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C. Garrido, Á. Salas, G. Miranda, C.E. Stott, and P.H. Delano

1825 Clinical Significance of an Increased Cochlear 3D Fluid-Attenuated
Inversion Recovery Signal Intensity on an MR Imaging Examination in
Patients with Acoustic Neuroma D.Y. Kim, J.H. Lee, M.J. Goh, Y.S. Sung, Y.J. Choi,
R.G. Yoon, S.H. Cho, J.H. Ahn, H.J. Park, and J.H. Baek

1830 Imaging Appearance of the Lateral Rectus–Superior Rectus Band in 100
Consecutive Patients without Strabismus S.H. Patel, M.E. Cunnane, A.F. Juliano,
M.G. Vangel, M.A. Kazlas, and G. Moonis

PEDIATRICS
1836 Screening CT Angiography for Pediatric Blunt Cerebrovascular Injury with

Emphasis on the Cervical “Seatbelt Sign” N.K. Desai, J. Kang, and F.H. Chokshi

SPINE
1841 Large-Volume Blood Patch to Multiple Sites in the Epidural Space through

a Single-Catheter Access Site for Treatment of Spontaneous Intracranial
Hypotension J. Griauzde, J.J. Gemmete, N. Chaudhary, T.J. Wilson, and A.S. Pandey

ONLINE FEATURES (www.ajnr.org)

BOOK REVIEWS R.M. Quencer, Section Editor
Please visit www.ajnrblog.org to read and comment on Book Reviews.



ASNR 53rd Annual Meeting &
The Foundation of the ASNR
Symposium 2015

Abstract Deadline:
Friday, December 12, 2014

Please visit www.asnr.org/2015 
for more information April 25-30, 2015

Sheraton Chicago Hotel & Towers

Request Programming and Registration Materials 
for the ASNR 53rd Annual Meeting, Contact:
ASNR 53rd 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
Email: meetings@asnr.org
Website: www.asnr.org/2015

Scan now to visit our website

ASNR 2015 Program Chair/President Elect
Laurie A. Loevner, MD

Programming developed in cooperation with the:

Society of NeuroInterventional Surgery (SNIS)
Donald F. Frei, Jr. MD 

American Society of Functional Neuroradiology (ASFNR)
Pratik Mukherjee, MD, PhD 

American Society of Head and Neck Radiology (ASHNR)
Richard H. Wiggins, III, MD 

American Society of Pediatric Neuroradiology (ASPNR)
Thierry A.G.M. Huisman, MD 

American Society of Spine Radiology (ASSR)
Adam E. Flanders, MD 

Health Policy Committee
Robert M. Barr, MD, FACR



AJNR AMERICAN JOURNAL OF NEURORADIOLOGY
Publication Preview at www.ajnr.org features articles released in advance of print.
Visit www.ajnrblog.org to comment on AJNR content and chat with colleagues
and AJNR’s News Digest at http://ajnrdigest.org to read the stories behind the
latest research in neuroimaging.

SEPTEMBER 2014 • VOLUME 35 • NUMBER 9 • WWW.AJNR.ORG

Official Journal:
American Society of Neuroradiology

American Society of Functional Neuroradiology
American Society of Head and Neck Radiology

American Society of Pediatric Neuroradiology
American Society of Spine Radiology

EDITOR-IN-CHIEF

Mauricio Castillo, MD
Professor of Radiology and Chief, Division of

Neuroradiology, University of North Carolina,
School of Medicine, Chapel Hill, North Carolina

SENIOR EDITORS

Harry J. Cloft, MD, PhD
Professor of Radiology and Neurosurgery,

Department of Radiology, Mayo Clinic College of
Medicine, Rochester, Minnesota

Nancy J. Fischbein, MD
Professor of Radiology, Otolaryngology-Head and

Neck Surgery, Neurology, and Neurosurgery and
Chief, Head and Neck Radiology, Department of

Radiology, Stanford University Medical Center,
Stanford, California

Jeffrey S. Ross, MD
Staff Neuroradiologist, Barrow Neurological

Institute, St. Joseph’s Hospital, Phoenix, Arizona

Pamela W. Schaefer, MD
Clinical Director of MRI and Associate Director of
Neuroradiology, Massachusetts General Hospital,
Boston, Massachusetts, and Associate Professor,
Radiology, Harvard Medical School, Cambridge,

Massachusetts

Charles M. Strother, MD
Professor of Radiology, Emeritus, University of

Wisconsin, Madison, Wisconsin

Jody Tanabe, MD
Professor of Radiology and Psychiatry,

Chief of Neuroradiology,
University of Colorado, Denver, Colorado

EDITORIAL BOARD
Ashley H. Aiken, Atlanta, Georgia
A. James Barkovich, San Francisco, California
Walter S. Bartynski, Charleston, South Carolina
Barton F. Branstetter IV, Pittsburgh, Pennsylvania
Jonathan L. Brisman, Lake Success, New York
Julie Bykowski, San Diego, California
Donald W. Chakeres, Columbus, Ohio
Alessandro Cianfoni, Lugano, Switzerland
Colin Derdeyn, St. Louis, Missouri
Rahul S. Desikan, San Diego, California
Richard du Mesnil de Rochemont, Frankfurt,

Germany
Clifford J. Eskey, Hanover, New Hampshire
Massimo Filippi, Milan, Italy
David Fiorella, Cleveland, Ohio
Allan J. Fox, Toronto, Ontario, Canada
Christine M. Glastonbury, San Francisco,

California
John L. Go, Los Angeles, California
Wan-Yuo Guo, Taipei, Taiwan
Rakesh K. Gupta, Lucknow, India
Lotfi Hacein-Bey, Sacramento, California
David B. Hackney, Boston, Massachusetts
Christopher P. Hess, San Francisco, California
Andrei Holodny, New York, New York
Benjamin Huang, Chapel Hill, North Carolina
Thierry A.G.M. Huisman, Baltimore, Maryland
George J. Hunter, Boston, Massachusetts
Mahesh V. Jayaraman, Providence, Rhode Island
Valerie Jewells, Chapel Hill, North Carolina
Timothy J. Kaufmann, Rochester, Minnesota
Kennith F. Layton, Dallas, Texas
Ting-Yim Lee, London, Ontario, Canada
Michael M. Lell, Erlangen, Germany
Michael Lev, Boston, Massachusetts
Karl-Olof Lovblad, Geneva, Switzerland
Lisa H. Lowe, Kansas City, Missouri
Franklin A. Marden, Chicago, Illinois
M. Gisele Matheus, Charleston, South Carolina
Joseph C. McGowan, Merion Station,

Pennsylvania
Kevin R. Moore, Salt Lake City, Utah
Christopher J. Moran, St. Louis, Missouri
Takahisa Mori, Kamakura City, Japan

Suresh Mukherji, Ann Arbor, Michigan
Amanda Murphy, Toronto, Ontario, Canada
Alexander J. Nemeth, Chicago, Illinois
Laurent Pierot, Reims, France
Jay J. Pillai, Baltimore, Maryland
Whitney B. Pope, Los Angeles, California
M. Judith Donovan Post, Miami, Florida
Tina Young Poussaint, Boston, Massachusetts
Joana Ramalho, Lisbon, Portugal
Otto Rapalino, Boston, Massachusetts
Álex Rovira-Cañellas, Barcelona, Spain
Paul M. Ruggieri, Cleveland, Ohio
Zoran Rumboldt, Rijeka, Croatia
Amit M. Saindane, Atlanta, Georgia
Erin Simon Schwartz, Philadelphia, Pennsylvania
Aseem Sharma, St. Louis, Missouri
J. Keith Smith, Chapel Hill, North Carolina
Maria Vittoria Spampinato, Charleston, South

Carolina
Gordon K. Sze, New Haven, Connecticut
Krishnamoorthy Thamburaj, Hershey, Pennsylvania
Kent R. Thielen, Rochester, Minnesota
Cheng Hong Toh, Taipei, Taiwan
Thomas A. Tomsick, Cincinnati, Ohio
Aquilla S. Turk, Charleston, South Carolina
Willem Jan van Rooij, Tilburg, Netherlands
Arastoo Vossough, Philadelphia, Pennsylvania
Elysa Widjaja, Toronto, Ontario, Canada
Max Wintermark, Charlottesville, Virginia
Ronald L. Wolf, Philadelphia, Pennsylvania
Kei Yamada, Kyoto, Japan

EDITORIAL FELLOW
Asim F. Choudhri, Memphis, Tennessee

YOUNG PROFESSIONALS
ADVISORY COMMITTEE
Asim K. Bag, Birmingham, Alabama
Anna E. Nidecker, Sacramento, California
Peter Yi Shen, Sacramento, California

HEALTH CARE AND
SOCIOECONOMICS EDITOR
Pina C. Sanelli, New York, New York

Founding Editor
Juan M. Taveras
Editors Emeriti

Robert I. Grossman, Michael S. Huckman,
Robert M. Quencer

Special Consultants to the Editor
Sandy Cheng-Yu Chen, Girish Fatterpekar,

Ryan Fitzgerald, Katherine Freeman,
Yvonne Lui, Greg Zaharchuk

INR Liaisons
Timo Krings, Karel terBrugge

Managing Editor
Karen Halm

Electronic Publications Manager
Jason Gantenberg
Editorial Assistant

Mary Harder
Executive Director, ASNR

James B. Gantenberg
Director of Communications, ASNR

Angelo Artemakis

AJNR (Am J Neuroradiol ISSN 0195– 6108) is a journal published monthly, owned and published by the American
Society of Neuroradiology (ASNR), 800 Enterprise Drive, Suite 205, Oak Brook, IL 60523. Annual dues for the
ASNR include $170.00 for journal subscription. The journal is printed by Cadmus Journal Services, 5457 Twin
Knolls Road, Suite 200, Columbia, MD 21045; Periodicals postage paid at Oak Brook, IL and additional mailing
offices. Printed in the U.S.A. POSTMASTER: Please send address changes to American Journal of Neuroradiology,
P.O. Box 3000, Denville, NJ 07834, U.S.A. Subscription rates: nonmember $370 ($440 foreign) print and online,
$300 online only; institutions $430 ($495 foreign) print and basic online, $850 ($915 foreign) print and extended
online, $355 online only (basic), extended online $770; single copies are $35 each ($40 foreign). Indexed by
PubMed/Medline, BIOSIS Previews, Current Contents (Clinical Medicine and Life Sciences), EMBASE, Google
Scholar, HighWire Press, Q-Sensei, RefSeek, Science Citation Index, and SCI Expanded. Copyright © American
Society of Neuroradiology.





PERSPECTIVES

The Fraud and Retraction Epidemic
M. Castillo, Editor-in-Chief

A recent article in the Proceedings of the National Academy of

Science (PNAS) examines the cause of retractions involving

more than 2000 articles published in biomedical and life-science-

related journals.1 Of these, nearly 70% were retracted due to au-

thor misconduct, with the most common problem being sus-

pected fraud (43.4%), followed by duplications and plagiarism.

When compared with data obtained in 1975, the incidence of

misconduct-related retractions has increased 10-fold.

Overall, misconduct-related retractions involve only a tiny

portion of the more than 25 million articles housed on PubMed.

The issue is not that the number of retractions is small but that

their number is increasing considerably and rapidly. Exactly how

many articles are retracted due to misconduct is difficult to estab-

lish as published retraction notices are often vague and unclear as

to the cause of the problem (estimates place the figure at 0.2% of

1.4 million articles annually published). Whereas from 2002 to

2006 fraud-related article retractions were 20% higher than error-

related ones, from 2007 to 2011 error-related retractions were less

than 40% of fraud-related ones.1

It is hard not to point fingers; most fraud-related retractions

come from our own backyard: the United States (probably reflect-

ing the fact that about 26% of all scientific publications originate

here). China and India account for the most retractions due to

duplications and plagiarism (probably reflecting difficulties with

the use of English). China’s share of scientific publications went

up from 4.4% to 10.2% from 2003 to 2008, while those from the

United States and United Kingdom went down, positioning

China to become the largest source of origin in science in the near

future.

Another interesting observation made by Fang et al1 refers to

the quality of journals in which most retractions happen. There

was a direct correlation between Impact Factor (IF) and retraction

numbers. Prestigious journals such as Science (IF: 31.2), PNAS

(IF: 9.68), and Nature (IF: 36.28) have the most retracted articles,

while 16 journals with IFs less than 3 (as is the American Journal of

Neuroradiology [AJNR]) had none (in my time as Editor-in-Chief,

only 1 AJNR-related article had to be retracted, and this was ac-

tually done by another journal because the original appearance of

the duplicated article was published by us). Because retractions

are generally initiated by journal editors and some may not wish

to accept the mistake of publishing a fraudulent article, many

articles that should be retracted are not and remain viable and

gain citations. Thus, the current number of retractions is probably

underestimated.

Stephen Breuning was the assistant director of the largest in-

stitution for the mentally impaired in Pennsylvania. In 1983, it

was discovered that he falsified data presented in a symposium

abstract, which led the National Institute of Mental Health to

review his publications, reaching a conclusion that 24 of 25 were

fraudulent.2 Surprisingly, only 3 were retracted at that time,

and 24 years later, a study showed that they continue to be cited

even by prestigious journals such as the British Journal of Psy-

chiatry (IF: 6.61).3 In another study, 235 retracted articles ac-

cumulated 2034 citations, and depending on how the data were

analyzed, the retractions were acknowledged in only 6.4%–

7.7% of the journals.4 Also, “infamous” articles may be quoted

more often than “famous” ones. On the Scholarly Kitchen Web

site* (http://scholarlykitchen.sspnet.org), Kent Anderson said

about retractions: “In high impact journals, there is no reason

to believe that these citations don’t contribute their fair share

to the impact factor. After all, an infamous paper may be more

readily cited because it’s top of mind for a busy author.”5 (This

is a common joke among journal editors: if you want your IF to

go up, publish a fraudulent article!)

If we have the IF, the h-index, and other metrics, why not have

a retraction factor? Drs Ferric Fang and Arturo Casadevall, editors

of Infection and Immunology (IF: 4.16) and mBio (IF: 5.3), respec-

tively, set out to do this. Fang and Casadevall6 simply took the

number of retractions per journal from 2001 to 2010 and divided

it by the total number of articles appearing on PubMed during the

same period. Because the number of retractions tends to be small,

they multiplied their results by 1000 to obtain whole numbers.

This recent article pointed out again that retractions occur more

often in higher IF journals. In a different article, the policies on

retractions found in major biomedical journals were studied.7 For

this investigation, the author selected the 122 journals with the

highest IFs and found that 62% did not have a formal policy

regarding retractions (AJNR does and it can be found at http://

www.ajnr.org/site/misc/ifora.xhtml#dupl). In August 2012, The

Scientist published an opinion piece calling for a “transparency

index” similar in spirit to the IF.8 The authors suggested that this

index should include the following: the article review protocol of

the journal (AJNR has one), whether underlying data are made

available (AJNR does not unless something is called into ques-

tion), whether the journal uses plagiarism-detection software

(yes, AJNR does this), whether a mechanism for dealing with

fraud issues exists (see the Web address above for the policy of

AJNR), and whether corrections and retractions are as clear as

possible (I believe ours are).

Older research told us that retractions took some time to take

place; an observation that no longer holds true as seen in a recent

investigation.9 In that study, the entire universe of biomedical

literature between 1972 and 2006 was examined. While other in-

vestigations have used loose controls, in this one, the authors

chose as controls only articles published immediately before and

after a retraction and in the journal where the fraud had occurred.

Let me spend a few lines here because their results were very in-

teresting. They found that most fraudulent articles were authored

by top researchers at US universities and that retracted articles

were likely to be highly cited in their first year. However, they also

found some good and honest things that happen after retractions:

The system is fast with nearly 50% of retractions occurring 2 years

postpublication (and it seems that this delay is getting shorter
http://dx.doi.org/10.3174/ajnr.A3835
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with time), retractions are unbiased, and the effects of retractions

are severe and long-lived (citations for retractions were down

72% by 10 years). Most retractions are American articles, and the

number of retractions reported by journals published outside the

United States is small. Does this imply that research done else-

where is more honest? I believe that this is not the case and that

foreign journals perhaps have less well-established policies and

procedures on retractions and/or pay less attention to this

problem.

If you want to be entertained (not to say amazed or even dis-

gusted) by the retraction epidemic, I suggest visiting the Retrac-

tion Watch Web site (http://retractionwatch.wordpress.com).

This is a moderated blog that reports instances of fraud and allows

visitors to comment. Recently posted, there is a new twist: retrac-

tion of an article “in press,” meaning that its final version was not

yet available and that it had not been assigned space (issue, pages)

in the journal.10 The implication is that fraud is occurring and

being detected even at the preliminary submission stage. As in

many other cases, the reason for this retraction was opaque and

listed as “article withdrawn at the request of the authors and

editor.”

However, all of this should not come as a surprise. An article

by John Ioannidis, a meta-researcher who specializes in this sort

of thing, states that 80% of nonrandomized studies (the most

common type published) are eventually proved wrong as are 25%

of randomized trials and 10% of large multi-institutional ran-

domized ones.11 He has been able to identify the characteristics of

articles that make them more likely to contain false information:

small populations, small overall effect on science, financial inter-

ests, and a “hotter” field, among others. All of these features con-

tribute to eventual retractions. Dr Ioannidis said, “At every step in

the process, there is room to distort results, a way to make a

stronger claim or to select what is going to be concluded.”12

As shown in 2 cases just last year, the retraction (and fraud)

epidemic continues and is growing. The first case involved the

dean of the School of Social and Behavioral Sciences at Tilburg

University in the Netherlands.13 His studies involved the effects of

trash-ridden environments and eating meat on behavior, and

some were published in Science. Dr Stapel’s deception was driven

(according to him) by his “quest for beauty—instead of truth.”

People like him, obsessed by order and symmetry, have difficulty

accepting the often messy results of research. A university com-

mittee concluded that 55 of his articles were fraudulent, and he is

now being investigated for misuse of public funds given to him in

the form of grants.

In the second case, Dr Yoshitaka Fujii, a researcher and anes-

thesiologist from the University of Tsukuba in Japan went on for

years publishing fraudulent articles.14 The first allegations of

fraud came in 2000, and by 2012, a panel of investigators had

concluded that he had been publishing falsified data since 1993. In

April 2012, twenty-three journals publicly requested that the Jap-

anese Society of Anesthesiology investigate Dr Fujii. By June, a

commission had found that 172 of his articles contained some

fabricated data, and of these, 126 were “totally fabricated.”

This last example is the largest case of scientific fraud to date,

and I am sure that, unfortunately, it will not be the last. In 1

survey, 2% of academics admitted to falsifying or fabricating data

and 28% claimed to know colleagues who had done it.15

*The Scholarly Kitchen is a moderated blog established by the

Society for Scholarly Publishing to “advance communication

through education and networking.” It is a must for anyone in-

terested in scientific publication.
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MRA Versus DSA for Follow-Up of Coiled Intracranial
Aneurysms: A Meta-Analysis

M.J. van Amerongen, H.D. Boogaarts, J. de Vries, A.L.M. Verbeek, F.J.A. Meijer, M. Prokop, and R.H.M.A. Bartels

ABSTRACT

SUMMARY: MR angiography is proposed as a safer and less expensive alternative to the reference standard, DSA, in the follow-up of
intracranial aneurysms treated with endovascular coil occlusion. We performed a systematic review and meta-analysis to evaluate the
accuracy of TOF-MRA and contrast-enhanced MRA in detecting residual flow in the follow-up of coiled intracranial aneurysms. Literature
was reviewed through the PubMed, Cochrane, and EMBASE data bases. In comparison with DSA, the sensitivity of TOF-MRA was 86% (95%
CI: 82– 89%), with a specificity of 84% (95% CI: 81– 88%), for the detection of any recurrent flow. For contrast-enhanced MRA, the sensitivity
and specificity were 86% (95% CI: 82– 89%) and 89% (95% CI: 85–92%), respectively. Both TOF-MRA and contrast-enhanced MRA are shown
to be highly accurate for detection of any recanalization in intracranial aneurysms treated with endovascular coil occlusion.

ABBREVIATIONS: CE � contrast-enhanced; GRADE � grades of recommendation, assessment, development, and evaluation; SROC � summary receiver operating
characteristic

The prevalence of unruptured intracranial aneurysms in the

world population is approximately 2–3%.1,2 The current

standard treatment to eliminate the risk of (re)bleeding is exclu-

sion of the aneurysm from the intracranial circulation by use of

endovascular detachable coil occlusion.3 However, recurrences

occur in approximately 20% of treated patients, leading to a need

for retreatment in approximately 9% of all cases.4

DSA is the reference standard for evaluating aneurysms after

coiling. However, this technique exposes patients to risks such as

cerebral thromboembolism, contrast nephrotoxicity, and ioniz-

ing radiation. The transient neurologic complication rate after

DSA has been reported to be in the range of 0.34 –1.3%, with a risk

for permanent neurologic complications of 0.5%. This risk accu-

mulates because repeated follow-ups are necessary.5-7

MRA can be used for follow-up of coiled intracranial aneu-

rysms, with TOF and contrast-enhanced (CE) MRA being the

most commonly used techniques currently available. MRA elim-

inates the risks of cerebral thromboembolism and ionizing radi-

ation. There is, however, a continuing debate about which of these

2 MRA techniques is best suited for aneurysm follow-up. The

systematic review and meta-analysis performed by Kwee and

Kwee8 in 2007 compared TOF-MRA and CE-MRA with DSA for

follow-up of coiled aneurysms. The analysis revealed a moderate

to high diagnostic performance of both MRA techniques. Because

of the moderate methodologic quality of the studies available at

the time, Kwee and Kwee8 could not conclude whether MRA can

replace DSA as the standard method of reference. Since then, the

number of studies on this subject has more than doubled, and

study setup and statistical methodology have substantially

improved.

The goal of the current study is to systematically review the

medical literature to establish whether TOF-MRA and CE-MRA

can now be considered good enough for follow-up of patients

with coiled intracranial aneurysms.

MATERIALS AND METHODS
Data Sources
The medical literature comparing MRA and DSA for evaluating

intracranial aneurysms after coiling was reviewed through the use

of a variety of data bases—PubMed, EMBASE, and the Cochrane

Library—and was updated until March 2012 (On-line Table 1).

Study Selection
After an initial search of the literature by an experienced librarian,

duplicate publications were removed. From the pooled list of

publications, 2 researchers (M.J.v.A. and H.D.B.) independently

reviewed the titles and abstracts of the articles. Studies were ex-
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cluded if they did not compare MRA with DSA for follow-up of

patients with intracranial aneurysms treated with endovascular

coil occlusion. Conference abstracts, reviews, editorials, meta-

analyses, and animal studies were also excluded. Only articles in

English were screened. From the remaining articles, full-text ver-

sions were obtained and were independently evaluated by the

same researchers (M.J.v.A. and H.D.B.). Studies were eligible for

inclusion if they 1) evaluated MRA and DSA for follow-up of

patients with intracranial aneurysms treated with endovascular

coil occlusion; 2) contained data for 2 � 2 contingency tables; 3)

used the Raymond et al classification or other compatible scales to

grade recurrent flow in intracranial aneurysms9-11; 4) analyzed

TOF and CE MRA separately; and 5) provided data that excluded

stent-assisted coiling of intracranial aneurysms. If the same data were

used in more than 1 article, the most recent version was included. If

the 2 researchers disagreed about selection of articles, an independent

third reviewer (R.H.M.A.B.) decided the outcome.

Study Quality
The Grades of Recommendation, Assessment, Development,

and Evaluation (GRADE) method was used to assess the meth-

odologic quality of the studies included in this review.12-22

The studies were independently assessed by the 2 researchers

(M.J.v.A. and H.D.B.) for limitations, indirectness, inconsis-

tency, imprecision, and publication bias. Agreement between

the researchers was quantified by use of Cohen �.23 In the case

of disagreement, a third reviewer (R.H.M.A.B.) made the final

decision.

Data Analysis
The Meta-DiSc software (http://www.

hrc.es/investigacion/metadisc_en.htm) and

SPSS statistical package (version 19.0.0;

IBM, Armonk, New York) were used for

statistical analysis.24 To evaluate effect

size, 2 � 2 contingency tables were con-

structed from the articles comparing

MRA and DSA. If the true-positive rate,

false-positive rate, true-negative rate, or

false-negative rate was zero, a standard

correction of 0.5 was added to all of the

cells of the contingency table. Pooled sen-

sitivity and specificity with 95% confi-

dence intervals were constructed. Data

about the accuracy of MRA for grading

recurrent flow, as defined by Raymond et

al,9-11 were extracted if available. Classifi-

cation scales that were compatible with

Raymond et al were also utilized, meaning

that the findings could be assigned to 1 of

the following categories: complete occlu-

sion; residual neck (1–3 mm); and resid-

ual aneurysm (�3 mm). Results were de-

picted in a Forest plot and a summary

receiver operating characteristic (SROC)

curve. An SROC curve plots the positive

rate against the false-positive rate of a di-

agnostic test at the different possible cut-

points. Heterogeneity between the studies was examined by use of

the I2 test. As an indicator of low heterogeneity, a percentage

�40% was taken.20

RESULTS
Included Studies
Our search string found 424 studies in PubMed, 12 in Cochrane,

and 580 articles in EMBASE (On-line Table 1). A total of 681

studies remained after removal of duplicates. After screening titles

and abstracts, 51 articles were deemed fit for full-text evalua-

tion.25-75 No new articles were found by screening their refer-

ences. After evaluation of the full-text versions, 3 articles were

excluded because they were review papers.37,51,58 Another 5 stud-

ies were omitted because they did not provide enough data for the

2 � 2 contingency tables.31,45,46,50,53 Four further studies were left

out because they did not compare MRA with DSA,34,65,72,73 and

another 4 were not studying intracranial aneurysms treated with

endovascular coil occlusion.47,49,57,67 Two articles were excluded

because information about TOF-MRA and CE-MRA could not be

separated.25,71 One article was excluded because it used CE–TOF-

MRA.30 Another 3 articles were excluded because their data were

used in earlier studies.35,41,44 Threestudies includedpatientswhohad

been treated with a secondary Neuroform stent (Stryker Neurovascular,

Fremont, California) and were thus omitted (Fig 1).52,54,63 This left

26 studies that were eligible for inclusion (Fig 1) (On-line Table

2).26-29,32,33,36,38-40,42,43,48,55,56,59-62,64,66,68-70,74,75 Of these articles,

24 researched TOF-MRA26-29,32,33,36,38-40,42,43,48,55,60-62,64,66,68-70,74,75

and 14 researched CE-MRA.29,32,36,40,42,56,59,60,62,66,68,70,74,75

FIG 1. Search results.
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Twelve studies assessed both TOF-MRA and CE-MRA for the

detection of recanalization in coiled intracranial aneurysms in the

same subjects.29,32,36,40,42,60,62,66,68,70,74,75

Study Quality Assessment
We analyzed the methodologic quality of the 26 articles included

in our review according to the GRADE criteria (On-line Table

3).12-22 There was disagreement between the assessments by the 2

researchers with respect to 5 of 104 GRADE scores, resulting in a

Cohen � of 0.81. All of the articles comprised valid studies com-

paring MRA with the reference standard (DSA). Because of this

validity, all of the studies started with a maximal quality score of

4.12 None of the articles gave any indication that they contained

serious inconsistencies or were imprecise.12-22 Two studies were

rated down because of indirectness; they did not provide enough

information concerning their MRA techniques or only included

anterior communicating artery aneurysms.28,32 Quality was

rated down in 14 studies because of the following major limi-

tations: the studies did not include consecutive patients, the

studies were not prospective, or there was no blinding of the

researchers.26,29,33,36,38-40,43,55,59,60,62,68,70

Data Analysis
The pooled results for the sensitivity and specificity of TOF-MRA

and CE-MRA are presented in Table 1. The sensitivity and speci-

ficity for the detection of any recanalization, meaning residual

FIG 2. Pooled sensitivity/specificity in detecting any recurrent flow. A, Sensitivity for TOF-MRA. B, Specificity for TOF-MRA. C, Sensitivity for
CE-MRA. D, Specificity for CE-MRA.

Table 1: Pooled sensitivity and specificity for MRA versus DSA
TOF-MRA CE-MRA

Sensitivity Specificity Positive LR Negative LR Sensitivity Specificity Positive LR Negative LR
Any recanalization 86% (83–89%) 86% (83–89%) 6.3 (4.1–9.8) 0.17 (0.11–0.25) 85% (81–89%) 88% (84–91%) 6.2 (3.6–10.6) 0.16 (0.08–0.33)
Residual neck 78% (71–84%) 93% (90–95%) 9.6 (4.5–20.6) 0.29 (0.19–0.46) 56% (41–70%) 91% (84–95%) 6.3 (1.8–22.5) 0.40 (0.15–1.08)
Residual aneurysm 83% (77–88%) 96% (94–97%) 21.4 (10.5–43.7) 0.21 (0.13–0.35) 77% (68–85%) 90% (86–94%) 7.5 (3.8–14.7) 0.29 (0.18–0.48)

Note:—Percentages are shown with 95% confidence intervals in parentheses; LR indicates likelihood ratio.
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neck or residual aneurysm, are shown in Fig 2A–D. TOF-MRA

had both a pooled sensitivity and specificity of 86% (95% CI:

83– 89%). Pooled sensitivity and specificity of CE-MRA were 85%

(95% CI: 81– 89%) and 88% (95% CI: 84 –91%), respectively.

SROC curves are displayed in Fig 3A,-B for TOF-MRA and CE-

MRA. As shown in Fig 2A–D, the results were subject to hetero-

geneity, with I2 values ranging between 66 – 80%. For subanalysis,

different study variables were distinguished: retrospective versus

prospective studies, 2D versus 3D DSA, different MR field

strengths, GRADE criteria, and weighted results according to

GRADE (Table 2).

DISCUSSION
The results of our meta-analysis reveal that MRA now has a high

degree of sensitivity and specificity in detecting any recanalization

during the follow-up of coiled intracranial aneurysms. However,

a subanalysis for residual neck or residual aneurysm (Raymond

scale 2 or 3, respectively) revealed lower sensitivity and specificity

of both MRA techniques compared with DSA as the reference

standard (Table 1). A possible explanation is the small number of

studies and patients included therein, which is reflected in the

large 95% confidence intervals. Another potential explanation is

false-positive findings seen on DSA possibly caused by pulsation

artifacts.48 However, this comparison makes MRA the reference

standard compared with DSA. Because our study compared MRA

with the reference standard, DSA, these cases also were judged in

favor of DSA. This results in false-negative values for the MRA

and a lower sensitivity.

This subanalysis also showed lower sensitivities of the CE-

MRA compared with the TOF-MRA for the detection of resid-

ual neck or residual aneurysm. The contrast timing together

with the narrow interval of scanning in CE-MRA might be the

cause of this lower sensitivity. The short time window between

the arterial and venous phase of contrast enhancement to avoid

venous enhancement and vessel overlap lowers the spatial res-

olution.60 Additionally, the acquisition time for TOF-MRA is

much longer compared with CE images, leading to improved

resolution. The disadvantage of TOF-MRA is its limited cov-

erage; however, TOF is adequate for the evaluation of intracra-

nial vessels. Suboptimal imaging in CE-MRA may therefore

lead to more false-negative values, especially in small rem-

nants, lowering the sensitivity.

Significant sources of heterogeneity in this meta-analysis are

variations in study design and reporting of data. Evaluation of the

studies revealed 5 possible explanations for this heterogeneity: 1)

Publication bias remains a potential cause of heterogeneity, be-

cause articles with better results are more likely to be published

than studies with insignificant or negative findings. 2) Not all of

the studies had a prospective design and enrolled patients consec-

FIG 3. A, Summary receiver operating characteristic for TOF-MRA. B, Summary receiver operating characteristic for CE-MRA.

Table 2: Subclasses of sensitivity and specificity in TOF-MRA and CE-MRA
TOF-MRA CE-MRA

Sensitivity (95% CI) Specificity (95% CI) Sensitivity (95% CI) Specificity (95% CI)
Retrospective 90% (85–94%) 87% (82–91%) 93% (85–97%) 95% (90–98%)
Prospective 85% (81–88%) 86% (82–89%) 82% (77–87%) 82% (75–87%)
2D DSA 85% (82–89%) 91% (88–93%) 80% (74–85%) 82% (76–88%)
3D DSA 90% (84–95%) 76% (70–82%) 92% (86–96%) 93% (88–96%)
1–1.5T 86% (83–89%) 85% (81–88%) 89% (84–92%) 87% (83–91%)
3T 88% (82–92%) 87% (80–92%) 79% (71–86%) 83% (74–91%)
GRADE 2–3 87% (82–90%) 86% (81–89%) 77% (70–84%) 85% (79–90%)
GRADE 4 86% (81–90%) 87% (83–90%) 92% (86–95%) 90% (85–94%)
Weighted results 86% (85–88%) 86% (85–88%) 87% (85–89%) 88% (86–90%)

Percentages are shown with 95% confidence intervals in parentheses.

1658 van Amerongen Sep 2014 www.ajnr.org



utively, which can be a cause of bias.76 Sixteen of the 26 were

prospective27,28,32,36,38,42,55,60-62,64,68-70,74,75; only 12 studies in-

cluded consecutive patients.28,32,42,48,56,60,61,64,66,69,74,75 Retro-

spective studies tended to be better, with low heterogeneity, com-

pared with the results of the prospective studies, though these

findings were not statistically significant (Table 2). 3) For the

reference standard, 8 reference studies used 3D (rotational) DSA

for comparison to MRA,38,39,56,59,66,69,70,74 whereas the other

studies used 2D DSA. Because 3D DSA is better at evaluating

recurrent flow in intracranial aneurysms,77,78 the use of the 2D

DSA may reduce calculated specificity but also increase calcu-

lated sensitivity of MRA if a true recanalization is missed by

DSA. The use of DSA as the reference standard will potentially

cause DSA false-negative values to count as MRA false-positive

values. In general, MRA tends to perform better when compared

with 3D DSA than when compared with 2D DSA (Table 2). 4)

Heterogeneity may also be caused by different field strengths

used in the various studies.79,80 Five studies only researched

3T MRA,42,61,64,68,74 whereas 2 articles studied both 3T and 1.5T

MRA techniques.60,70 Two studies were performed with a 1T

scanner.27,33 The rest of the articles evaluated MRA by use of 1.5T

units. There is a trend toward higher pooled sensitivity and spec-

ificity of TOF-MRA with 3T units compared with 1.5T scanners,

though the 95% confidence intervals overlap (Table 2). This trend

might be caused by the higher resolution of images created with a

3T MR imaging compared with 1.5T scanners.81 However, the

sensitivity and specificity of 3T CE-MRA is lower than that at

1.5T, though this difference is not statistically significant. Again,

the small number of studies researching CE-MRA at 3T limits the

interpretation of results and might be the cause of this nonsignif-

icant difference without reflecting any underlying inferior-

ity.42,60,68,70,74 5) A final cause of heterogeneity might be the dif-

ference in study quality as judged by the GRADE criteria.12-22

GRADE 4 quality studies tend to have higher sensitivity and spec-

ificity. This difference reaches significance in sensitivity for CE-

MRA (Table 2). Weighted by GRADE, overall comparisons be-

tween TOF-MRA and CE-MRA revealed results that were similar

to the overall pooled results.

Our results provide a more detailed and updated evaluation

of the accuracy of MRA for follow-up of coiled intracranial

aneurysms than earlier work by Kwee and Kwee8 Our detailed

subanalysis of results reveals consistently good performance of

MRA techniques with pooled sensitivities and specificities well

above 80%. For the important question of residual aneurysms

(Raymond grade 4), CE-MRA even provides a pooled sensitiv-

ity and specificity �90%, with a lower 95% confidence interval

of �85%.

CONCLUSIONS
This meta-analysis has revealed that MRA has a high diagnostic

performance when it comes to the detection of residual flow in

the follow-up of intracranial aneurysms treated with endovascu-

lar coil occlusion and therefore should be routinely used for

follow-up. CE-MRA did not perform significantly better than

TOF-MRA, indicating that follow-up with the latter should be

adequate.
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REVIEW ARTICLE

Facial Reanimation Procedures Depicted on Radiologic Imaging
D.T. Ginat, P. Bhama, M.E. Cunnane, and T.A. Hadlock

ABSTRACT

SUMMARY: Various facial reanimation procedures can be performed for treating patients with chronic facial nerve paralysis. The radio-
logic imaging features of static and dynamic techniques are reviewed in this article with clinical correlation, including brow lift, eyelid
weights and springs, gracilis free flaps, fascia lata grafts, temporalis flaps, and Gore-Tex suspension slings. Although the anatomic alterations
resulting from facial reanimation surgery may not necessarily be the focus of the imaging examination, it is important to recognize such
changes and be familiar with MR imaging compatibility of the associated implanted materials. Furthermore, imaging is sometimes used to
specifically evaluate the postoperative results, such as vessel patency following free gracilis transfer.

Chronic facial nerve paralysis can result in significant morbid-

ity, including brow ptosis, lagophthalmos, ectropion, expo-

sure keratopathy, nasal alar collapse, effacement of the nasolabial

fold, ptosis of the oral commissure, and drooling. Static and dy-

namic facial reanimation surgical techniques are available to pre-

vent and treat these complications. Static facial nerve rehabilita-

tion procedures include brow lift, eyelid weight implantation,

lower eyelid canthoplasty and tightening, fascia lata and alloplas-

tic slings, and cheiloplasty. Dynamic facial reanimation proce-

dures include nerve transfer and grafting, eyelid springs, free mus-

cle transfer, regional muscle transfer, and lengthening myoplasty.

The anatomic changes brought about by these procedures can be

delineated by using conventional radiologic imaging modalities,

including radiographs, CT, sonography, and MR imaging. Fur-

thermore, in certain instances, imaging may be requested specif-

ically to evaluate the results of facial reanimation surgery, such as

interrogating the patency of the vascular pedicle following gracilis

muscle transfer. The imaging findings after selected static and

dynamic facial reanimation surgeries are described and depicted

in the following sections.

Brow Lift
Brow ptosis can be addressed by performing a brow lift. Several

methods exist to elevate the brow, one of which consists of im-

planting a fixation device into the frontal calvaria to which a per-

manent suture is secured (Fig 1).1 Brow lift can be performed in

conjunction with ablation of the brow depressor muscles and

blepharoplasty. Numerous fixation devices can be used, including

pins, screws, tacks, K-wires, and tissue adhesives. Metallic fixation

devices can be depicted on CT and should not be mistaken for

unintended foreign bodies (Fig 2).

Eyelid Weights
Implantation of gold and platinum eyelid weights into the upper

eyelid is a static reanimation procedure for treating lagophthal-

mos.2 Although gold weights are more commonly used, platinum

weights have a thinner profile and therefore offer an increased

aesthetic benefit.3 Available eyelid implant designs include curved

metal sheets with holes to permit anchoring with a suture (Fig 3)

and flexible metal chains. In-growth of fibrous tissue through the

holes also helps secure the weight in position. Eyelid weights are

secured to the superficial aspect of the upper eyelid tarsal plate.

