

Fig 4. This is a 2-color part produced on an Objet Connex 500

Multi-Material 3D Printing system (https://www.mcad.com/3d-

printing/objet-connex-printers/connex-500/).

In summary, we have outlined a method that can be used to

produce 3D printed models and have described our approach to

constructing 3D models of the fetal brain. The field is developing

rapidly and presents a wide range of therapeutic and teaching

opportunities for medicine and radiology in particular.

FIG 3. A 3D printed model produced via laser sintering with the internal anatomy of the brain shown from an attached 2D single-shot fast
spin-echo image to produce a section of the fetal brain—superior (A) and oblique (B) projections.

FIG 4. Dual-material 3D printed brain produced on an Objet Connex 500 jetting system (manufactured courtesy of Professor Richard Bibb,
Loughborough Design School, Loughborough, UK). Separate STereoLithography files were exported from 3D Slicer, one consisting of the
segmented entire ventricular system and the other of part of the brain parenchyma. The ventricular system is printed in the same white material
as the other brains, while the parenchyma is printed in a clear material. The superior (A), inferior (B), and left lateral (C) views show the relationship
between the ventricles and brain to advantage.
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LETTERS

The Clinical Outcome of Posterior Reversible
Encephalopathy Syndrome

We read with great interest the article by Karia et al1 on pos-

terior reversible encephalopathy syndrome (PRES) evalu-

ating the association between the presence of enhancement in

PRES and various clinical factors in a large series of 176 patients

with PRES. They found that the presence or pattern of enhance-

ment in posterior reversible encephalopathy syndrome was not

associated with any of the tested variables. However, they found a

statistical association between MR imaging severity and out-

comes, confirming that the grading of MR imaging severity may

aid in determining the prognosis of patients with PRES. While we

agree with the conclusions of the study, prediction of clinical out-

comes in patients with PRES remains a challenging and contro-

versial subject. The purpose of this correspondence is to discuss

the current ideas regarding prognosis of PRES, which is still un-

certain and open to discussion.

Although PRES is increasingly being recognized and success-

fully treated, the most important factors affecting its outcomes,

such as permanent neurologic deficits, discharge status, and mor-

tality, have not yet been well characterized.2 In our study includ-

ing 70 patients with PRES, we found that there was no significant

correlation between imaging patterns and clinical risk factors. Cy-

totoxic edema, intracranial hemorrhage, and abnormal enhance-

ment did not show correlation with blood pressure, but correlated

with higher edema scores. Furthermore, our recent study demon-

strated that cytotoxic edema in PRES is frequently found in asso-

ciation with a larger area of vasogenic edema, which is probably

related to regional decreased perfusion and vasculopathy. Pres-

ence of atypical neuroimaging appearances, such as cytotoxic

edema, intracranial hemorrhage, and abnormal enhancement,

are useful for prognosis in PRES because these findings may re-

flect intrinsic endothelial injury or BBB disruption.3 Based on the

results of these studies, severity of brain edema in patients with

PRES should be considered as one of the most significant risk

factors in the clinical prognosis of this disorder. The specific eti-

ology of PRES and biochemical parameters may represent the

other important factors for its prognosis.4 Physicians should be

aware of the various etiologies of PRES to allow for rapid diagno-

sis and treatment and to reduce morbidity of PRES. Prospective

exploration is warranted to establish the imaging biomarker asso-

ciated with unfavorable clinical outcomes in PRES.

The most widely used outcome measure of the degree of dis-

ability or dependence in patients with stroke is mRS score. Some

investigators have used mRS score as a prognostic index during

clinical follow-up of patients with acute illness at 1- and 3-month

intervals after discharge. Clinical outcome was assessed as degree

of disability or death by using mRS score. In this original research,

the authors adopted a similar 5-category clinical outcome evalu-

ation based on one of their prior studies of PRES and acute toxic

leukoencephalopathy: grade 0, return to baseline clinical condi-

tion; grade 1, minimal residual cognitive deficit; grade 2, mild

persistent neurologic deficit; grade 3, moderate persistent neuro-

logic deficit; and grade 4, severe outcome, including no improve-

ment, seizures, coma, or death. Glasgow Outcome Scale score on

day 90 (67 days after onset of severe PRES) was also adopted as the

primary evaluation criterion by some investigators, which may

better reflect both mortality and morbidity, especially in critically

ill patients or fatal cases.5

The diagnosis of PRES relies mainly on clinical symptoms and

radiologic findings. We do agree with Fugate and Rabinstein’s6

statement that “the diagnosis of PRES is not mainly radiological;

the clinical context and the judgment of the clinician are crucial to

making the correct diagnosis.” Clinical symptoms are the prereq-

uisite in the diagnosis of PRES, and imaging findings are the es-

sential condition. Neuroimaging is critical for prompt recogni-

tion of this entity and differentiation from other diseases. Though

conventional MR imaging protocol is considered to be the crite-

rion standard for the diagnosis or evaluation of PRES, DWI com-

bined with ADC maps is sensitive for differentiating cytotoxic

edema from vasogenic edema. Therefore, it is preferable to in-

clude DWI and ADC maps in work-up. In practice, ADC map-

ping is also helpful in some cases in which clinical diagnosis is

unclear or difficult to determine.