The eyelid weights generally produce considerable streak artifacts on

CT, which can obscure surrounding structures (Fig 4). Platinum and

gold eyelid weights are considered MR imaging–compatible up to

7T4,5 but may cause local field inhomogeneity (Fig 5). Complications

related to eyelid weight implantation include suboptimal eyelid con-

tour, infection, allergic reaction, migration, and extrusion.6

Eyelid Springs
Eyelid springs are used to augment eyelid closure in patients with

eyelid paralysis.7,8 The spring has the ability to achieve complete eye
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closure in the supine position.9 The device is implanted via orbito-

tomy and consists of a palpebral branch and an orbital branch con-

nected by a spring mechanism at the fulcrum. The springs are gener-

ally composed of stainless steel and are MR imaging–compatible up

to at least 1.5T.10 The positioning and function of the device can be

evaluated on radiographs obtained in the open and closed lid posi-

tions, whereby the palpebral branch is expected to descend with lid

closure (Fig 6). Potential complications of eyelid springs include dis-

location, metal fatigue resulting in failure, and exposure.

Gracilis Free Flap
Free gracilis transfer is an effective method of smile rehabilitation

for facial paralysis in selected patients (Fig 7).11-14 The gracilis

muscle is harvested from the thigh with its neurovascular supply

(Fig 8). The graft is then inset in the plane deep to the superficial

musculoaponeurotic system and extends from the zygomatic arch

to the modiolus of the oral commissure (Fig 9). The vascular

pedicle of the graft is typically anastomosed to the facial artery and

vein, and the obturator nerve can be anastomosed to a cross–face

nerve graft and/or the masseteric branch of the trigeminal

nerve.15,16 Vascular ring coupler devices are often used for the

venous anastomosis.17 Depending on the particular type, the ring

coupler may appear as a hyperattenuated circular structure over-

lying the angle of the mandible (Fig 10). Postoperative flap mon-

itoring by physical examination alone is challenging and is often

supplemented with use of a hand-held Doppler probe. Color Dopp-

ler sonography is an effective and noninvasive tool for evaluating

arterial and venous flow through the pedicle of the buried free flap,

whereby a sharp systolic upstroke should be evident in the artery and

continuous flow should be observed in the vein (Fig 11). The exam-

ination can potentially avoid wound exploration to verify appropri-

ate muscle perfusion and is typically performed on the first postop-

erative day.18 The arterial waveform of the graft should normally

demonstrate a sharp systolic upstroke, while the vein may normally

exhibit a continuous waveform and should be compressible, except

at the site of the ring connector device. A good functional outcome

correlates with normal muscle structure of the free flap depicted on

MR imaging.19 Imaging may also be useful for measuring the graft

thickness,20 which potentially relates to function.

Fascia Lata Graft
Autogenous fascia lata grafts can be used as the primary therapeu-

tic option in static facial rebalancing or in conjunction with dy-

namic muscle reanimation.21 In particular, fascia lata slings can

be used to improve oral competence and external nasal valve pa-

tency (Fig 12). The fascia lata graft is similarly inset into the sub-

superficial musculoaponeurotic system plane and appears as a

FIG 1. Brow lift. Intraoperative photographs show screws in the frontal bone used to secure
sutures tunneled under the subcutaneous tissues toward the brow.

FIG 2. Brow lift. Axial CT image shows a metal-
lic left frontal bone pin (arrow) used for suture
fixation.

FIG 3. Eyelid weight. Frontal radiograph shows
a gold implant containing 3 drill holes at the
level of the left upper eyelid.

FIG 4. Eyelid weight. Axial CT image shows
extensive streak artifacts related to the left
eyelid weight, which obscures surrounding
structures.

FIG 5. Eyelid weight. Axial post-contrast fat-
suppressed T1-weighted image shows field in-
homogeneity associated with the left eyelid
weight (arrow).
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thin band of soft tissue that courses through the subcutaneous

tissues of the face on cross-sectional imaging (Fig 13).

Temporalis Flap
The temporalis flap (temporalis muscle transposition) procedure is

an effective option for reanimation of the smile.22 An approximately

1.5-cm-wide strip of the midportion of the temporalis muscle is dis-

sected off the calvaria and reflected in the subdermal plane from the

zygomatic arch to the modiolus of the oral commissure (Fig 14). The

course of the transposed temporalis muscle can be delineated on

cross-sectional imaging as a thin band of soft tissue (Fig 15).

Gore-Tex Sling Suspension
Gore-Tex (expanded polytetrafluoroethylene) (W.L. Gore and

Associates, Reisterstown, Maryland) can be used for static suspen-

sion in facial paralysis.23,24 It is manufac-

tured in thin 1- to 2-mm sheets, which can

be cut into strips and implanted through

small incisions. On CT, Gore-Tex slings ap-

pear as linear hyperattenuations (Fig 16).25

Although the use of Gore-Tex in facial rean-

imation eliminates donor site morbidity as-

sociated with the harvest of autologous

grafts, the allograft is prone to complica-

tions, such as delayed wound infection.24

Disclosures: Mary E. Cunnane—UNRELATED: Other:
WorldCareClinical,Comments: Iwasaradiologist foraclin-
ical trial of a chemotherapy drug for head and neck cancer.

REFERENCES
1. Foustanos A. Suture fixation technique

for endoscopic brow lift. Semin Plast Surg
2008;22:43– 49

2. Bladen JC, Norris JH, Malhotra R. Cos-
metic comparison of gold weight and
platinum chain insertion in primary up-
per eyelid loading for lagophthalmos.
Ophthal Plast Reconstr Surg 2012;28:
171–75

3. Silver AL, Lindsay RW, Cheney ML, et al.
Thin-profile platinum eyelid weighting:
a superior option in the paralyzed eye.
Plast Reconstr Surg 2009;123:1697–703

4. Schrom T, Thelen A, Asbach P, et al. Effect
of 7.0 Tesla MRI on upper eyelid im-
plants. Ophthal Plast Reconstr Surg 2006;
22:480 – 82

5. Marra S, Leonetti JP, Konior RJ, et al. Effect of magnetic resonance
imaging on implantable eyelid weights. Ann Otol Rhinol Laryngol
1995;104:448 –52

6. Dinces EA, Mauriello JA Jr, Kwartler JA, et al. Complications of gold
weight eyelid implants for treatment of fifth and seventh nerve pa-
ralysis. Laryngoscope 1997;107:1617–22

7. Fay A, Santiago YM. A modified Levine palpebral spring for the
treatment of myogenic ptosis. Ophthal Plast Reconstr Surg
2012;28:372–75

8. Demirci H, Frueh BR. Palpebral spring in the management of lag-
ophthalmos and exposure keratopathy secondary to facial nerve
palsy. Ophthal Plast Reconstr Surg 2009;25:270 –75

9. Levine RE, Shapiro JP. Reanimation of the paralyzed eyelid with the
enhanced palpebral spring or the gold weight: modern replace-
ments for tarsorrhaphy. Facial Plast Surg 2000;16:325–36

10. Gardner TA, Rak KM. Magnetic resonance imaging of eyelid springs
and gold weights. Arch Ophthalmol 1991;109:1498

11. Chuang DC. Free tissue transfer for the treatment of facial paraly-
sis. Facial Plast Surg 2008;24:194 –203

12. Hadlock TA, Malo JS, Cheney ML, et al. Free gracilis transfer for smile in
children: the Massachusetts Eye and Ear Infirmary Experience in excur-
sion and quality-of-life changes. Arch Facial Plast Surg 2011;13:190–94

13. Boahene KD. Dynamic muscle transfer in facial reanimation. Facial
Plast Surg 2008;24:204 –10

14. Vakharia KT, Henstrom D, Plotkin SR, et al. Facial reanimation of
patients with neurofibromatosis type 2. Neurosurgery
2012;70:237– 43

15. Bianchi B, Copelli C, Ferrari S, et al. Facial animation with free-
muscle transfer innervated by the masseter motor nerve in unilat-
eral facial paralysis. J Oral Maxillofac Surg 2010;68:1524 –29

16. Faria JC, Scopel GP, Busnardo FF, et al. Nerve sources for facial
reanimation with muscle transplant in patients with unilateral fa-

FIG 6. Eyelid spring. Frontal (A) and lateral (B) radiographs show that the inferior limb of the spring is
positioned in the superior eyelid (arrows), while the superior limb is positioned along the orbital rim.

FIG 7. Gracilis free flap. Clinical photographs before (A) and after (B) gracilis free flap reanima-
tion show marked restoration of the patient’s smile.

FIG 8. Gracilis free flap. Intraoperative photograph shows the har-
vested flap (asterisk) with an attached vascular pedicle (arrow) and
nerve (arrowhead).

1664 Ginat Sep 2014 www.ajnr.org



cial palsy: clinical analysis of 3 techniques. Ann Plast Surg
2007;59:87–91

17. Barker EV, Enepekides DJ. The utility of microvascular anastomotic
devices in head and neck reconstruction. Curr Opin Otolaryngol
Head Neck Surg 2008;16:331–34

18. Vakharia KT, Henstrom D, Lindsay R, et al. Color Doppler
ultrasound: effective monitoring of the buried free flap in facial
reanimation. Otolaryngol Head Neck Surg 2012;146:372–76
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FIG 9. Gracilis free flap. Axial (A) and coronal (B) postcontrast T1-weighted MR images show a
healthy gracilis flap (arrows), which extends from the zygomatic arch to the oral commissure
following total left parotidectomy, with facial nerve sacrifice for resection of mucoepidermoid
carcinoma.

FIG 10. Gracilis free flap. Axial CT image
shows a hyperattenuated circular ring con-
nector (arrow) used to facilitate the vascular
anastomosis.

FIG 11. Gracilis free flap. Color Doppler sonographic images of the vascular pedicle show normal
arterial (A) and venous (B) waveforms.

FIG 12. Fascia lata graft. Intraoperative photograph shows the pre-
pared fascia lata graft (arrow) over its planned course toward the left
nasal ala before implantation.

FIG 13. Fascia lata graft. The patient did not obtain optimal muscular
function after the gracilis free flap procedure. Axial CT shows a ten-
uous right gracilis flap (arrowheads) and a linear band of soft tissue
that extends from the gracilis flap to the right alar base, which corre-
sponds to the fascia lata sling resuspension for external nasal valve
correction (arrow).
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FIG 14. Temporalis flap. Intraoperative photographs show that the middle portion of the temporalis muscle (arrow) has been dissected free and
transposed toward the oral commissure. The flap was subsequently tunneled beneath the subcutaneous tissues.

FIG 15. Temporalis flap. Axial T2 MR imaging (A–C) and coronal T1 MR imaging (D) show that the left temporalis muscle with the overlying fascia
(arrows) is directed retrograde from the temporal fossa to the orbicularis oris.

FIG 16. Gore-Tex sling. Axial (A) and coronal (B) CT images show the linear hyperattenuated strip of Gore-Tex that supports the right oral
commissure (arrows). The patient is status post right complete maxillectomy with myocutaneous flap reconstruction.
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Patients Prone to Recurrence after Endovascular Treatment:
Periprocedural Results of the PRET Randomized Trial on Large

and Recurrent Aneurysms
J. Raymond, R. Klink, M. Chagnon, S.L. Barnwell, A.J. Evans, J. Mocco, B.L. Hoh, A.S. Turk, R.D. Turner, H. Desal, D. Fiorella, S. Bracard,

A. Weill, F. Guilbert, and D. Roy, on behalf of the PRET Collaborative Group
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ABSTRACT

BACKGROUND AND PURPOSE: Some patients with large or recurrent aneurysms may be at increased risk of recurrence postcoiling. The
Patients Prone to Recurrence after Endovascular Treatment (PRET) trial was designed to assess whether hydrogel coils were superior to platinum
coils in these high-risk patients. This article reports periprocedural safety and operator-assessed angiographic results from the PRET trial.

MATERIALS AND METHODS: PRET was a pragmatic, multicenter, randomized controlled trial. Patients had �10-mm aneurysms (PRET-1) or
a major recurrence after coiling of an aneurysm of any size (PRET-2). Patients were randomly allocated to hydrogel or control arms (any
platinum coil) by using concealed allocation with minimization. Assist devices could be used as clinically required. Aneurysms could be
unruptured or recently ruptured. Analyses were on an intent-to-treat basis.

RESULTS: Four hundred forty-seven patients were recruited (250 PRET-1; 197 PRET-2). Aneurysms were recently ruptured in 29% of PRET-1
and 4% of PRET-2 patients. Aneurysms were �10 mm in all PRET-1 and in 50% of PRET-2 patients. They were wide-neck (�4 mm) in 70% and
in the posterior circulation in 24% of patients. Stents were used in 28% of patients (35% in PRET-2). Coiling was successful in 98%. Adverse
events occurred in 28 patients with hydrogel and 23 with platinum coils. Mortality (n � 2, unrelated to treatment) and morbidity (defined
as mRS �2 at 1 month) occurred in 25 patients (5.6%; 12 hydrogel, 13 platinum), related to treatment in 10 (4 hydrogel; 6 platinum) (or 2.3%
of 444 treated patients). No difference was seen between hydrogel and platinum for any of the indices used to assess safety up to at least
30 days after treatment. At 1 month, 95% of patients were home with a good outcome (mRS �2 or unchanged). Operator-assessed
angiographic outcomes were satisfactory (complete occlusion or residual neck) in 339 of 447 or 76.4% of patients, with no significant
difference between groups.

CONCLUSIONS: Endovascular treatment of large and recurrent aneurysms can be performed safely with platinum or hydrogel coils.

ABBREVIATIONS: CCT � Cerecyte Coil Trial; DSMC � Data Safety and Monitoring Committee; HELPS � HydroCoil Endovascular Aneurysm Occlusion and Packing
Study; MAPS � Matrix and Platinum Science; PI � Principal Investigator; PRET � Patients Prone to Recurrence after Endovascular Treatment

Endovascular treatment with platinum coils is safe and effective

in the treatment of ruptured intracranial aneurysms. Coiling

has been shown to improve the 1-year clinical outcome compared

with surgical clipping.1,2 Unfortunately, angiographic recur-

rences may occur in 10%–20% of patients, necessitating further

treatment or generating concern for future rupture or retreat-

ment-related morbidity.3 The clinical significance of angio-

graphic recurrence is difficult to determine. A multicenter registry

has reported up to 15% retreatment rates 2 years after coiling of

ruptured aneurysms but a yearly rerupture rate of only 0.20%

after the first year.4 Similar findings were reported after the Inter-
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national Subarachnoid Aneurysm Trial.5 If posttreatment rup-

tures have been rare, we must remember that such low rates were

observed in patients who were followed and retreated when re-

currences occurred.6 The management of unruptured aneurysms

remains controversial, but coiling is increasingly used, even

though it has never been proved superior to surgery7 or to obser-

vation.8 Because the efficacy of coiling in preventing aneurysmal

ruptures in patients with unruptured aneurysms has never been

shown, angiographic occlusion of aneurysms remains the most

frequent surrogate marker of clinical efficacy.9 Recurrence after

endovascular treatment may affect patients with ruptured or un-

ruptured aneurysms.

If the endovascular approach is to be improved in terms of

long-term efficacy, this improvement should preferably be ac-

complished without compromise regarding procedural safety.

Second generations of coils have been introduced for this pur-

pose.10 However, there is no rigorous evidence that coated coils

improve the angiographic or clinical outcomes. Two randomized

trials have failed to demonstrate a benefit from the use of coils

coated with or containing resorbable suture material.11,12 Hydro-

gel coils were initially designed to improve volumetric filling of

the aneurysm with an expansive material that should fill a higher

percentage of the aneurysm lumen than standard platinum coils,

aiming to improve aneurysm stability after treatment. One trial

comparing hydrogel and platinum coiling in 500 patients with

aneurysms showed a lower proportion of core laboratory–adju-

dicated angiographic recurrences in the hydrogel arm at fol-

low-up (a secondary outcome measure) but no significant differ-

ence in the composite primary outcome measure.13 The Patients

Prone to Recurrence after Endovascular Treatment (PRET) trial

was designed before the aforementioned trials had completed re-

cruitment and follow-up of patients and before results were pub-

lished. PRET was designed with the premise that some patients

were at such a high risk of aneurysm recurrence at follow-up (in

the range of 50%) that this risk should be revealed to patients

before treatment and perhaps a different approach should at least

be offered. Furthermore, given the unknown risks of alternative

coils and the lack of evidence that they are beneficial, treatment

with these coils should be offered only within the context of a

randomized trial, until convincingly shown to be superior.14 Pa-

tients identified to be at high risk for recurrences were those with

a large aneurysm (�10 mm or PRET-1 patients) and those already

presenting with a recurrence after previous coiling (PRET-

2).11,13,15 We aimed to establish whether the use of hydrogel coils

for high-risk patients improved angiographic outcomes com-

pared with bare platinum coils, without increasing procedural

risks. The present report focuses on operator-assessed immediate

treatment success and procedural morbidity and mortality up to 1

month after the procedure. The primary outcome of the trial will

be reported once the 18-month follow-up is complete.

MATERIALS AND METHODS
PRET is an investigator-led, pragmatic, multicenter, interna-

tional, randomized controlled trial comparing a policy of using

hydrogel versus bare platinum coils in the endovascular treatment

of intracranial aneurysms in patients prone to recurrence. There

were 25 participating centers from 6 countries (United States,

Canada, United Kingdom, France, Chile, Japan). The ClinicalTrials.

gov registration number from the US National Institutes of

Health is NCT00626912. All trial sites had local institutional re-

view board approval. All patients (or legal representatives) signed

a standardized informed consent form.

Patients
Patients with an intracranial aneurysm requiring endovascular

treatment by the neurovascular team, but prone to recurrence,

were eligible for the trial; the aneurysm could be ruptured (World

Federation of Neurological Societies �3) or unruptured. Such

patients fell into 1 of 2 groups: PRET-1, with a large aneurysm

(longest dimension, �10 mm, including any thrombosed por-

tion), never treated; PRET-2, with an aneurysm of any size, pre-

senting with a major recurrence after previous coiling.15 A recur-

rence qualified as “major” if it was “saccular and its size would

theoretically permit re-treatment with coils.”15 There were few

selection criteria: the patient was 18 years of age or older; life

expectancy was �2 years; anatomy was such that endovascular

treatment was considered possible with both types of coils; the

endovascular operator was satisfied with using either type of coil,

but no other type; and the patient or authorized representative

had given fully informed consent and had signed the consent

form. Patients were not eligible if they met any of the following

criteria: the presence of other aneurysms requiring treatment dur-

ing the same session; the presence of an associated cerebral arte-

riovenous malformation; the primary intent of the procedure be-

ing parent vessel occlusion without simultaneous endovascular

coiling of the aneurysm; and any absolute contraindication to

endovascular treatment, angiography, or anesthesia.

Randomization
Randomized allocation was through the Web-based PRET appli-

cation package (designed by MediSciNet, Stockholm, Sweden),

ensuring that allocation was concealed before the decision to in-

clude a patient. From the moment of randomization, the patient

was in the trial and accounted for in the analysis (intention-to-

treat). PRET-1 and PRET-2 patient groups were randomized sep-

arately; treatment groups were matched according to the follow-

ing minimization criteria: rupture status (yes, no); if the

aneurysm was unruptured, planned use of an adjunct device (yes,

no).

Embolization Procedure
Endovascular operators were not blinded to treatment allocation.

Patients were masked to allocation unless they specifically re-

quested otherwise. Standard local procedures were followed. Any

locally approved bare platinum coil with controlled detachment

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

operator, provided they had local regulatory approval, excluding

flow diverters, irrespective of intended use indicated at random-

ization. Antiplatelet and anticoagulation regimens were left to

individual operator judgment, according to the clinical practice at

each site.

When treatment allocation was to “platinum,” types of coils

other than bare platinum were forbidden. When treatment allo-

cation was to “hydrogel,” any coil of the hydrogel family was al-
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lowed but any bare platinum coil could also be used if the operator

believed it was in the patient’s best interest. Recommendations

concerning hydrogel coil use pertaining to type, size, and se-

quence of introduction were issued but not enforced. No mini-

mum percentage of hydrogel coils was prescribed; the protocol

required “the substitution, as far as possible, of platinum by hy-

drogel coils, the operator always being allowed to use the coils

he/she believes is appropriate at any time during the proce-

dure.”14 Other technical considerations such as steaming of hy-

drogel coils and the type of bare platinum coil were left entirely to

the operator’s discretion. The goal of the procedure was to oc-

clude the aneurysm as completely as possible, keeping the risks of

the procedure as low as possible.14

Trial Monitoring
Monitoring of trial data quality was Web-based and was per-

formed by periodic review of data stored in the data base. Blinded

data were prepared for periodic reviews at prespecified intervals

by an independent Data Safety and Monitoring Committee

(DSMC) to ensure patient safety. A DSMC Charter predefined all

trial-monitoring procedures. Unblinding criteria were prespeci-

fied in the DSMC Charter, but the need for unblinding did not

arise during the conduct of the trial.

Data Collection
Data capture and management were held independent of the

Steering Committee, sponsor, and funder on the secure servers of

MedSciNet, ensuring FDA 21 Code of Federal Regulations Part

11, Good Clinical Practice requirements compliance. The Regis-

tration form included the following: demographics (age, sex);

other aneurysms; subarachnoid hemorrhage; date and World

Federation of Neurological Societies grade at the time of random-

ization if SAH occurred; mRS grade (if no SAH); whether the

target aneurysm was a symptomatic, additional or incidental an-

eurysm; aneurysm location and dimensions (maximum size,

length, width, and neck size); and planned use of adjunct devices.

The procedure form included the following: the use of adjunct

devices (mainly stents; balloon-assistance, virtually in routine use

for such difficult aneurysms in many PRET centers; these were not

recorded); aneurysm occlusion grade based on the Montreal

grading system16 as judged by the operator; medication used dur-

ing the procedure; and clinical outcome and complications

during treatment (categorized as hemorrhagic, thromboem-

bolic, or other). The total length of each type of coil was also

recorded. Because the HydroSoft, HydroFrame, and HydroFill

(MicroVention, Tustin, California) were marketed at different

times in July 2008, April 2011, and April 2012, respectively,

after the launch of the PRET trial in June 2007, a single new

entry mentioning “hydrogel-core” coils was added to the Case

Report Forms in December 2007, to indicate the use of those

newer coil types.

The discharge form included dates of admission and dis-

charge, discharge destination (home, hospital, rehabilitation cen-

ter), whether the patient was discharged with a prescription for

antiplatelet therapy, any imaging performed after the procedure,

any new neurologic or imaging changes, whether ventricular

shunting was performed during hospitalization, any adverse

event, and mRS score at discharge. Follow-up forms (at 1, 6, 12,

and 18 months) were all designed on the same pattern, including

questions regarding new symptoms (including headaches, fever,

or chills), neurologic events, new imaging findings, other treat-

ments, any admission since the last assessment, and the modified

Rankin Scale as the clinical outcome measure. Adverse events

were reported at any time during the trial, and automatic notifi-

cation was sent to the study monitor immediately. The present

article is limited to procedural results, including events occurring

within 30 days of treatment (or more if within the initial admis-

sion) as reported in the procedure and discharge forms (n � 444,

including 14 patients with no further follow-up), 1-month fol-

low-up (392 patients) form, or later (38 patients). Imaging studies

(procedural and follow-ups) were anonymized and sent to the

core laboratory (P.W. White, Newcastle University, Newcastle

upon Tyne, United Kingdom) for central adjudication, and fol-

low-up angiographic results will be the object of a future publica-

tion. The angiographic results given here were the ones reported

by local investigators at the end of treatment.

Safety End Points
The protocol hypothesized that “the number of adverse events

was similar for both hydrogel and platinum groups, and that mor-

bidity and mortality related to treatment remained unchanged for

both PRET-1 and PRET-2 patients.”14 All adverse events were

reviewed by an independent Adverse Event Committee and cate-

gorized as the following: 1) related to the illness (SAH for exam-

ple), 2) related to coil embolization, or 3) unrelated. The protocol

also prespecified that morbidity would be defined per patient,

according to the mRS score. Adverse events reports and individ-

ual case report forms were cross-checked to determine the safety

of coil embolization (periprocedure and �30 days after if events

occurred during the same admission) for each patient, catego-

rized as the following: 1) death or dependency (mRS �2) at 30

days (unrelated to the coiling procedure when no adverse events

were reported; related if any serious adverse event was reported),

2) any stroke or neurologic event periprocedure or within 30 days,

without dependency (mRS 0 –2), 3) any procedural or predis-

charge complication or adverse event, and 4) uneventful hospital-

ization and procedure (no complication). Other safety indices are

also reported, including procedural complications (sorted as

hemorrhagic, thromboembolic, or others), neurologic deteriora-

tions after the procedure or at discharge, mRS at discharge and 1

month, discharge destination, location at 1 month, and length of

hospitalization (mean-median number of days and number of

patients hospitalized for �5 days for unruptured aneurysms and

�15 days for SAH). The number and severity of adverse events are

also reported per group. To detect inflammatory complications

potentially related to coils, we reviewed all adverse events within

30 days: new imaging findings (when performed and reported);

new headaches; fever or chills or cranial nerve deficits up to 30

days after the procedure; and the number of patients in whom

ventricular drainage was performed.

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

cording to the published trial protocol.14 Analyses were intent-to-
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treat. Categoric variables were compared by using the Fisher exact

test, and continuous variables, by using the Student t test. To

evaluate the possibility of different results for PRET-1 and

PRET-2, we stratified descriptive and safety analyses by group. All

analyses were done with SPSS, Version 21 (IBM, Armonk, New

York) by using a significance level of 5%.

Roles of the Sponsor and Funding Source
The trial was sponsored by the Centre Hospitalier de l’Université

de Montréal and funded by MicroVention Terumo Incorporated.

The sponsor and funder had no part in study design, data collec-

tion, analysis, or reporting and had no direct or indirect access to

the data or source documents. The Steering Committee bears the

sole responsibility for all aspects of the trial.

RESULTS
Recruitment
Recruitment started in June 2007, but only 6 patients were in-

cluded in a single center by the end of the year. Recruitment in-

creased to reach a peak rate of 15 patients per month in December

2010, and slowly decreased thereafter (Fig 1). On December 13,

2013, when close to 250 patients had been recruited in PRET-1,

the Steering Committee decided to stop recruitment before reach-

ing the target number of patients for PRET-2 (n � 197 instead of

250) because of the following: 1) recruitment had decreased, par-

ticularly for patients in PRET-2 during the previous years; 2) the

trial was already 2 years behind schedule; and 3) provisions had to

be made to continue monitoring and cover compensations to

participating sites for the 18-month follow-up data. This decision

was made despite the recommendation of the DSMC meeting of

February 2013 to continue recruitment. The registration Web site

was closed to patient entry and randomization on January

15,,2014. By that date, target recruitment had been reached for

PRET-1 (n � 250). The part of the data base containing baseline

and early safety information was locked, but we are still collecting

6-, 12-, and 18-month follow-up data. A total of 447 patients were

randomized by 25 centers in 6 countries (250 in PRET-1 and 197

in PRET-2).

Baseline Characteristics
Baseline characteristics of patients and aneurysms recruited in

both PRET-1 and -2 are shown in On-line Table 1. There was

no significant difference between the hydrogel and platinum

groups.

Flow Chart
All patients are included in the present analyses. Results up to

30 days (or events during the initial admission if longer) were

collected and reported in the procedural, discharge, and

1-month follow-up forms for all 444 treated patients, as de-

picted in Fig 2.

Withdrawal, Failures, and Protocol Deviations
Three patients (2 PRET-1 and 1 PRET-2) were withdrawn before

any treatment was attempted (1 protocol violation [World Fed-

eration of Neurological Societies 4 after SAH]), 1 PRET-1 aneu-

rysm judged untreatable, 1 patient in PRET-2 in whom no true

recurrence was found; all 3 allocated to hydrogel). Treatment was

attempted, but coils were not deployed in 4 patients in PRET-1 (1

hydrogel; 3 platinum) and 4 in PRET-2 (4 hydrogel) (or 1.8% of

patients). Failure to catheterize branches for balloon-assisted or

stent-assisted coiling or unstable first coils was the cause of these

failures. All 8 patients were discharged home without complica-

tion within 2 days (6 with mRS 0) or 20 days (1 mRS 1 and 1 mRS

0, the last 2 patients after SAH).

Three patients in PRET-1 were not treated as allocated: One

patient allocated to hydrogel was treated with only platinum coils

(87 cm). One patient allocated to platinum coils was treated with

some hydrogel coils (118 cm of platinum; 67 cm of hydrogel

coils). Cerecyte coils (247 cm; Codman Neurovascular, Raynham,

FIG 1. Recruitment. Notice how recruitment decreased progressively from December 2010 to December 2013, a possible sign of case selection.
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Massachusetts) were used in 1 other patient allocated to and

treated with hydrogel coils (237-cm hydrogel; 50-cm platinum).

None of these 3 patients had any complications.

The mean total length of coils was 129 cm for platinum cases

(178 cm for PRET-1; 68 cm for PRET-2) and 149 cm for hydrogel

cases (125 cm for hydrogel; 24 cm for platinum) (158-cm hydro-

gel �33-cm platinum for patients in PRET-1; 83-cm hydrogel

�12-cm platinum for those in PRET-2). In 202 of 222 patients

FIG 2. Flow chart. Diagram shows patient flow from randomization to periprocedural safety end points.
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allocated to hydrogel (91%), more than two-thirds of the total coil

length was hydrogel.

Periprocedural Outcomes
Procedural and discharge case report forms were available for all

444 treated patients, and follow-up at �1 month, in 430 (97% of

treated patients).

There is no follow-up observation beyond discharge for 2

patients due to death and 12 other patients for whom no compli-

cation or adverse event was reported. These patients are included

in the 1-month analyses (last observation carried forward). Three

previously mentioned failures (1 hydrogel, 2 platinum) had no

further follow-up. Nine other patients (6 hydrogel; 3 platinum)

were discharged home after successful procedures, after 1 day

(n � 6; mRS 0 for 5 patients and mRS 1 [hydrogel] for 1 patient)

or 7 days (n � 1; mRS 0 [platinum]) for 7 patients with unrup-

tured aneurysms and after 11 days (hydrogel; mRS 0) or 13 days

(platinum; mRS 2) for 2 patients with SAH.

The 1-month case report forms were available in 392 patients.

In 38 other patients, the follow-up information was taken from

the 6-month (n � 33; hydrogel � 18; platinum � 15), 12-month

(n � 4; hydrogel � 1; platinum � 3), or 18-month (n � 1; hy-

drogel) case report forms (Fig 2).

Periprocedural outcomes are summarized in Table 1. Two pa-

tients in PRET-1 (0.45%) died in the hospital 13 and 56 days after

SAH, 11 and 55 days after uneventful, completed procedures

(both hydrogel), one from vasospasm (related to the initial SAH),

the other from cardiac arrest while on dialysis (unrelated).

Five patients were dependent before admission (1 hydrogel; 4

platinum). Twenty-three patients (5.2%) became and were still

dependent 1 month after admission (16 PRET-1; 7 PRET-2; 10

hydrogel; 13 platinum). Of those, 13 patients (5 hydrogel; 8 plat-

inum) were dependent at 1 month from SAH or aneurysm-re-

lated events (4 from vasospasm [1 hydrogel; 3 platinum]; 1 from

hydrocephalus [platinum]; or without adverse events being re-

ported [8 patients; 4 hydrogel; 4 platinum]).Ten patients were

dependent from treatment-related complications, such as throm-

boembolic events (n � 5; 1 hydrogel; 4 platinum), coil perforation

(n � 2; 2 hydrogel; 0 platinum), or postoperative strokes reported

at discharge or 1 month (n � 3; 1 hydrogel; 2 platinum).

Strokes revealed by neurologic deficits without dependency or

by asymptomatic imaging findings were found in 33 (7.4%) ad-

ditional patients (14 hydrogel; 19 platinum).

Procedural complications were reported in 15 additional pa-

tients (6 hydrogel; 9 platinum), but without clinical or imaging

consequences.

Technical complications related to coils were reported in 9

patients (6 hydrogel; 3 platinum) including coil stretching, frac-

turing, or premature detachment. Four of these events necessi-

tated coil retrieval with a snare (3 hydrogel; 1 platinum). In 1

patient (hydrogel), the technical complication was associated

with a clinical deterioration (mRS 3 at 1 month).

Other indices of safety, such as procedural complications,

neurologic deteriorations, length of hospitalization, mRS, and lo-

cation at discharge and 1 month, are summarized in Table 2.

There was no significant difference between hydrogel and plati-

num for any of these comparisons.

Other Adverse Events
Adverse events within 30 days, reported in 51 patients (28 hydro-

gel; 23 platinum), were serious in 27 cases (14 hydrogel; 13 plati-

num). In addition to previously reported procedural events, 3

patients presented with transient ischemic symptoms in a delayed

fashion (1 hydrogel; 2 platinum) and 2 patients (both hydrogel)

had femoral artery complications, 1 serious, with retroperitoneal

hematoma. Two hemorrhagic complications possibly related to

antiplatelet therapy (epistaxis, gastrointestinal hemorrhage) oc-

curred in a delayed fashion (1 hydrogel; 1 platinum).

Seven patients had new or increasing cranial nerve deficits

immediately after the procedure (3 patients with cavernous [n �

2] or ophthalmic aneurysms) or 6 –18 days later (2 patients with

hydrogel with ophthalmic or carotid bifurcation aneurysms; 2

patients with platinum with ophthalmic or midbasilar aneu-

rysms). None were serious events; they were variously labeled as

“mass effect” or “inflammation” and treated with steroids.

Increased headaches were reported at 1 month in 63 patients

(31 hydrogel; 32 platinum); and fever or chills, in 6 patients (4

hydrogel; 2 platinum) without neurologic events or imaging find-

ings. Ventricular drainage was reported in 9 patients (5 hydrogel;

4 platinum) at discharge, all after the initial SAH (n � 8) or after

coil perforation during the procedure (n � 1).

Angiographic Results and Exploratory Analyses
Immediate angiographic results assessed by local investigators are

presented for 447 enrolled patients. They are summarized in Table 3.

There was no significant difference between groups (P � .28).

Table 1: Morbidity and mortality adjudicated per patient
PRET-1 PRET-2 PRET

Platinum Hydrogel Platinum Hydrogel Platinum Hydrogel
Death

Total 0 2 (1.6%) 0 0 0 2 (0.9%)
Treatment-related 0 0 0 0 0 0

Morbidity (mRS � 2)
Total 11 (8.8%) 5 (4.0%) 2 (2.1%) 5 (5.0%) 13 (5.9%) 10 (4.4%)
Treatment-related 5 (4.0%) 2 (1.6%) 1 (1.0%) 2 (2.0%) 6 (2.7%) 4 (1.8%)

Any stroke 11 (8.8%) 5 (4.0%) 8 (8.2%) 9 (9.0%) 19 (8.6%) 14 (6.2%)
Any complication 8 (6.4%) 4 (3.2%) 1 (1.0%) 2 (2.0%) 9 (4.1%) 6 (2.7%)
No complication 95 (76.0%) 107 (85.6%) 86 (88.7%) 83 (83.0%) 181 (81.5%) 190 (84.4%)
Withdrawn 0 2 (1.6%) 0 1 (1.0%) 0 3 (1.3%)
Fisher exact test P value .052 .612 .174
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Exploratory analyses of procedural morbidity and immediate

angiographic results, for all unruptured aneurysms, for carotid

aneurysms, for patients treated by stent-assisted coiling, and for

all patients according to aneurysm size categories, are provided in

On-line Tables 2–5. There was no difference between patients

receiving hydrogel and platinum.

DISCUSSION
The main findings of this report are the following: 1) coiling of

large and recurrent aneurysms could be performed in 436 or 98%

of 447 patients; treatment-related morbidity and mortality, de-

fined as mRS �2 at 1 month and attributed to treatment, oc-

curred in 2.3% (1.2%– 4.1%) (10 of 444 treated patients; Table 1);

2) there was no significant difference between hydrogel and plat-

inum coiling for any of the safety indices we reviewed (Table 2); 3)

immediate angiographic results, judged by local investigators,

were satisfactory (complete occlusion or residual neck) in 339 of

447 or 76.4% of patients, with no significant difference between

groups (Table 3).

The selection of patients recruited in the PRET trial differs (by

design and as a consequence of the design) from the patients re-

cruited in the 4 other major randomized trials on aneurysm coil-

ing: None of the other trials included patients presenting with

recurrences (an exclusion criterion for most trials); 44% of pa-

tients in PRET were PRET-2. PRET aneurysms were larger (78%

of PRET, or all patients in PRET-1 and 50% of those in PRET-2

had �10 mm aneurysms); the proportion of aneurysms of �10

mm was 10% in the International Subarachnoid Aneurysm Trial,1

12% in the Cerecyte Coil Trial (CCT),17 21% in the Matrix and

Platinum Science (MAPS)11 trial, and 24% in the HydroCoil En-

dovascular Aneurysm Occlusion and Packing Study (HELPS).18

Aneurysms were wide-neck (�4 mm) in 70% of patients in PRET,

compared with 37% in MAPS, 32% in HELPS, and 19% in CCT.

Stents were used in 28% of patients in PRET (35% of those in

PRET-2), 22% in MAPS, 20% in HELPS, and 0.6% of those in the

CCT. Posterior circulation aneurysms were more frequent in

PRET (108 or 24%, including 73 basilar bifurcation aneurysms,

compared with 12% in CCT, 13% in MAPS, and only 2.7% in the

International Subarachnoid Aneurysm Trial). The proportion of

patients treated for ruptured aneurysms was approximately 36%

in MAPS, 48% in CCT, 53% in HELPS, 100% in the International

Subarachnoid Aneurysm Trial, but only 18% in PRET (29% in

PRET-1; 4% in PRET-2).

These differences are expected to impact clinical results, in-

Table 2: Safety indices reported at time of the procedure and during follow-up
PRET-1 PRET-2 PRET

Platinum Hydrogel Platinum Hydrogel Platinum Hydrogel
Procedural complications

Thromboembolic 10 (8.0%) 6 (4.9%) 1 (1.0%) 3 (3.0%) 11 (5.0%) 9 (4.1%)
Hemorrhagic 2 (1.6%) 1 (0.8%) 1 (1.0%) 1 (1.0%) 3 (1.4%) 2 (0.9%)
Other 4 (3.2%) 6 (4.9%) 4 (4.1%) 3 (3.0%) 8 (3.6%) 9 (4.1%)

Anti-GP IIb/IIIa used during embolization 8 (6.4%) 11 (8.9%) 7 (7.2%) 4 (4.0%) 15 (6.8%) 15 (6.8%)
Clinical deterioration at end of procedure 5 (4.0%) 1 (0.8%) 2 (2.1%) 3 (3.0%) 7 (3.2%) 4 (1.9%)
Hospitalization

Days (median) (min) (max) 2 (1) (94) 1 (0) (70) 1 (0) (51) 1 (0) (30) 1 (0) (94) 1 (0) (70)
Days �5 for unruptured aneurysms 9 (7.2%) 7 (5.7%) 5 (5.2%) 5 (5.1%) 14 (6.3%) 12 (5.4%)
Days �15 for ruptured aneurysms 10 (8.0%) 10 (8.1%) 1 (1.0%) 0 11 (5.0%) 10 (4.5%)

New imaging findings at discharge 17 (13.6) 11 (8.9%) 7 (7.2%) 9 (9.1%) 24 (10.8%) 20 (9.0%)
mRS �2 at discharge 17 (13.6%) 9 (7.3%) 1 (1.0%) 5 (5.1%) 18 (8.1%) 14 (6.3%)
Discharge destination

Home 107 (85.6%) 108 (87.8%) 95 (97.9%) 92 (92.9%) 202 (91.0%) 200 (90.1%)
Other than home 18 (14.4%) 15 (12.2%) 2 (2.1%) 7 (7.1%) 20 (9.0%) 22 (9.2%)

mRS �2 at 1 month 11 (8.8%) 6 (4.9%) 3 (3.1%) 5 (5.1%) 14 (6.3%) 11 (5%)
Location at 1 month

Home 117 (93.6%) 116 (94.3%) 95 (97.9%) 95 (96.0%) 212 (95.5%) 211 (95.0%)
Other than home 8 (6.4%) 7 (5.7%) 2 (2.1%) 4 (4.0%) 10 (4.5%) 11 (5%)

AE
No. reported 16 18 7 10 23 28
No. (%) serious 10 (62%) 8 (44.4%) 3 (42.9%) 6 (60%) 13 (56.5%) 14 (50%)

AE attribution (No.) (% of total No. reported)
Related to treatment 14 (87.5%) 14 (77.8%) 7 (100%) 10 (100%) 21 (91.3%) 24 (85.7%)
Related to aneurysm 2 (12.5%) 3 (16.7%) 0 0 2 (8.7%) 3 (10.7%)
Unrelated 0 1 (5.5%) 0 0 0 1 (3.6%)

Note:—Anti-GP IIb/IIIa indicates antiglycoprotein IIb/IIIa; AE, adverse events; min, minimum; max, maximum.

Table 3: Operator-assessed immediate angiographic results
PRET-1 PRET-2 PRET

Platinum Hydrogel Platinum Hydrogel Platinum Hydrogel
No coiling, for any reason 3 (2.4%) 3 (2.4%) 0 5 (5.0%) 3 (1.4%) 8 (3.6%)
Residual aneurysm 32 (25.6%) 39 (31.2%) 12 (12.4%) 14 (14.0%) 44 (19.8%) 53 (23.6%)
Residual neck 48 (38.4%) 48 (38.4%) 40 (41.2%) 40 (40.0%) 88 (39.6%) 88 (39.1%)
Complete obliteration 42 (33.6%) 35 (28.0%) 45 (46.4%) 41 (41.0%) 87 (39.2%) 76 (33.8%)
Fisher exact test P value .723 .151 .280
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cluding periprocedural complications. For example, procedural

aneurysmal ruptures or perforations may be less frequent during

the treatment of larger, unruptured aneurysms.17,19,20 Con-

versely, thromboembolic complications may be more frequent,

though size as a potential risk factor for complications did not

reach a prespecified P value of .01 in a previous meta-analysis of

coiling of unruptured aneurysms.9 Hemorrhagic complications

have occurred in approximate proportion to the number of pa-

tients treated acutely (approximately 2% in MAPS, 4% in CCT

and HELPS, but only 1.1% in PRET). Thromboembolic compli-

cations have varied from 4% to 28% of cases in the literature

(between 5% and 10% in the CCT, MAPS, and HELPS studies),

depending on the case selection, definitions, and methods of de-

tection.21 Many thromboembolic complications detected at the

time of coiling (3%– 4% in MAPS; 5%–7% in CCT; 5%–10% in

HELPS; 4.5% in PRET) may be successfully managed without

clinical consequence, while others may occur, sometimes unno-

ticed, immediately after treatment or be confounded with vaso-

spasm-related strokes. Fifty-six neurologic events or imaging

findings (or 12.6% of patients) up to 1 month after treatment

were consistent with any stroke (symptomatic or not, treatment-

related or not) in PRET. There was no difference between the

hydrogel and platinum groups.

The morbidity associated with coiling is perhaps best esti-

mated when we focus on patients with unruptured aneurysms.

The overall 1-month treatment-related mortality and morbidity

(mRS �2) was 0% and 2.3% (1.2%– 4.4%) for 361 patients in

PRET-1 or -2 with unruptured aneurysms and 0% and 1.7%

(0.5%– 4.8%) for the 178 patients in PRET-1 treated for previ-

ously untreated large unruptured aneurysms, including 122 pa-

tients treated with stent-assisted coiling (associated with 4.1%

[1.8%–9.2%] morbidity [On-line Tables 2 and 4]).

Technical problems during coil deployment (stretching or

premature detachment) may have been more frequent with hy-

drogel (n � 6) than platinum (n � 3), but we did not find a

statistical difference between coils. The 20% reduction of the total

length of coils deployed when hydrogel was used in the HELPS

trial13 was not confirmed in PRET. This difference may be due, in

part, to the availability of smaller hydrogel-core finishing coils.

Inflammatory problems (cranial nerve deficits, meningitis-

like syndromes, and hydrocephalus in patients with unruptured

aneurysms) have previously been reported with the use of hydro-

gel coils.13,18,22-25 Even though reports such as “increased mass

effect” or “inflammation” were slightly more frequent with hy-

drogel (5 versus 2 platinum), we did not find a significant differ-

ence with platinum or did not show an impact on treatment mor-

bidity. Differences in immediate angiographic outcomes, with a

higher (but not statistically significant) proportion of residual

aneurysms after hydrogel coiling, have been reported in the

HELPS trial.18 It is unclear whether this finding, if real, is an

artifact from different coil densities or is caused by coil thrombo-

genicity or by premature interruption of coiling when operators

encounter difficulties or expect hydrogel coil expansion. We did

not find a significant difference. In HELPS, differences in occlu-

sion grades were reversed (favoring hydrogel) at the time of fol-

low-up imaging.13 Thus, if one keeps in mind that angiographic

outcomes judged locally are typically more optimistic than core-

laboratory results,26,27 these preliminary findings cannot be used

to anticipate follow-up imaging results, which remain to be col-

lected, analyzed by the core lab, and reported. While we wait for

long-term results from this trial and witness an increasing use of

flow diversion for large, wide-neck, and recurrent aneurysms (a

practice with as-yet-unknown short- and long-term benefits),28

the PRET trial serves as a reminder that difficult aneurysms can be

coiled with a safety that will be difficult to improve.

Limitations
The PRET trial had several limitations. First, operators could not

be blinded to coil type. This unavoidable fact may have affected

case selection and the use of adjunct devices, coil selection, and

perhaps even premature interruption of coiling. Second, different

types of hydrogel coils were being manufactured and approved

during the course of the trial. This moving-target problem may

create difficulties in the interpretation of results. Third, recruit-

ment slowed down during the last 2 years (Fig 1), perhaps because

treatment alternatives (such as flow diverters) were increasingly

used for the same types of aneurysms. This change possibly intro-

duces a selection bias that could weaken the generalizability of

trial results. Fourth, the PRET-2 substudy was interrupted before

the target number of patients was enrolled, possibly affecting the

power of the study to reach meaningful conclusions for that sub-

group at the end of the trial. Fifth, data monitoring was done

on-line, with no local site visits to verify the data that were being

reported. Finally, postprocedural studies were not imposed by

protocol to verify the absence of complications detectable by im-

aging. These choices made the completion of an important trial at

low cost possible. However, the lack of on-site monitoring and of

postprocedural brain imaging is not expected to affect the validity

of the present conclusions, due to the pragmatic design of the trial,

which relies on relatively hard clinical outcomes and the consis-

tency of outcome assessment across several time points. In addi-

tion, these perceived deficiencies are expected to affect treatment

groups in a balanced manner.

CONCLUSIONS
There was no significant difference in the safety or immediate

efficacy of the procedure between hydrogel and platinum coiling

of large and recurrent aneurysms.

PRET Trial Collaborators
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Eric Deshaies; Coordinators, Tina Craig, Kim Kasprowicz, Susan

Hemingway, and Mark Villwock (10). University of Cincinnati

Medical Center, Cincinnati, Ohio: PI, Andrew Ringer; Coordina-
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Campbell (6). Queens Medical Centre, Nottingham, United

Kingdom: PI, Robert Lenthall; Coordinator, Alison Southam
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Louis Caragine; Coordinators, Adrienne Jones and Kathy

O’Howell (2). University of Oklahoma Health Sciences Center,

Oklahoma City, Oklahoma: PI, Steven Hoover; Coordinators,

Brian Bridges and Bradley Hightower (11). Centre Hospitalier
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RESEARCH PERSPECTIVES

Comparative Effectiveness Research
J.A. Hirsch, P.W. Schaefer, J.M. Romero, J.D. Rabinov, P.C. Sanelli, and L. Manchikanti

ABSTRACT

SUMMARY: The goal of comparative effectiveness research is to improve health care while dealing with the seemingly ever-rising cost.
An understanding of comparative effectiveness research as a core topic is important for neuroradiologists. It can be used in a variety of
ways. Its goal is to look at alternative methods of interacting with a clinical condition, ideally, while improving delivery of care. While the
Patient-Centered Outcome Research initiative is the most mature US-based foray into comparative effectiveness research, it has been
used more robustly in decision-making in other countries for quite some time. The National Institute for Health and Clinical Excellence of
the United Kingdom is a noteworthy example of comparative effectiveness research in action.

ABBREVIATIONS: CER � comparative effectiveness research; PCORI � Patient-Centered Outcomes Research Institute; PCORTF � Patient-Centered Outcomes
Research Trust Fund

“Neo-modern” effectiveness research began with James Lind

in Scotland in the mid-18th century. Graduates of the

Edinburgh Medical School developed a concept of “arithmetical

medicine.”1,2 Dr Lind’s historic controlled study of 6 different

treatments for scurvy was, in reality, the first true “evidence” of

comparative effectiveness research (CER).3 In the early 20th cen-

tury, Ernest Codman started looking at “outcomes management”

in patient care.4

The Institute of Medicine provided the current definition of

CER as “the generation and synthesis of evidence that compares

the benefits and harms of alternative methods to prevent, diag-

nose, treat, and monitor a clinical condition or to improve the

delivery of care.”5 The purpose of CER is to help all role groups

associated with the health care enterprise make informed deci-

sions useful in the management of an individual patient. In this

article, we will explore the historical development of CER at the

federal level in the United States up to and including the present

day. We will reflect on some of the opportunities available

through the American Society of Neuroradiology.

Meaningful geographic variation exists in health care. This, at

least in part, relates to limited evidence and is one of the issues that

augur well for CER differences in use corresponding to large

discrepancies in Medicare spending per enrollee in various

geographies.6,7

Geographic variation occurs, in part, when definitive evidence

for a treatment does not exist. For neurointerventional specialists,

a ready example might be the application of the International

Study of Unruptured Intracranial Aneurysms data or application

of intra-arterial stroke therapy. This challenge is widely pervasive

and not limited to neurointerventional or neuroradiology prac-

tice.8 It is rational to believe that patients in different locations

have varying disease prevalence. It is also equally rational to be-

lieve that the variation known to exist and meticulously docu-

mented in treatment paradigms might reflect more than just dif-

ferent underlying diseases. Variability in practice can result in

waste and inefficiency.9-11

Selective History of CER with a Focus on Recent US
Regulatory and Legislative Actions
“Arithmetical medicine” was first practiced in 18th century Edin-

burgh, Scotland.1 As stated above, at the University of Edinburgh,

James Lind performed a controlled trial for scurvy by using 6

separate treatments.3 Pierre Louis developed what could be

loosely translated as the numeric method in 19th century France.

This approach ended the use of phlebotomy in pneumonia.1 In

the US, in the early 1900s, Ernest Codman published A Study in

Hospital Efficiency: As Demonstrated by the Case Report of the First

Five Years of a Private Hospital.4 In that book, Codman described

the field that would burgeon into outcomes management by re-

Received February 11, 2014; accepted after revision March 12.

From the Department of Radiology (J.A.H., P.W.S., J.M.R., J.D.R.), Massachusetts
General Hospital, Harvard Medical School, Boston, Massachusetts; Department of
Radiology (P.C.S.), Weill Cornell Medical College, NewYork-Presbyterian Hospital,
New York, New York; Pain Management Center of Paducah (L.M.), Paducah, Ken-
tucky; and Department of Anesthesiology and Perioperative Medicine (L.M.), Uni-
versity of Louisville, Louisville, Kentucky.

Please address correspondence to Joshua A. Hirsch, MD, Department of Radiology,
Massachusetts General Hospital, Harvard Medical School, Boston, MA 02114; e-mail:
Hirsch@snisonline.org

http://dx.doi.org/10.3174/ajnr.A3985

AJNR Am J Neuroradiol 35:1677– 80 Sep 2014 www.ajnr.org 1677



viewing 337 discharged patients between 1911 and 1916. Cod-

man’s work was also noteworthy for recording and publicizing

123 errors.

In 1972, the Office of Technology Assessment was created with

a portion of its mandate focused on clinical effectiveness in health

care.12 The Office of Technology Assessment was eliminated in

1995.

In 1978, the National Center for Health Care Technology was

created. As the name suggests, the Center was designed to conduct

health care technology–related research that provided advice on

research priorities. The Center closed 3 years later but, in that

time, had made approximately 75 recommendations to the Cen-

ters for Medicare and Medicaid Services regarding coverage.6

The Agency for Health Care Policy and Research was estab-

lished in 1989 and created the National Guideline Clearinghouse

to guide treatment decisions.13 The Patient-Centered Outcomes

Research Trust Fund (PCORTF) was reorganized as it is known

today into the Agency for Healthcare Research and Quality.

In 2003, the Medicare Modernization Act authorized that as

much as US $50 million be spent on CER.14 This funding (at lower

levels) has continued with time, and the Agency for Healthcare

Research and Quality established an “effective healthcare” pro-

gram, which is charged with reviewing and synthesizing existing

evidence.15

Veterans Affairs has long focused on the clinical effectiveness

of treatments given to its patients. This has been aided by a for-

ward-looking approach aimed at using electronic medical re-

cords. Veterans Affairs sponsors reviews through the Technology

Assessment Program, which could also be properly characterized

as CER.

The Centers for Medicare and Medicaid Services is critical in

paying for health care but has had only a finite role with CER.

Bearing that in mind, the Centers for Medicare and Medicaid

Services has indeed taken small steps into CER.6,16

The 2009 American Recovery and Reimbursement Act

brought CER into the forefront on the basis of the size of the

federal financial commitment (see below).17,18 The CER was ap-

portioned $1.1 billion, and it gave birth to the Federal Coordinat-

ing Council, whose job was to help coordinate federally funded

CER activities.17 There are 15 members of the council.

On June 30, 2009, the council made recommendations for

CER funding priorities. They also categorized activity, seeing

where there were holes, and identified how these holes would

inform their recommendations going forward. The council indi-

cated that the expansion of CER will improve health care deci-

sion-making going forward.18,19

On March 23, 2010, the Patient Protection and the Affordable

Care Act (also known as the Affordable Care Act) became

law.20-22 Building on the work that had already occurred during

the Obama administration, the Affordable Care Act had critical

elements related to CER. The Patient-Centered Outcomes Re-

search Institute (PCORI) is an integral part of the legislation, and

its explicit tasks are to evaluate and use CER.22,23

The Patient-Centered Outcomes Research Institute
The PCORI set about identifying research priorities and develop-

ing an agenda that will inform the various participants (health

care providers, patients, administrators, payers, and so forth)

about different health care choices. Much of the basis of the PCORI

had been established by the previously discussed Federal Coordinat-

ing Council. PCORI is headed by a 21-member Board of Governors,

which, by design, includes a broad section of role groups reflecting

the diverse constituents of the PCORI. A 17-member Methodology

Committee defines the methodologic standards for research. The

Government Accountability Office appoints the Board of Governors

and the members of the Methodology Committee. At the time of the

founding legislation, it was thought that the PCORI, as an indepen-

dent body, required funding outside the normal appropriations pro-

cess. As such, the Patient-Centered Outcomes Research Trust Fund

was created.

The PCORTF receives funds from 2 separate sources. In the

aggregate, the funding is significant. The initial funding from the

US Treasury during 2010 –2012 provided $210 million. Beginning

in 2013, the Trust Fund started receiving funds from its second

source—fees assessed on health insurance plans, including Medi-

care. In 2013, the PCORTF received $150 million from the US

Treasury and an annual fee assessed on different health care plans

of approximately $170 million dollars for a total of $320 million.

From 2014 through 2019, the PCORTF will continue to receive

the same appropriation from the US Treasury and a larger assess-

ment from the various health plans for an estimated $650 million

per year. In total, the calculation is that $3.5 billion will be pro-

vided by these different funding sources before September 30,

2019. This represents the largest federally funded commitment to

comparative effectiveness research in the history of our nation.23

On March 5, 2012, the Board of Governors approved the fol-

lowing definition of patient-centered outcomes research: “Pa-

tient-centered outcomes research helps people and their caregiv-

ers communicate and make informed health care decisions,

allowing their voices to be heard in assessing the value of health

care options.”23

PCORI also developed methodologic standards in the form of

questions (Table 1). The answers to these questions are found in

Table 2.

PCORI established the National Priorities for Research and

Research Agenda as part of their basic charge. This framework will

provide guidance to funding CER with federal funds.23 The 5

research priorities are the following: 1) assessment of prevention,

diagnosis, and treatment options; 2) improving health care sys-

tems; 3) communication and dissemination of research; 4) ad-

dressing disparities; and 5) accelerating patient-centered out-

comes research and methodologic research.

Table 1: Examples of patient-centered questions addressed in
PCORI researcha

Examples
“Given my personal characteristics, conditions and preferences,

what should I expect will happen to me?”
“What are my options and what are the potential benefits and

harms of those options?”
“What can I do to improve the outcomes that are most

important to me?”
“How can clinicians and the care delivery systems they work in

help me make the best decisions about my health and health
care?”

a Source: Patient-Centered Outcomes Research Institute (PCORI).23
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As part of developing this National Priorities and Research

Agenda, the PCORI held a 53-day public comment period on the

draft plan in 2012.24 The high level of public interest is reflected in

the fact that the Institute received 474 comments for the Priorities

and Agenda. The result was that 15 major, aggregated themes

emerged from the public comments; these were in line with the 5

proposed priorities.

One can obtain funding from the PCORI using 2 fundamental

approaches. The first is an investigator-initiated approach, which was

launched in May 2012 and, in some ways, is typical of more tradi-

tional methodologies. The second approach relies on patients and

other stakeholders to initiate. Five topics have been identified for

accelerated consideration by using that second initiative.23

While comparative effectiveness has been celebrated, issues

continue to affect the research. A key issue underlying all major

clinical research, whether randomized clinical trials or observa-

tional, is dissemination and implementation of findings. This is-

sue may be the greatest challenge of CER, because even well-con-

ducted and very prominent randomized controlled trials may not

result in changes in physician behavior. Dissemination is included

as one of the goals of the PCORI Methodology Committee.25 Even

then, given the strong tendency for inertia and much previous

effort intended to promote dissemination of research findings

and incorporation into practice that did not succeed, it is not clear

whether or how this will ultimately translate into action.

Many national medical societies are addressing this growing

interest in CER by developing educational materials, providing

training courses, and creating funding support. The American

Society of Neuroradiology has initiated a new funding mecha-

nism specifically for CER in neuroimaging. Other efforts include

developing CER workshops at its annual meeting and jointly

sponsoring national CER training programs targeting junior

investigators.

Summary
CER is designed to compare research of alternative approaches to

prevent, diagnose, treat, and monitor clinical conditions and to

support patient-centered care that will produce superior patient

outcomes. Comparative effectiveness research has captured the

attention of the biomedical community, including physicians,

other health care professionals, and clinical researchers; the pub-

lic, including patients and their advocates; and policy makers,

including funding agencies and health care insurers.26 CER

should allow us to improve the evidence base and better inform

decisions going forward. Ultimately, the authors hope that it will

improve the quality of care and help control health care costs.27
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GENETICS VIGNETTE

Genetics of Ataxias: Hereditary Forms
N. Tirada and L.M. Levy

ABBREVIATION: SCA � spinocerebellar ataxia

WHAT ARE HEREDITARY ATAXIAS?
Ataxia is a neurologic disorder in which there is loss of

coordination of movement. It can result from dysfunction of the

cerebellum and brain stem and their afferent or efferent pathways.

The etiology of ataxia can be divided into 3 main categories: ac-

quired, sporadic, and hereditary.1,2 Hereditary ataxias are one of

the largest groups of hereditary progressive neurodegenerative

diseases with an estimated prevalence for all ataxias of 3– 4 per

20,000.2,3 Although there is no present curative therapy for hered-

itary ataxias, novel treatments aim to impact the disease process at

the molecular level. Neuroimaging, particularly MR imaging,

should be performed in all patients with suspected hereditary

ataxias. Neuroimaging can help to make the correct diagnosis,

identify treatable causes, monitor disease progression, and ex-

clude secondary causes. The objective of this vignette is to de-

scribe the heterogeneous group of hereditary ataxias and to dis-

cuss their diverse clinical presentations, imaging characteristics,

and diagnostic challenges.

WHAT ARE THE MODES OF INHERITANCE OF
HEREDITARY ATAXIA?
There are multiple modes of inheritance of hereditary ataxia:

These include autosomal recessive, autosomal dominant, X-

linked (paternal), mitochondrial forms (maternal), and in-

complete penetrance.

AUTOSOMAL DOMINANT MODE OF INHERITANCE
Classification of autosomal dominant spinocerebellar ataxias

(SCAs) is traditionally described by using the Harding classifica-

tion, which is based on clinical presentation.4 However, given the

significant overlap of clinical symptoms, a genetic classification is

now favored and subtypes of SCAs are now largely established via

genetic testing. To date, there are more than 30 types of SCAs that

have been identified (SCA1-SCA36). The pathophysiology of

nearly half of the autosomal dominant ataxias is secondary to

trinucleotide or codon repeat expansions.5 The most common

trinucleotide repeat expansions are associated with polyglu-

tamine repeats (SCA1, SCA2, SCA3, SCA6, and SCA7). However,

polyglutamine repeats are not unique to SCAs and can also be

seen with Huntington disease and dentatorubral-pallidoluysian

atrophy. It is hypothesized that the large number of polyglu-

tamine repeats can lead to misfolding of mutant protein, cellular

dysfunction, and eventually cell death.1 Larger numbers of ex-

panded alleles can also precipitate earlier disease onset and

worsen the clinical course. In addition, germline expansion or

instability can cause an anticipation effect with progressive wors-

ening of disease in subsequent generations. Intermediate expan-

sion of trinucleotides may not express phenotypes in tested indi-

viduals but may lead to disease in their offspring. Anticipation

may be more pronounced in males (eg, fragile X) secondary to the

high number of cell divisions during spermatogenesis.6 Other

type of mutations occurring in autosomal dominant spinocere-

bellar ataxia include missense (SCA5, SCA13, SCA14, SCA23,

SCA27, SCA28, and SCA35), frameshift (SCA11), and deletion

(SCA15 and SCA16) mutations.7

AUTOSOMAL RECESSIVE MODE OF INHERITANCE
Autosomal recessive ataxias are another diverse group of diseases

that can be broadly categorized into the following 4 groups: 1)

degenerative such as Friedreich ataxia, CoQ10 deficiency, and

Charlevoix-Saguenay spastic ataxia; 2) congenital such as Joubert

syndrome subtypes 1–5 and Cayman ataxia; 3) metabolic such as

ataxia associated with vitamin E deficiency, abetalipoproteine-

mia, Tay-Sachs disease, and Wilson disease; and 4) ataxias with

DNA repair defects such as ataxia telangiectasia, ataxia with ocu-

lomotor apraxia subtypes 1 and 2, and spinocerebellar ataxia with

neuropathy.1 The most common autosomal recessive cerebellar
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ataxia is Friedreich ataxia, which is secondary to GAA trinucle-

otide repeat expansions.1,5 In Friedreich ataxia, the mutant pro-

teins cause loss of function of frataxin, an iron storage or chaper-

one protein in the mitochondria, resulting in iron overload and

cellular oxidative damage.3,8 Patients with Friedreich ataxia can

have non-neurologic manifestations such as cardiomyopathy and

diabetes,5 in addition to ataxia.

DIAGNOSING HEREDITARY ATAXIA
Once hereditary ataxia is suspected, a detailed medical history

should be obtained before genetic testing and imaging studies.9

This should include a physical examination, a neurologic exami-

nation, and at least a 3-generation family history to exclude sec-

ondary causes of ataxia.9 However, a lack of family history does

not preclude a diagnosis of hereditary ataxia because patients with

autosomal recessive ataxia, incomplete penetrance, or trinucle-

otide repeat expansion may have a negative family history. The

age of onset can also be important because autosomal dominant

ataxias are associated with later ages of onset compared with au-

tosomal recessive ataxias, the former occurring between the third

and fourth decades and the latter in the second decade, though

findings can vary markedly.1,2

LABORATORY AND GENETIC TESTING
Specific genetic tests are available for SCA1, SCA2, SCA3, SCA6,

SCA8, SCA10, SCA12, SCA17, dentatorubral-pallidoluysian atro-

phy ataxias, and fragile X-associated tremor ataxia syndrome, all

of which are trinucleotide repeat disorders. However, with the

exception of fragile X-associated tremor ataxia syndrome, there is

no established consensus on the normal range for the number of

repeats.8 Patients with negative findings on genetic testing who

have idiopathic sporadic cerebellar ataxias, mutations associated

with many SCAs, and Friedreich ataxias account for nearly 20% of

cases; but whether this percentage is secondary to insufficient

medical and family history, incomplete phenotypic penetrance,

or de novo mutations is unclear.5 Despite the critical role of ge-

netic testing in making an accurate diagnosis, only 60%–75% of

SCAs have identifiable foci.1,2,5 Nongenetic laboratory tests are

also available but are much less specific. For instance, elevated

�-fetoprotein is associated with ataxia-telangiectasia and ataxia

with oculomotor apraxia type 2.1,5,9

ROLE OF NEUROIMAGING
Neuroimaging, particularly MR imaging, should be performed in

all patients with suspected hereditary ataxias. Neuroimaging can

help make the correct diagnosis, identify treatable causes, moni-

tor disease progression, and exclude secondary causes of ataxia

such as tumor or infarct.

In patients with advanced hereditary ataxias, there can be at-

rophy of the cerebellum and pons and involvement of the basal

ganglia nuclei, pyramidal tracts, and cortex.9,10 Imaging tech-

niques such as diffusion tensor imaging, quantitative 3D volu-

metric analysis, and spectroscopy can provide valuable additional

information.3,11-13 Studies using voxel-based morphometry and

quantitative 3D volumetric analysis suggest that SCA1 ataxias dis-

play prominent pontine atrophy, while SCA6 ataxias predomi-

nantly show cerebellar atrophy and gray matter involvement.11,13

N-acetylaspartate is considered a marker for neuronal integrity

and has been shown to correlate with the degree of atrophy and

clinical dysfunction in the pons and cerebellum in SCA1 but not

in SCA2.12 Abnormal signal in the basal ganglia and putamen has

also been associated with SCAs.11,13 The degeneration of ponto-

cerebellar fibers (the hot cross bun sign), which is considered

pathognomonic for multiple system atrophy of the cerebellum,

can also be observed with some SCA subtypes and with idiopathic

cerebellar ataxias.13 The relationship between the degree of atro-

phy and the number of trinucleotide repeats is difficult to assess

from imaging because findings can be influenced by other factors

such as the degree of disease progression and the age of onset.3,13

TREATMENT
Presently, there is no curative therapy for hereditary ataxia. Most

current therapies only provide symptomatic relief. In patients

with Friedreich ataxias, high-dose �-blockers and idebenone can

yield some benefit in those with cardiomyopathy, though ide-

benone has failed to show efficacy in phase 3 trials.1,3 Erythropoi-

etin has also been shown to increase the level of frataxin pro-

teins.1,3 In SCAs, patients are often treated with acetazolamide for

episodic ataxia and baclofen/tizanidine for spasticity.14 Many

novel treatments presently under investigation aim to impact the

disease process at the molecular level or inhibit polyglutamine

expansions. These include modulation of phosphorylation to re-

duce toxicity and silencing or down-regulating gene expression

via RNA interference.5,14
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ORIGINAL RESEARCH
BRAIN

Relative Filling Time Delay Based on CT Perfusion Source
Imaging: A Simple Method to Predict Outcome in Acute

Ischemic Stroke
W. Cao, B.C.V. Campbell, Q. Dong, S.M. Davis, and B. Yan

ABSTRACT

BACKGROUND AND PURPOSE: Collateral vessel status is strongly associated with clinical outcome in ischemic stroke but can be
challenging to assess. The aim of this study was to develop a tomography perfusion source imaging– based assessment of collateral vessel
status.

MATERIALS AND METHODS: Consecutive patients with ischemic stroke who received intravenous thrombolysis or intra-arterial reper-
fusion therapy after CTP were retrospectively analyzed. In those with middle cerebral artery or internal carotid artery occlusion, CT
perfusion source imaging was used to identify the relative filling time delay between the normal MCA Sylvian branches and those in the
affected hemisphere. Receiver operating characteristic analysis and logistic regression were used to assess the association of the relative
filling time delay with the 24-hour Alberta Stroke Program Early CT Score based on noncontrast CT and the 90-day modified Rankin Scale
score.

RESULTS: There were 217 patients treated in 2009 –2011 who had CTP data, of whom 60 had MCA or ICA occlusion and 55 had 90-day
mRS data. The intraclass correlation coefficient for relative filling time delay was 0.95. Relative filling time delay was correlated with
24-hour ASPECTS (Spearman � � �0.674; P � .001) and 90-day mRS score (� � 0.516, P � .01). Increased relative filling time delay was
associated with poor radiologic outcome (ASPECTS, 0 –7) (area under the curve � 0.79, P � .001) and poor functional outcome (mRS
score, 3– 6) (area under the curve � 0.77, P � .001). In multivariate logistic regression, the association of longer relative filling time
delay with poor outcome remained significant, independent of age, sex, and baseline National Institutes of Health Stroke Scale
score.

CONCLUSIONS: Relative filling time delay is a useful independent predictor of clinical outcome after ischemic stroke.

ABBREVIATIONS: CTP-SI � CT perfusion source imaging; rFTD � relative filling time delay

Leptomeningeal collateral flow has an important role in main-

taining blood flow to brain regions distal to an arterial occlu-

sion.1-5 Imaging assessment of leptomeningeal collaterals in hu-

mans does not depict the small interarteriolar connections

directly but, instead, relies on an indirect assessment of the extent

and rate of backfilling of pial arteries receiving blood flow through

these collateral vessels.1,4,6,7 Many leptomeningeal collateral flow

studies, most of which were CT angiography studies, used various

grading methods to assess the vessel filling status in the Sylvian

fissure by observers.3,8-11 Traditional assessment of leptomenin-

geal collateral flow by using static CTA images lacks temporal

resolution. Although newer scanners offer whole-brain perfusion

acquisitions that can be reconstructed to provide dynamic CTA

by using advanced software,12 this technology is not yet widely

available.

CT perfusion expands the role of CT in the evaluation of acute

stroke by providing physiologic insights into cerebral hemody-

namics and, in so doing, complements the strength of CTA by

determining the consequences of vessel occlusions and steno-

sis.9,12,13 Although 1 study used CTP source data to confirm that

contrast opacification was indeed retrograde collateral flow, no

prior studies have graded collateral status by rating CTP source

imaging (CTP-SI). We investigated a simple, time-resolved scale

of collateral-derived contrast opacification in the Sylvian fissure

as a predictor of radiologic and functional outcome. We hypoth-

esized that delayed filling of the middle cerebral artery in the Syl-

vian fissure due to poor collateral flow would be associated with

worse radiologic and functional outcome after ischemic stroke.
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MATERIALS AND METHODS
Patients
We identified patients with acute ischemic stroke presenting to

our institution between January 2009 and December 2011 within

4.5 hours of stroke-symptom onset who underwent multimodal

CT imaging before reperfusion therapy from our prospectively

recorded stroke data base. The subgroup with MCA or internal

carotid artery occlusion was selected for this analysis. Patients

with MCA occlusion of the M1 or both M2 segments proximal to

the Sylvian fissure were included. Baseline National Institutes of

Health Stroke Scale scores and 90-day modified Rankin Scale

scores were obtained from the data base. The study was approved

by the Melbourne Health Human Research Ethics Committee.

Imaging
Noncontrast CT, CT perfusion, and CT angiography were per-

formed before therapy. Two separate CTP slabs, each 24-mm

thick, were acquired consecutively (16-section Somatom CT; Sie-

mens, Erlangen, Germany; 80 kV(peak), 209 mAs) and positioned

to maximize supratentorial coverage. Iodinated contrast (40-mL

iohexol 350 mg I/mL, Omnipaque 350; GE Healthcare, Milwau-

kee, Wisconsin) was injected at 8 mL/s, and 40 images were ac-

quired every second (total acquisition time, 44 seconds). Each slab

was formatted as two 12-mm sections. Follow-up NCCT was per-

formed at a minimum of 24 hours after onset.

Imaging Analysis
NCCT, CTP, and CTA were reviewed by using standard PACS

software, allowing reviewers to freely window and view the im-

ages. CTA images were reviewed by 1 stroke neurologist, to iden-

tify patients with complete (Thrombolysis in Myocardial Infarc-

tion, 0) occlusion of the MCA or ICA. In patients with MCA or

ICA occlusion, review of cervical CTA did not detect any cases

with moderate-to-severe stenosis (�50%), which might have

confounded relative filling time delay (rFTD) interpretation. Un-

processed CTP-SI DICOM images were used to identify the rela-

tive filling time delay between the normal MCA Sylvian branches

and those in the affected hemisphere. It was calculated as the time

difference between the first appearance of contrast in each Sylvian

fissure (Fig 1). rFTD was then independently assessed by a neuro-

interventionalist (W.C.) and a stroke neurologist (B.C.V.C.),

blinded to clinical outcomes. The agreement in rFTD assessment

between observers (with a tolerance of

�1-second difference) was calculated.

Cases with 1-second difference between

the 2 raters were averaged, and those with

�2-second difference were reviewed by

an interventional neuroradiologist (B.Y.)

to determine consensus. The Alberta

Stroke Program Early CT Score of 24-

hour NCCT was independently assessed

by the neurointerventionalist and stroke

neurologist blinded to all other informa-

tion before consensus was reached.

Statistical Analysis
Statistical analyses were performed by us-

ing the Statistical Package for the Social

Sciences, Version 19 (IBM, Armonk, New York), and STATA,

Version 12 (StataCorp, College Station, Texas). P � .05 was con-

sidered to indicate statistical significance. Interobserver agree-

ment (with tolerance of �1-second difference) for the assessment

of rFTD between the 2 observers was tested by using Cohen � and

intraclass correlation. Patients were dichotomized by using the

90-day mRS score into good (mRS score, 0 –2) versus poor (mRS

score, 3– 6) outcome, and mortality (mRS score, 6) was analyzed

separately.14 The 24-hour ASPECTS was dichotomized into good

(ASPECTS, 8 –10) versus poor (ASPECTS, 0 –7) radiologic out-

comes.15,16 Differences in patient characteristics between out-

comes were tested by the Fisher exact test for categoric and the

Mann-Whitney U test for continuous values. Comparisons of

rFTD and baseline NIHSS scores between groups were performed

by using the Mann-Whitney U test. The Spearman nonparametric

rank correlation was performed to assess the correlation between

rFTD and baseline NIHSS scores, 90-day mRS scores, and 24-

hour ASPECTS. Multivariate binary logistic regression (including

variables with P values � .05) was used to assess the association of

rFTD with 24-hour ASPECTS and 90-day mRS scores. Receiver

operating characteristic analysis was performed to determine the

optimal threshold. Positive predictive value, sensitivity, and spec-

ificity at the optimal threshold were calculated.

RESULTS
Between January 2009 to December 2011, two hundred seventeen

patients with acute ischemic stroke presented to our institution

within 4.5 hours of stroke-symptom onset, were imaged with

CTP, and then received intravenous tPA or intra-arterial therapy.

Of those, 60 patients with acute occlusion identified in the ICA or

MCA were included in this study. The mean patient age was 70 �

10 years with 27/60 (45%) being women. Hypertension was found

in 58.3% (35/60); diabetes mellitus, in 28.3% (17/60); hyperlipid-

emia, in 55% (33/60); atrial fibrillation, in 38.3% (23/60); and

current or past smoking, in 18.3% (11/60) of the patients. The

baseline median pretreatment NIHSS score was 16 (interquartile

range, 3–27). Mean onset-to-therapy time was 141 � 48 minutes.

There were 41 patients (68.3%) treated with intravenous recom-

binant tissue plasminogen activator, and 19 patients (31.7%) re-

ceived intra-arterial therapy, including 5 (8.3%) with rtPA/uroki-

nase and 14 (23.3%) with mechanical thrombectomy. The site of

FIG 1. A 67-year-old woman with left hemiparesis and dysarthria who presented to the hospital 2
hours after onset. CTA identified a right intracranial ICA occlusion. CTP-SI showed that the contrast
(black circles) was first detected at 20 seconds in the left Sylvian fissure (A) and at 27 seconds in the
affected right hemisphere (B). The relative filling time delay was, therefore, 7 seconds.
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arterial occlusion on CTA was in the proximal (M1) MCA in 44

(73.3%) patients, the distal MCA (M2) in 8 (13.3%) patients, and

the ICA in 8 (13.3%) patients. The 90-day mRS score was available

in 55 patients. There was no significant difference in baseline

characteristics in these patients compared with the entire popula-

tion. Good functional outcome (mRS score, 0 –2) was seen in 23

patients (41.8%), and death occurred in 21.8% (12/55).

Exact agreement of rFTD between the 2 observers was found

in 32 of 60 patients (� � 0.47, P � .001). Tolerance of a �1-

second difference increased agreement to 52 of 60 patients (��

0.82, P � .001). The intraclass correlation coefficient was 0.95,

which represents excellent agreement between raters.

The variables in 60 patients with 24-hour ASPECTS and 55

patients with 90-day mRS scores and mortality were analyzed.

Longer rFTD was correlated with increased baseline NIHSS scores

(Spearman � � 0.407, P � .001), lower 24-hour ASPECTS (� �

�0.674, P � .001), and higher 90-day mRS scores (� � 0.516, P �

.001, Fig 2). In the 2 outliers with rFTD values �15 seconds, one

had contrast filling detected at 17 seconds and the other had no

contrast filling and was conservatively scored at 20 seconds based

on the time between perfusion of the opposite Sylvian fissure and

the end of the perfusion acquisition. Excluding these 2 outliers,

rFTD remained significantly correlated with baseline NIHSS

score (� � 0.37, P � .004), 24-hour ASPECTS (�� �0.654, P �

.001), and 90-day mRS score (� � 0.511, P � .001).

Patient characteristics stratified by outcome are listed in

Table 1. As expected, increased age and higher baseline NIHSS

scores were significantly associated with worse functional and

mortality outcomes. Female sex was associated with worse func-

tional outcome. Higher baseline NIHSS scores were strongly as-

sociated with worse radiologic outcome (P � .003). Longer me-

dian rFTD was significantly found in worse functional, mortality,

and radiologic outcomes (Fig 3). In multivariate logistic regres-

sion, rFTD was associated with functional and radiologic out-

comes after adjustment for age, sex, and baseline NIHSS scores

(Table 2).

In receiver operating characteristic analysis, increased rFTD

was associated with 24-hour ASPECTS of �7 (area under curve �

0.79; 95% CI, 0.68 – 0.9; P � .001), 90-day mRS scores (3– 6) (area

under the curve � 0.77; 95% CI, 0.65– 0.9; P � .001), and 90-day

mortality (area under the curve � 0.79; 95% CI, 0.65– 0.93; P �

.002). The optimal threshold determined by the Youden index

was 4.25 seconds for both functional and radiologic outcomes.

The threshold of rFTD of �4 seconds predicted poor func-

tional outcome (mRS score, 3– 6) with a sensitivity of 75% (95%

CI, 56%– 88%), a specificity of 73% (95% CI, 51%– 89%), and a

positive predictive value of 80% (95% CI, 61%–92%); predicted

mortality with a sensitivity of 91% (95% CI, 61%–99%), a speci-

ficity of 55% (95% CI, 39%–70%), and a positive predictive value

of 36% (95% CI, 19%–56%); and predicted poor radiologic out-

come (ASPECTS, 0 –7) with a sensitivity of 71% (95% CI, 55%–

FIG 2. Correlation between rFTD and baseline NIHSS scores, 24-hour ASPECTS, and 90-day mRS scores.