In conclusion, the roles of imaging findings, clinical symp-

toms, and biochemical parameters in predicting prognosis of

PRES warrant further investigation. A unified diagnostic algo-

rithm should be sought to standardize the diagnosis of PRES and

description of clinical outcomes, which will facilitate future re-

search in exploring the role of neuroimaging for this disorder.
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REPLY:

We appreciate the interest in our article and comments made

by Dr Gao et al. We agree that prediction of clinical out-

comes in patients with posterior reversible encephalopathy syn-

drome (PRES) is a challenging subject. Dr Gao et al raised inter-

esting points in their letter regarding both measures of MR

imaging severity and clinical outcomes.

First, while clinical outcomes were addressed in the study, the

study in question focused primarily on the presence of enhance-

ment in PRES and whether it was associated with any of the mea-

sured clinical factors. Because no such associations were found,

we suggested that gadolinium-based contrast may not be neces-

sary in diagnosing or assessing the degree of severity of PRES.1 As

noted, however, our results did show a significant association be-

tween clinical outcomes and the extent of the T2 signal abnormal-

ities used to grade the radiologic severity.

Dr Gao et al suggested that regions of cytotoxic edema in PRES

(visible on DWI) are frequently associated with larger areas of

vasogenic edema. This observation may be in agreement with a

hypothesis regarding the pathophysiology of restricted diffusion

in PRES, in which endothelial dysfunction and vasogenic edema

and ensuing potential compression of local microcirculation or

vasospasm lead to resultant ischemia or infarction.2-4 Previous

studies have shown that this phenomenon occurs in a minority of

patients with PRES and that such areas of reduced diffusion (ie,

cytotoxic edema, low ADC values) typically occur within larger

areas of elevated diffusion (ie, vasogenic edema, high ADC values)

and may assume a punctate or gyriform pattern.2,5 Better evi-

dence is needed to determine whether the presence of cytotoxic

edema correlates with clinical outcome. We also opine that the

presence of hemorrhage, ranging from frank parenchymal (in up

to 20%) to microhemorrhage (in �50%), needs to be further

assessed with regard to its effect on outcome.2,6

In regard to the different scales used to predict outcome, we

believe that our outcome score scale is not entirely dissimilar to

the modified Rankin Scale, reflecting the degree of residual neu-

rologic disability in patients with stroke, or from the Glasgow

Outcome Score (GOS), useful for global assessment following

brain injury. The GOS has been used by Legriel et al7 to determine

outcomes of severe PRES 90 days after the presentation. Future

studies could evaluate whether any of these clinical scales best

reflect eventual outcome and ultimately whether MR imaging se-

verity or any of the MR imaging findings at initial presentation

correlate with outcome.
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LETTERS

Utility and Significance of Gadolinium-Based Contrast
Enhancement in Posterior Reversible Encephalopathy

Syndrome

We read with considerable interest the article concerning the

significance of gadolinium-based contrast enhancement in

patients with posterior reversible encephalopathy syndrome

(PRES).1 The authors have performed a retrospective study on a

large patient population and have demonstrated that gadolinium

administration is not warranted in these patients because PRES

is a clinical-radiologic diagnosis made in appropriate settings

and the presence or lack of contrast enhancement does not add

to the existing diagnosis algorithm or help in the prognosis of

the patients.

A few points merit consideration after reading this article.

First, they included 135 patients with a mean age of 40 � 20 years

with range from 7 to 82 years. However, they have not separately

mentioned the pediatric patients, who have been shown to follow

a different clinical-radiologic spectrum.1 In our review of pediatric

patients with PRES, we have found that contrast enhancement is

variably seen in pediatric populations, ranging from 2% to 53%.

This variability is likely due to the multiple etiologies leading to

PRES, with imaging in patients having hemato-oncologic malig-

nancies and undergoing chemotherapy predominantly showing

enhancement. In our own pediatric PRES cohort, renal disease

was seen in 62.5% of patients and contrast could not be given.