Table 1: Comparison of patient characteristics in those with good-versus-poor outcomes
mRS (0–2)

(n = 23)
mRS (3–6)

(n = 32) P Value
Alive

(n = 43) Dead (n = 12) P Value
ASPECTS

(>7) (n = 21)
ASPECTS

(≤7) (n = 39) P Value
Age (median) (yr) 69 (41–85) 73.5 (54–88) .014 69 (41–85) 79 (66–88) .005 72 (52–83) 73 (41–88) .877
Female (%) 26 56.2 .026 37.2 66.6 .101 33.3 51.2 .277
Hypertension (%) 52.1 62.5 .444 60.4 50 .516 56.4 61.9 .786
Diabetes mellitus (%) 26 28.1 .867 23.2 41.6 .205 33.3 25.6 .560
Hyperlipidemia (%) 60.8 46.8 .305 48.8 66.6 .274 61.9 51.2 .587
Current or past smoker (%) 26 9.3 .143 20.9 0 .181 14.2 20.5 .731
Atrial fibrillation (%) 34.3 34.7 .975 32.5 41.7 .733 42.8 35.8 .781
Baseline NIHSS (median) 13 (6–20) 19 (6–27) .001 15 (6–27) 21 (15–26) .001 12 (3–24) 18 (6–27) .003
OTT (median) (min) 120 (61–255) 140 (75–265) .366 140 (61–265) 124 (77–200) .683 137 (61–250) 140 (76–265) .364
IV-tPA (%) 60.9 71.9 .561 67.4 66.7 1.000 69.2 66.7 1.000
IA-tPA/UK (%) 13 6.2 .639 7.3 16.7 .298 11.7 8.3 1.000
Clot retrieval (%) 26.1 21.9 .717 25.5 16.7 .709 23.1 23.8 1.000
rFTD (median) (sec) 3.5 (0–7.5) 5.75 (0–10) .001 4 (0–17) 6.5 (3–20) .002 3.5 (0–6.5) 5.5 (2–20) .002

Note:—IA indicates intra-arterial; rFTD, relative filling delay time; UK, urokinase; OTT, onset to treatment time.
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85%), a specificity of 76% (95% CI, 52%–91%), and a positive

predictive value of 84% (95% CI, 68%–94%).

DISCUSSION
We found that a simple visual rating of collateral flow by using

CTP source images is significantly associated with clinical and

radiologic outcome in ischemic stroke. The relative filling time

delay assessed in the Sylvian fissure represents the abundance of

leptomeningeal collateral supply. Longer rFTD was associated

with adverse outcomes, independent of standard prognostic vari-

ables, including age and baseline NIHSS scores. These results sug-

gest that rFTD, especially �4 seconds, may be clinically useful as a

marker of poor prognosis after ischemic stroke with proximal

vessel occlusion.

Several studies have established the importance of collateral

supply in the prediction of clinical and radiologic outcome after

ischemic stroke.17-19 Collateral blood flow plays a pivotal role in

the pathophysiology of cerebral ischemia but is difficult to quan-

tify due to its complexity. In this study, we developed a method to

evaluate the collateral status in patients with acute ischemic stroke

with MCA or ICA occlusions by using CTP-SI. In contrast to

standard CTA, which is a single “snapshot” of cerebral blood flow,

CTP-SI provides a dynamic view of filling in the intracranial col-

lateral arteries. Additionally, previous CTA studies used a variety

of methods for grading leptomeningeal collateral flow, and lim-

ited data on interobserver agreement are available.20 We devel-

oped rFTD as a marker to assess the collateral circulation. The

simplicity of rating the first appearance of contrast minimized

observer subjectivity and translated to excellent inter-rater agree-

ment for rFTD. The variability in the assessment of contrast-ap-

pearance time between raters was generally �2 seconds. A more

quantitative rFTD could be obtained by using time-attenuation

curve analysis with a manually positioned region of interest,

though this would require dedicated software. Because rFTD is

normalized to contralateral delay, factors such as the contrast in-

jection and cardiac output, which affect the absolute delay to fill-

ing, are negated.

Studies of CTP in acute stroke commonly focus on 4 perfusion

map– based parameters: cerebral blood volume, cerebral blood

flow, mean transit time, and time-to-peak enhancement, with the

aim of distinguishing salvageable tissue (penumbra) from the ir-

reversibly injured ischemic core. The use of CTP-SI in evaluating

collateral blood flow has been largely untested but has the advan-

tage of combining anatomic information with temporal resolu-

tion to assess both the structure and function of collateral path-

ways. Assessing rFTD based on CTP-SI is also robust to motion in

uncooperative patients. No special software is needed to perform

CTP-SI assessment, so the method is feasible in most hospitals.

Recently, timing-invariant CTA was used to obtain CTA im-

ages from the CT perfusion source data that are insensitive to the

timing of contrast arrival21 and, therefore, display collateral ves-

sels that are undetectable on standard CTA. With a visual 4-point

grading scale, poor retrograde collateral flow on timing-invariant

CTA was associated with poor clinical outcome.21 However, the

temporal information provided by CTP is a key strength, and

timing-invariant CTA does not consider the potential impact of

delay, which, in our data, seems highly predictive of outcome.

There are more sophisticated methods to assess collateral flow by

using whole-brain CTP.22 However, these require 320-slice CT,

which would limit their applicability. In contrast, rFTD assess-

ment can be performed by using any CT scanner technology and

is simple and robust in clinical practice.

There are several limitations of this study. First, this is a retro-

spective study in a selected population of patients with ischemic

stroke with ICA or MCA occlusion. Second, the rFTD method is

limited to large-vessel-occlusion stroke, and the utility and value

of rFTD requires validation in an independent cohort. rFTD fo-

cuses on the Sylvian fissure and does not account for more periph-

erally located collateral flow. Finally, recanalization following

treatment was not analyzed in this study because repeat vascular

imaging was not routinely performed in clinical practice. Variable

recanalization and the mix of IV-tPA and endovascular therapy

may have potentially affected the outcome independent of collat-

eral status. The recent neutral endovascular trials such as the In-

terventional Management of Stroke III trial23 and the Mechanical

FIG 3. Longer median rFTD was significantly associated with poor functional and radiologic outcomes.

Table 2: Multivariate logistic regression for clinical and radiologic
outcome

Poor Outcomes Predictors � SE P Value
90-Day mRS 3–6 Age 0.097 0.043 .024

Sex 0.548 0.816 .501
Baseline NIHSS 0.207 0.091 .023
rFTD 0.354 0.178 .047

90-Day death Age 0.185 0.074 .01
Baseline NIHSS 0.239 0.116 .028
rFTD 0.302 0.158 .039

24-Hour ASPECTS �7 Baseline NIHSS 0.114 0.065 .082
rFTD 0.456 0.162 .005
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Retrieval and Recanalization of Stroke Clots Using Embolectomy

(MR-RESCUE) trial24 suggest that rates of recanalization between

IV and intra-arterial-treated patients during the period of our

study were not likely to be very different. However, any effect of

recanalization heterogeneity would have reduced the strength of

association observed between rFTD and the clinical and radio-

logic outcomes, and our results would, therefore, be a conserva-

tive estimate of the prognostic value of rFTD.

CONCLUSIONS
rFTD obtained by CTP-SI is a simple method to quantify cerebral

collateral circulation and help overcome the lack of temporal res-

olution of CTA for collateral assessment. Patients with longer

rFTD are at increased risk of developing adverse radiologic and

functional outcomes in the future. However, further studies are

needed to validate our findings in an independent cohort of

patients.
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EVER Pharma, Covidien, Payment for Lectures (including service on Speakers Bu-
reaus): Boehringer Ingelheim, EVER Pharma, Covidien.
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Early Basal Ganglia Hyperperfusion on CT Perfusion in Acute
Ischemic Stroke: A Marker of Irreversible Damage?

V. Shahi, J.E. Fugate, D.F. Kallmes, and A.A. Rabinstein

ABSTRACT

BACKGROUND AND PURPOSE: CT perfusion scans are often used in acute stroke evaluations. We aimed to assess the outcome of areas
of basal ganglia hyperperfusion on CTP in patients with acute ischemic stroke.

MATERIALS AND METHODS: We retrospectively reviewed the medical records and brain imaging of 139 patients presenting with acute
stroke who underwent CTP for consideration of endovascular recanalization. Hyperperfusion was assessed qualitatively and defined as a
matched region of increased cerebral blood flow and cerebral blood volume. CTA was used to locate arterial occlusion. Follow-up imaging
was used to determine whether regions of hyperperfusion at baseline became infarcted or developed hemorrhage. Angiographic imaging
was assessed to determine the presence or absence of early venous opacification.

RESULTS: Six patients (4.3%) demonstrated hyperperfusion in the basal ganglia of the affected side (4 in the lenticular nucleus and 2 in the
caudate). In all cases, the area of hyperperfusion ultimately proved to be infarcted. All patients had received intravenous thrombolysis
before the CTP. CTA at the time of CTP showed middle or distal M1 occlusion but patency of the proximal M1 and A1 segments. Intracranial
hemorrhage was noted in 2 of these 6 patients at follow-up.

CONCLUSIONS: Acute basal ganglia hyperperfusion in patients with stroke may indicate nonviable parenchyma and risk of hemorrhagic
conversion.

ABBREVIATION: PH � parenchymal hemorrhage

CT perfusion scans are widely applied to assess ischemia (low

flow) and allow the identification of potentially salvageable

brain tissue (ischemic penumbra) with delineation of irreversibly

damaged brain (core infarct).1,2 While definitions vary consider-

ably, most studies using CTP define nonviable regions of brain

tissue by the reduction in cerebral blood flow3 or reduced cerebral

blood volume.4,5 Regions of hyperperfusion (increased CBF and

increased CBV) before recanalization are generally not consid-

ered areas that are infarcted or at risk of infarction.6,7

Nonviable brain typically has disturbed autoregulation. Fol-

lowing recanalization, a phenomenon called “luxury” perfu-

sion— elevated CBF in areas of infarcted tissue beyond what is

needed for metabolic needs— can occur.8,9 These areas may be at

risk for hemorrhage,8,9 but this has not been a consistent find-

ing.10 In our practice, we observed cases in which areas of basal

ganglia hyperperfusion on CTP obtained during acute stroke

evaluation evolved to completed infarction on subsequent imag-

ing. We hypothesized that baseline CTP can demonstrate areas of

hyperperfused but nonviable parenchyma, if local recanalization,

either spontaneous or in response to lytic therapy, occurs before

CTP imaging. The purpose of this study was to determine the

prevalence of regions of hyperperfusion on baseline CTP and

their rate of progression to infarction and reperfusion hemor-

rhage at follow-up.

MATERIALS AND METHODS
This study was approved by the Mayo Clinic Institutional Review

Board. We performed a retrospective review of consecutive pa-

tients presenting with acute ischemic stroke who underwent CTP

for consideration of endovascular treatment from September

2008 to October 2012. In general, we apply CTP to select patients

for endovascular therapy either after intravenous thrombolysis

without improvement (CTP is performed toward the conclusion

of the infusion) or when patients are ineligible for intravenous

thrombolysis. A neuroradiologist (D.F.K., with 24 years of expe-

rience) reviewed all CTP images to identify patients with areas of

hyperperfusion. Identified cases were evaluated and confirmed by
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a vascular neurologist (A.A.R., with 12 years of experience). Per-

fusion parametric maps were created by using a deconvolution

technique. Fifty milliliters of contrast dye was injected at 7 mL/s,

followed by 50 mL normal saline through an 18-ga right antecu-

bital IV catheter. Scanning took place over 71 seconds total with

20 scans every 1.5 seconds followed by 6 scans every 7.5 seconds.

Our postprocessing was done using a single value deconvolution

algorithm from GE software licensed to Siemens (Erlangen, Ger-

many). This allowed the creation of time-to-peak, mean transit

time, cerebral blood flow, and cerebral blood volume maps. For

the purpose of this study, hyperperfusion was defined as an in-

crease in both CBF and CBV in the same brain region compared

with the contralateral region. The site of

vascular occlusion was determined by

using CTA images obtained at the time

of CTP imaging. Conventional angiog-

raphy was assessed to determine early

venous opacification.

Final area of infarction was deter-
mined by using follow-up brain imaging
and was compared with the initial CTP to
evaluate the outcome of the region of hy-
perperfusion. At our institution, every pa-
tient who undergoes attempted IV or intra-
arterial stroke revascularization therapy
has follow-up brain imaging at or within
24 hours, usually with noncontrast head
CT. Further MR imaging is performed at
the discretion of the treating clinicians.
No patients were excluded on the basis of
lack of follow-up brain imaging. Hemor-
rhagic events were classified according to
European Cooperative Acute Stroke Study
II definitions.11 Hemorrhagic infarction
consists of petechial hemorrhage without
mass effect, parenchymal hemorrhage (PH)
1 indicates blood clot occupying �30% of
the infarcted area with slight mass effect,
and PH 2 is blood clot in �30% of the
infarcted area with substantial space-oc-
cupying effect.11 Thrombolysis in Cere-
bral Infarction grades were used to evalu-
ate the degree of reperfusion.12

RESULTS
One hundred thirty-nine patients were

reviewed. Endovascular stroke therapy

was attempted in approximately half of

patients (n � 67, 48%). Six patients (4.3%) had CTP evidence of

hyperperfusion of the basal ganglia on the side of arterial occlu-

sion (Table). Among these 6 patients, median age at diagnosis was

63 years (range, 61–79). The median NIHSS score was 18.5

(range, 16 –21). All patients received intravenous rtPA before

CTP. Three of the patients had effacement of the gray-white dif-

ferentiation of the basal ganglia on noncontrast head CT. Median

time to intravenous thrombolysis was 87.5 minutes (range, 56 –

135 minutes). Median time from stroke-symptom onset to CTP

was 200 minutes (range, 125–343 minutes).

The median diameter of the region of hyperperfusion was 2.73

cm (range, 1.67–3.89 cm). On CT angiography, all patients had

FIG 1. Hyperperfusion in the right basal ganglia is demonstrated by increased cerebral blood
flow (arrows, A) and increased cerebral blood volume (arrows, B). Also seen is a large region of
right middle cerebral artery territory ischemia as evidenced by reduced CBF (A) with relative
preservation of CBV (B). Lateral digital subtraction angiogram from a right carotid artery injec-
tion demonstrates early opacification of the basal vein of Rosenthal (solid arrow, C) and the
internal cerebral vein (dashed arrow, C). Follow-up MR imaging 12 hours later shows restricted
diffusion indicating infarction of the right basal ganglia, along with patchy cortical infarctions in
the right MCA territory (D).

Baseline patient characteristics
Age/Sex HTN CAD DM A. fib Initial BP, (mm Hg) NIHSS MCA Territory Time to CTP (mins)a TICI Grade ICH

1 79/F Y N N N 125/63 16 R 343 2a Y
2 61/M N Y N Y 116/70 21 L 187 2b Y
3 61/M N N N N 114/72 17 R 125 2b N
4 66/M Y N N Y 155/99 21 L 190 2b N
5 61/F Y N N N 140/80 20 R 230 0 N
6 65/F Y N N N 146/92 16 L 210 NAb N

Note:—HTN indicates hypertension; CAD, coronary artery disease; DM, diabetes mellitus; A. fib, atrial fibrillation; BP, blood pressure; ICH, intracranial hemorrhage; R, right; L, left;
Y, yes; N, no; NA, not applicable.
a TICI 0 indicates no perfusion; 2a, perfusion of �50% of MCA distribution; 2b, perfusion of �50% of MCA distribution; 3, full perfusion.
b Endovascular therapy was not attempted because of large core on CTP.
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arterial occlusions of the minor distal aspect of the M1 segment

of the middle cerebral artery, distal to at least a portion of the

medial lenticulostriate arteries. Four occlusions involved the

midportion of the M1, and 2 patients had occlusions at the

junction of the middle and distal one-third of the M1 segment.

The A1 segment was patent in all cases. Five patients also un-

derwent digital subtraction angiography showing early venous

opacification in 2 cases, one in the deep venous system and one

involving superficial veins. In the latter case, areas of extrava-

sation were also noted in addition to attenuated capillary

blush. Endovascular recanalization was attempted in 5 cases

and achieved partial (n � 1) or near-complete reperfusion

(n � 3) in 4 of them.

Follow-up brain imaging was noncontrast head CT in 4 pa-

tients and MR imaging in 2. In all patients, the region of basal

ganglia hyperperfusion proved to be infarcted on follow-up im-

aging (Figs 1–3). Two patients also had

intracranial hemorrhage following recan-

alization (PH 2 in one case and PH 1 in

another). In both cases, the hemorrhage

occurred in the basal ganglia, which had

signs of hyperperfusion on the preinter-

vention CTP. In the former case, early ve-

nous opacification into superficial veins,

attenuated capillary blush, and areas of

extravasation were noted, while the lat-

ter case had no angiographic abnormal-

ity suggestive of hyperperfusion or

hemorrhage.

DISCUSSION
We present a series of patients with acute

stroke who had evidence of basal ganglia

hyperperfusion on CTP, which ultimately

proved to be part of the infarction and/or

a nidus for hemorrhagic transformation

on follow-up imaging. All patients had re-

ceived intravenous thrombolysis before

CTP; CTA imaging at the time of CTP ac-

quisition showed patency of the proximal

M1 segment and A1 segment, perhaps

suggesting that partial recanalization, ei-

ther spontaneous or in response to intra-

venous rtPA, may have resulted in luxury

perfusion. Angiographic evidence of hy-

perperfusion, with early venous opacifi-

cation, was present in a minority of cases.

FIG 2. Hyperperfusion of the left basal ganglia is shown by increased cerebral blood flow
(arrow, A) and increased cerebral blood volume (arrow, B) on CT perfusion. Follow-up FLAIR MR
imaging 3.5 days later shows regions of T2 hyperintensity indicating infarction of this same
region (C and D).

FIG 3. Increased cerebral blood flow in the right basal ganglia (arrow, A) in addition to a large region of reduced CBF in the right middle cerebral
artery territory is shown on the CT perfusion scan at presentation. Noncontrast head CT 1 day later demonstrates right MCA infarction but
apparent sparing of the right basal ganglia (B). Follow-up CT at day 6 shows hypoattenuation involving right basal ganglia (arrow, C) in addition
to evolution of a large right MCA infarction with mass effect.
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Hemorrhagic transformation occurred in 2 patients, only one of

whom had early venous opacification on angiography.

Our observation regarding hyperperfusion on CTP has poten-

tial clinical implications. First, practitioners should inspect CTP

imaging for areas of hyperperfusion within the territory of the

target artery, recognizing that these areas may be nonviable and

may be at risk for hemorrhage. Failure to do this may cause un-

derestimation of the ultimate size of the infarction and the risk of

complications from mass effect when swelling develops. Further-

more, hyperperfusion in the basal ganglia may need to be consid-

ered part of the unsalvageable core when selecting appropriate

candidates for endovascular therapy by using CTP, though our

findings need to be confirmed in larger populations before this

can be concluded with certainty. Advanced imaging with CTP is

not necessary before the administration of IV thrombolysis for

acute stroke, and we do not think that these findings should im-

pact the decision to administer IV thrombolysis.

It is not exactly clear what the regions of hyperperfusion in the

basal ganglia represent. This could be a result of partial recanali-

zation of the M1 segment of the middle cerebral artery with a

return of blood flow to blood vessels that had been maximally

dilated because of ischemia. The basal ganglia receive blood from

the lenticulostriate arteries, which usually arise from the M1 seg-

ment. On occasion, there is a truncated M1 segment due to nor-

mal anatomic variability, and the lateral lenticulostriate arteries

may arise from the superior division of the M2 segment. The

deep-seated basal ganglia may receive less collateral blood flow,

have longer duration of ischemia compared with cortical regions,

and thus may be more susceptible to reperfusion injury. Reperfu-

sion after stroke has been associated with disruption of the blood-

brain barrier as evidenced by postgadolinium enhancement of

CSF on MR imaging.13 This may be an indirect marker of reper-

fusion injury, which involves inflammation, increased cytokine

release, excessive production of oxygen-free radicals, and for-

mation of edema. Reperfusion injury is one reason why angio-

graphic recanalization is not always associated with good clin-

ical outcomes.

A “luxury perfusion syndrome” characterized by overabun-

dant CBF relative to neuronal and glial metabolic demand is well-

known.8,9 Much of our knowledge of postischemic reperfusion is

derived from experimental models,14 but the finding that post-

ischemic hyperperfusion may include brain regions that become

infarcted has also been demonstrated in small studies of human

patients with stroke.6 In 1 study of patients with stroke who un-

derwent large-vessel recanalization with intra-arterial fibrinoly-

sis, hyperperfusion was demonstrated in 5/12 by perfusion MR

imaging several hours after recanalization.6 Hyperperfusion de-

veloped mainly in regions that subsequently were shown to be

infarcted, and patients with hyperperfusion had larger final in-

farct volumes.

Others have produced discrepant results. A study by using

PET within 5–18 hours of ischemic stroke showed that regions of

hyperperfusion did not ultimately become infarcted on delayed

follow-up imaging and suggested that hyperperfusion may not

only be a harmless phenomenon but could even potentially be

beneficial.15 Hyperperfusion in these cases predominantly af-

fected patchy cortical regions remote from the deeper areas of

ultimate infarction, with the limitation that all follow-up imaging

was done with CT rather than MR imaging. These discrepant

results across studies may be at least partially explained by differ-

ences in the time from arterial occlusion to reperfusion, the tech-

nique used to evaluate perfusion, and the type of follow-up brain

imaging.

This study has several limitations. The small sample size and

retrospective nature preclude definitive conclusions. This is a sin-

gle-center study from a tertiary referral center, which may limit

the generalizability of our findings. Our time to CTP was some-

times prolonged because most of our patients were treated at local

emergency departments and then transferred to our center. The

chances of finding basal ganglia hyperperfusion may be different

if CTP is performed after a short interval from symptom onset.

Finally, nearly all of our patients underwent endovascular recan-

alization, which may have affected the outcomes.

CONCLUSIONS
In acute stroke evaluations, basal ganglia hyperperfusion on CTP

is an infrequent finding but important to recognize because it

does not always predict a benign course.

These areas of hyperperfusion may represent irreversible isch-

emic damage and become the nidus for reperfusion hemorrhage,

despite timely and successful recanalization therapy. These obser-

vations should be considered hypothesis-generating and require

validation in larger prospective studies.
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ORIGINAL RESEARCH
BRAIN

An In Vivo, MRI-Integrated Real-Time Model of Active Contrast
Extravasation in Acute Intracerebral Hemorrhage

R.I. Aviv, T. Huynh, Y. Huang, D. Ramsay, P. Van Slyke, D. Dumont, P. Asmah, R. Alkins, R. Liu, and K. Hynynen

ABSTRACT

BACKGROUND AND PURPOSE: The “spot sign” or contrast extravasation is strongly associated with hematoma formation and growth.
An animal model of contrast extravasation is important to test existing and novel therapeutic interventions to inform present and future
clinical studies. The purpose of this study was to create an animal model of contrast extravasation in acute intracerebral hemorrhage.

MATERIALS AND METHODS: Twenty-eight hemispheres of Yorkshire male swine were insonated with an MR imaging– guided focused
sonography system following lipid microsphere infusion and mean arterial pressure elevation. The rate of contrast leakage was quantified
by using dynamic contrast-enhanced MR imaging and was classified as contrast extravasation or postcontrast leakage by using postcon-
trast T1. Hematoma volume was measured on gradient recalled-echo MR imaging performed 2 hours postprocedure. Following this
procedure, sacrificed brain was subjected to histopathologic examination. Power level, burst length, and blood pressure elevation were
correlated with leakage rate, hematoma size, and vessel abnormality extent.

RESULTS: Median (intracerebral hemorrhage) contrast extravasation leakage was higher than postcontrast leakage (11.3; 6.3–23.2 versus 2.4;
1.1–3.1 mL/min/100 g; P � .001). Increasing burst length, gradient recalled-echo hematoma (� � 0.54; 95% CI, 0.2– 0.8; P � .007), and
permeability were correlated (� � 0.55; 95% CI, 0.1– 0.8; P � .02). Median permeability (P � .02), gradient recalled-echo hematoma (P � .02),
and dynamic contrast-enhanced volumes (P � .02) were greater at 1000 ms than at 10 ms. Within each burst-length subgroup, incremental
contrast leakage was seen with mean arterial pressure elevation (� � 0.2– 0.8).

CONCLUSIONS: We describe a novel MR imaging–integrated real-time swine intracerebral hemorrhage model of acute hematoma
growth and contrast extravasation.

ABBREVIATIONS: CE � contrast extravasation; DCE � dynamic contrast-enhanced; GRE � gradient recalled-echo; ICH � intracerebral hemorrhage; IQR �
interquartile range; KPS � rate of leakage; MAP � mean arterial pressure elevation; PCL � postcontrast leakage

Intracerebral hemorrhage (ICH) accounts for 10%–30% of

strokes and is the most deadly and disabling stroke type with

little improvement in mortality seen during the past 20 years.1

These characteristics underscore the importance of developing a

better understanding of the pathophysiology of ICH formation

and growth to facilitate the development of improved therapeutic

agents or interventions.2 The causative lesion in primary ICH is

yet to be elucidated, though pathologic studies demonstrate focal

vessel integrity loss in association with blood extravasation into

the brain parenchyma.3 Following initial ICH formation, contin-

uous4,5 or delayed6 extravasation results in hematoma expan-

sion,7 which is associated with early neurologic deterioration and

significant mortality.8

Several recent studies have shown an association between con-

trast extravasation (CE) detected on CTA, coined the CTA “spot

sign,” and hematoma growth.9-14 Prospective studies have dem-

onstrated that contrast extravasation independently predicts a

larger hematoma size and a poorer clinical outcome.13,14 These

are the first clinical studies to suggest a robust “real-time” imaging

marker of hematoma expansion. Three clinical studies are pres-

ently enrolling patients dichotomized by the CTA spot sign to

validate the prior study findings and to determine the therapeutic
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efficacy of recombinant factor VIIa or tranexamic acid.15-17 A

more recent study using dynamic spot sign imaging with a bipha-

sic CT perfusion protocol18 has confirmed 2 patterns of contrast

extravasation associated with significantly different rates of leak-

age. These patterns, comprising a brisker active extravasation

(spot sign) and slower postcontrast leakage (PCL),19 are also

demonstrated with early and late structural imaging,10,19 dynamic

CTA/CTP,18 and biphasic or repeat delayed CTA acquisitions.12

Morphologic patterns and more recent studies illustrate that

the spot sign is not an all-or-none phenomenon but constitutes a

spectrum of extravasation.18,19 The extravasation rate likely sig-

nificantly impacts timely and clinically meaningful hemostasis.20

A bleeding threshold likely exists beyond which prothrombotic

treatment is futile, exposing patients to harmful adverse effects

without hope of therapeutic benefit.21 Increasingly, new innova-

tive surgical techniques are being developed to address contrast

extravasation.22 Knowledge of the impact of the extravasation rate

on therapeutic response is critical to stratify patients to the most

appropriate therapies. An animal model of acute contrast extrav-

asation in ICH could potentially inform the patient-selection pro-

cess. We describe a novel MR imaging–integrated real-time swine

model of acute hematoma growth and contrast extravasation.

MATERIALS AND METHODS
This study was conducted with the approval of the local Research

Institute Animal Care Committee (Animal Use Protocol No. 12–

435) in compliance with the guidelines established by the Cana-

dian Council on Animal Care and the Animals for Research Act.

Fourteen 6- to 8-week-old (approximately 16 –18 kg) Yorkshire

male swine were chemically immobilized by using xylazine HCl

(2.2 mg/kg), ketamine (15 mg/kg), and atropine (0.05 mg/kg)

mixed together in a syringe by intramuscular injection into the

dorsal neck or gluteal muscles. Anesthesia was initially main-

tained with 2%–3% isoflurane in oxygen (�2 L/min). Percutane-

ous insertion of two 10-cm 5F catheters (Pinnacle; Terumo, To-

kyo, Japan) via a Seldinger technique into the femoral artery and

vein was performed for continuous arterial blood pressure mon-

itoring and central line access, respectively. Physiologic monitor-

ing at 5-minute intervals included clinical observation, tail pulse

oximetry, rectal temperature, and blood pressure measurement

through the femoral artery line. Fluid balance was maintained

with intravenous normal saline (10 mL/kg/h) and equivalent nor-

mal saline volume replacement of any other losses.

The animal was transferred to the MR imaging suite and

placed in a supine position with the head immersed in degassed

water and its limbs secured (Fig 1). Degassed water served as a

conduction medium for sonography emitted from an upwardly

positioned modified clinical MR imaging– guided focused sonog-

raphy brain system (ExAblate 4000; Insightec, Tirat Carmel, Is-

rael). The focused sonography system consists of a 1024-element

hemispheric phased array with a diameter of 30 cm. Accurate

anatomic localization of vessels within the basal ganglia was

achieved by using MR imaging localization sequences. The basal

ganglia represent a frequent site for ICH and are a commonly

targeted location for experimental ICH models due to lower sub-

arachnoid risk and intraventricular extension.

Following this procedure, 0.08-mL/kg (1.5 mL) perflutren

lipid microsphere infusion (Definity; Lantheus Medical Imaging,

North Billerica, Massachusetts) and focused low-frequency

sonography (230 kHz) were delivered. MR imaging was per-

formed before and after focused sonography vessel disruption by

using 3T MR imaging (Discovery MR750; GE Healthcare, Mil-

waukee, Wisconsin) and a 6-channel phased array flexible coil

(GE Healthcare). The following sequences were obtained at base-

line: FSE T2 (TR/TE, 3000/71 ms; echo-train length, 4; FOV, 16 �

16 cm; slice thickness, 2 mm; 256 � 192); 3D spoiled gradient

recalled-echo (GRE) T1 (TR/TE, 6/2 ms; FOV, 12 � 12 cm; slice

thickness, 2 mm); axial T2 FLAIR (TR/TE, 8000/127 ms; 12 � 12

cm; slice thickness, 2 mm; 128 � 128); and fast GRE (TR/TE,

100/13 ms; 12 � 12 cm; slice thickness, 2 mm). Thirty seconds

after perflutren injection and sonographic insonation, a dynamic

contrast-enhanced sequence (DCE) (3D T1 spoiled GRE; TR/TE,

6/2 ms; 12 � 12 cm; slice thickness, 3 mm; 128 � 128; temporal

sampling, 10 seconds; scan duration, 20 minutes) was performed.

Gadobutrol, 1 mmol/mL (Gadovist; Bayer Schering Pharma, To-

ronto, Canada), was injected via a pump injector (Spectris MR

injector; MedRad, Indianola, Pennsylvania; and Solaris; Bayer

HealthCare, Pittsburgh, Pennsylvania) at 0.5 mL/kg and 5 mL/s

followed by a 10-mL normal saline bolus. A postgadolinium T1

study was performed at the termination of the DCE sequence (20

minutes after gadolinium injection). Fast GRE, FLAIR, and FSE

T2 sequences were repeated following DCE and before procedure

termination.

Experimental Design

Number of Experiments. Twenty-eight hemispheres were in-

sonated; 16 hemispheres were used to determine optimal power

delivery; and 12, to test the effect of burst length.

Power Delivery. On the basis of prior studies of blood-brain bar-

rier disruption23-25 aiming at a temporary BBB opening but re-

porting complications of red blood cell extravasation, 2 power

ranges were selected for evaluation. Sixteen hemispheres were

subjected to basal ganglia insonation, with either 70-kW (n � 8

hemispheres) or 80-kW (n � 8 hemispheres) power delivery at a

FIG 1. Schematic of swine model. Adapted with permission from
McDannold N, King RL, Hynynen K. MRI monitoring of heating pro-
duced by ultrasound absorption in the skull: in vivo study in pigs.
Magn Reson Med 2004;51:1061– 65.
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constant burst length (10 ms, 1-Hz pulse-repetition frequency)

and sonication duration (120 seconds). Animals were compared

for DCE leakage rate, final hematoma size (see below), and vas-

cular abnormality on histopathology. The 8 hemispheres at 80 kW

were then used to compare with the 3 higher burst lengths also

performed at 80 kW.

Burst Length
The burst length determines the interaction time between sonog-

raphy and bubbles and is central to the production of the desired

cavitation effects, which result in blood vessel wall disruption.

Altering burst length, therefore, determines the magnitude and

threshold of disruption thereby modulating the rate of extravasa-

tion.26 Following 80-kW power-level selection, 3 additional burst

lengths (1000 ms [continuous wave], 800 ms, and 600 ms) in 4 hemi-

spheres each were acquired. The 8 hemispheres at 10 ms by using the

80-kW power delivery described above were included in a compari-

son of the 4 different burst lengths tested. Rate of extravasation and

hematoma volumes were compared for each group. Within each

burst-length subgroup, mean arterial pressure was increased at the

time of insonation to achieve a 0%–60% elevation over baseline by

using a 15-�g/kg/min phenylephrine infusion.27

MR Image Processing. Hematoma and DCE contrast volume

measurements were performed on GRE and DCE images, respec-

tively, by using the auto-trace feature with Medical Image Pro-

cessing, Analysis, and Visualization, Version 4.4.1, Center

for Information Technology (National Institutes of Health,

Bethesda, Maryland; http://mipav.cit.nih.gov). The largest re-

gion-of-interest volume within the temporal DCE dataset was

selected as the final DCE volume. Rate of leakage (KPS) was mea-

sured within each region of contrast leakage from the permeabil-

ity maps calculated using custom IDL software (Exelis Visual In-

formation Solutions, Boulder, Colorado) by using a previously

described unidirectional 2-compartment kinetic model.28 The

DCE-derived region of interest, representing the volume of con-

trast leakage, was used for the permeability measurement from the

KPS maps. Because the contrast leakage volumes were drawn on the

same sequence from which the KPS maps were derived, the ROIs

were intrinsically coregistered with the KPS maps.

Morphologic Characterization of Contrast Extravasation. On the

basis of clinical studies, 2 distinct patterns of contrast leakage were

identified.19 Active contrast extravasation demonstrated a brisk

contrast leak with well-delineated margins, visible from early

within the DCE sequence. Postcontrast leakage demonstrated

slower leakage on DCE with ill-defined contrast enhancement

becoming more confluent on a postcontrast T1 study performed

following DCE (Figs 2 and 3).

Histopathologic Examination. Animals were observed for 2 hours

following the last insonation and were euthanized by exsanguina-

tion followed by transcarotid perfusion of heparinized saline

(2 L) and 4% paraformaldehyde (2 L). The anterior and

posterior cranium was removed to better facilitate immersion-

fixation in 4% paraformaldehyde. Following fixation, the brain

was removed, blocked in 5-mm sections, and subjected to gross

pathologic examination and photography. Regions of hematoma

were sectioned at 5�m and stained with hematoxylin-eosin and

Masson elastin trichrome stain; and immunohistochemistry for

smooth-muscle actin was used on selected sections.

Statistical Analysis
Statistical analysis was performed by using MedCalc (Version

12.7.0.0; MedCalc Software, Mariakerke, Belgium). Median (in-

terquartile range [IQR]) contrast leakage, DCE contrast, and GRE

hematoma volumes were calculated and compared between 70-

and 80-kW power groups and between each burst-length category

by using the Mann-Whitney U test. Spearman correlation coeffi-

cients were calculated for increasing burst length and GRE hema-

toma and DCE volumes. Correlation among the rate of contrast

leak, GRE hematoma volume, and mean arterial pressure ratio

was assessed for each burst-length group. The association be-

tween burst length and morphologic pattern of contrast leakage

(CE versus PCL) was tested with the Fisher exact test. We com-

pared the rate of leakage, hematoma, and DCE volumes between

CE and PCL using the Mann-Whitney U test. P � .05 was consid-

ered significant.

RESULTS
Power Determination
Median rates of contrast leakage were similar at 70 kW and 80 kW

(4.5 mL/min/100 g [IQR, 2.4 –25.1] versus 3.2 mL/min/100 g

[IQR, 1.2–7.6]; P � .75, respectively), though the range of values

was more heterogeneous in the 70-kW group. Similar median

(IQR) GRE hematoma (0.6 cm3 [0.4 –1.5] versus 0.5 cm3 [0.4 –

0.8]; P � .98) and DCE volumes (0.1 cm3 [0.1– 0.7] versus 0.2 cm3

[0.1– 0.4]; P � .39) were present. Due to the more homogeneous

values achieved at 80 kW, this power level was selected for further

study. Histopathologic analysis of cases performed at 10 ms dem-

onstrated predominantly focal injury of small intracerebral blood

vessel walls (40 –70 �m) characterized by segmental bland, gran-

FIG 2. Individual frames from a DCE sequence demonstrating pro-
gressive accumulation of contrast with time within a right basal gan-
glia hematoma. Rapid accumulation of confluent and well-defined
contrast consistent with active extravasation. KPS measured 6.39 mL/
min/100 g.

FIG 3. Individual frames from a DCE sequence demonstrating slow
accumulation of contrast with time within a right basal ganglia hema-
toma consistent with postcontrast leakage. KPS measured 1.1 mL/
min/100 g.
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ular smooth-muscle eosinophilia, shrinkage, and hyperchroma-

tism of their nuclei occasionally associated with margination of

neutrophils. Larger vessels (70 –120 �m) were rarely affected and

showed relatively minor abnormality. The order of magnitude of

small-vessel involvement was not unexpected, given that the ini-

tially selected parameters mirrored those used to disrupt the

blood-brain barrier.23-25 Increasing the burst length reduces the

amount of time for bubbles to enter the microcirculation before

cavitating, theoretically shifting this process to larger sized vessels.

Optimal Burst-Length Determination
Median (IQR) rates of contrast leak, DCE contrast and hematoma

volume by burst length and correlation for contrast leak mean

arterial pressure elevation (MAP) ratio, and DCE contrast and

GRE hematoma volume are listed in the Table. Median rates of

contrast leakage were significantly higher at 1000 ms compared

with 800-ms (P � .01), 600-ms (P � .02), and 10-ms (P � .01)

burst lengths (Table and Fig 4). Increasing burst length was asso-

ciated with increasing DCE contrast (� � 0.55; 95% CI, 0.11–

0.81; P � .02) and hematoma volumes (� � 0.54; 95% CI, 0.17–

0.78; P � .007). Within each burst-length subgroup, incremental

contrast leakage was seen with an increasing MAP ratio (� �

0.2– 0.8; Table). The strongest correlation between KPS and he-

matoma volume and KPS and MAP ratio was present in the

1000-ms group. The 800- and 10-ms subgroups demonstrated mod-

erate KPS-to-MAP correlation. KPS-to-GRE hematoma-volume

correlation was moderate in the 600- and 800-ms subgroups.

Morphologic Patterns of Leakage in 20 Hemispheres at
80 kW
The median (IQR) rate of contrast leakage (CE or PCL) for all exper-

iments was 5.2 (2.9–10.7) mL/min/100 g. CE was more common at

higher (1000 and 800) than lower (600 and 10) burst lengths (P �

.03). Median (IQR) CE KPS was significantly elevated compared

with PCL (11.3 mL/min/100 g; 6.3–23.2 versus 2.4 mL/min/100 g;

1.1–3.1; P � .001). The median (IQR) final GRE hematoma volume

was significantly higher for CE compared with PCL (0.7 cm3; 0.4–1.6

versus 0.4 cm3; 0.06–0.7; P � .02). Similarly, CE demonstrated a

median (IQR) DCE contrast volume of 0.4 cm3 (0.1–1.3) compared

with PCL (0.04 cm3; 0.02–0.1; P � .01).

Histologic Examination of the Brain
Multiple whole-mount hematoxylin-eosin coronal step sections

through the intracerebral hemorrhage were screened microscop-

ically. Although the extent of bleeding and the vascular changes

varied with the sonication parameters, a distinctive pattern of

vascular injury emerged within arteries and arterioles typically

50 –100 �m in diameter. Pathologic vessels were distributed

throughout the sonicated tissue and in the subarachnoid space,

associated with varying degrees of subarachnoid bleeding, partic-

ularly in the interhemispheric fissure. Sonication changes, which

we have termed “sonication vasculopathy,” were characterized by

fairly extensive vascular injury, demonstrating varying degrees of

segmental blood vessel wall bland eosinophilia and loss of nuclear

detail. In some instances, early neutrophil margination was pres-

ent. Abnormality extended for some distance along the blood ves-

sels and, in some instances, alternated with more normal vascular

structure, producing segmental lesions. Associated with these

changes were red cells in the blood vessel wall suggesting “mini

dissection.” Almost without exception, the injured vessels were

associated with perivascular collections of red blood cells of vari-

ous sizes ranging from petechiae to substantial intracerebral he-

matomas. Many of the involved small vessels showed focal defects

blending with perivascular fibrin-platelet debris, both in the small

petechial hemorrhages and around the larger hematomas. In-

creasing burst length was characterized by involvement of larger

perforating vessels in which bland mural eosinophilia, reminis-

cent of necrosis, and rupture sites were identified (Fig 5A).

Smaller vessels were less involved in cases with large hematomas,

and greater difficulty was experienced identifying a ruptured ves-

sel in larger hematomas. Although this could be a problem of

sampling, the presence of actin-immunopositive fragments sup-

ports extensive segmental vessel injury and fragmentation.

DISCUSSION
We report the first MR imaging–integrated real-time swine model

of contrast extravasation and hematoma growth. The median rate

of contrast leakage reported is consistent with that reported by

d’Esterre et al18 for humans, showing a leakage rate of 6.5 � 1.6

mL/min/100 g. The 1000-ms subgroup emerged as the optimal

model for further study of prothrombotic agents by virtue of a

strong correlation between the contrast leakage rate and final he-

Comparison of contrast leakage rate, GRE hematoma, and DCE volume by burst-length subgroup for 20 hemispheres at 80 kW power
Burst Length (ms)
(n = Hemispheres)

Contrast Leak Median (IQR)
(mL/min/100 g)

GRE Hematoma
Volume (cm3)

DCE Contrast
Volume (cm3)

� KPS-to-Hematoma
Volume

� KPS-to-MAP
Ratio

1000 (n � 4) 17.4 (9.5–29.0) 1.6 (1.2–2.1) 1.3 (1.1–1.4) 0.8 (�0.7–0.9, P � .3) 0.8 (�0.6–0.9, P � .2)
800 (n � 4) 6.0 (4.2–7.4) 0.9 (0.7–1.7) 0.4 (0.2–0.7) 0.7 (�0.5–0.9, P � .2) 0.5 (�0.7–0.9, P � .7)
600 (n � 4) 2.9 (1.5–3.7) 1.0 (0.4–1.6) 0.4 (0.2–1.0) 0.6 (�0.8–1.0, P � .4) 0.2 (�0.9–0.9, P � .8)
10 (n � 8) 3.21 (1.7–7.3) 0.5 (0.4–0.9) 0.2 (0.1–0.4) 0.3 (�0.4–0.7, P � .5) 0.6 (�0.1–0.9, P � .01)

FIG 4. Rate of contrast leakage stratified by burst length. Median,
IQR, and 95% CI values are displayed as bar, box, and whiskers
respectively.
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matoma size. The strong correlation between the MAP ratio and

leakage rate within the 1000-ms subgroup indicates an ability to fur-

ther regulate the leakage rate through blood pressure manipulation.

Although contrast extravasation is best characterized in the

CT literature, Murai et al29 described MR imaging contrast ex-

travasation as a marker of ongoing hemorrhage in acute ICH. Of

108 patients with acute hypertensive ICH, contrast extravasation

was seen in 39 MR imaging and 17 cerebral angiography studies.

Significant correlation with follow-up hematoma growth was

confirmed. A recent case report describes a patient experiencing

an acute ICH while undergoing MR imaging for unrelated rea-

sons, illustrating progressive contrast extravasation and hema-

toma formation.4 The volume of contrast extravasation in the

present model was smaller than the final GRE hematoma size in

all burst-length groups. Notably, this difference was most pro-

nounced at lower burst lengths. If the difference was attributable

to gradient blooming, similar disparity should be present in each

group. It is more likely that the greater difference at lower burst

length reflects the notion that not all contrast opacification rep-

resents irreversible blood-brain barrier disruption and extravasa-

tion.30 The greater correlation at higher burst lengths between the

rate of contrast leak and hematoma size underscores the associa-

tion between the increased sonography intensity exposure and the

increased severity of vessel injury, also confirmed by histopatho-

logic analysis and prior studies.26

The present technique represents a significant evolution over

existing ICH models by mimicking mural disruption suspected in

human ICH pathophysiology. In humans, the vascular abnormal-

ities underlying ICH formation and expansion are poorly under-

stood. Pathologic examination of ICH specimens is hindered by

the friable nature of formalin-fixed blood

and the time-consuming and technically

demanding processes that are needed to

conduct a “complete” histopathologic

survey of large hematomas. Observations

derived from pathologic studies by

Fisher3 report focal rupture of a 0.6-mm

arteriole with aneurysmal dilation in hy-

pertensive ICH, fibrin globes,7 and mi-

crodissections.31 Common to the many

proposed etiologies in the diseased state is

the segmental involvement of vessels with

“skip lesions.”3 Vessel wall rupture in the

present model is induced by intraluminal

cavitation mediated through the interaction

of sonography waves and injected bubbles.

Our histopathologic analysis revealed a

mini-dissection appearance and also frank

arterial disruption with concomitant red

blood cell extravasation mirroring a recent

histopathologic description of dissection in

a 920-�m artery found at the periphery of a

spot-positive hematoma.32

The proposed swine model serves as a

paradigm for contrast extravasation in

human ICH, offering a unique opportu-

nity to study the efficacy of drug and non-

invasive imaging-guided therapies. The use of contrast extravasa-

tion to select patients most likely to benefit from therapy has been

recently incorporated into the American Heart Association guide-

lines.33 Swine are the National Institute of Neurological Disorders

and Stroke model of choice for ICH study because they offer sev-

eral advantages over traditional animal models, including pro-

portional gray and white matter representation similar to that in

humans and the ability to create hematoma volumes 20 –30 times

larger than those in rodent species.34,35 The MR imaging integra-

tion environment allows real-time monitoring and objective mea-

surement of hematoma formation and contrast extravasation with

susceptibility and dynamic contrast-enhanced T1 sequences, respec-

tively. Unlike rodents, swine do not have potentially toxic hemostatic

doses of recombinant factor VIIa,36 a critical limitation given the use

of the drug in current hemostatic ICH studies (Spot Sign for Predict-

ing and Treating ICH Growth, “Spot Sign” Selection of Intracerebral

Hemorrhage to Guide Hemostatic Therapy).15,16

Study limitations include the small sample size because of the

need to test multiple burst lengths. MR imaging was selected due

to the integration of sonography, facilitating rapid scan acquisi-

tion following insonation. A CT model is feasible and faster than

MR imaging but would require removal of the sonication device

before scanning, thereby increasing the delay between vessel dis-

ruption and imaging, complicating coregistration, and requiring

repeat calibration if further insonation is considered. Other dis-

advantages of the present model include the significantly higher

experimental cost compared with rodent models. The first itera-

tion of the model was complicated by subarachnoid hemorrhage

formation due to sonography wave refraction caused by the flat

swine skull. Future model iterations are underway that will miti-

FIG 5. A, Hematoxylin-eosin stain showing multiple levels along the course of a small intrace-
rebral artery, encased in a recent hematoma. The rupture site is illustrated in most of the top
row profiles (asterisk). Although fragments of normal vessel wall remain (arrows), there are
many areas, particularly in the lower row, where the apparently intact vessel wall is formed by
bland eosinophilic material whose appearance is reminiscent of necrosis (arrowheads). B, Pen-
etrating branch of the circle of Willis. The profile on the left is close to the inferior/basilar
surface, whereas the one on the right is deeper in the brain. A rupture site in the superficial
profile is indicated by an arrowhead. Note the intact segment of the artery (arrow). A small
rupture site in the deeper vessel portion is similarly present, but most of the vessel wall exhibits loss
of the normal microscopic anatomy and replacement by bland eosinophilia. Scale bar � 50 �m.
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gate or minimize these effects. The model application is, there-

fore, presently limited to the study of acute ICH formation and

contrast extravasation.

CONCLUSIONS
We describe a swine model of ICH formation and contrast extrav-

asation. We anticipate that the model will facilitate the study of

therapeutic interventions against active contrast extravasation

and its effect on hematoma formation and clinical outcome.
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ORIGINAL RESEARCH
BRAIN

Brain Changes in Kallmann Syndrome
R. Manara, A. Salvalaggio, A. Favaro, V. Palumbo, V. Citton, A. Elefante, A. Brunetti, F. Di Salle, G. Bonanni,

and A.A. Sinisi, for the Kallmann Syndrome Neuroradiological Study Group

ABSTRACT

BACKGROUND AND PURPOSE: Kallmann syndrome is a rare inherited disorder due to defective intrauterine migration of olfactory axons
and gonadotropin-releasing hormone neurons, leading to rhinencephalon hypoplasia and hypogonadotropic hypogonadism. Concomi-
tant brain developmental abnormalities have been described. Our aim was to investigate Kallmann syndrome–related brain changes with
conventional and novel quantitative MR imaging analyses.

MATERIALS AND METHODS: Forty-five male patients with Kallmann syndrome (mean age, 30.7 years; range, 9 –55 years) and 23 age-
matched male controls underwent brain MR imaging. The MR imaging study protocol included 3D-T1, FLAIR, and diffusion tensor imaging
(32 noncollinear gradient-encoding directions; b-value � 800 s/mm2). Voxel-based morphometry, sulcation, curvature, and cortical
thickness analyses and tract-based spatial statistics were performed by using Statistical Parametric Mapping 8, FreeSurfer, and the fMRI of
the Brain Software Library.

RESULTS: Corpus callosum partial agenesis, multiple sclerosis–like white matter abnormalities, and acoustic schwannoma were
found in 1 patient each. The total amount of gray and white matter volume and tract-based spatial statistics measures (fractional
anisotropy and mean, radial, and axial diffusivity) did not differ between patients with Kallmann syndrome and controls. By specific
analyses, patients with Kallmann syndrome presented with symmetric clusters of gray matter volume increase and decrease and
white matter volume decrease close to the olfactory sulci; reduced sulcal depth of the olfactory sulci and deeper medial orbital-
frontal sulci; lesser curvature of the olfactory sulcus and sharper curvature close to the medial orbital-frontal sulcus; and increased
cortical thickness within the olfactory sulcus.

CONCLUSIONS: This large MR imaging study on male patients with Kallmann syndrome featured significant morphologic and structural
brain changes, likely driven by olfactory bulb hypo-/aplasia, selectively involving the basal forebrain cortex.

ABBREVIATIONS: KS � Kallmann syndrome; FA � fractional anisotropy; MNI � Montreal Neurological Institute; TBSS � tract-based spatial statistics; VBM �
voxel-based morphometry

Kallmann syndrome (KS) is a rare inherited disorder (affecting

about 1 in 10,000 males),1 clinically characterized by the as-

sociation of hypogonadotropic hypogonadism and hypo-/anos-

mia.2 Both KS clinical hallmarks derive from a disturbed

intrauterine migration process involving olfactory axons and go-

nadotropin-releasing hormone neurons from the olfactory pla-

code to the hypothalamus.3,4 The failure of the migration process

results in hypo-/aplasia of the rhinencephalon (olfactory bulbs

and tracts)3-6 and in altered gonadotropic axis function with low

levels of sex hormones. Besides rhinencephalon abnormalities,

distinctive KS neuroradiologic changes have been detected in the

brain and bone structures of the anterior cranial fossa by conven-

tional MR imaging7-14 and CT studies.15 The most known mor-

phologic brain feature is the reduction in depth and length of the
Received December 20, 2013; accepted after revision February 3, 2014.

From the Department of Neuroradiology (R.M., F.D.S.), University of Salerno, Sal-
erno, Italy; Istituto di Ricovero e Cura a Carattere Scientifico S. Camillo (R.M., V.C.),
Venezia, Italy; Departments of Neurology (A.S.), and Psychiatry (A.F.), Department
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olfactory sulcus, which typically turns medially, opening anteri-

orly into the interhemispheric fissure.7-13 This sulcal abnormality

is thought to be driven by the absence/hypoplasia of the olfactory

bulbs and represents an intriguing model of genetically driven

developmental brain abnormalities. Furthermore, a few case re-

ports postulated the strict relationship between KS and midline

brain abnormalities, such as corpus callosum agenesis and holo-

prosencephaly,6,16 though pathologic and neuroimaging data are

relatively scarce and often contradictory.7

In 2008, a pioneering study by voxel-based morphometry

(VBM) MR imaging analysis revealed distinct regional gray and

white matter volume changes in male patients with KS outside the

frontal orbital regions.17 No study so far has replicated a larger

sample of these findings, which would imply a much more pro-

found effect of KS-related genes (KAL1, FGFR1, PROK2,

PROKR2, FGF8, NELF, etc.)18 and/or sex hormone deficiency on

brain morphogenesis and development. Moreover, no study has

investigated regional white matter changes revealed by VBM by

diffusion tensor imaging, a powerful quantitative technique able

to investigate the structural nature of white matter involvement.

Finally, novel MR imaging– based analyses have been developed

that allow assessing precise curvature, sulcation, and cortical

thickness quantitative evaluations,19-21 thus providing further in-

sights into cortex developmental abnormalities. Such analyses

have not been applied to KS, though they might represent useful

tools for investigating the structural underpinnings of neurologic

and psychiatric disorders anecdotally reported in patients with

KS.22,23

By conventional MR imaging and novel quantitative sulca-

tion, curvature, cortical thickness, and tract-based spatial statis-

tics (TBSS) analyses, we aimed to feature, more precisely and in a

large sample of male patients, the morphologic and structural

brain involvement in KS.

MATERIALS AND METHODS
Subjects
Forty-five male patients (mean age, 30.7 years; range, 9 –55 years)

affected with KS underwent brain MR imaging. All patients met

the diagnostic criteria for KS based on clinical observations and

smell analysis (main clinical and demographic features are shown

in On-line Table 1). One patient had a history of severe head

trauma. Twenty-three healthy male subjects (mean age, 32.6

years; range: 12–55 years) or patients referred to neuroimaging

for headache with no history of prematurity, head trauma, neu-

rologic or psychiatric disease, or neurosurgery represented our

control group.

Seven patients with KS and 2 controls were left-handed, ac-

cording to the Edinburgh Handedness Inventory.24 No patients

or subjects required sedation during MR imaging acquisition. The

study was approved by the local ethics committee, and written

informed consent was obtained from patients or their parents.

Patients with KS younger than 12 years of age or presenting

with midline brain abnormalities or significant parenchymal le-

sions were excluded from VBM, sulcation, curvature, and TBSS

analyses to avoid the interference of maturation, malformative, or

incidental factors on the quantitative parenchymal and morpho-

logic evaluation.

MR Imaging Acquisition
All MR imaging scans were obtained in 2 centers (University Hos-

pital of Padova and Medicanova Diagnostic Center, Battipaglia,

Italy) equipped with the same 1.5T MR imaging scanner (Achieva;

Philips Healthcare, Best, the Netherlands) with a standard quadra-

ture head coil. The MR imaging study protocol included the follow-

ing: 3D T1-weighted imaging (TR/TE, 20/3.8 ms; flip angle, 20°; sec-

tion thickness, 1 mm; acquired pixel size, 1 � 1 mm; reconstructed

pixel size, 0.66 � 0.66 mm; acquisition matrix, 212 � 210; recon-

structed matrix, 320 � 320; acquisition time, approximately 7 min-

utes); and FLAIR (TR/TE/TI, 10,000/140/2800 ms; echo-train

length, 53; flip angle, 90°; section thickness, 5 mm; intersection gap,

0.5 mm; acquisition pixel, 0.90 � 1.15 mm; reconstructed pixel,

0.9 � 0.9 mm; acquisition time, 3 minutes 20 seconds).

Diffusion tensor images were acquired with single-shot echo-

planar diffusion-weighted imaging (TR/TE, 11,114/80 ms; acqui-

sition matrix, 112 � 110; echo-train length, 59; reconstructed

matrix, 128 � 128; acquisition pixel, 2 � 2 mm; reconstructed

pixel, 1.75 � 1.75 � 2 mm; sensitivity encoding p reduction, 2;

section thickness, 2 mm without gap; NEX, 2; acquisition time, 12

minutes 24 seconds). The axial sections covered the whole brain

including the cerebellum. The diffusion-sensitizing gradients

were applied along 32 noncollinear gradient-encoding directions

with maximum b�800 s/mm2. One additional image without dif-

fusion gradients (b�0 s/mm2) was also acquired.

Image Processing

Data Processing of Volumetric Images and DTI (TBSS). The im-

aging processing methods are presented in detail in the On-line

Appendix.

Specifically, we used the optimized VBM protocol (Diffeo-

morphic Anatomical Registration Through Exponentiated Lie Al-

gebra) available in the statistical parametric mapping software

(SPM8; Wellcome Department of Imaging Neuroscience, Lon-

don, UK, www.fil.ion.ucl.ac.uk/spm).25 For statistical analyses,

we used parametric t tests as implemented by SPM8, by using age

as a covariate of no interest. Results for gray matter were consid-

ered significant for P � .05, family-wise error– corrected.

All 3D T1-weighted data were also processed by FreeSurfer

(http://surfer.nmr.mgh.harvard.edu/) to derive quantitative esti-

mates of cortical thickness, sulcation, and curvature. The sulca-

tion conveys information on how far a particular surface vertex

point is from a hypothetic “midsurface,” which exists between the

gyri and sulci. The curvature conveys information on the curva-

ture (not distance) at a specific vertex point. The sharper the

curve, the higher the value (positive or negative) is. The color

conveys the sign and is just an arbitrary choice. Cortical thickness,

sulcation, and curvature were estimated for the whole brain.

Group analysis was performed by using generalized linear models,

including age as a nuisance variable. Results were considered sig-

nificant for P � .05, false discovery rate– corrected.

All DTI data were preprocessed by the FMRIB Diffusion Tool-

box within FSL (http://www.fmrib.ox.ac.uk/fsl/fdt/index.html).26 For

group comparisons concerning fractional anisotropy (FA) and

diffusivity values, data were fed into the voxelwise statistics anal-

ysis, which was based on nonparametric permutation testing

(5000 permutations) by using the threshold-free cluster enhance-
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ment27 method to account for multiple comparison correction

across space. Age and sites of MR imaging acquisition were en-

tered into the analysis as covariates.

RESULTS
Conventional MR Imaging Findings Evaluation
One patient with KS had midline brain abnormalities (partial cor-

pus callosum agenesia) (Fig 1A), and 1 had diffuse multiple scle-

rosis–like white matter abnormalities (Fig 1B).

On FLAIR images, nonspecific white matter signal abnormal-

ities (1–20 punctuate hyperintensities) were observed in 15/45

patients (33%; mean age, 35.3 years; age range, 15–55 years); age

did not differ between patients with and without white matter

hyperintensities (P � .07). Similarly, the presence of obesity (7/

45), hypertension (0/45), and cardiopathy (0/45) did not differ

between these 2 subgroups.

One patient had small cortical abnormalities in the right supe-

rior frontal and inferior temporal gyri, consistent with sequelae of

a known previous head trauma. One patient had a right intra/

extrameatal acoustic nerve schwannoma (20 � 14 mm), with no

significant mass effect on the pons (Fig 1C).

Quantitative MR Imaging Analysis
The 3 patients with partial agenesis of the corpus callosum, diffuse

multiple sclerosis–like white matter lesions, and age younger than

12 years were excluded from quantitative analyses. Forty-two pa-

tients with KS were, therefore, considered for subsequent analyses

(mean age, 30.6 years; range, 15–55 years).

Voxel-Based Morphometry
The total amount of gray and white matter did not differ between

patients with KS and controls (gray matter, 919 � 132 mL versus

949 � 108 mL; white matter, 677 � 091 mL versus 710 � 081 mL,

respectively) by using as covariates age, total intracranial volume,

and site of MR imaging.

Patients with KS showed, compared with controls, 2 almost

symmetric clusters of significant white matter volume decrease

in the frontal basal regions (Montreal Neurological Institute

[MNI] coordinates: �16, 26, �26 and 14, 32, �28; P value

family-wise error– corrected, respectively, �.001 and .002), 2

almost symmetric clusters of significant gray matter volume

increase in the frontal basal regions (MNI coordinates: 16, 38,

�12 and �16, 34, �12; P value family-wise error– corrected,

.001), and 2 almost symmetric clusters of significant gray mat-

ter volume decrease in the frontal basal regions (MNI coordi-

nates: �10, 32, �24 and 12, 26, �18; P value family-wise er-

ror– corrected �.001) by using as covariates age, total

intracranial volume, and site of MR imaging. As shown in Fig

2, these regions were very close to the olfactory sulci. Patients

with KS did not show clusters of significant white matter vol-

ume increase compared with controls.

Sulcation, Curvature, and Cortical Thickness
Whole-Brain Analyses
Significant differences between male patients with KS and con-

trols are shown in the Table and Fig 2, in particular in the follow-

ing manner:

By sulcation analysis, the sulcal depth was reduced at the level

of the olfactory sulci and increased at the level of the medial or-

bital-frontal sulci in patients with KS.

By curvature analysis, patients with KS presented with a de-

creased curvature in the olfactory sulcus and a sharper curvature

close to the medial orbital-frontal sulcus, bilaterally.

By cortical thickness analysis, patients with KS had thicker

cortices than controls in a region corresponding to the olfac-

tory sulcus, bilaterally. In the left hemisphere, 2 small areas of

decreased cortical thickness were found at the level of the me-

dial and lateral orbital-frontal sulci, the larger close to the ol-

factory sulcus.

Tract-Based Spatial Statistics Analysis
TBSS whole-brain analysis showed no differences between pa-

tients with KS and controls regarding fractional anisotropy, mean

diffusivity, radial diffusivity, and axial diffusivity.

FIG 1. Conventional brain MR imaging findings in 45 patients with Kallmann syndrome. A, Midsagittal T1-weighted image of a patient with
agenesia of the posterior portion of the corpus callosum (white arrows). B, Axial FLAIR image of the patient disclosing several multiple
sclerosis–like white matter signal abnormalities in the centrum semiovale bilaterally. C, Non-enhanced axial T1-weighted image at the level of the
internal acoustic meatus showing a right intra/extrameatal dumbell-shaped mass consistent with an acoustic schwannoma.
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DISCUSSION
The present study showed that patients with KS display surface

cortical variations and gray and white matter volume changes,

which clustered symmetrically in the frontal basal regions, close to

the olfactory bulbs (gyrus rectus, medial orbital-frontal gyrus).

Changes in the frontal basal regions have been consistently

described in the rhinencephalon and contiguous cerebral cortical

and bone structures by pathology,5,6 conventional MR imag-

ing,7-14 and CT studies in patients with KS.15 Increased volume of

the corticospinal tracts and corpus callosum has been also de-

picted by conventional MR imaging,28 suggesting the involve-

ment of brain structures beyond the basal forebrain, though these

findings have not been confirmed in larger series.7,17 A single MR

imaging study formerly applied VBM to investigate gray and

white matter volume in male patients with KS, detecting changes

in several areas outside the basal forebrain, namely regions of

increased gray matter volume (precentral gyrus bilaterally, left

middle occipital and middle frontal gyri), decreased gray matter

volume (right parahippocampal gyrus), increased white matter

volume (left cuneus and right subcallosal gyrus), and decreased

white matter volume (left superior frontal gyrus, right medial

frontal gyrus, left frontal lobe subgyral and left insula).17 In our

VBM whole-brain analysis, gray and white matter changes ap-

peared fairly symmetric and limited to the frontal basal regions.

White matter volume changes (ie, decrease of white matter vol-

ume) were found exclusively in small subcortical areas of the me-

dial orbital-frontal gyri close to the olfactory sulci. Similarly, VBM

analysis disclosed small symmetric and contiguous areas of in-

creased and decreased gray matter volume in the frontal basal

regions close to the olfactory sulcus. The striking relationship be-

tween white and gray matter changes seems to suggest that these

changes embody a fairly localized cortical-subcortical abnormal

architectural development. Moreover, because all parenchymal

changes are very close to the olfactory sulcus, they are most likely

induced by the rhinencephalon hypo-/aplasia.

Except for these areas, by VBM analysis, cerebral gray and

white matter did not differ between patients with KS and healthy

controls. Similarly, TBSS analysis did not reveal any significant

difference between patients with KS and controls, revealing that

the ultrastructure of the white matter is preserved despite signif-

icant forebrain cortical changes. Nonetheless, KS genetic hetero-

geneity does not allow the exclusion of white matter hypertrophic

or degenerative phenomena in specific subgroups of patients with

KS because a strict genotypic/MR imaging phenotypic correlation

requires a larger sample. Actually, no pathologic study reported

brain parenchyma abnormalities in patients with KS, even though

histologic data are very scarce. Peripheral axonal degeneration

due to the absence of the olfactory bulbs has been shown in the

olfactory mucosa,29 but concomitant significant processes of ax-

onal degeneration within the brain are not supported by VBM

and TBSS findings.

Differences from previous MR imaging studies may be due to

several issues, among them, the heterogeneity of the phenotypic

spectrum of brain anomalies in KS or a different methodologic

approach. The size of our study sample and the spatial coherence

between gray/white matter volume changes and the well-known

disease-related abnormalities of the olfactory sulcus seem to sup-

port the findings of the present study.

Consistently, the whole-brain curvature and sulcation analy-

ses showed symmetric cortical abnormalities strictly confined to

the frontal basal cortical regions (gyri recti and medial orbital-

frontal gyri). Olfactory sulcus abnormalities were expected be-

cause the reduction in depth and length of the olfactory sulcus at

gross pathology and conventional MR imaging evaluation is a

known morphologic feature of the brain in patients with KS.7-12

Olfactory sulcus abnormalities have been associated with em-

bryogenic olfactory bulb–inducted processes.10,11,30,31 In patients

with KS, the aplasia/hypoplasia of the olfactory bulbs is associated

with an ipsilaterally decreased depth of the olfactory sulcus, which

might turn medially, opening anteriorly into the interhemi-

FIG 2. 3D-T1-based whole-brain analyses on 42 patients with Kall-
mann syndrome versus 23 controls. A, Voxel-based morphometry
findings. Clusters of significantly decreased white matter volume (col-
ored areas in the multiplanar reconstructions in the first column) were
detected exclusively and symmetrically in the posterior portion of
the medial orbital-frontal gyrus close to the olfactory sulcus; no re-
gions of increased white matter volume were detected in our sample.
Clusters of significantly decreased (second column) and increased
(third column) gray matter volume are shown as colored cortical areas
in the volume-rendering technique images within or close to the ol-
factory sulci. B, Sulcation, curvature, and thickness findings. Colored
areas represent increased (yellow-red) and decreased (blue) values in
patients with KS. Almost all differences are clustered within the ol-
factory sulci and the neighboring cortex of the rectus and medial
orbital-frontal gyri.
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spheric fissure.7 Indeed, as shown in Fig 2, the olfactory sulcus

presented with decreased sulcation and curvature, while the me-

dial orbital-frontal sulcus showed a “compensatory-like” in-

creased sulcation and curvature. The concomitant changes of the

contiguous orbital-frontal regions seem to highlight a more ex-

tensive effect of the olfactory bulbs on forebrain morphogenesis.

Most interesting, patients with KS display increased cortical

thickness very close to VBM, sulcation, and curvature forebrain

anomalies, suggesting that olfactory bulb–induction failure might

act not only on the sulcal but also on the structural organization of

the cortex.

Regional gray matter increase has been associated with the

absence of a sulcus,32 though so far no study investigated the

correlation between cortical thickness and sulcation abnormali-

ties, to our knowledge. We might speculate that a less deep sulcus

results in an abnormal regional gray matter volume and cortical

thickness as a consequence of overcrowding neurons migrated to

this region. Alternatively, gray matter volume and cortical thick-

ness changes might result from cortical functional differences be-

tween patients with KS and controls. The orbital-frontal cortex is

deeply involved not only in olfaction (odor identification and

olfactory memorization) but also in integrating emotion into cog-

nition within decision-making processes.33 KS is clinically char-

acterized by the absence or reduction of olfaction, whereas few

data are available on cognitive functioning and psychiatric risk,

though schizophrenic disorders have been anecdotally reported

among patients with KS.22,23 Nonetheless, the primary and sec-

ondary olfactory cortices correspond to piriform and peri-

amygdalar cortices and the posterior orbital-frontal gyrus and

insula, all areas that in our study did not present with gray matter

and cortical thickness changes. Moreover, none of our patients

presented with a history of overt psychiatric disease, even though

a specific neuropsychological and psychiatric assessment was not

performed. Focused neurocognitive studies are warranted to in-

vestigate the presence of basal forebrain function impairment due

to the above-mentioned morphologic and structural brain

changes.

Finally, the changes observed in our study might be at least

partly ascribed to hormonal differences between patients with KS

and controls. Most of KS phenotypic features (hypogonadism,

small penis, sexual secondary characteristics) are due to low tes-

tosterone levels during infancy and adolescence, which could also

induce a feminine brain development. Sex brain dimorphism in-

cludes brain size, white and gray matter volume and regional cor-

tical thickness changes.34-36 This study did not reveal significant

differences in brain size between patients with KS and controls.

Moreover, sex- and testosterone-related brain differences do not

seem to involve the medial orbital-frontal basal regions, thus re-

straining the direct role of hormonal dysfunction in determining

the morphologic pattern observed in patients with KS. Longitu-

dinal studies on patients with KS enrolled before hormone re-

placement therapy will help clarify the effects of testosterone in

postnatal brain development, even though the effect of hormone

milieu on prenatal and early brain development phases will re-

main difficult to unravel.

Because KS is a disease due to mutation of genes that are in-

volved in neuronal migration,37 patients with KS have been pre-

viously reported to present with midline head and brain abnor-

malities, such as cleft palate, corpus callosum dysgenesis, and

holoprosencephaly.6,38,39 These abnormalities have been thor-

oughly mentioned in studies on patients with KS.7,10,40 Nonethe-

less, brain MR imaging evaluation of our large sample revealed

corpus callosum partial agenesis in only 1/45 patients with KS

(2.2%), thus supporting the observation by Quinton et al7 that

patients with KS mostly do not present significant intracranial

midline abnormalities. A biased inclusion of syndromic patients

Cortical areas >40 mm2 with significant differences between patients with Kallmann syndrome and controls by sulcation, curvature,
and cortical thickness analyses

Hemisphere Size (mm2)

Local Maximum,
Talairach

FDR Threshold Cerebral RegionX Y Z
Sulcation

Right 394.05 2 11.2 13.8 �14.9 3.3429 Olfactory sulcus and contiguous cortex
of the rectus gyrus

Right 325.72 1 16.4 28.7 �23.7 3.3429 Medial orbital-frontal gyrus
Left 518.07 2 �9.8 16.0 �15.4 3.3159 Olfactory sulcus and contiguous cortex of the

rectus gyrus
Left 252.41 1 �19.6 33.2 �17.3 3.3159 Medial orbital-frontal gyrus

Curvature
Right 372.85 1 14.4 32.3 �25.3 3.4704 Medial orbital-frontal gyrus
Right 77.61 2 11.7 16.6 �14.2 3.4704 Olfactory sulcus
Right 44.71 2 11.5 37.9 �19.1 3.4704 Olfactory sulcus
Left 196.94 2 �11.6 38.7 �20.0 3.4704 Olfactory sulcus
Left 114.79 1 �19.6 32.7 �14.9 3.4704 Medial orbital-frontal gyrus

Thickness
Right 568.97 1 �14.1 30.7 �19.2 3.3834 Olfactory sulcus and contiguous cortex

of the rectus and medial orbital-frontal gyri
Left 686.38 1 13.7 33.4 �23.3 3.2803 Olfactory sulcus and contiguous cortex

of the rectus and medial orbital-frontal gyri
Left 78.39 2 12.7 48.6 33.5 3.2803 Medial orbital-frontal sulcus
Left 40.54 2 45.2 �62.3 36.9 3.2803 Lateral orbital-frontal gyrus

Note:—1 indicates that patients with KS showed increased sulcation, curvature, and cortical thickness; 2, patients with KS showed decreased sulcation, curvature, and
cortical thickness; FDR, false discovery rate.
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in the initial case series6 might explain the difference with more

recent larger samples. On the other hand, holoprosencephalic pa-

tients might be underdiagnosed as also being affected by hypogo-

nadotropic hypogonadism and hypoanosmia due to their shorter

life expectancy and overwhelming clinical issues.

Among our patients with KS, 15 (33%) showed small nonspe-

cific punctuate FLAIR hyperintensities; 1 showed diffuse multiple

sclerosis–like white matter lesions; and 1, an acoustic nerve

schwannoma. These findings should be considered incidental un-

less otherwise demonstrated.

Even though these multimodality MR imaging analyses were

applied to a large homogeneous sample of patients with KS with a

strictly uniform MR imaging protocol (same scanner, same se-

quence parameters, and so forth), this study presents some limits.

We evaluated KS-related brain MR imaging changes only in

males, and further studies are warranted to confirm our findings

in female patients with KS. Moreover, the genetic heterogeneity of

our sample and its still ongoing molecular characterization did

not allow investigating a precise genotypic/MR imaging correla-

tion. Finally, because this was a cross-sectional study with almost

no pediatric patients with KS, we could not investigate the brain

changes related to aging or the effects of sex hormone deprivation

and subsequent replacement on brain development.

The enrollment of specific subgroups, subdivided according to

genetics, sex, age, ancillary clinical features (eg, the presence of

mirror movement and psychiatric disorders), and treatment will

help define more precisely the specific brain changes in KS.

CONCLUSIONS
This MR imaging study on a large group of male patients with KS

showed significant brain changes specifically involving the gyri

recti and the contiguous medial orbital-frontal regions. Even

though further validation is warranted, curvature, sulcation, cor-

tical thickness, gray/white matter volume, and bone changes in

patients with KS point toward a profound structural and morpho-

logic involvement of the basal forebrain that is far more consistent

than a simple hypoplasia of the olfactory sulcus, driven by the

olfactory bulbs. Future studies on the cognitive and psychiatric

domains will define the clinical impact of these morphologic and

structural brain changes.

APPENDIX
Members of the Kallmann Syndrome Neurological Study Group

were the following: Arianna D’Errico, “Federico II” University,

Napoli, Italy; Giancarlo Ottaviano, University of Padova, Padova,

Italy; Elena Cantone, “Federico II” University, Napoli, Italy; Chi-

ara Briani, University of Padova, Padova, Italy; Nella A. Greggio,

Azienda Ospeddaliera, University of Padova, Padova, Italy; Silvia

Rizzati, University of Padova, Padova, Italy; Marco Rossato, Uni-

versity of Padova, Padova, Italy; Eugenio De Carlo, University of

Padova, Padova, Italy; Elvira Napoli, Medicanova Diagnostic

Center, Battipaglia, Italy; Gianfranco D’Agosto, Medicanova Di-

agnostic Center, Battipaglia, Italy; Giangennaro Coppola, Univer-

sity of Salerno, Salerno, Italy.

Disclosures: Renzo Manara—UNRELATED: Payment for Lectures (including service
on Speakers Bureaus): BioMarin, Comments: lecture on mucopolysaccharidosis type
6 (600 Euro).
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Quantitative 7T Phase Imaging in Premanifest
Huntington Disease

A.C. Apple, K.L. Possin, G. Satris, E. Johnson, J.M. Lupo, A. Jakary, K. Wong, D.A.C. Kelley, G.A. Kang, S.J. Sha, J.H. Kramer,
M.D. Geschwind, S.J. Nelson, and C.P. Hess

ABSTRACT

BACKGROUND AND PURPOSE: In vivo MR imaging and postmortem neuropathologic studies have demonstrated elevated iron concen-
tration and atrophy within the striatum of patients with Huntington disease, implicating neuronal loss and iron accumulation in the
pathogenesis of this neurodegenerative disorder. We used 7T MR imaging to determine whether quantitative phase, a measurement that
reflects both iron content and tissue microstructure, is altered in subjects with premanifest Huntington disease.

MATERIALS AND METHODS: Local field shift, calculated from 7T MR phase images, was quantified in 13 subjects with premanifest
Huntington disease and 13 age- and sex-matched controls. All participants underwent 3T and 7T MR imaging, including volumetric T1 and
7T gradient recalled-echo sequences. Local field shift maps were created from 7T phase data and registered to caudate ROIs automatically
parcellated from the 3T T1 images. Huntington disease–specific disease burden and neurocognitive and motor evaluations were also
performed and compared with local field shift.

RESULTS: Subjects with premanifest Huntington disease had smaller caudate volume and higher local field shift than controls. A significant
correlation between these measurements was not detected, and prediction accuracy for disease state improved with inclusion of both
variables. A positive correlation between local field shift and genetic disease burden was also found, and there was a trend toward
significant correlations between local field shift and neurocognitive tests of working memory and executive function.

CONCLUSIONS: Subjects with premanifest Huntington disease exhibit differences in 7T MR imaging phase within the caudate nuclei that
correlate with genetic disease burden and trend with neurocognitive assessments. Ultra-high-field MR imaging of quantitative phase may
be a useful approach for monitoring neurodegeneration in premanifest Huntington disease.

ABBREVIATIONS: AUC � area under the curve; CAG � cytosine-adenine-guanine; CAPS � CAG-age-product scaled; eTIV � estimated total intracranial volume;
HD � Huntington disease; LFS � local field shift; PLIC � posterior limb of the internal capsule; pmHD � premanifest Huntington disease; UHDRS � Unified Huntington’s
Disease Rating Scale

Huntington disease (HD) is an autosomal dominant disorder

caused by abnormal expansion of a CAG (cytosine-adenine-

guanine) nucleotide triplet within the Huntingtin gene, on the

short arm of chromosome 4.1,2 The disease is characterized clin-

ically by motor, cognitive, and behavioral symptoms and neuro-

pathologically by degeneration across the brain, most promi-

nently in the striatum.1,3 Genetic testing makes it possible to

identify carriers before symptom onset, thereby opening a thera-

peutic window for interventions designed to delay or prevent the

onset of disease. Currently, quantitative imaging of striatal vol-

ume is considered the most reliable method for monitoring pro-

gression in premanifest HD (pmHD).3-7 However, striatal vol-

ume is relatively insensitive,6,8,9 and additional markers are

necessary to follow subclinical changes in clinical trials and to help

define prognosis for the individual patient.8

Postmortem neuropathology and in vivo 1.5T and 3T MR im-

aging in HD have demonstrated increased iron in the caudate and

putamen.10-14 As a recent example, Dumas et al15 used 3T mag-

netic field correlation, a composite measure of iron levels, to com-

pare subjects with early HD, premanifest gene carriers, and
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healthy controls. Higher field correlation was found in patients

with early HD compared with controls, but no difference was

observed between the premanifest gene carrier group and con-

trols. Among techniques sensitive to the presence of iron, MR

phase imaging offers high contrast and permits numeric quanti-

tation.16-19 Compared with 3T and lower field MR imaging, 7T

phase imaging has higher signal-to-noise, heightened contrast

and sensitivity, and improved visualization of anatomy.19-21 To-

gether, these factors result in textural heterogeneity within the

caudate that differs between matched controls and subjects with

premanifest HD.22 In this study, we aimed to determine whether

quantitative 7T phase differs within the caudate nuclei between

subjects with pmHD and healthy controls. Secondarily, we tested

the association between caudate phase and volume and assessed

relationships among phase and disease burden, severity of motor

symptoms, and neurocognitive evaluation.