Only 2 patients undergoing chemotherapy showed leptomenin-

geal enhancement. In addition, pediatric patients commonly

show atypical MR imaging findings.2 These findings indicate that

endothelial dysfunction may be the primary mechanism in addi-

tion to loss of autoregulation.

We also did not find any correlation among contrast enhance-

ment, MR imaging severity of disease, and patient outcome in our

pediatric PRES cohort. A description from the authors of their

pediatric cohort, with underlying diseases and pattern of en-

hancement, may further add to our existing knowledge.

Second, they compared the clinical outcome with the MR im-

aging severity index as described previously. However, as per our

review, the pediatric population frequently shows atypical find-

ings such as frontal lobe, basal ganglia, and brain stem involve-

ment2; thus, the conventional MR imaging severity index, based

on location, may not be applicable when assessing the prognostic

significance in children.

We find the published article useful because it reinforces our

own experience of not using contrast unless some alternative pa-

thology is being considered. A pediatric population in which the

predominant etiologic cohort is underlying renal disease may not

be given contrast, and other patients with PRES may not benefit

much from contrast administration as far as diagnosis and clinical

outcome are concerned.
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REPLY:

We would like to thank Dr Bhatia and colleagues for their

interest in our article and their comments. Indeed, we did

not separately analyze the pediatric population in our cohort, and

we acknowledge it would be interesting to further evaluate this

group and compare our findings with theirs.

Therefore, we further investigated our subpopulation of pos-

terior reversible encephalopathy syndrome cases and updated our

data base to include additional pediatric patients to evaluate the

importance of contrast enhancement. In total, we identified 30

contrast-enhanced MR imaging cases of pediatric patients with

posterior reversible encephalopathy syndrome. Of these, 26

(87%) patients were immunosuppressed. Our cohort’s character-

istics substantially differ from the authors’ own cohort (62.5%

with renal disease); hence, there is a limitation in comparing find-

ings between both studies.1

Within this group, 60% (n � 18) of patients demonstrated

evidence of contrast enhancement, a rate higher than our earlier

findings of 43.7% in the general population.2 Similarly, we found

no correlation between presence/pattern of contrast enhance-

ment and any of the outcome scores of tested variables. However,

and interestingly, we no longer found an association between MR

imaging severity and outcome scores in the new pediatric cohort

(P � .05). This contrasts with our earlier findings in the general

population, but this new cohort suffers considerably from its

much smaller size and diminished statistical power.

We find the authors’ observations regarding the frequency of

atypical MR imaging features and how that could limit our pro-

posed MR severity index scale interesting. However, we believe

that in both our current study and a previous study from 1 of the

authors (A.M.M), these atypical findings would be appropriately

covered in this scale.3 In particular, Casey et al4 and Covarrubias

et al5 previously suggested high severity in posterior reversible

encephalopathy syndrome when basal ganglia or brain stem in-

volvement was found, which was taken into account when grad-

ing MR imaging severity. Atypical features in posterior reversible

encephalopathy syndrome previously were shown to be relatively

frequent, with frontal involvement seen in up to 78.9% of pa-

tients, thalamic involvement in up to 30.3%, and cerebellar in-

volvement in up to 34.2%.3
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LETTERS

Measures of Neuroradiologic Activities in the “Air du Temps”

We read with great interest the article by Wintermark et al,

“Non-Relative Value Unit–Generating Activities Repre-

sent One-Fifth of Academic Neuroradiologist Productivity,”1

published on-line in March. It is in the “air du temps” (ie, spirit of

the time or timely), when everything is quantified by being more

economically productive.

In many hospitals in Switzerland and probably in most Euro-

pean countries, the clinical, scientific, and management times are

not clearly defined and separated. This shortcoming is a real prob-

lem. Additionally, we do not have just specialized tumors boards

as mentioned in the article but also other multidisciplinary meet-

ings to discuss daily “routine” cases. These cases have been read

and interpreted with formal reports written by different neurora-

diologists. The additional question raised in our environment is

whether these boards bring any additional value and whether, in

this situation, the neuroradiologist’s time task is measured cor-

rectly. Indeed, we are confronted with not just presenting the case

once but very often rediscussing it and repreparing it, sometimes

with additional postprocessing and follow-up discussions.

Therefore, in our opinion, this type of application could be a

double-edged sword because as Wintermark et al have reported,

recording time accurately is a difficult task. Indeed, by appearing

to be very exact, it can fully underestimate the time devoted to

different tasks. However, if correctly adapted and used, this type

of application will be generalized in neuroradiology departments,

first, to obtain enough resources; second, to determine the stan-

dards for the recommended number of cases that each working

neuroradiologist should report2; third, to detect unnecessary or

redundant tasks; and finally, to plan the necessary future

workforce.
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LETTERS

Is There a Need for Contrast and Local Anesthetic in Cervical
Epidural Steroid Injections?