MATERIALS AND METHODS
Research Participants
The University of California, San Francisco Committee on Hu-

man Research provided institutional review board approval for

this Health Insurance Portability and Accountability Act–compli-

ant prospective study, and written consent was obtained from all

subjects. Seventeen volunteers with genetically confirmed pmHD

and 16 age- and sex-matched controls were recruited from a reg-

istry maintained by the UCSF Memory and Aging Center clinic or

via their participation in other research projects at our institution

between August 2011 and August 2013. Participants in the pmHD

group tested positive for the HD mutation and had at least 40

CAG repeats. Three neurologists with expertise in HD (G.A.K.,

M.D.G., and S.J.S.) used the Unified Huntington’s Disease Rating

Scale (UHDRS) to determine the total motor score, between 0 and

124, and the diagnostic confidence level, between 0 (healthy, no

abnormalities) and 4 (motor abnormalities consistent with HD,

�99% confidence), for each subject. Similar to prior studies of

premanifest HD,23,24 1 subject who scored above 3 was excluded.

Three other participants and 3 controls were excluded because

they were unable to complete 7T MR imaging. Thirteen patients

with pmHD and 13 controls were included for analysis.

Disease Burden
CAG-Age-Product Scaled (CAPS), an index developed in the

PREDICT-HD study to approximate the time to HD diagnosis by

using the age at motor onset and the number of CAG repeats, was

calculated for each subject with pmHD as CAPS � Age � (CAG �

33.66)/432.3326.23,25,26 CAPS is classified as low (0 � CAPS

�0.67), medium (0.67 � CAPS � 0.85), or high (CAPS � 0.85),

reflecting higher cumulative disease burden and closer proxim-

ity to diagnosis. According to previously established norms,

CAPS of less than, equal to, or greater than 1 indicates a 5-year

diagnosis probability of less than, equal to, or greater than

50%, respectively.

Cognitive Assessments
Executive function and working memory are especially vulnera-

ble to early brain changes in pmHD.27-29 We assessed cognitive

function in these domains by using the National Institutes of

Health EXAMINER, a neuropsychological tool used to evaluate pa-

tients with pmHD in our clinical cohorts.30 The EXAMINER yields 4

scores: the overall Executive Composite score, the Working Memory

score, the Cognitive Control score, and the Fluency score.

MR Imaging Data Acquisition
Subjects were scanned on 3T and 7T MR imaging scanners (GE

Healthcare, Milwaukee, Wisconsin) in a single session by using a

standardized protocol at both field strengths. Eight- and 32-chan-

nel head coils were used for 3T (GE Signa HDx 3T scanner) and

7T (GE MR950 7T scanner; a non-significant-risk investigational

device), respectively. For 7T phase imaging, a gradient recalled-

echo scan was acquired with TR/TE � 250 /12.5 ms, flip angle �

15°, FOV � 22 cm, matrix � 1024 � 768, and 4-mm section

thickness with a 2-mm intersection gap for a scanning time of 6

minutes, 28 seconds. Volumetric T1-weighted images were also

acquired at 7T by using an inversion recovery T1-weighted se-

quence with the following parameters, optimized empirically for

gray-white contrast: TR/TE � 11/5 ms, flip � angle 20°, FOV �

22 cm, matrix � 256 � 256, and 1-mm section thickness for a

duration of 3 minutes, 33 seconds. For accurate segmentation of

caudate nuclei, volumetric T1-weighted imaging was also per-

formed at 3T (TR/TE � 7/2 ms, flip angle � 15°, FOV � 23 cm,

matrix � 256 � 192, 1-mm section thickness, 6 minutes, 18 second

scanning time). A subspecialty certified neuroradiologist (C.P.H.)

reviewed all images to assess whether subjective striatal atrophy was

present in subjects with pmHD compared with controls.

Image Processing and Analysis
Magnitude and phase images were constructed from the multi-

channel 7T gradient recalled-echo data following the method of

Hammond et al.31 Caudate ROIs were automatically delineated

from the 3T T1 data by using the subcortical segmentation algo-

rithm32 from Version 5.0.1 of the fMRI of the Brain Software

Library image-processing package (FSL; http://www.fmrib.ox.

ac.uk/fsl) (Fig 1A) and were normalized by estimated total intracra-

nial volume (eTIV) in each subject. Using the T1 data from both field

strengths as an intermediate for 6-parameter rigid-body registration,

we aligned the caudate volumes with the 7T images by using the

FMRIB Linear Registration Tool in FSL (Fig 1B).33 eTIV was calcu-

lated from the 3T T1 images by using in-house software written to

implement the atlas-based method described by Buckner et al.34

White matter ROIs in the left and right posterior limb of the

internal capsule (PLIC) were manually drawn for each subject on

the 7T phase images by using in-house software (Fig 1C). With the

approach of Hammond et al,20 we used PLIC phase (recorded in

hertz) to normalize phase measurements across the brain. Specif-

ically, phase images were converted into quantitative maps of lo-

cal field shift (LFS) by first subtracting the mean PLIC phase and

then dividing by � � B0, measured in parts per billion at each

pixel. Mean LFS was calculated within each caudate nucleus from

the coregistered ROIs.

Statistical Analysis
Statistical analysis was performed using STATA, Version 13

(StataCorp, College Station, Texas). Groups were assessed for dif-

ferences in sex by using �2 tests for equality of proportions, and
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1-way ANOVA was used to evaluate differences in age at the time

of the MR imaging, years of education, and eTIV. Caudate vol-

umes and mean LFS were compared across hemispheres by using

t tests for paired samples separately within each group. Because

neither volume nor LFS departed significantly from Gaussian dis-

tributions based on tests of skewness and kurtosis, standard para-

metric analysis was used for all comparisons.

One-way ANCOVA was used to compare LFS and normalized

volume between controls and subjects with pmHD, with age and

sex included as covariates. Next, to investigate the relationship

between LFS and normalized volume, we performed 2 separate

analyses. First, Pearson partial correlation was applied, control-

ling for age, sex, and diagnosis. Second, logistic regression models

were constructed to compare the accuracy of using LFS alone,

normalized volume alone, and both values together as predictors

to distinguish controls and subjects with pmHD. Finally, multi-

variate linear regressions were applied to evaluate relationships

between LFS and CAPS (disease burden), total motor UHDRS

score, and EXAMINER score, by using sex as a covariate in the

first case, age as a covariate in the second case, and both age and

sex as covariates in the third case. For all tests, P values � .05 were

considered significant, adjusted for multiple comparisons with

the Bonferroni correction in the regressions of LFS with

EXAMINER scores.

RESULTS
Subjects
The Table summarizes baseline characteristics of subjects with

pmHD and controls. There was no difference in age, sex, or eTIV

between groups. A trend toward a greater number of years of

education was seen in controls (P � .077). Two subjects with

pmHD fell into the low disease burden group; 4, into the medium

group, and 7, into the high group based on computed CAPS indi-

ces. The medium and low groups were combined for further sta-

tistical analyses. Total motor UHDRS scores for participants

ranged from 0 to 21. Visual inspection of 7T LFS maps confirmed

that the caudate and PLIC boundaries were accurately delineated

in each subject (Fig 2).

Normalized Caudate Volume
There was no difference between left and right normalized cau-

date volume in the pmHD or control groups; therefore, the mean

FIG 1. A, ROIs are extracted automatically from 3T T1-weighted images by using FSL; the segmented caudate nuclei from 1 subject are shown in
light blue. B, Caudate ROIs are automatically coregistered with the 7T data and overlaid onto the phase images. C, PLIC ROIs drawn manually (thin
region drawn on each side of the brain in white) on 7T phase images. Mean PLIC phase was used for normalization in the construction of LFS maps
in each patient.

Baseline characteristics for participants
pmHD Control P Value

No. 13 13 –
Sex (female/male) 7/6 7/6 1.00
Age (yr) 46.1 � 12.4 45.7 � 15.3 0.88
Years of education 15.7 � 2.5 17.2 � 1.4 0.077
CAG repeats 42.2 � 2.0 – –
CAPS 0.867 � 0.153 – –
UHDRS 8.7 � 6.5 – –
eTIV (cm3) 1465.1 � 137.5 1431.0 � 71.4 0.44

Note:— – indicates not applicable.

FIG 2. Magnified phase image centered on the basal ganglia in a rep-
resentative subject with pmHD. The numeric values of phase reflect
the composite effects of iron concentration, deoxyhemoglobin
within veins, myelin, and tissue microstructure.
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normalized volume for both nuclei was used for comparisons.

Although visual inspection did not reveal disproportionate stria-

tal atrophy, caudate volume was smaller (P � .0001) in the pmHD

group (Fig 3A). The difference in volume between the high and

the medium-low CAPS groups was also significant (P � .04). Age

and sex did not influence this difference.

Caudate Local Field Shift
No difference between left and right caudate LFS was observed

within either subjects with pmHD or controls; therefore, the

mean LFS for both nuclei was used for comparisons. Subjects with

pmHD had higher caudate LFS (P � .0013) than controls (Fig

3B). Although sex did not impact this difference, age was a signif-

icant covariate (P � .024). A difference in LFS between the high

and the medium-low CAPS groups was also found (P � .03).

Relationship between Caudate LFS
and Disease Burden
Figure 4 shows scatterplots illustrating the

relationship between LFS and normalized

caudate volume and CAPS. In evaluating

the relationship between LFS and these

imaging and genetic markers of disease

burden, partial correlations, controlled

for age and sex, did not reveal an associa-

tion between LFS and volume (P � .42).

In contrast, there was a strong correlation

between LFS and CAPS (R2 � 0.61, P �

.003).

Logistic regression analyses showed

that both LFS (P � .008) and normalized

volume (P � .01) separately predicted

disease state, as did bivariate modeling

with both measurements (P � .0004).

There was no difference in the accuracy of

the univariate models (area under the

curve [AUC] � 0.89 [95% CI, 0.77–1.0]

for LFS, and AUC � 0.92 [95% CI, 0.81–

1.0] for normalized volume). Accuracy

was higher for the bivariate logistic re-

gression by using LFS and volume to-

gether (AUC � 0.95 [95% CI, 0.88 –1.0]),

implying that both variables contribute to

the prediction of disease state. However,

differences in AUC among the 3 models

did not meet the criteria for significance,

due to the small group sizes.

Relationship between Caudate
Measures and Total Motor
UHDRS Score
Controlled for age, partial correlations

did not reveal an association between to-

tal motor UHDRS score and either nor-

malized volume (P � .97) or LFS (P �

.63) (On-line Figure).

Relationship between Caudate LFS
and Cognitive Assessments

The results of multivariate regressions comparing LFS with EX-

AMINER scores for the pmHD and control groups are depicted in

Fig 5. After Bonferroni correction, there was no correlation be-

tween LFS and EXAMINER scores when controlling for age and

sex. There was, however, a trend toward correlation between LFS

and Executive Composite score (R2 � 0.32, P � .031) and be-

tween LFS and Working Memory Factor (R2 � 0.35, P � .018).

DISCUSSION
The main result of this work is that measurements of LFS calcu-

lated from 7T gradient-echo phase MR imaging differ between

subjects with pmHD and matched controls within the caudate

nuclei. This result stands in contrast to prior work with iron-

sensitive techniques in HD, which have shown elevated iron in the

FIG 3. Boxplots comparing caudate volume (left), normalized by the total intracranial volume
(cubic millimeter/cubic millimeter); and LFS (right), normalized by mean PLIC phase (in parts per
billion), in subjects with pmHD and controls. Caudate LFS and normalized volume are depicted
for the interhemispheric average value (dark gray), the right caudate nucleus (intermediate gray),
and the left caudate nucleus (light gray).

FIG 4. Scatterplots comparing caudate LFS with normalized caudate volume (left) and with CAPS
(right) for subjects with pmHD and controls. In the left plot, triangles and circles refer to subjects with
pmHD and controls, respectively. There was no correlation between caudate LFS and caudate
volume. In the right plot, subjects in the low (x), medium (�), and high (�) CAPS groups. There is a
strong positive correlation between CAPS and caudate LFS (R2 � 0.61, P � .003).
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striatum of subjects with early- and late-stage HD but have not

found increased iron in premanifest disease.15 We also found that

a positive caudate phase shift correlates with the genetic burden of

disease and permits accurate prediction of disease state that im-

proves when used together with normalized caudate volume. Fi-

nally, we determined that caudate LFS trends negatively with neu-

ropsychological assessments of executive function and working

memory, 2 cognitive domains previously reported to be affected

when the National Institutes of Health EXAMINER is used in

subjects with pmHD.35

In agreement with prior quantitative structural MR imaging

studies, we found smaller caudate volume in subjects with pre-

manifest HD.3-5,7 Similar to measurements of striatal volume,

LFS can be quantitated semiautomatically to reduce interobserver

variability and render analysis more feasible for large-scale clinical

trials and research cohorts. PLIC measurements for normalizing

phase were obtained manually in this study because fully auto-

mated analysis was not the focus of this work. However, template-

based techniques to define other ROIs, including the PLIC, could

be similarly automated for fully automated quantitation.

Measurements of phase by using 7T MR imaging are modu-

lated by a number of factors. Based on autopsy data derived from

patients with late-stage HD10 and other MR imaging studies in

HD,11,13,15 we hypothesize that the phase differences seen in this

work primarily reflect abnormal deposition of iron. It is also pos-

sible that other magnetic susceptibility–shifting metabolites, in-

cluding calcium, play a contributing role. The tissue magnetic

architecture on ultra-high-field MR imaging is defined by the

arrangement of normal proteins, lipids, and nonheme iron and

other compounds at the cellular and subcellular level; disruptions

in the normal arrangement of these molecular structures could

also impact phase measurements.36 Compared with magnetic

field correlation and phase imaging at
lower field strengths, 7T has higher sensi-
tivity to small alterations in tissue suscep-
tibility and thus may enhance the ability
to detect neuropathologic alterations re-
lated to HD before the onset of disease.

Age also impacts phase in many deep
gray nuclei, including the caudate nu-
clei.37,38 This effect was confirmed in the
present work because age was found to be
a significant covariate independent of dis-
ease status in multivariate analyses. Al-
though we did not find that normalized
caudate volume was impacted by age, it
is recognized that the volumes of sub-
cortical structures, including the cau-
date, decrease with advancing age,39 and
the absence of this effect in the present
study more likely reflects its limited
power to detect small differences in cau-
date volume.

The absence of a correlation between
caudate volume and LFS, together with
the improved accuracy of delineating
control and pmHD groups by using logis-

tic regression with both variables simulta-

neously, suggests that these 2 measures reflect different pathologic

end points of disease. This result is similar to that reported by

Dumas et al,15 who did not observe a correlation between mag-

netic field correlation values and volume in their comparison of

subjects with HD (both premanifest and manifest) and controls

from the TRACK-HD study. Further work is necessary, however,

to define the degree to which these 2 variables define different and

overlapping dimensions of disease burden.

The strength of the correlation between LFS and CAPS implies

that progressively higher phase shifts portend a shorter onset to

clinically manifest disease. It is possible that alterations in phase

indicate a greater magnitude of iron-dependent oxidative damage

and neurotoxicity40 and thus provide a more direct predictor of

disease onset than volume, which correlates largely to neuronal

loss. The small number of subjects in this study precluded analysis

of multiple brain regions; because of its known involvement in the

earliest stages of HD, we focused on the caudate. The fact that

phase differences were detected between groups illustrates the

high sensitivity of ultra-high-field MR imaging. In the future,

studying phase in other parts of the brain may provide a broader

picture of neurodegeneration in these patients.

Our study has several limitations. First, the number of subjects

was small, and larger studies are necessary to delineate the

strengths and limitations of using phase as a disease marker in

HD. Second, because of the radio frequency-related intensity

variation in the 7T images, caudate volumes could not be reliably

extracted from the 7T T1 data and a second 3T MR imaging was

necessary for this purpose. With further technical refinement, we

expect that both volumetric and phase measures can be reliably

extracted from a single 7T examination. Furthermore, air-tissue

interfaces and other sources of macroscopic susceptibility signif-

icantly distort 7T gradient-echo images and thereby make accu-

FIG 5. Scatterplots illustrating relationships between LFS and EXAMINER indices, including
Executive Composite (top left), Fluency Factor (top right), Cognitive Control Factor (bottom
left), and Working Memory Factor (bottom right). After correction for multiple comparisons,
correlations were not significant but confirmed trends for Executive Composite (R2 � 0.32, P �
.031) and Working Memory Factor (R2 � 0.35, P � .018). Circles (E) and triangles (Œ) refer to
controls and subjects with pmHD, respectively.
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rate phase measurement difficult. Although not prohibitive for
studying the striatum, which is situated at some distance from
most of these interfaces, the technique would currently be limited
in parenchymal regions closer to the skull base or paranasal si-
nuses. Finally, the present work did not account for phase anisot-
ropy in 7T MR imaging. We anticipate that quantitative suscep-
tibility mapping will mitigate the orientation dependence of phase
contrast and further enhance the sensitivity of phase measure-
ments to neurodegenerative pathology in patients with HD.

CONCLUSIONS
Quantitative measurements of 7T phase within the caudate nu-

cleus in patients with pmHD differ from those in matched con-

trols, most likely on the basis of differences in underlying tissue

iron concentration. Because phase did not correlate with caudate

volume and improved prediction of disease state when used to-

gether with caudate volume, we hypothesize that these measure-

ments represent different pathologic endpoints of neurodegen-

eration in HD.
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Cost-Effectiveness of CT Angiography and Perfusion Imaging
for Delayed Cerebral Ischemia and Vasospasm in Aneurysmal

Subarachnoid Hemorrhage
P.C. Sanelli, A. Pandya, A.Z. Segal, A. Gupta, S. Hurtado-Rua, J. Ivanidze, K. Kesavabhotla, D. Mir, A.I. Mushlin, and M.G.M. Hunink

ABSTRACT

BACKGROUND AND PURPOSE: Delayed cerebral ischemia and vasospasm are significant complications following SAH leading to cerebral
infarction, functional disability, and death. In recent years, CTA and CTP have been used to increase the detection of delayed cerebral
ischemia and vasospasm. Our aim was to perform comparative-effectiveness and cost-effectiveness analyses evaluating CTA and CTP for
delayed cerebral ischemia and vasospasm in aneurysmal SAH from a health care payer perspective.

MATERIALS AND METHODS: We developed a decision model comparing CTA and CTP with transcranial Doppler sonography for
detection of vasospasm and delayed cerebral ischemia in SAH. The clinical pathways were based on the “Guidelines for the Management
of Aneurysmal Subarachnoid Hemorrhage: A Guideline for Healthcare Professionals from the American Heart Association/American
Stroke Association” (2012). Outcome health states represented mortality and morbidity according to functional outcomes. Input proba-
bilities of symptoms and serial test results from CTA and CTP, transcranial Doppler ultrasound, and digital subtraction angiography were
directly derived from an SAH cohort by using a multinomial logistic regression model. Expected benefits, measured as quality-adjusted life
years, and costs, measured in 2012 US dollars, were calculated for each imaging strategy. Univariable, multivariable, and probabilistic
sensitivity analyses were performed to determine the independent and combined effect of input parameter uncertainty.

RESULTS: The transcranial Doppler ultrasound strategy yielded 13.62 quality-adjusted life years at a cost of $154,719. The CTA and CTP
strategy generated 13.89 quality-adjusted life years at a cost of $147,097, resulting in a gain of 0.27 quality-adjusted life years and cost
savings of $7622 over the transcranial Doppler ultrasound strategy. Univariable and multivariable sensitivity analyses indicated that results
were robust to plausible input parameter uncertainty. Probabilistic sensitivity analysis results yielded 96.8% of iterations in the right lower
quadrant, representing higher benefits and lower costs.

CONCLUSIONS: Our model results suggest that CTA and CTP are the preferred imaging strategy in SAH, compared with transcranial
Doppler ultrasound, leading to improved clinical outcomes and lower health care costs.

ABBREVIATIONS: CTAP � CTA and CTP; DCI � delayed cerebral ischemia; ISAT � International Subarachnoid Aneurysm Trial; QALY � quality-adjusted life year;
TCD � transcranial Doppler ultrasound; WTP � willingness to pay

Aneurysmal SAH is a devastating condition resulting in poor

clinical outcomes of patients who survive long enough to be

admitted, with approximately 15% mortality and 58% functional

disability.1 Additionally, as many as 20% of survivors have global

cognitive impairment, also contributing to poor functional sta-

tus.2 Thus, SAH is associated with a substantial burden on health

care resources, most of which are related to long-term care.3 De-

spite advances in techniques for aneurysm repair, poor outcomes

remain in SAH partly due to delayed diagnosis and treatment of

its secondary complications, mainly vasospasm and delayed cere-

bral ischemia (DCI).

Currently, there are several methods available to assist with the

diagnosis of vasospasm and DCI, including clinical examination,
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neurologic monitoring devices, transcranial Doppler sonography

(TCD), CTA and CTP (CTAP), MR diffusion and perfusion im-

aging, and digital subtraction angiography. In clinical practice,

patients with SAH are primarily assessed by clinical examination

and TCD, with clinical examination limited because symptoms

are variable and difficult to detect4 and TCD limited by poor

sensitivity and specificity.5-7 At the same time, there are studies

reported in the literature that support the use of CTAP for detec-

tion of both vasospasm and perfusion deficits thought to occur in

DCI because of the high sensitivity and specificity of CTAP.8-11

Additionally, emerging data indicate that perfusion imaging may

be more accurate for identification of DCI than anatomic imaging

of arterial narrowing or changes in blood flow velocity by

TCD.8,12 Yet, according to the most recent “Guidelines for the

Management of Aneurysmal Subarachnoid Hemorrhage: A

Guideline for Healthcare Professionals from the American Heart

Association/American Stroke Association” (2012),13 both TCD

and perfusion imaging with CT or MR imaging have been as-

signed the same class IIa recommendation and level B evidence

for detection of vasospasm and DCI. Although CTAP has poten-

tial to add important diagnostic information for guiding manage-

ment and treatment decisions, there are no studies to date, to our

knowledge, that have assessed the added value of CTAP on clinical

outcomes to fully understand its impact in this patient popula-

tion. Furthermore, there have been no randomized trials compar-

ing the impact of different diagnostic methods on patient out-

comes in SAH.

In the past several years, demonstrating the value of imaging

has become a major focus in our changing health care environ-

ment. Both quality and safety advocates and third-party payers

have raised concerns regarding medical practice patterns with in-

appropriate use of CT, particularly as it relates to radiation expo-

sure. It has become particularly important to substantiate imag-

ing for specific clinical conditions with scientific evidence to guide

management and treatment decisions. The purpose of this study

was to perform comparative effectiveness and cost-effectiveness

analyses evaluating imaging strategies in SAH for detection of

vasospasm and DCI by using evidence-based guidelines from a

health care payer perspective. Our hypothesis was that CTAP is a

cost-effective approach, despite higher imaging costs, compared

with the standard imaging strategy using TCD, resulting in im-

proved patient outcomes and averted downstream health care

costs.

MATERIALS AND METHODS
Model Design
We developed a decision model to perform comparative effective-

ness and cost-effectiveness analyses by using a decision analytic

framework in the TreeAge software program (TreeAge Pro Soft-

ware, Williamstown, Massachusetts) to compare imaging strate-

gies in SAH from a health care payer perspective. The detailed

model structure is provided in On-line Fig 1. CTAP was consid-

ered the “new imaging strategy” and was compared with TCD as

the “standard imaging strategy.” Clinical examination was in-

cluded in the model before CTAP or TCD imaging to assess symp-

toms of vasospasm and/or DCI, as would typically occur in the

clinical setting. The model was designed to assess patients during

the typical time point at which vasospasm and DCI occur, be-

tween 4 and 14 days after SAH.

In the standard strategy, positive concordance between the

clinical examination and TCD results led to induced hypertensive

therapy, and negative concordance of the clinical examination

and TCD led to observation, whereas discordance between the

clinical examination and TCD results (such as symptoms but neg-

ative TCD findings or no symptoms but positive TCD findings)

led to further testing with DSA. In the new strategy, CTA and CTP

were evaluated as a single examination termed CTAP because

these examinations are typically performed concurrently in clin-

ical practice. If a patient was symptomatic, a positive CTAP find-

ing was defined as a positive result on either CTA or CTP, whereas

a negative CTAP finding was defined as a negative result on both

CTA and CTP. The rationale is that given the presence of symp-

toms, a positive result on either examination provides sufficient

supportive evidence to prompt treatment decisions. If a patient

was asymptomatic, a positive CTAP finding was defined as a pos-

itive result on both CTA and CTP, whereas a negative CTAP find-

ing was defined as a negative result on either CTA or CTP. The

rationale is that in the absence of symptoms, a single positive

result on either examination does not provide sufficient evidence

to prompt treatment decisions. All management and treatment

decisions are based on the clinical examination and TCD or CTAP

combination tests.

The subsequent management and treatment decisions in the

clinical pathway incorporated in the model were based on the

most recent recommendations in the “Guidelines for the Manage-

ment of Aneurysmal Subarachnoid Hemorrhage: A Guideline for

Healthcare Professionals from the American Heart Association/

American Stroke Association” (2012).13 Oral nimodipine was ad-

ministered to all patients with aneurysmal subarachnoid hemor-

rhage (class I recommendation, level A evidence) because it has

been shown to improve neurologic outcomes after SAH. Treat-

ment of DCI is recommended with induction of hypertension

(class I recommendation, level B evidence) and cerebral angio-

plasty and/or selective intra-arterial vasodilator therapy in symp-

tomatic patients, particularly those who are not rapidly respond-

ing to hypertensive therapy (class IIa recommendation, level B

evidence).

Each clinical pathway terminated in an outcome health state

reflecting the downstream morbidity and mortality. A patient was

assigned to only 1 of the 3 following health states: recovered, dis-

ability with dependence, or death. The long-term complications

of testing or treatment affecting mortality and morbidity (as de-

fined by the health states) were included in the model. Short-term

complications such as mild allergic reactions were not included

because patients recovered from these temporary ailments; this

outcome would not imply significant reductions in quality of life

contributing to these health states.

Input Parameter Probabilities
An outcomes-based approach was used in developing the decision

model to directly assess the effectiveness of CTAP compared with

TCD on clinical outcomes instead of primarily modeling the op-

erating characteristics of these imaging examinations. We mod-

eled probabilities of test results combined with distributions
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across clinical outcomes, both determined conditional on the

clinical examination and imaging results. The probabilities as-

signed for the occurrence of symptoms and test results of CTAP,

TCD, and DSA were directly derived from an SAH cohort en-

rolled in a diagnostic accuracy study.10 In this cohort, patients had

both CTAP and TCD performed, which allowed direct compari-

son of these imaging strategies in the same patients. According to

the study protocol, CTAP was performed at days 6 – 8 in asymp-

tomatic patients and the same day that symptoms occurred in

symptomatic patients with clinical deterioration. Day 7 was the

median day CTAP was performed, at which time 45% (44/97) of

patients had developed evidence of clinical deterioration.10 Clin-

ical deterioration may manifest by alterations in consciousness,

worsening on the Glasgow Coma Scale, or new neurologic defi-

cits. For patients with limited clinical examinations, particularly

patients who are comatose or mechanically ventilated, continu-

ous monitoring of laboratory data and neurologic and systemic

parameters was used. The details of the CTP scanning protocol

and postprocessing methods are provided in the On-line Appen-

dix. TCD was performed daily at the patient’s bedside with com-

parisons between TCD examinations to evaluate changes in blood

flow velocity measurements.

Clinical outcomes of functional disability were also assessed in

the same SAH cohort10 and obtained from medical record review

by a neurologist blinded to the hospitalization course and imaging

data. Outcomes were based on the modified Rankin Scale and

were categorized into 3 main health states as recovered (mRS

0 –2), disability with dependence (mRS 3–5), and death (mRS 6).

A multinomial prediction model, incorporating conditional de-

pendence of serial imaging with CTAP and DSA or TCD and DSA,

was developed and fitted to determine the predictive probabilities

for each outcome based on the test results and on being symptom-

atic or asymptomatic. The 95% simultaneous confidence intervals

for predictive probabilities were computed by using an asymp-

totic multivariate normal theory and were based on �2 tests.14

Statistical analysis was performed with “R: A Language and Envi-

ronment for Statistical Computing” (Version 2.13.0;

http://www.r-project.org/).15

Literature sources were used to determine the probabilities of

long-term complications from testing (CTAP and DSA) and/or

treatment with induced hypertension and intra-arterial (IA) ther-

apy. On-line Table 1 demonstrates these input probabilities and

their literature sources.

Assessment of Health Benefits and Costs
Health benefits were measured in quality-adjusted life years

(QALYs). For each health state, we assigned a QALY score ranging

between 0 and 1.0. Lifetime QALYs were calculated by multiply-

ing the sum of the number of years spent in each health state by

the utility associated with that state. The life expectancies were

estimated from the literature as 28 years for “recovered”16,17 and

10.8 years for “disability.”18,19 The utilities were calculated as a

weighted average from a systematic review of utilities assigned

according to mRS scores.20 The utility of “recovered” (mRS 0 –2)

was 0.80, and it was 0.22 for “disability” (mRS 3–5). By conven-

tion, “death” (mRS 6) was assigned a value of zero for both life

years and utility.

The economic costs included in the model were those associ-

ated with imaging from CTAP, TCD, and DSA; treatment with

induced hypertension and IA-therapy; complications from imag-

ing and treatment; and disability after SAH, including both short-

and long-term care. The costs for the imaging and treatment were

based on the 2012 Medicare reimbursement rates, including both

technical and professional fees. The costs for long-term care for

patients with stroke have been reported in the literature.21 The

estimated cost for recovered patients was calculated as the cumu-

lative annual cost for the expected life years in this health state.

The estimated cost for the disability patients was calculated as the

first-year rehabilitation costs added to the cumulative annual cost

for the remaining expected life years in this health state. By con-

vention, death was assigned no additional cost.

Benefits and costs were discounted at a rate of 3% per year as

recommended for cost-effectiveness analyses in the United

States.22,23

Model Validation
Internal validity (sometimes referred to as model verification)

examines the extent to which the model calculations produced

expected outcomes based on the data that were used to derive the

model inputs.24 We assessed the internal validity of the model by

comparing the predicted probabilities of the health states (recov-

ered, disability, and death) for each imaging strategy in the deci-

sion model with the observed outcome data from the SAH cohort.

The percentage difference for the model results compared with

the observed outcomes was calculated as a measure of deviation

for the probabilities of each health state for the standard and new

imaging strategies separately.

External validity is performed in a similar fashion but uses

outcome data that were not used to develop the model as bench-

marks for the predictive performance of the model.24 To evaluate

external validity of the decision model, we compared the overall

predicted probabilities of the health states for both imaging strat-

egies from the decision model with the published outcome prob-

abilities from the International Subarachnoid Aneurysm Trial

(ISAT).1 The percentage difference was also calculated as a mea-

sure of deviation for model results relative to published outcomes.

Cost-Effectiveness and Sensitivity Analyses
We calculated the expected benefits and costs associated with each

imaging strategy from the perspective of the health care payer. In

the primary analysis for policy decision-making, the symptomatic

and asymptomatic subgroups were combined in each imaging

strategy, weighted by the frequency of symptoms. Additional sub-

group analyses were performed to compare the symptomatic and

asymptomatic groups separately. An imaging strategy that yielded

the greatest quality-adjusted life years and lowest costs would be

considered the imaging strategy of choice (dominant strategy).

Sensitivity analyses were performed to test the robustness of

the results of the model, given the uncertainty in the input values

for the parameters. One-way sensitivity analyses were performed

for each parameter by altering the input values across the entire

range of possible values (0 –1) to identify the key drivers of the

model results. In addition, 2-way sensitivity analyses were per-

formed by simultaneously altering the input values for 2 param-
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eters together to assess their combined effects on the results of the

model. A willingness-to-pay (WTP) threshold of $100,000 per

QALY was used in the 1-way and 2-way sensitivity analyses.

Probabilistic sensitivity analysis was performed to assess the

uncertainty in the model results, incorporating the uncertainty of

all parameter values together. Distributions for the key model

parameters were derived by nonparametric bootstrapping of the

SAH cohort,25 focusing attention on the probability of symptoms

and the probabilities of imaging (CTAP, TCD, and DSA) condi-

tional on symptoms. Nonparametric bootstrapping was per-

formed by resampling analytic datasets with replacement to eval-

uate the precision around point estimates without making

assumptions regarding the distribution of these variables.26 Pa-

rameters that were not directly derived from the cohort (n � 97),

such as all other probability inputs, costs, and utilities, were as-

signed distributions (such as �, uniform, and �) and varied on the

basis of the SD estimates around the mean values. � distribution is

a flexible one, which is bounded by 0 and 1, which makes it useful

for varying probability inputs in probabilistic sensitivity analy-

sis.26 Uniform distributions assume equal probability of possible

random values between 0 and 1.26 � distributions are rightward

skewed with a lower bound at zero, which makes them useful for

varying cost inputs in probabilistic sensitivity analysis.26 On-line

Table 1 demonstrates the input values and distributions used for

all parameters in the model. Results of the probabilistic analysis

(10,000 iterations) were used to generate a cost-effective scatter-

plot and cost-effectiveness acceptability curves to demonstrate

the probability that the new strategy is cost-effective for varying

cost per QALY thresholds.

RESULTS
Input Parameter Probabilities
On-line Table 1 demonstrates the probabilities of positive and nega-

tive test results for CTAP, TCD, and DSA in symptomatic and

asymptomatic patients calculated directly from the SAH cohort10

and the predictive probabilities of the outcome health states derived

from the multinomial prediction model, incorporating serial imag-

ing and clinical data with conditional dependence.

Model Validation Results
The internal validation revealed that the deviations in the overall

probabilities of patients with good (recovered) and poor (disabil-

ity and death) outcomes estimated from the decision model for

the new strategy were 1.2% and 3.4%, respectively, relative to the

observed data from the SAH cohort. Within the poor-outcomes

group, deviations in the probabilities for disability and death were

0.9% and 13.7%, respectively. For the standard strategy, the devi-

ations in the overall probabilities of patients with good and poor

outcomes estimated from the decision model were 5.4% and

16.7%, respectively. Within the poor-outcomes group, deviations

in the probabilities for disability and death were 20% and 3.8%,

respectively.

The external validation revealed that

the deviations in the overall probabilities

of patients with good and poor outcomes

derived from the decision model were

1.4% and 3.0%, respectively, compared

with the published outcomes data from the

ISAT.1 Within the poor-outcomes group,

deviations in the probabilities for disability

and death were 55.3% and 62.2%,

respectively.

Base Case Analysis
The Table demonstrates the health bene-

fits (QALYs) and costs for the base case

scenario and the subgroup analyses in the

symptomatic and asymptomatic patients

separately. CTAP resulted in a gain of

health benefits with a cost savings in all

analyses, thereby dominating the stan-

dard imaging strategy.

Sensitivity Analysis
Univariable (1-way) sensitivity analyses

indicated that the study results were ro-

FIG 1. Multivariable (2-way) sensitivity analysis graph demonstrating how the decision depends
on the values of the probability of positive findings on a CTA and CTP examination in symp-
tomatic patients (Sx) and the probability of symptoms in the SAH population across all ranges.
The new strategy represents CTAP imaging, and the standard strategy represents TCD imaging.

Health benefits (QALYs) and costs for the base case scenario and
subgroup analyses in symptomatic and asymptomatic patients

Imaging Strategy QALYs Cost
Base case scenario:

CTAP 13.89 $147,097
TCD 13.62 $154,719
Difference (CTAP-TCD) �0.27 �$7,622

Symptomatic subgroup:
CTAP 13.75 $149,382
TCD 13.74 $152,820
Difference (CTAP-TCD) �0.01 �$3,438

Asymptomatic subgroup:
CTAP 13.99 $145,228
TCD 13.51 $156,272
Difference (CTAP-TCD) �0.48 �$11,044
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bust to plausible uncertainty in the parameter values. The CTAP

strategy remained preferred (assuming a WTP of $100,000 per

QALY) for all parameters varied over the full range of possible

input values, except for the following: 1) the probability of posi-

tive CTAP fell below 44.2% in symptomatic patients; 2) the prob-

ability of complications from induced hypertension rose above

20.5%; and 3) the probability of recovery with negative CTAP

findings fell below 51.1% in symptomatic and 85.9% in asymp-

tomatic patients. Multivariable (2-way) sensitivity analyses using

the probability of positive CTAP findings in symptomatic patients

and the probability of symptoms revealed that the CTAP strategy

is dominant when the probability of positive CTAP findings in

symptomatic patients is �75% (Fig 1).

The results of the probabilistic sensi-

tivity analysis (10,000 iterations) were

used to generate a cost-effectiveness scat-

terplot (Fig 2A) and cost-effectiveness ac-

ceptability curves (Fig 2B). The cost-ef-

fectiveness scatterplot shows that 96.8%

of the iterations in the probabilistic sensi-

tivity analysis lie in the right lower quad-

rant, representing higher effectiveness

and lower costs. The cost-effectiveness ac-

ceptability curves show that the probabil-

ity that the new strategy is cost-effective is

consistently high for varying cost per

QALY thresholds. At the WTP of $50,000

and $100,000 per QALY, the probabilities

that the CTAP strategy is preferred are

98.5% and 98.0%, respectively.

DISCUSSION
Our study reveals that performing CTAP

in patients with SAH improves clinical

outcomes compared with TCD, with in-

creased quality of life from less functional

disability. Although CTAP is associated

with higher upfront imaging and treat-

ment costs, there are substantial cost sav-

ings associated with this imaging strategy

due to overall decreased costs spent on

long-term care for patients with func-

tional disability. Our 1-way and probabi-

listic sensitivity analyses assessed a range

of costs for CTAP, from $0 to $2000, and

revealed that across these different

thresholds, CTAP is still the preferred

strategy compared with TCD. CTAP rep-

resents a dominant strategy because it

provides both better health outcomes and

lower costs in the overall patient popula-

tion and in the symptomatic and asymp-

tomatic subgroups separately. These

results support the implementation of

CTAP in all SAH, including both symp-

tomatic and asymptomatic patients. Fur-

thermore, our study demonstrates that

changing the WTP threshold from

$50,000 to $100,000 does not significantly change the model re-

sults. The cost-effective acceptability curves generated from the

probabilistic sensitivity analysis are helpful in visualizing the ef-

fect that a change in WTP can have on these results (Fig 2). CTAP

remains the preferred imaging strategy across the entire range of

commonly used WTP thresholds in the United States.27

In this cost-effectiveness analysis, an outcomes-based ap-

proach was used to directly assess the effectiveness of CTAP com-

pared with TCD on clinical outcomes. Most decision analyses for

diagnostic tests model the underlying diagnostic truth in combi-

nation with the sensitivity and specificity of the test.27 Here we

modeled probabilities of test results combined with distributions

across clinical outcomes, both determined conditional on the

FIG 2. Probabilistic sensitivity analysis scatterplot (A) and cost-effectiveness acceptability
curves (B) comparing the new strategy versus the standard strategy. The new strategy repre-
sents CTAP imaging and the standard strategy represents TCD imaging.
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clinical examination and previous test results. We chose this al-

ternative approach because of controversy about the appropriate

reference standard test for DCI and lack of diagnostic perfor-

mance data of these tests. Because all conditional probabilities of

test results and distributions across clinical outcomes were de-

rived from one and the same well-documented cohort of patients

with SAH,10 this alternative modeling approach ensures internal

consistency of the model. We are confident that the model struc-

ture accurately reflects SAH disease pathways because the model

results matched the health states (good and poor outcomes) com-

pared with the SAH cohort and ISAT populations in our internal

and external model validation analyses. Additionally, the sensitiv-

ity analyses demonstrated that the model results were robust to

variations in the input values for all parameters.

There are several limitations of our study. First, we modeled

health outcomes conditional on diagnostic tests performed in a

single cohort, calling into question the generalizability of the

model. This approach had the advantage of direct comparison of

CTAP and TCD in the same patients, and ensured internal con-

sistency of the data. Even though the external validation of the

model revealed that the proportion of patients with good (recov-

ered) and poor (disability and death) outcomes were similar to

those in the ISAT,1 greater variation was seen within the poor-

outcomes group. The ISAT reported higher mortality compared

with the decision model; this would be expected because the older

data presented in the ISAT (1994 –2002) do not adequately reflect

the currently improved mortality rates due to more aggressive

management of complications related to SAH such as hydroceph-

alus, vasospasm, and DCI.13 Additionally, the ISAT reported a

5-year mortality rate rather than the mortality rate within the

hospitalization period that we report, which likely also contrib-

uted to its higher mortality compared with the decision model

because some of our patients may experience delayed mortality

due to stroke complications. Furthermore, deviation in the inter-

nal validation results was also seen in the poor-outcomes group

with the model predicting higher disability and death compared

with the SAH cohort. This deviation in the results may be partly

attributed to the real-world variation in clinical decision making

observed in the SAH cohort compared with the decision model, in

which standardized management and treatment decisions were

based strictly on the clinical examination and imaging results.

Second, the potential long-term effects from low-level radiation

exposure used in medical imaging, such as cancer induction, were

not included in the model because cancer risks at low doses are

very uncertain in the adult population and depend on limited data

extrapolating risks from atomic bomb survivors who were ex-

posed to high doses.28 Currently, there are no data available on the

lifetime cancer risk from CTAP imaging according to patient age

at exposure, sex, and reduced life expectancy from underlying

disease, particularly aneurysmal subarachnoid hemorrhage, de-

layed cerebral ischemia, and/or vasospasm. Because our model

was designed to specifically assess patients during the typical time

point of DCI and vasospasm between days 4 and 14 after SAH, we

only included the morbidity and mortality during the hospitaliza-

tion period and at discharge. Last, the possible added benefits of

performing serial TCD examinations at the bedside to improve

detection of vasospasm by monitoring temporal changes in

blood-velocity measurements and avoiding intrahospital trans-

portation were not included in the decision analysis because of the

lack of estimates in the literature to accurately incorporate them

in the model.

CONCLUSIONS
In summary, our results have important implications in clinical

practice in managing patients with SAH. Our model suggests that

CTAP is the preferred initial imaging strategy compared with

TCD because it results in both improved clinical outcomes and

lower health care costs. Furthermore, the results of this study

provide supportive evidence for the widespread implementation

of CTAP in both symptomatic and asymptomatic patients. In the

current economic environment aimed at improving health care

quality and reducing costs, imaging patients with SAH with CTAP

should achieve both aims.

Disclosures: Pina C. Sanelli—RELATED: Grant: National Institute of Neurological Dis-
orders and Stroke.* Ajay Gupta—UNRELATED: Grants/Grants Pending: Association
of University Radiologists/General Electric Radiology Research Academic Fellowship
Award.* Alvin I. Mushlin—UNRELATED: Travel/Accommodations/Meeting Ex-
penses Unrelated to Activities Listed: Association of University Radiologists/General
Electric Radiology Research Academic Fellowship board meeting. *Money paid to
the institution.

REFERENCES
1. Molyneux AJ, Kerr RS, Birks J, et al. Risk of recurrent subarachnoid

haemorrhage, death, or dependence and standardised mortality ra-
tios after clipping or coiling of an intracranial aneurysm in the In-
ternational Subarachnoid Aneurysm Trial (ISAT): long-term fol-
low-up. Lancet Neurol 2009;8:427–33

2. Springer MV, Schmidt JM, Wartenberg KE, et al. Predictors of global
cognitive impairment 1 year after subarachnoid hemorrhage. Neu-
rosurgery 2009;65:1043–50

3. Roos YB, Dijkgraaf MG, Albrecht KW, et al. Direct costs of modern
treatment of aneurysmal subarachnoid hemorrhage in the first
year after diagnosis. Stroke 2002;33:1595–99

4. Schmidt JM, Wartenberg KE, Fernandez A, et al. Frequency and clin-
ical impact of asymptomatic cerebral infarction due to vasospasm
after subarachnoid hemorrhage. J Neurosurg 2008;109:1052–59

5. Carrera E, Schmidt JM, Oddo M, et al. Transcranial Doppler for
predicting delayed cerebral ischemia after subarachnoid hemor-
rhage. Neurosurgery 2009;65:316 –23

6. Lysakowski C, Walder B, Costanza MC, et al. Transcranial Doppler
versus angiography in patients with vasospasm due to a ruptured
cerebral aneurysm: a systematic review. Stroke 2001;32:2292–98

7. Naval NS, Thomas CE, Urrutia VC. Relative changes in flow veloci-
ties in vasospasm after subarachnoid hemorrhage: a transcranial
Doppler study. Neurocrit Care 2005;2:133– 40

8. Dankbaar JW, de Rooij NK, Velthuis BK, et al. Diagnosing delayed
cerebral ischemia with different CT modalities in patients with sub-
arachnoid hemorrhage with clinical deterioration. Stroke 2009;
40:3493–98

9. Aralasmak A, Akyuz M, Ozkaynak C, et al. CT angiography and per-
fusion imaging in patients with subarachnoid hemorrhage: corre-
lation of vasospasm to perfusion abnormality. Neuroradiology
2009;51:85–93

10. Sanelli PC, Ugorec I, Johnson CE, et al. Using quantitative CT per-
fusion for evaluation of delayed cerebral ischemia following aneu-
rysmal subarachnoid hemorrhage. AJNR Am J Neuroradiol
2011;32:2047–53

11. Wintermark M, Ko NU, Smith WS, et al. Vasospasm after subarach-
noid hemorrhage: utility of perfusion CT and CT angiography on
diagnosis and management. AJNR Am J Neuroradiol 2006;27:26 –34

12. van der Schaaf I, Wermer MJ, van der Graaf Y, et al. CT after sub-

AJNR Am J Neuroradiol 35:1714 –20 Sep 2014 www.ajnr.org 1719



arachnoid hemorrhage: relation of cerebral perfusion to delayed
cerebral ischemia. Neurology 2006;66:1533–38

13. Connolly ES, Rabinstein AA, Carhuapoma JR, et al. Guidelines for
the management of aneurysmal subarachnoid hemorrhage: a
guideline for healthcare professionals from the American Heart As-
sociation/American Stroke Association. Stroke 2012;43:1711–37

14. Gold RZ. Tests auxiliary to chi-square tests in a Markov chain. The
Annals of Mathematical Statistics 1963;34:56 –74

15. R Development Core Team (2011). R: A language and environment
for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. http://www.R-project.org. Accessed August 1, 2012

16. de Rooij NK, Linn FH, van der Plas JA, et al. Incidence of subarach-
noid haemorrhage: a systematic review with emphasis on region,
age, gender and time trends. J Neurol Neurosurg Psychiatry 2007;
78:1365–72

17. Eden SV, Meurer WJ, Sanchez BN, et al. Gender and ethnic differ-
ences in subarachnoid hemorrhage. Neurology 2008;71:731–35

18. Yoshimoto Y, Wakai S. Cost-effectiveness analysis of screening for
asymptomatic, unruptured intracranial aneurysms: a mathemati-
cal model. Stroke 1999;30:1621–27

19. Kallmes DF, Kallmes MH. Cost-effectiveness of angiography per-
formed during surgery for ruptured intracranial aneurysms. AJNR
Am J Neuroradiol 1997;18:1453– 62

20. Post PN, Stiggelbout AM, Wakker PP. The utility of health states
after stroke: a systematic review of the literature. Stroke 2001;32:
1425–29

21. Young KC, Benesch CG, Jahromi BS. Cost-effectiveness of multi-
modal CT for evaluating acute stroke. Neurology 2010;75:1678 – 85

22. Hunink MGM, Glasziou PP, Siegel JE, et al. Constrained resources.
In: Hunink GM, Glasziou PP, Siegel JE. Decision Making in Health and
Medicine: Integrating Evidence and Values. Cambridge, UK; Cam-
bridge University Press; 2001:245–304

23. Weinstein MC, Siegel JE, Gold MR, et al. Recommendations of the
Panel on Cost-Effectiveness in Health and Medicine. JAMA
1996;276:1253–58

24. Eddy DM, Hollingworth W, Caro JJ, et al, for the Modeling Good
Research Practices Task Force. Model transparency and validation: a
report of the ISPOR-SMDM Modeling Good Research Practices
Task Force-7. Med Decis Making 2012;32:733– 43

25. Efron B, Tibshirani RJ. An Introduction to the Bootstrap. New York:
Chapman & Hall; 1994

26. Briggs AH, Weinstein MC, Fenwick EAL, et al, for the ISPOR-SMDM

Good Research Practices Task Force. Model parameter estimation
and uncertainty analysis: a report of the ISPOR-SMDM Modeling
Good Research Practices Task Force Working Group-6. Med Decis
Making 2012;32:722–32

27. Genders TS, Meijboom WB, Meijs MF, et al. CT coronary angiogra-
phy in patients suspected of having coronary artery disease: deci-
sion making from various perspectives in the face of uncertainty.
Radiology 2009;253:734 – 44

28. Brenner DJ, Hall EJ. Computed tomography—an increasing source
of radiation exposure. N Engl J Med 357:2277– 84

29. Wintermark M, Maeder P, Thiran JP, et al. Quantitative assessment
of regional blood flows by perfusion CT studies at low injection
rates: a critical review of the underlying theoretical models. Eur Ra-
diol 2001;11:1220 –30

30. Sanelli PC, Lev MH, Eastwood JD, et al. The effect of varying user-
selected input parameters on quantitative values in CT perfusion
maps. Acad Radiol 2004;11:1085–92

31. Wintermark M, Lau BC, Chen J, et al. The anterior cerebral artery is
an appropriate arterial input function for perfusion-CT processing
in patients with acute stroke. Neuroradiology 2008;50:227–36

32. Sanelli PC, Ugorec I, Johnson CE, et al. Using quantitative CT per-
fusion for evaluation of delayed cerebral ischemia following aneu-
rysmal subarachnoid hemorrhage. AJNR Am J Neuroradiol
2011;32:2047–53

33. Miller JA, Dacey RG Jr, Diringer MN. Safety of hypertensive hyper-
volemic therapy with phenylephrine in the treatment of delayed
ischemic deficits after subarachnoid hemorrhage. Stroke 1995;
26:2260 – 66

34. Willinsky RA, Taylor SM, TerBrugge K, et al. Neurologic complica-
tions of cerebral angiography: prospective analysis of 2,899 proce-
dures and review of the literature. Radiology 2003;227:522–28

35. Hoh BL, Ogilvy CS. Endovascular treatment of cerebral vasospasm:
transluminal balloon angioplasty, intra-arterial papaverine, and
intra-arterial nicardipine. Neurosurg Clin N Am 2005;16:501–16

36. Schmidt U, Bittner E, Pivi S, et al. Hemodynamic management and
outcome of patients treated for cerebral vasospasm with intraarte-
rial nicardipine and/or milrinone. Anesth Analg 2010;110:895–902

37. Kanamaru K, Waga S, Kuga Y, et al. Transcranial Doppler pattern
after intracarotid papaverine and prostaglandin E1 incorporated in
lipid microsphere in patients with vasospasm. Neurol Med Chir (To-
kyo) 1998;38(suppl):152–55

1720 Sanelli Sep 2014 www.ajnr.org



ORIGINAL RESEARCH
BRAIN

Direct Visualization of Anatomic Subfields within the Superior
Aspect of the Human Lateral Thalamus by MRI at 7T

M. Kanowski, J. Voges, L. Buentjen, J. Stadler, H.-J. Heinze, and C. Tempelmann

ABSTRACT

BACKGROUND AND PURPOSE: The morphology of the human thalamus shows high interindividual variability. Therefore, direct visual-
ization of landmarks within the thalamus is essential for an improved definition of electrode positions for deep brain stimulation. The aim
of this study was to provide anatomic detail in the thalamus by using inversion recovery TSE imaging at 7T.

MATERIALS AND METHODS: The MR imaging protocol was optimized on 1 healthy subject to segment thalamic nuclei from one another.
Final images, acquired with 0.52-mm2 in-plane resolution and 3-mm section thickness, were compared with stereotactic brain atlases to
assign visualized details to known anatomy. The robustness of the visualization of thalamic nuclei was assessed with 4 healthy subjects at
lower image resolution.

RESULTS: Thalamic subfields were successfully delineated in the dorsal aspect of the lateral thalamus. T1-weighting was essential. MR images had
an appearance very similar to that of myelin-stained sections seen in brain atlases. Visualized intrathalamic structures were, among others, the
lamella medialis, the external medullary lamina, the reticulatum thalami, the nucleus centre médian, the boundary between the nuclei dorso-oralis
internus and externus, and the boundary between the nuclei dorso-oralis internus and zentrolateralis intermedius internus.

CONCLUSIONS: Inversion recovery–prepared TSE imaging at 7T has a high potential to reveal fine anatomic detail in the thalamus, which
may be helpful in enhancing the planning of stereotactic neurosurgery in the future.

ABBREVIATIONS: ACPC � anterior/posterior commissure; DBS � deep brain stimulation; D.o.e � nucleus dorso-oralis externus; D.o.i � nucleus dorso-oralis
internus; IR-TSE � inversion recovery turbo-spin-echo; La.m � lamella medialis; Z.im.i � nucleus zentrolateralis intermedius internus

MR imaging, due to its excellent soft-tissue-contrast capabil-

ities, has become the most important imaging technique for

the living brain. Nevertheless, the thalamus, characterized by its

rich structural variety,1-3 appears virtually isointense in routine

high-resolution MR images. The lack of visible anatomic detail

within the thalamus affects presurgical planning of deep brain

stimulation (DBS) procedures. Considering that thalamic mor-

phology can show significant interindividual variability,3 direct

visualization of intrathalamic anatomy is necessary for a more

precise patient-specific planning of brain electrode positions.

Besides the small size of some thalamic nuclei, the main reason

for the lack of contrast is the similarity of MR imaging–relevant

tissue parameters such as relaxation times and/or proton densities

of adjacent thalamic structures. However, as long as differences in

contrast-relevant tissue properties exist, their delineation by an

appropriate MR imaging technique is mainly a question of SNR.

Several years ago, the wide availability of 3T MR imaging scanners

triggered a series of studies aiming to visualize internal sub-

structures of the thalamus,4-11 extending the research done at

1.5T.12-16 Although noticeable progress was made, the visual-

ization of thalamic nuclei with 3T MR imaging for DBS surgery

is not a clinical routine to date. It seemed reasonable to assume

that the SNR boost offered by MR imaging at 7T could further

improve the visualization of thalamic nuclei. Indeed, the first

encouraging results have been reported by using SWI, quanti-

tative susceptibility mapping, and MPRAGE imaging.17-19

This feasibility study aims to investigate the usefulness of in-

version recovery turbo-spin-echo (IR-TSE) MR imaging at 7T
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in revealing anatomic detail within the thalamus. This task

comprises both the optimization of the MR imaging acquisi-

tion and the assignment of visualized structures to thalamic

anatomy.

MATERIALS AND METHODS
We examined 5 healthy subjects (2 men; 21–28 years of age) in

accordance with stipulations put forth by the local ethics commit-

tee. All subjects gave written informed consent before the

experiment.

MR imaging was performed at 7T (Siemens, Erlangen, Ger-

many) with a 32-channel head coil (Nova Medical, Wilmington,

Massachusetts). Each subject’s head was immobilized by using

cushions. Optimization of the IR-TSE protocol was done with a

subject who had been specifically trained to keep his head still

during prolonged scanning times. Scanning parameters of the fi-

nal IR-TSE acquisitions with high in-plane resolution were the

following: transversal-section orientation parallel to the anterior/

posterior commissure (ACPC) plane; section thickness, 3-mm;

in-plane resolution, 0.52 mm2; turbo factor, 5–7; TR, 3–3.2 sec-

onds; TE, 10 –14 ms; TI, 480 –500 ms; bandwidth, 140 –203 Hz/

pixel; 1 section or 10 sections with 2 interleaved concatenations;

averages, 2–5; scanning time, 13 minutes 45 seconds through 19

minutes 10 seconds. To estimate longitudinal relaxation time, T1,

we acquired a series of the IR-TSE protocol, measuring a single

section at a section position of 10 mm cranial to the ACPC plane

with a TR of 3.2 seconds and a varied TI of 25, 250, 500, 750, 1000,

1250, 1500, and 2000 ms with an in-plane resolution of 0.62 mm2.

The T2 map was measured at the same section position with a

series of spin-echo measurements with a constant difference be-

tween the TR and TE.20

For the sake of comparison, TSE images were acquired as well

with the following parameters: 2.5-mm section thickness and

0.5-mm intersection gap; 0.52-mm2 in-plane resolution; turbo

factor, 5; TR, 3 seconds; TE, 15 ms; bandwidth, 131 Hz/pixel; 1

concatenation with an inferior saturation band; averages, 3; scan-

ning time, 13 minutes 30 seconds. The other 4 subjects were im-

aged for the first time in a 7T scanner. To reduce the risk of

motion-induced image degradation, we selected an IR-TSE pro-

tocol with a shorter scan duration and a larger voxel volume

(2-mm section thickness; 0.72-mm2 in-plane resolution; turbo

factor, 7; TR, 3.3 seconds; TE, 10 ms; TI, 500 –700 ms; bandwidth,

186 Hz/pixel; 8 sections with 2 interleaved concatenations; aver-

ages, 2; scanning time, 10 minutes 2 seconds. To optimize the SNR

of the applied sequences, we adjusted the global amplifier refer-

ence to ensure that the nominal flip angles of 90° and 180° applied

in the thalamus.

The T1 map was fitted voxelwise to the signal-intensity equa-

tion: I � c {1–2 exp(�TI/T1) � exp[�(TR�TElast)/T1]}, where

TElast denotes the echo time of the last echo in the echo train and

c is a scaling factor. The T2 map was fitted to a single exponential

decay. MR images were compared with labeled photographs and

drawings in stereotactic brain atlases3,21,22 to assign visible differ-

entiation to known thalamic anatomy. Apart from a few excep-

tions, we used the terminology introduced by Hassler.1

RESULTS
Figure 1 shows axial MR images through the thalamus at a posi-

tion of about 10 mm dorsal to the ACPC plane, with the corre-

sponding section of the atlas of Schaltenbrand and Wahren21 at

position H.d �7.0. At first glance, a high degree of similarity be-

tween the IR-TSE image (TI � 500 ms) and the T1 map (calcu-

lated from a series of MR images with different TIs) is noticeable.

However, more striking is the richness of visible anatomic detail

in the lateral thalamus. For illustrative purposes, some salient

landmarks are marked in white (Fig 1, bottom row). Arrowheads

point to the mamillothalamic tract, paired arrowheads indicate

the stria medullaris, and arrows point to the nucleus centre mé-

FIG 1. Display of MR and brain atlas images. An IR-TSE MR image (left column) and a T1 map (middle column) of the thalamus of a healthy subject
and the corresponding axial section from the Schaltenbrand and Wahren atlas for Stereotaxy of the Human Brain,21 including an illustrative
sketch (right columns, plate LXXVIII H.d �7.0). Reproduced with permission from Thieme Medical Publishers. To facilitate comparison, the
images are scaled so that thalami exhibit comparable sizes in the anteroposterior direction. The MR images were acquired with a resolution of
0.52 � 3 mm3 (left column) and 0.62 � 3 mm3 (middle column). In the bottom row, which is identical to the top row, note the following structures:
Bold lines mark the lamella medialis (La.m), thin lines mark the border between the internal and external part of the nucleus dorso-oralis (D.o.i
and D.o.e), dotted lines show the border between the internal parts of the nuclei dorso-oralis (D.o.i) and zentrolateralis intermedius (Z.im.i),
dashed lines indicate the posterior part of external medullary lamina, arrows point to the centre médian (Ce), arrowheads indicate the
mamillothalamic tract, paired arrowheads indicate the stria medullaris, and pairs of arrows indicate a myelinic sheet separating the nuclei
lateropolaris (Lpo) and anteromedialis (A.m). Note the very similar contrast in the IR-TSE image (TI � 500 ms) and the T1 map.
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dian (Ce). The bold white line connecting the mamillothalamic

tract and the most anterior part of the centre médian depicts the

lamella medialis (La.m). Pairs of arrows point to a hypointense

band between the mamillothalamic tract and the rostral border of

the thalamus, separating the nuclei lateropolaris (Lpo) and an-

teromedialis (A.m) thalami. This structure, not explicitly assigned

in the Schaltenbrand and Wahren atlas, is identified in the atlas of

Mai et al22 as the internal medullary lamina, (ie, the myelin-rich

sheet that largely corresponds to the La.m in the atlas of Schalten-

brand and Wahren21). The dotted and the thin white lines in Fig 1

mark well-defined signal-intensity transitions in the lateral thala-

mus. According to the corresponding section in the Schalten-

brand and Wahren atlas,21 we assigned the thin line to the border

between the nuclei dorso-oralis internus (D.o.i) and externus

(D.o.e) and the dotted line to the boundary between the D.o.i and

the nucleus zentrolateralis intermedius internus (Z.im.i). Finally,

the dashed lines designate a narrow hypointense band in the pos-

terior thalamus separated by narrow hyperintense bands from the

internal capsule and the lateral thalamic nuclei. We identify this

dark band as the external medullary lamina and the hyperintense

band between the external medullary lamina and the internal cap-

sule as the reticulatum thalami (Rt). Although the latter 2 bands

are clearly distinguishable, at least in the posterior half of the

thalamus, in the Schaltenbrand and Wahren atlas21 they are sub-

sumed under the Rt. In contrast, Mai et al22 differentiate the ex-

ternal medullary lamina and Rt in the posterior thalamus (frontal

sections, plates 42– 49, position 26.5–36.0 mm).

The images in Fig 2 show axial sections through the thalamus

16, 13, 10, and 7 mm dorsal to the ACPC plane of the same subject

as depicted in Fig 1 (recorded during a different session). The

La.m can be clearly identified in the dorsal 3 sections, but it looks

faded and weakly contoured in the most ventral section in the

right image of Fig 2. The most probable reasons are intralaminar

cell clusters and the larger lateromedial width of this lamina at

more ventral levels.23 Only in the section 10 mm dorsal to the

ACPC plane does the boundary between the D.o.i and Z.im.i ap-

pear as a well-defined edge. In the neighboring sections, gradual

signal-intensity transitions, in an anteroposterior direction, of the

lateral thalamus are discernible. These diffuse changes in signal

intensity hamper the demarcation of distinct thalamic structures.

At the present stage, we cannot definitively state whether partial

voluming is the main reason or whether a smooth transition of the

MR relevant tissue properties of neighboring thalamic compart-

ments impedes the formation of a distinct boundary. Images of

the same anatomic location for the 4 other measured subjects are

shown in Fig 3. At the reduced in-plane resolution of 0.72 mm2

and a section thickness of 2 mm, the boundary between the D.o.i

and Z.im.i, the boundary between the D.o.i and D.o.e, and the

La.m can be assigned in a reliable manner in almost all cases. The

subject in Fig 3A seems to have a relatively slim D.o.e. Also of note

is the rather diffuse appearance of the D.o.i/Z.im.i boundary in

the left hemisphere in Fig 3A, -C.

Figure 4 shows the IR-TSE images of 2 of the subjects, acquired

with TIs of 650 and 700 ms to substantiate that visualization of the

D.o.e is definitely not the result of artifacts. The pronounced re-

versal in image intensity between the D.o.e and the internal cap-

sule caused by different TIs proves that MR relaxation properties

can be harnessed to delineate subfields of the nucleus dorso-oralis

(D.o). Figure 5 shows side-by-side transversal IR-TSE and TSE

images of the investigated section position. Despite the promi-

nent vessels (arrows in Fig 5), there is hardly any contrast inside

the lateral thalamus in the TSE image. In addition, the La.m and

the centre médian are not visible in the TSE image. Due to a

slightly different windowing of the IR-TSE image in Fig 5 com-

pared with Fig 1, the corticospinal tract is unambiguously identi-

fied as the pale area in the posterior third quarter of the posterior

limb of the internal capsule.24 This brightening, also conspicuous

in the examples in Fig 3, is caused by longer T1 and T2 relaxation

times of the large axons with thick myelin sheaths in the cortico-

spinal tract. The On-line Table shows T1 and T2 times measured

in 1 subject, along with On-line Fig 1 showing marked regions of

interest. The applied phase-encoding in the anteroposterior di-

rection is necessary for the removal of flow artifacts caused by CSF

pulsation in the third ventricle. However, at the same time, it is the

reason for occasionally observed bright spots in medial thalamic

fields. These artifacts arise from branches of thalamic veins and

are indicated by the arrowheads on the IR-TSE image of Fig 5.

To understand why IR-TSE is beneficial compared with

proton-density-weighted TSE imaging as a method of differenti-

ating the D.o.i from the Z.im.i, we modeled the contrast behavior

FIG 2. Axial MR images of the thalamus at different positions. Sections are located 16, 13, 10, and 7 mm dorsal to the ACPC plane (from left to
right) and acquired with an IR-TSE sequence (TI � 480 ms and 0.52 � 3 mm3 resolution). In the bottom row, which is identical to the top row, the
L.am is indicated by dashed lines.
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of the 2 applied MR sequences. The determined T1 times in the

Z.im.i and D.o.i are 1.13 and 1.20 seconds, respectively. This dif-

ference is clearly visible in the T1 map of Fig 1. No signal differ-

ence is discernible in the T2 map (not shown). The graphs in Fig 6

show the calculated contrast (difference in signal intensity ex-

pressed in multiples of �Z.im.i) between the Z.im.i and D.o.i versus

the proton-density ratios �D.o.i/�Z.im.i for the IR-TSE sequence with a

TI of 500 ms (solid lines) and for the TSE sequence (dashed lines).

The contrast of the IR-TSE protocol is only moderately influenced by

small changes of relative water content. On

the other hand, the contrast of the TSE pro-

tocol is sensitive to slight changes of the

proton-density ratio and even vanishes for

�D.o.i/�Z.im.i close to 1.01. Thus, the lack of

contrast between the nuclei D.o.i and Z.im.i

in the TSE example of Fig 5 may suggest an

approximately 1% higher proton density in

the D.o.i compared with the Z.im.i.

DISCUSSION
The comparison of MR images with pho-
tographs and drawings of stereotactic at-
lases revealed that the Schaltenbrand and
Wahren atlas21 seems to be the most suit-
able one. Its myelin-stained plates appear
similar to the presented MR images with
hypointense myelin-rich and more hy-
perintense myelin-poor tissues. Further-
more, the overlayable transparencies with
drawn borders of the different thalamic
compartments based on their cytoarchi-
tecture notably facilitate anatomic assign-
ment. The remarkable Morel atlas3

shows photographs of the variety of ap-
plied stainings only exemplarily. For im-
age comparison and assignment, how-
ever, we rate camera lucida drawings less

suitable than labeled photographs of stained sections. Unfortu-
nately, the atlas of Mai et al22 presents only coronal views in high
magnification with elaborate anatomic labeling but no sagittal
and axial ones.

Despite the high degree of differentiation, the proposed as-
signment of areas with specific MR imaging contrast to
anatomically described tissues remains somewhat ambiguous.
One possible reason for discrepancies is the markedly different
nature of the images under consideration. MR images integrate

FIG 3. Axial MR images of different subjects. Axial sections through the thalamus in a plane approximately 10 mm dorsal to the ACPC
plane of 4 different subjects (A–D) acquired with an IR-TSE sequence (TI � 500 ms and 0.72 � 2 mm3 resolution). In the bottom row, which
is identical to the top row, lines mark the border between the anatomic subfields D.o.i and D.o.e and dotted lines show the border
between the subfields D.o.i and Z.im.i. In the left hemispheres in A and C, diffuse-appearing boundaries are not marked. At this coarser
in-plane resolution, the L.am appears more blurred than in Figs 1 and 2. Some images show blood flow artifacts in the medial thalamus (see
also Fig 5).

FIG 4. Accentuation of the external part of the D.o.e. Axial sections through the thalamus in a
plane approximately 10 mm dorsal to the ACPC plane of 2 different subjects acquired with an
IR-TSE sequence (0.72 � 2 mm3 resolution) at different inversion times highlight the visualization
of the external part of the dorso-oralis nucleus. The D.o.e is the elongated band between the
arrow and the arrowhead. In the images with a TI of 650 ms (top row), the D.o.e exhibits
intermediate intensity between the medially located more hyperintense D.o.i and the laterally
located hypointense internal capsule. The appearance changes at a TI of 700 ms (bottom row).
At this inversion time, the D.o.e appears as a hypointense band between the hyperintense D.o.i
and internal capsule.
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tissue properties over the applied section thickness and in-plane
voxel resolution. In contrast to the presented MR images with
2- to 3-mm section thickness and 0.52-0.72 mm2 in-plane resolu-
tions, photographs in brain atlases based on much thinner histo-
logic sections show the distribution of different tissue compart-
ments for the specified position with extremely high resolution.
Consequently, the MR images are more similar to an average of
neighboring sections in anatomic atlases than to the MR imaging
equivalent of 1 specific section. This observation complicates ana-
tomic assignment, especially if anatomy changes considerably over
short distances in a direction orthogonal to the sections. One exam-

ple is the nucleus zentrolateralis interme-
dius. Because it is a thin layer between the
larger ventral and dorsal intermediate nu-
clei,1 we cannot exclude the observation
that the field here assigned to Z.im.i belongs
to one of the latter subfields. Nevertheless,
we decided to adopt the labeling of the atlas
photograph with the best correspondence
to the MR image.

Besides the Schaltenbrand and Wah-
ren atlas,21 the partition of the lateral thal-
amus parallel to the La.m and internal
capsule appears even more conspicuous
in the myelin staining in Fig 46 in the
work of Hirai and Jones.25 Here the nuclei
are named ventral lateral anterior (VLa)
and ventral lateral posterior (VLp). For an
elaborate analysis of which nuclei as de-
fined by Hassler1 correspond to the no-
menclature of Hirai and Jones and a crit-
ical view on Hassler’s very large number
of subdivisions, we refer to the tables and
discussions given elsewhere.23,25-28

To successfully delineate the anatomic
subfields in the lateral dorsal thalamus,
T1-weighting is essential. Ultimately, an
inversion recovery approach proved to be
most suitable. The popularity of gradient

echo imaging at 7T17-19 is driven, to a

high degree, by the possibility of covering the whole brain in a

couple of minutes in compliance with specific absorption rate

regulations. The applied IR-TSE sequence, with adiabatic inver-

sion and full 180° refocussing pulses, allows us to measure only a

small brain slab within legal specific absorption rate limits. The

resulting 8 –10 possible sections are sufficient to cover the region

of interest. To measure the planned number of sections, occasion-

ally, we were forced by the specific absorption rate limit to in-

crease the TR from the nominal 3 seconds up to 3.3 seconds.

Whereas the concomitant slight increase in contrast is welcomed, the

prolonging of scanning time is disadvantageous. For IR-TSE imag-

ing, the application of specific absorption rate–reducing techniques

is possible yet untested for the presently proposed application.

Unlike the specific absorption rate, CSF pulsation is a serious

obstacle. Sharp and contrast-rich images can be reliably acquired

in dorsal thalamic regions where the rather small flow distortions

are controllable by an appropriately chosen phase-encoding di-

rection. However, in a manner strongly dependent on the subject,

IR-TSE images around the ACPC plane can be heavily distorted

by flow artifacts arising from the strong pulsatile CSF flow in the

third ventricle. Often these cannot be suppressed sufficiently by

the flow compensation options of the product TSE sequence.

Moreover, flow-synchronous triggering is far from simple—if not

impossible—for inversion recovery–prepared MR images. Cur-

rently, CSF pulsation artifacts are the reason why only images of

the dorsal aspect of the thalamus are described here.

In this regard, 3 recent studies explicitly described the delin-

eation of thalamic nuclei at 7T.17-19 Abosch et al17 and Deistung et

al18 presented promising images directly dorsal to the ACPC

FIG 5. Comparison between IR-TSE (left column) and TSE (right column) images. The sections are
located approximately 10 mm dorsal to the ACPC plane. The MR images were acquired with a
resolution of 0.52 � 3 mm3 (IR-TSE, TI � 500 ms) and 0.52 � 2.5 mm3 (TSE). In the bottom row, which
is identical to the top row, arrows point to vessels, and arrowheads, to bright spots. The latter are
flow artifacts in the medial thalamus originating from branches of thalamic veins. Note the nearly
complete lack of contrast inside the lateral group of thalamic nuclei, the very faint appearance of the
external medullary lamina, and the pronounced appearance of vessels in the TSE image.

FIG 6. MR contrast for IR-TSE and TSE imaging in thalamic subfields.
The solid and the dashed lines show the calculated contrast between
the nuclei Z.im.i and D.o.i versus the proton-density ratios �D.o.i/�Z.im.i
for the IR-TSE and the TSE sequences, respectively. Note the relative
low dependence of the IR-TSE contrast on variations of the proton-
density ratio.

AJNR Am J Neuroradiol 35:1721–27 Sep 2014 www.ajnr.org 1725



plane. Whereas Abosch et al did not show sections located more
dorsally, images presented by Deistung et al showed no indication
of parcellation in the dorsal aspect of the lateral thalamus. Also the
La.m appears as a rather broad and diffuse band in the quantita-
tive susceptibility map, notwithstanding the extremely high 0.43-
mm3 spatial resolution of the underlying MR images. The white
matter–nulled MPRAGE images of Tourdias et al19 explicitly in-
dicated the nuclei ventral lateral anterior and posterior in the
dorsal thalamus; however, they did not depict a structure similar
to the D.o.i/Z.im.i boundary shown here. The coarser appearance
of the La.m and of boundaries between the nuclei in their axial
images is probably a consequence of the isotropic 1-mm3 resolu-
tion. All these points are not criticism. We just intended to under-
line the importance of determining the most suitable MR imaging
approach to distinguish a particular thalamic nucleus from adja-
cent tissues.

Target definition is a core element in the complex process
necessary for precise stereotactic implantation of brain electrodes.
More precise localization of the supposed optimal target for ther-
apeutic interventions cannot balance the impact of other sources
of error such as image resolution or the mechanical accuracy of
stereotactic systems. However, it reduces the total error of the
procedure and thus promotes a more comprehensive under-
standing of therapeutic outcomes. In that regard, 2 recent stud-
ies29,30 investigated possible issues for neurosurgical targeting due
to higher geometric distortions at 7T. Without dissent, they re-
ported relatively small distortions in the central brain regions and
concluded that targeting is feasible with 7T imaging. Without
question, the assumed advantage of the clear visualization of in-
trathalamic anatomy for DBS planning has yet to be validated. We
expect that among others, the La.m, the boundary between the
nuclei D.o.i and Z.im.i, the boundary between the nuclei D.o.i
and D.o.e, and the dorsal aspect of the centre médian are valuable
landmarks. Because the boundary between the D.o.i and Z.im.i is
located only a few millimeters dorsal to the anterior margin of the
nucleus ventrointermedius internus, it has the potential to pro-
mote a more accurate DBS planning in patients with tremor. The
successful transfer of the imaging protocol to patient scanning is
strongly bound to an effective suppression of any head move-
ment. A thorough comparison of the recorded images of the sub-
ject trained to keep his head very still, on the one hand, with the
images of the other 4 subjects, on the other hand, suggests that
residual head motion may explain the sometimes less compelling
visualization of subfields in the lateral thalamus. Methods of mit-
igating these artifacts used in routine MR imaging investigations
of patients with motor disorders, such as the use of sedative med-
ications or MR imaging– compatible stereotactic head frames, are
not, in our view, feasible options in a 7T context. Instead, pro-
spective motion-correction technologies31 that do not require a
tight fixation of the head present a promising alternative. More-
over, prospective correction of microscopic head motion has al-
ready been demonstrated to be fully compatible with 7T MR
imaging.32

CONCLUSIONS
This feasibility study demonstrates that IR-TSE-based MR imag-

ing at 7T can reveal a high degree of anatomic detail in the dorsal

thalamus. Even if none of the here-visualized subfields are cur-

rently a relevant DBS target, the more general hope for the future

is that precise visualization of well-defined internal thalamic land-

marks will improve the definition of target point coordinates for

stereotactically guided implantation of DBS electrodes.
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Neuroimaging Features and Predictors of Outcome in
Eclamptic Encephalopathy: A Prospective Observational Study

V. Junewar, R. Verma, P.L. Sankhwar, R.K. Garg, M.K. Singh, H.S. Malhotra, P.K. Sharma, and A. Parihar

ABSTRACT

BACKGROUND AND PURPOSE: Posterior reversible encephalopathy syndrome is associated with eclampsia. We assessed the distribu-
tion and nature of typical and atypical cranial MR imaging findings in these patients and their correlation with clinical and laboratory data
and predictors of outcome.

MATERIALS AND METHODS: Forty-five clinically confirmed cases of eclampsia were included in this prospective observational study.
Subjects with hemolysis, elevated liver enzymes, and low platelets syndrome (n � 9) and pre-existing neurologic conditions (1 with cerebral
solitary cysticercus granuloma) were excluded. Patients underwent blood investigations and cranial MR imaging.

RESULTS: Twenty-seven patients had abnormal while 8 had normal MR imaging findings. Involvement of brain regions was as follows:
frontal, 88.89%; temporal, 44.44%; parietal, 100%; occipital, 100%; deep gray matter, 29.63%; cerebellum, 22.22%; brain stem, 14.81%.
Cytotoxic edema was present in 33.33% of cases; 66.67% of patients had mild posterior reversible encephalopathy syndrome; 25.92% had
moderate posterior reversible encephalopathy syndrome; and 7.41% had severe posterior reversible encephalopathy syndrome. Abnormal
neuroimaging findings were significantly associated with altered sensorium; visual disturbances; status epilepticus; and elevated serum
creatinine, uric acid, and lactate dehydrogenase (P � .006, P � .018, P � .015, P � .019, P � .003, and P � .001, respectively). Serum creatinine,
uric acid, and lactate dehydrogenase values and the presence of moderate or severe posterior reversible encephalopathy syndrome were
significantly associated with mortality (P � .001, P � .001, P � .009, and P � .027, respectively).