We read with great interest the recent article by Lagemann et

al1 regarding the extraforaminal needle tip position for

CT-fluoroscopic cervical transforaminal epidural steroid injec-

tions to reduce the risk of intravascular injection.

The technique for injection is outlined in the “Materials and

Methods” section. The authors administered a trial dose of 0.3 mL

of iohexol contrast (Omnipaque 300; GE Healthcare, Piscataway,

New Jersey) to determine whether the needle was intravascular,

followed by a cocktail of 1.2 mL of 2.5–5 mg/mL of bupivacaine

analgesic, 8 mg of dexamethasone, and 0.3 mL of iohexol.

First, we question the use of bupivacaine in transforaminal

epidural steroid injections. The inadvertent intravascular injec-

tion of bupivacaine has been associated with vasospasms of arte-

rioles and increases the risk of CNS infarction.2 There is also no

lasting analgesic benefit from the extraforaminal injection of local

anesthetic; thus, we propose the use of local anesthetic to the skin

at the time of induction of the needle and none further in the

procedure.

As highlighted in our Letter previously published in this jour-

nal, we question the use of contrast in cervical injections.3 The

inclusion of contrast gives the radiologist a false sense of security

(as seen in the article by Lagemann et al with over half [55%] of

the intravascular injections of dexamethasone having no evidence

of the intravascular positioning on the trial contrast dose). Real-

time imaging, such as digital subtraction angiography, would be

needed to accurately detect the intravascular injection. Evidence

shows that dexamethasone is likely safe when inadvertently in-

jected intravascularly.4,5 By including contrast in this cocktail,

you also introduce the risk of contrast reaction. Given the lack of

adverse events with intravascular injection of dexamethasone and

the poor sensitivity for identifying intravascular positioning, we

propose the omission of contrast from this procedure.

In our center during the past 8 years of transforaminal extra-

foraminal injections with this technique, there have been no

adverse events. We propose the use of a small volume of 1%

lidocaine to the skin and 2– 8 mg of dexamethasone injected

extraforaminally under CT guidance.
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REPLY:

We thank Bolger et al for their commentary regarding our

recent article. CT guidance is still a relatively new tech-

nique for cervical transforaminal epidural steroid injections

(TFESIs), with the optimal methodology for many details of the

procedure yet to be elucidated by empiric investigation. We hope

that academic discussion will improve procedural methodology

for all practitioners.

In response to the first issue raised by our colleagues, we argue

that bupivacaine is an important component of cervical TFESIs

because it provides an almost immediate local analgesic effect,

which allows us to assess pain relief before the patient leaves our

procedure facility. This diagnostic information is invaluable to

our referring surgeons, who often use our cervical TFESIs as a

presurgical planning tool to determine the exact level of radicu-

lopathy before spine surgery. In these cases, determining the pa-

tient’s almost immediate response to bupivacaine is the clinician’s

principal goal, not long-term pain relief from steroid. The clear

benefit of bupivacaine in these cases must be balanced against

what appears to be a largely theoretical risk of complications from

intravascular injection of bupivacaine at the small doses we use:

During more than 2 decades of performing thousands of cervical

injections, we have never had a known minor or major complica-

tion attributable to bupivacaine.

We also argue that the trial contrast dose is a valuable step in

cervical TFESI. Our use of the trial contrast dose, nevertheless,

was followed, in many cases, by intravascular injection of steroid.

Concluding, however, that contrast should not be used falls into

the nirvana fallacy (that is, reasoning that because a solution is

imperfect, it should be rejected). In our article, the trial contrast

dose was successfully used to identify intravascular needle-tip po-

sition, with subsequent needle repositioning and no intravascular

injection of steroid, in 10/13 (77%) large-volume intravascular

injections. If one used the technique described by Bolger et al,

these intravascular needle positions would be missed, and all ste-

roids for these cases would be injected intravascularly. This result

would effectively remove the local delivery of anti-inflammatory

steroid from the region of the targeted nerve root, which is, for

Bolger et al, the intent of the procedure. In regard to the small risk

of contrast reaction, we follow the American College of Radiology

recommendations for premedication.1 If the patient has a mild

allergy (hives), then we premedicate with oral prednisone and

diphenhydramine; if the allergy is more severe, then we do not use

iodinated contrast and may not perform the procedure at all, at

the discretion of the proceduralist. During more than 2 decades of

performing cervical injections, we have never had a known com-

plication attributable to contrast reaction.
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