CONCLUSIONS: Neuroimaging in eclampsia demonstrates a higher incidence of atypical distributions and cytotoxic edema than previ-
ously thought. Altered sensorium; visual disturbances; status epilepticus; and elevated serum uric acid, lactate dehydrogenase, and
creatinine are associated with abnormal neuroimaging findings. Higher serum creatinine, uric acid, and lactate dehydrogenase levels and
moderate and severe forms of posterior reversible encephalopathy syndrome are possible predictors of poor outcome.

ABBREVIATIONS: HELLP � hemolysis, elevated liver enzymes, and low platelets; LDH � lactate dehydrogenase; PRES � posterior reversible encephalopathy
syndrome; UA � uric acid

Hypertensive disorders are the most common medical compli-

cations of pregnancy, with a reported incidence between 6%

and 8%,1 and they are an important cause of severe morbidity and

mortality among mothers and babies. In Africa and Asia, hyperten-

sive disorders of pregnancy, especially pre-eclampsia and eclampsia,

are associated with nearly one-tenth of all maternal deaths.2

Eclampsia is defined as the occurrence of seizures that cannot

be attributed to other causes in a woman with pre-eclampsia.1 The

neurologic manifestations of eclampsia are similar to those of

hypertensive encephalopathy.3,4 Neuroimaging in these patients

shows edema of the cortex and subcortical white matter predom-

inantly involving the occipital lobes. There is complete resolution

of clinical features and most or all radiologic findings at the nor-

malization of the patient’s blood pressure, which can be achieved

with administration of antihypertensive drugs and/or delivery of

the child and placenta.4 This clinicoradiologic entity that re-

gresses in a few weeks with elimination of etiologic factors has

been previously termed “hypertensive encephalopathy,” “revers-

ible posterior leukoencephalopathy syndrome,”5 “reversible pos-

terior cerebral edema syndrome,”6 and “posterior reversible en-

cephalopathy syndrome” (PRES).7 PRES has now become the

preferred term,8 though to some extent, it is a misnomer because

PRES is not always limited to the posterior region of the brain and

is not always reversible. Beyond eclampsia, PRES can be associ-
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ated with hypertension due to other causes, immunosuppressant

therapy (eg, cyclosporine A), antineoplastic chemotherapy, auto-

immune diseases (eg, lupus), infections, sepsis, and shock.5,9

Most studies conducted on the neuroradiologic aspects of ec-

lampsia have had small sample sizes. Additionally, although there

are studies that correlate various clinical and laboratory parame-

ters with abnormalities on neuroimaging,4,8,10 only a few stud-

ies11 provide information about predictors of outcome in eclamp-

tic encephalopathy. The purpose of this study was to determine

the spectrum of MR imaging findings in patients with eclampsia

and to evaluate their correlation with clinical and laboratory data.

We also sought to determine different predictors of outcome of

eclamptic encephalopathy.

MATERIALS AND METHODS
This was a hospital-based prospective observational study con-

ducted from October 2011 to September 2013 and approved by

our institutional ethics committee. Clinically confirmed cases of

eclampsia from the obstetrics and gynecology department of the

hospital that were referred to the neurology department for opin-

ions were included in the study. The following criteria of the

American College of Obstetricians and Gynecologists were used

for the diagnosis of eclampsia: 1) systolic blood pressure of �140

mm Hg or diastolic blood pressure of �90 mm Hg that occurs

after 20 weeks of gestation in a previously normotensive female, 2)

proteinuria of �0.3 g in a 24-hour urine sample, and 3) �1 epi-

sode of seizures.1,12 Subjects diagnosed as having hemolysis, ele-

vated liver enzymes, and low platelets syndrome (HELLP, accord-

ing to Tennessee criteria)13 were excluded from the study because

hematologic abnormalities associated with it might confound

with the interpretation of laboratory data. Those patients with

pre-existing neurologic conditions were also excluded from the

study. All patients were interviewed, examined, and investigated

after written informed consent was obtained.

The blood pressure noted just before the onset of neurologic

symptoms was recorded. For those patients who were not admit-

ted to the hospital when the neurologic symptoms started, the

blood pressure recordings obtained at admission were used. All

patients underwent routine blood investigations, including he-

moglobin, hematocrit, mean corpuscular volume, total leukocyte

count, platelet count, lactate dehydrogenase (LDH), aspartate

transaminase, alanine transaminase, serum creatinine, blood

urea, and serum uric acid (UA) levels. Cranial MR imaging of all

patients was performed between the first and seventh day of the

onset of clinical symptoms in a 1.5T system. The standard proto-

col consisted of T1-weighted spin-echo and T2-weighted spin-

echo and FLAIR sequences along with DWI and ADC maps. T2*-

weighted imaging was included to detect hemorrhage. Cerebral

venous thrombosis was ruled out by using MR venography. None

of the patients received intravenous contrast.

Localization of Lesions and Description
MR imaging of all the cases was screened by 2 experienced neu-

roradiologists blinded to clinical data, and a consensus review was

obtained. Cases were classified as “MR imaging positive” or “MR

imaging negative,” depending on presence or absence of abnor-

malities. MR imaging–positive cases were categorized according

to the involvement of the following locations: frontal, temporal,

parietal, occipital, brain stem, basal ganglia, thalamus, cerebel-

lum, corpus callosum, and periventricular region. In addition, the

presence of restricted diffusion was noted. On FLAIR and T2*-

weighted images, intracranial hemorrhages were noted and fur-

ther categorized as microhemorrhage (�5 mm), intraparenchy-

mal hemorrhage (�5 mm), or subarachnoid hemorrhage.

Severity of PRES
Cases were classified for severity of PRES on the basis of the extent

of hyperintensity, mass effect, and signs of herniation and in-

volvement of atypical locations by using FLAIR imaging14:

Mild: Cortical/subcortical white matter signal-intensity alter-

ations without involvement of periventricular white matter and

without mass effect, or involvement of none or only one of the

following: cerebellum, brain stem, or basal ganglia.

Moderate: Edema involving the cortex and subcortical white

matter without involvement of the periventricular white matter,

with mild mass effect but without midline shift/herniation, or

involvement of 2 of the following: cerebellum, brain stem, or basal

ganglia.

Severe: Edema extending from the cortex to the periventricu-

lar white matter or the presence of midline shift/herniation, or

involvement of all 3 of the following: cerebellum, brain stem, and

basal ganglia.

Treatment
All patients received magnesium sulfate by the Pritchard regimen

immediately at the time of admission. The regimen was aborted

with the appearance of signs of toxicity (absent knee jerks, respi-

ratory rate �16/min, or urine output �25 mL/hr).15 Phenytoin

(loading dose of 20 mg/kg intravenously for 30 minutes followed

by 100 mg every 8 hours) was given in such patients if they con-

tinued to have seizures. Phenytoin was continued for 3 months

after discharge and was then tapered off.16

Blood pressure control was achieved with labetalol (20-mg

intravenous bolus dose followed by 40 mg if not effective within

10 minutes; then 80 mg every 10 minutes to a maximum total dose

of 220 mg).1,12

All patients underwent emergency termination of pregnancy

by the obstetrician.17 Cesarean delivery was performed only for

obstetric indications; the rest of the patients underwent vaginal

delivery, either spontaneously or with induction of labor by using

intracervical dinoprostone.

Clinical follow-up was at 1- and 3-month intervals after dis-

charge. Outcome was assessed in the form of disability and death

by using the modified Rankin scale. Multiple parameters (includ-

ing demographic data, symptoms at presentation, examination

findings, laboratory data, and neuroimaging features) were stud-

ied to determine possible predictors of outcome.

Data analysis was performed by using the Statistical Package

for the Social Sciences, Version 16 (IBM, Armonk, New York).

Discrete data were reported as frequency and percentages, and

continuous data were reported as mean � SD. In univariate anal-

ysis, the Student t test was applied for continuous variables and

the Fisher exact test was applied for discrete variables. In multi-

variate analysis, ordinal logistic regression and binary logistic re-
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gression were used to correlate the severity of PRES and outcome

with different parameters, respectively. A P value � .05 was con-

sidered statistically significant.

RESULTS
Forty-five patients were enrolled. Ten patients were excluded

from the study, 9 for HELLP syndrome and 1 for a solitary cystic-

ercus granuloma on her brain MR imaging. Analysis of the re-

maining 35 cases follows.

Most of the patients (91.43%) belonged to the 20- to 29-year

age group. Thirty cases (85.71%) were primigravida, whereas 5

(14.29%) were multigravida. Apart from seizures, symptoms in-

cluded altered sensorium (94.29%), headache (68.57%), visual

disturbances (28.57%), and focal neurologic deficit (8.57%).

Thirteen (37.14%) patients had status epilepticus. Twenty-eight

(80%) had antepartum eclampsia, 5 (14.29%) had early postpar-

tum eclampsia (first 48 hours postpartum), and 2 (5.71%) had

late postpartum eclampsia (48 hours’ to 4 weeks’ postpartum).

Most patients (32 of 35) underwent MR imaging within 3 days

of the onset of neurologic symptoms. Twenty-seven (77.14%)

cases were MR imaging–positive, while 8 (22.86%) cases were MR

imaging–negative. In the MR imaging–positive cases, the frontal

region was involved in 24 (88.89%) cases; the temporal, in 12

(44.44%) cases; and parietal and occipital regions, in all 27

(100%) cases. The deep gray matter was involved in 8 (29.63%)

cases; the cerebellum, in 6 (22.22%) cases; the brain stem, in 4

(14.81%) cases; the periventricular re-

gion, in 3 (11.11%) cases; and the corpus

callosum, in 4 (14.81%) cases (Fig 1).

Hemorrhages were present in 6

(22.22%) cases. Five had intraparenchy-

mal hemorrhages (3 lobar, 1 pontine,

and 1 caudate), 1 had microhemor-

rhages, and none had subarachnoid

hemorrhage; 33.33% showed the pres-

ence of cytotoxic edema. MR venogra-

phy did not reveal any abnormality in

any patient.

When analyzed for severity, of 27 MR

imaging–positive cases, 18 (66.67%) had

mild PRES, 7 (25.92%) had moderate

PRES, and 2 (7.41%) had severe PRES.

However, neither blood pressure nor any

of the laboratory parameters (serum UA,

serum LDH, and serum creatinine levels)

had any significant correlation with the se-

verity of PRES (Table 1).

When MR imaging–positive patients

were compared with MR imaging–nega-

tive patients, there was no statistically significant difference be-

tween them in terms of mean age and frequency of the presence of

headache, focal neurologic deficit, and edema. However, the dif-

ference was found to be statistically significant for altered senso-

rium (P � .006), visual disturbances (P � .018), and the presence

of status epilepticus (P � .015). The difference among systolic,

diastolic, and mean blood pressure was also statistically insignif-

icant. Values of serum creatinine, serum UA, and serum LDH,

however, were significantly higher in MR imaging–positive cases

(P � .019, P � .003, and P � .001, respectively) (Table 2).

Twenty-nine patients survived and were discharged from the

hospital within 1–2 weeks. Three patients had hemiparesis on

presentation; 2 of them had intracerebral hemorrhage and died

during the hospital stay. The remaining patient had infarct in the

middle cerebral artery territory due to vasospasm, which was

demonstrated on MR angiography. She was discharged with mild

disability. At 1-month follow-up, there was complete recovery in

her disability. Thus, all 29 surviving patients had full recovery (ie,

mRS grade 0) at the end of 1 month. Six patients died during the

hospital stay. Of these, 2 patients died of intraparenchymal hem-

orrhages (pontine and caudate), 2 had severe cerebral edema and

developed signs of herniation during the course of their illness,

one had acute renal failure, and one had acute pulmonary edema.

When baseline parameters of patients who survived and pa-

tients who died were compared, there was no statistically signifi-

cant difference between them in terms of mean age and frequency

ofthepresenceofheadache;alteredsensorium;visualdisturbances; focal

neurologic deficit; status epilepticus; edema of the feet; and sys-

tolic, diastolic, and mean blood pressure. However, it was ob-

served that the mean serum creatinine, serum UA, and serum

LDH values were significantly higher in patients who died (P �

.001, P � .001, and P � .009, respectively). In addition, the pres-

ence of the moderate or severe form of PRES was significantly

more common in these patients (P � .027) (Table 3). On multi-

FIG 1. Distribution of lesions in MR imaging–positive cases.

Table 1: Correlation of various parameters with severity of PRES

Parameters

95% Confidence Interval

P ValueLower Upper
Systolic blood pressure �0.09 0.07 .87
Diastolic blood pressure �0.08 0.14 .56
Serum UA �0.19 0.83 .22
Serum LDH 0.00 0.02 .26
Serum creatinine �3.12 2.33 .78
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variate analysis, however, we could not find any statistically sig-

nificant correlation between outcome and any of these factors.

DISCUSSION
Eclampsia is one of the many causes of PRES. MR imaging of the

brain in PRES is characterized by areas of altered signal intensity

predominantly involving the occipital and parietal regions. The

lesions are usually isointense to hypointense on T1WI and hyper-

intense on T2WI and FLAIR sequences. There is more involve-

ment of white matter than gray matter, which is consistent with

vasogenic edema. Lesions are mostly hemispheric and bilaterally

symmetric.18 Lesions with similar characteristics were detected in

all of our MR imaging–positive cases. With more severe disease,

extensive involvement of the brain occurs along with involvement

of atypical areas like the frontal lobes, temporal lobes, corpus

callosum, cerebellum, brain stem, basal ganglia, and thalami (Figs

2– 4).18 Recently, it has been shown that the anterior regions are

more commonly involved than previously observed. Various

studies have shown that the range of frontal lobe involvement

varies widely from 30% to 78.9%.4,14,19 In our study, the frontal

Table 2: Comparison of demographic data, clinical features, and laboratory data between MRI-positive and MRI-negative patients

MRI-Positive (n = 27) MRI-Negative (n = 8) OR

95% CI

P ValueLower Upper
Age (yr) 24.44 � 3.53 23.87 � 2.47 – �2.16 3.30 .67
Headache 19 5 1.42 0.27 7.44 1.00
Altered sensorium 26 4 26.0 2.29 295.65 .006a

Visual disturbances 17 1 11.9 1.27 111.36 .018a

Focal deficit 3 0 – – – 1.00
Status epilepticus 13 0 – – – .015a

Edema in feet 15 5 0.75 0.15 3.79 1.00
SBP (mm Hg) 164.52 � 17.03 153.75 � 14.07 – �2.70 24.24 .11
DBP (mm Hg) 102.81 � 12.71 98.75 � 9.91 – �5.90 14.03 .41
MBP (mm Hg) 123.85 � 13.39 117.25 � 9.80 – �3.81 17.01 .21
Hematocrit (%) 32.33 � 6.76 32.58 � 6.49 – �5.73 5.25 .93
MCV (fL) 88.97 � 6.02 91.1 � 6.17 – �7.08 2.83 .39
TLC (109/L) 7.83 � 2.23 8.41 � 2.00 – �2.37 1.20 .51
Plt (105/mm3) 1.85 � 0.49 2.00 � 0.29 – �0.52 0.22 .42
AST (IU/L) 47.15 � 17.83 53.13 � 15.22 – �20.15 8.20 .40
ALT (IU/L) 46.48 � 16.12 53.13 � 16.14 – �19.85 6.56 .32
Sr. Creatinine (mg/dL) 1.11 � 0.41 0.74 � 0.14 – 0.07 0.67 .019a

Sr. UA (mg/dL) 9.47 � 2.75 6.31 � 0.76 – 1.14 5.17 .003a

Sr. LDH (IU/L) 458.03 � 107.94 319.50 � 20.50 – 59.69 217.39 .001a

Note:—SBP indicates systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; MCV, mean corpuscular volume; TLC, total leukocyte count; Plt, platelet
count; AST, aspartate transaminase; ALT, alanine transaminase; Sr., serum.
a Significant.

Table 3: Comparison of demographic data, clinical features, and laboratory data of cases with respect to outcome

Survived (n = 29) Deceased (n = 6) OR

95% CI

P ValueLower Upper
Age (yr) 23.86 � 2.76 26.50 � 4.93 – –5.55 0.27 .07
Headache 19 5 0.38 0.04 3.713 .64
Altered sensorium 24 6 – – – .56
Visual disturbances 14 4 0.47 0.07 2.96 .66
Focal deficit 1 2 0.07 0.01 0.98 .07
Status epilepticus 12 1 3.53 0.36 34.19 .38
Edema in feet 16 4 0.62 0.10 3.91 .68
SBP (mm Hg) 159.72 � 17.52 173.33 � 5.16 – �28.45 1.23 .07
DBP (mm Hg) 100.55 � 11.35 108.33 � 14.72 – �18.66 3.10 .16
MBP (mm Hg) 120.76 � 12.79 130 � 10.95 – �20.76 2.19 .11
Hematocrit (%) 32.76 � 6.42 30.53 � 7.79 – �3.82 8.31 .46
MCV (fL) 89.94 � 5.86 87.12 � 6.84 – �2.67 8.32 .30
TLC (109/L) 8.02 � 2.31 7.65 � 1.33 – �1.62 2.38 .70
Plt (105/mm3) 1.88 � 0.49 1.88 � 0.20 – �0.41 0.43 .96
AST (IU/L) 50.17 � 18.09 40.50 � 9.75 – �5.93 25.27 .22
ALT (IU/L) 47.66 � 17.44 49.67 � 7.99 – �16.94 12.92 .79
Sr. Creatinine (mg/dL) 0.88 � 0.26 1.72 � 0.07 – �1.06 .62 �.001a

Sr. UA (mg/dL) 7.89 � 1.54 12.87 � 3.78 – �6.84 �3.10 �.001a

Sr. LDH (IU/L) 404.44 � 109.06 532.33 � 44.68 – �220.90 �34.85 .009a

Positive MRI findings 21 6 – – – .30
Moderate and severe PRES 5 4 0.10 0.02 0.73 .027a

Cytotoxic edema 7 2 0.64 0.10 4.25 .64

Note:—SBP indicates systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; MCV, mean corpuscular volume; TLC, total leukocyte count; Plt, platelet
count; AST, aspartate transaminase; ALT, alanine transaminase; Sr., serum.
a Significant.
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lobe was involved in 88.89% of cases, thus reinforcing the thought

that anterior regions are also frequently involved in PRES.

Hemorrhages in PRES may be seen in as many as 15% of

cases.20 Hefzy et al21 found 3 types of hemorrhages, namely, mi-

crohemorrhages, intraparenchymal hemorrhages, and subarach-

noid hemorrhages, with equal frequency. Susceptibility-weighted

imaging has increased the ability to detect microhemorrhages.

They can be seen in more than half of patients.22 In our study, 6

(22.22%) patients had hemorrhagic lesions. Two of these patients

died; one had pontine hemorrhage and the other had caudate

hemorrhage. In terms of the presence of hemorrhage, the differ-

ence between the surviving (4/29) and deceased (2/6) patients was

statistically insignificant (P � .58).

Therefore, it seems that the site of hem-

orrhage rather than just its presence is

more important.

In our study, 8 (22.86%) patients had

normal brain imaging findings. A recent

study by Brewer et al23 found PRES in

97.9% of patients with eclampsia by us-

ing �1 technique of imaging. They

could find PRES only in 87.2% of pa-

tients by using MR imaging without

contrast, however, which is close to the

case positivity in our study (77.14%).

MR imaging findings in eclampsia may

be normal, especially if the syndrome

had a short duration.19 The clinical

course of MR imaging–negative patients

was more benign because they had less fre-

quent headaches and visual disturban-

ces; none of them had status epilepticus

and none died.

DWI helps to differentiate vasogenic

edema of PRES from cytotoxic edema.24

Focal areas of restricted diffusion (ADC

dark, DWI bright) may be seen in PRES,

however (Figs 2 and 4).19,24 This finding

is believed to be due to compromised

tissue microcirculation, either second-

ary to the mass effect of vasogenic edema

or due to reactionary vasoconstric-

tion.14,25 Although cases with restricted

diffusion have been well-reported, we

found that cytotoxic edema is more

commonly seen than was previously

thought. In our study, cytotoxic cerebral

edema was seen in 33.33% of patients

compared with 17.3% of patients in the

study by McKinney et al in 2007.14 This

higher frequency of cytotoxic edema in

eclampsia is probably due to reactionary

vasoconstriction. Reversible segmental

narrowing of large and medium-sized

cerebral arteries had been well docu-

mented previously in patients with ec-

lampsia on conventional angiography

and MR angiography. A high level of endothelin, a potent vaso-

constrictor peptide seen in patients with eclampsia, might be re-

sponsible for the vasospasm.26

The exact pathogenesis of PRES is not yet completely under-

stood. Extravasation of fluid in the parenchyma is thought to be a

major causative factor.8 This might be related to the disturbance

of the cerebral autoregulation mechanism or endothelial dysfunc-

tion.4,8,25 In PRES with hypertension, dysfunction of cerebral au-

toregulation could be responsible for serum extravasation. How-

ever, PRES does occur without hypertension. It is proposed that

direct endothelial dysfunction leading to an increase in the per-

meability of the blood-brain barrier may be the additional mech-

FIG 2. MR images of the brain of a 25-year-old woman with antepartum eclampsia. A, FLAIR MR
image shows edema involving the cortex and subcortical white matter of the bilateral occipital
and parietal regions and the splenium of the corpus callosum. B, DWI shows hyperintensity in
corresponding areas. C, ADC image shows hyperintensity in the bilateral occipital and parietal
regions but hypointensity in the splenium of the corpus callosum.

FIG 3. FLAIR MR images of the brain of a 19-year-old woman with antepartum eclampsia showing
involvement of bilateral frontal, parietal (A), and cerebellar (B) regions.
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anism responsible for parenchymal fluid extravasation.4,8 Al-

though the exact cause of the endothelial injury in patients with

eclampsia is not known, circulating endothelial toxins or antibod-

ies are thought to be responsible.4

In our study, abnormal neuroimaging was associated with

high serum levels of LDH, which are an indicator of hemolysis.

Endothelial injury causes microvascular hemolysis leading to a

rise in serum LDH levels. In addition, the brain lesions were found

to be associated with high serum UA and serum creatinine levels.

Renal dysfunction secondary to renal endothelial injury results in

a rise in serum levels of UA and creatinine. In our study, the

difference between blood pressure values of patients with or with-

out brain lesions on MR imaging was statistically insignificant.

Therefore, it seems that brain lesions were secondary to endothe-

lial injury, rather than a rise in blood pressure. These findings

correlate with the findings of Schwartz et al4 and Demirtaş et al.8

Recently Gao et al10 showed the relation of serum levels of

LDH with the degree of cerebral edema. However, we did not find

any significant correlation of the severity of PRES with any bio-

marker of endothelial dysfunction. We postulate that eclampsia,

being a multisystem disorder, is associated with widespread en-

dothelial dysfunction. These markers are not specific for the ce-

rebral vascular endothelium. Hence, their elevation suggests just

diffuse endothelial dysfunction, and absolute values may not cor-

relate with the degree of cerebral endothelial dysfunction and thus

with the severity of cerebral edema. Therefore, more studies

are required aiming at correlation between certain specific bio-

markers of cerebral vascular endothelium and the severity of

PRES.

To date, only a few studies11 have commented on predictors of

outcome in eclampsia. In our study, we found that the mean se-

rum creatinine, UA, and LDH values were significantly higher in

patients who died. In addition, the presence of the moderate or

severe form of PRES was significantly higher in these patients as

opposed to the mild form of PRES, which was more common in

surviving patients.

CONCLUSIONS
Neuroimaging in eclampsia demonstrates a higher incidence of

atypical distribution and the presence of cytotoxic edema than

previously thought. Altered sensorium, visual disturbances, pre-

sentation with status epilepticus, and elevated serum UA, LDH,

and creatinine levels are more likely to be associated with abnor-

mal neuroimaging findings. Additionally, higher serum creati-

nine, UA, and LDH levels and moderate and severe forms of PRES

on neuroimaging are possible predictors of poor outcome.
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ABSTRACT

BACKGROUND AND PURPOSE: Studies have suggested that arachnoid villi or granulations found in the walls of the cranial dural sinuses,
olfactory mucosa, and cranial nerve sheaths function as outlets for intracranial CSF. However, their role as CSF outlets has not yet been
verified. Here we show that arachnoid protrusions and contiguous diploic veins provide an alternative drainage route for intracranial CSF.

MATERIALS AND METHODS: Four hundred patients with intact skull, dura mater, and dural sinuses underwent MR imaging to explore
arachnoids protruding into the skull and diploic veins. Patients with symptoms of increased intracranial pressure or intracranial hypoten-
sion were excluded. For 15 patients undergoing craniotomy, both peripheral and diploic venous blood was collected. Albumin and the
CSF-specific biomarkers were measured by enzyme-linked immunosorbent assay.

RESULTS: With MR imaging, arachnoid protrusions into the skull and contiguous diploic veins were consistently identified throughout the
cranium with their characteristic appearance depending on the cranial region. In addition, elevated amounts of prostaglandin D synthase
and cystatin C were confirmed in diploic veins compared with peripheral venous blood.

CONCLUSIONS: Diploic veins are distributed ubiquitously throughout the cranium. A portion of the intracranial CSF may be drained
through arachnoid protrusions and contiguous diploic veins.

ABBREVIATIONS: AP � arachnoid protrusion; CysC � cystatin C; DV � diploic vein; PGDS � prostaglandin D synthase

It has been suggested that arachnoid villi or granulations found

in the walls of the cranial dural sinuses, olfactory mucosa, and

cranial nerve sheaths function as outlets for intracranial CSF.1-4

Arachnoid granulations located adjacent to or in the cranial dural

sinuses have been explored by using a variety of methods, includ-

ing neuroimaging,5-15 postmortem dissection,5,16,17 investiga-

tions by using casting material,18 and ex vivo studies.1 However,

no report has actually shown the process of CSF absorption in

vivo. Diploic veins (DVs) are present throughout the cranium;

however, their distribution and functional implications have

rarely been documented.1,19 One previous MR imaging study

proposed the hypothesis that major pathways of the DVs function

as CSF drainage routes.19

Lipocalin-type prostaglandin D synthase (PGDS) is a major

endogenous � chaperone that is present in the brain and secreted

into the CSF.20,21 It is thought to be a CSF-specific biomarker and

sensitive to inflammatory demyelinating disease,22 Alzheimer dis-

ease,23 and normal pressure hydrocephalus.19 Cystatin C (CysC),

a low-molecular-weight cysteine proteinase inhibitor, is known to

be expressed in greater amounts in CSF compared with plasma.24

The purpose of the present study was to demonstrate that arach-

noid pouches protruding into the skull (APs) and contiguous

diploic veins provide an alternative CSF drainage route by high-

resolution MR imaging; and we also aimed to measure CSF-spe-

cific biomarkers, PGDS, and CysC.

MATERIALS AND METHODS
These studies were performed in accordance with the guidelines

for human research of our institution. Written informed consent

was obtained for all imaging and laboratory studies.

Examinations with MR Imaging and Postmortem
Dissection
All neuroimaging examinations were performed with a 3T MR

imaging scanner equipped with a 32-channel head coil. Four hun-

dred patients (mean age, 52 years) with intact skull, dura mater,

and dural sinuses were selected as subjects. Patients with symp-
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toms of increased intracranial pressure or intracranial hypoten-

sion were excluded. A coronal T2-weighted sequence involving

the whole cranial vault was performed in 150 patients to record all

the APs in the cranial cavity, with parameters as follows: TR,

5598.69 ms; TE, 100.00 ms; section thickness, 1.00 mm; intersec-

tion gap, 0.2 mm; matrix, 230 � 230; FOV, 250 mm; flip angle,

90°; and scan duration, 6 minutes 40 seconds. The remaining 250

patients were analyzed with a coronal T2-weighted sequence fo-

cusing on the pterional region, with parameters as follows: TR,

4038.35 ms; TE, 90.00 ms; section thickness, 2 mm; intersec-

tion gap, 0.2 mm; matrix, 300 � 189; FOV, 150 mm; flip angle,

90°; and scan duration, 4 minutes 25 seconds. A contrast study

with intravenous gadolinium infusion (0.1 mmol/kg), involv-

ing the whole cranial vault, was performed in 100 of 400 pa-

tients with parameters as follows: TR, 4.1 ms; TE, 1.92 ms;

section thickness, 1 mm; intersection gap, 0 mm; matrix, 320 �

320; FOV, 250 mm; flip angle, 13°; and scan duration, 4 min-

utes 25 seconds. Imaging data were analyzed independently by

2 authors (Y.Y. and M.I.).

APs piercing the dura mater were also microscopically ob-

served in an injected postmortem head.

Biochemical Analysis
For 15 patients (6 men and 9 women; mean age, 50 years) under-

going craniotomy, both peripheral and diploic venous blood was

simultaneously collected. In each patient, 5 mL of diploic venous

blood draining from the bony edges was manually aspirated by

using syringes following removal of the bone flap. In 5 patients,

CSF was also obtained intraoperatively. All samples of blood and

CSF were poured into test tubes without any mounting reagent

and were immediately centrifuged to remove cells and debris,

aliquoted, and finally stored in polypropylene tubes at �80°C

until ready for biochemical analysis. Albumin, PGDS, and CysC

were measured in these 15 patients by enzyme-linked immu-

nosorbent assay. Albumin was measured as a reference marker

with a larger molecular weight than PGDS and CysC. Results were

analyzed by using the Wilcoxon signed rank test (SPSS 18.0 soft-

ware package; IBM, Armonk, New York). A P value �.05 was

considered statistically significant.

RESULTS
On MR imaging, APs were roughly classifiable into vesicular, tu-

bular, and extensive types (Fig 1B, -C). In the cerebral convexity,

APs were commonly identified in the parasagittal region, con-

necting to either a linear or branching architecture with variable

thickness, but showing a consistent course in the diploe. These

APs were consistently distributed throughout the pterional region

(Fig 1D), middle cranial fossa (Fig 1E), and posterior cranial fossa

(Fig 1F), with contiguous DVs showing a characteristic course in

each cranial region. DVs appeared with intensity similar to that of

the CSF on noncontrast sequence imaging, whereas they showed

configurations identical to those delineated on contrast-en-

hanced images. Therefore, we have concluded that both methods

visualize the same DVs (Fig 1G, -H). This conclusion also indi-

cates that DVs can appear both as fluid-filled channels and venous

structures on MR imaging.

In 150 patients, the total number of AP-DV pairings located in

the cerebral convexity was 987— 489 on the right and 498 on the

left (Table 1). When the cerebral convexity was divided into 3

parts (anterior, middle, and posterior third; Fig 1A), 55% of the

987 pairings were found in middle, while 27% were identified in

the posterior and 18% were in the anterior part (Table 1). The

mean number of AP-DV pairings in 1 subject was 1.2 (range, 0 –5)

in the anterior part, 3.6 (range, 0 –10) in the middle part, and 1.7

(range, 0 – 8) in the posterior part. In total, an average of 6.6

(range, 0 –17) pairings was found in each subject, with an average

of 6.9 in the population of subjects older than 18 years of age and

2.3 in the population younger than 18 years. In the cerebral con-

vexity, vesicular APs were most predominant and comprised 68%

of 987 pairings, followed by tubular (22%) and extensive (10%)

AP types (Fig 1B).

The total number of AP-DV pairings distributed in the skull

base was 375 in our 150 patients, 159 on the right and 216 on the

left (Table 2). Fifty-three percent of the 375 pairings were located

in the middle cranial fossa, and 47% were located in the posterior

fossa. Neither APs nor DVs were identified in the anterior fossa. In

the middle cranial fossa, AP-DV pairings were twice as often iden-

tified on the left side as on the right. The mean number of pairings

in 1 subject was 1.3 (range, 0 – 8) in the middle cranial fossa and

1.2 (range, 0 –7) in the posterior fossa. In total, an average of 2.5

(range, 0 –11) pairings were found in each subject, with an average

of 2.6 in the population of subjects older than 18 years of age

and 0.6 in the population younger than 18 years of age. In the

skull base, tubular APs were most predominant and comprised

61% of pairings in the middle cranial fossa and 94% in the

posterior fossa, followed by vesicular AP pairings. Extensive

APs were not found in the skull base (Table 2). In 100% of the

subjects studied, at least 1 arachnoid granulation was found in

the superior sagittal sinus, whereas in the transverse sinus, at

least 1 was identified in 23% of subjects on the right and in 37%

of subjects on the left.

In the pterional region, AP-DV pairings were identified in

20% of 250 patients on the right and in 29% of patients on the

left. The identification of these pairings did not depend on

patient age. All of the identified APs were of the tubular type

and were located at the lower surface of the lateral lesser sphe-

noid wing.

In 15 patients who underwent craniotomy in various regions,

albumin (66 kDa), PGDS (19 kDa), and CysC (13 kDa) levels

were measured in the diploic and peripheral venous blood. In

all patients, diploic venous blood was collected with ease. In 5

patients, CSF was also obtained intraoperatively. PGDS and

CysC levels in the CSF were 8278.2 � 1853.4 ng/mL and

2044.6 � 390.5 �g/L, respectively. The PGDS and CysC levels

in peripheral venous blood were 107.9 � 59.3 ng/mL and

237.9 � 77.8 �g/L and 212.4 � 199.8 ng/mL and 294.9 � 94.7

�g/L, respectively. In these 15 patients, the diploic vein/pe-

ripheral vein ratios were significantly elevated for PGDS and

CysC, with values of 2.43 � 1.99 (P � .011) and 1.31 � 0.43

(P � .023), respectively (Fig 3).

On microscopic inspection of the cranial cavity, APs pene-

trated the dura mater through either a single, oval, or slit-like

defect (Fig 2A) or through mesh-like lacunae (Fig 2B). These types

of openings were observed throughout the cranial dura mater,
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especially in the parasagittal region, and, compared with observa-

tions during actual surgeries, a clearer view was obtained in post-

mortem specimens in which bleeds resulting from disruption of

vasculature connecting the dura mater and inner surface of the

skull were less likely to disturb anatomic observations.

DISCUSSION
Despite their normal venous structure, DVs are inconsistently
visualized by conventional neuroimaging techniques, including
digital subtraction angiography.25 They have been infrequently
associated with dural arteriovenous fistulas,26-28 tumorous pa-

FIG 1. Arachnoid protrusions and diploic veins. A, Lateral view of
the cerebral hemisphere shows divisions into anterior (A), middle
(M), and posterior thirds (P). B and C, Coronal T2-weighted MR im-
ages at the midlevel of M show varied APs: tubular (B and T); vesic-
ular and located at the convexity (B and Vc) or parasinus region (B
and Vp); and extensive (C and E) with contiguous DVs (arrows). D–F,
DVs (arrows) on coronal T2 images at the midlevel of A, M, and P
correspond to D, E, and F, respectively. G and H, Coronal T2 (A) and
postcontrast (B) images at the same level demonstrate a DV
(arrows).

Table 1: Location of AP-DV pairings in the cerebral convexity
Right Left Total

A 98 77 175 (18%)
M 257 288 545 (55%)
P 134 133 267 (27%)

489 498 987

Note:—A indicates anterior third; M, middle third; P, posterior third.

Table 2: Number of AP-DV pairings in the skull base
AF MF PF

Right 0 69 90
Left 0 130 86
Tubular 0 121 (61%) 165 (94%)
Vesicular 0 78 (39%) 11 (6%)
Extensive 0 0 0

Note:—AF indicates anterior fossa; MF, middle fossa; PF, posterior fossa.
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thologies,29,30 and sinus pericranii.31 The distribution of DVs in
the whole cranium is difficult to assess by intraoperative local
observation or postmortem dissection because DVs lie intraosse-
ously, surrounded by hard cortical bone. However, high-resolu-
tion MR imaging has now made the delineation of these fine
structures possible in vivo.

A previous investigation revealed the
major pathways of the cranial DVs.19

These pathways are distributed exten-
sively throughout the cranium; in fact, at
least 1 major route could be interrupted
during any standard craniotomy proce-
dure. In our 15 patients, diploic venous
blood was collected without difficulty, re-
gardless of the type of craniotomy.

The present study focused on delineat-
ing the APs and contiguous DVs through-
out the cranium. By a combination of T2-
weighted sequences and contrast images,
APs and contiguous DVs were consistently
visualized throughout the cranium with
their characteristic appearance dependent
on their regional location. Of note, while
various types of APs were delineated in the
cranial cavity, all the identified APs in the
pterional region were the tubular type. In
addition, our laboratory investigation of

PGDS and CysC levels confirmed that CSF and dissolved, low-mo-
lecular-weight proteins can pass through APs into DVs—that is, DVs
function not only as venous channels formed in the diploe with
abundant mutual connections with the extracranial venous sys-

tems19 but also as CSF drainage pathways to the extracranial spaces.

In the physiologic condition, gadolinium did not permeate the

FIG 2. Gross appearance and schema of arachnoid protrusions and contiguous DVs. A and B, Postmortem specimen shows an arachnoid
protrusion (asterisk) at the cerebral convexity that penetrates the dura mater (D) through a smooth-contoured single defect (A, arrow) or
mesh-like lacunae (B, arrow). C–E, Schematic drawings of vesicular (C), tubular (D), and extensive types (E) of AP. AM indicates arachnoid
membrane; IT, inner table; OT, outer table; SAS, subarachnoid space; V, cortical vein.

FIG 3. Diploic vein/peripheral vein ratios for PGDS and CysC.
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blood-brain barrier to dissolve into CSF,32,33 while DVs were well-
enhanced on contrast examination. This enhancement indicated that
gadolinium moved in the arterial blood stream to reach the arterioles
and capillaries of the dura mater, next passing through the venules,
and finally pouring into DVs. Furthermore, our laboratory results
showed that PGDS and CysC could permeate APs and dissolve into
DVs in the context of a normal range of intracranial pressure. There-
fore, we considered that some quantity of intracranial CSF may drain
through APs and DVs (Fig 2C–E).

The next step for these investigations would be the quantifica-
tion of differences in CSF permeability in each cranial region and
differences in CSF permeability in the context of increased intra-
cranial pressure. Because various factors relevant to the proteo-
mics experiments could have influenced the outcome of this
study,24 it will be important to provide confirmation of the valid-
ity and reproducibility of the PGDS and CysC results and verifi-
cation by other appropriate biomarkers. Despite the shortcom-
ings in our methodology, we believe that the present preliminary
results convincingly support the notion that at least a fraction of
intracranial CSF is drained through APs and DVs.

In the present study, the number of APs identified in the pop-
ulation older than 18 years of age was, except for in the pterional
region, more than 3-fold higher compared with number of APs
observed in patients younger than 18 years of age. As previously
suggested,34 the maturation of the dura mater may be related to
the development of APs.

CONCLUSIONS
APs and contiguous DVs are distributed throughout the entire

cranium and can be delineated by high-resolution MR imaging.

Some portion of the intracranial CSF may be physiologically

drained through AP-DV pairs.
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diplö. J Neurosurg 2007;107:841– 43

19. Tsutsumi S, Nakamura M, Tabuchi T, et al. Calvarial diploic venous
channels: an anatomic study using high-resolution magnetic reso-
nance imaging. Surg Radiol Anat 2013;35:935– 41

20. Urade Y, Hayashi O. Prostaglandin D synthase: structure and func-
tion. Vitam Horm 2000;58:89 –120

21. Yamashima T, Sakuda K, Tohma Y, et al. Prostaglandin D synthase
(beta-trace) in human arachnoid and meningioma cells: role as a
cell marker or in cerebrospinal fluid absorption, tumorigenesis,
and calcification process. J Neurosci 1997;17:2376 – 82

22. Huang YC, Lyu RK, Tseng MY, et al. Decreased intrathecal synthesis
of prostaglandin D2 synthase in the cerebrospinal fluid of patients
with acute inflammatory demyelinating polyneuropathy. J Neuro-
immunol 2009;206:100 – 05

23. Kanekiyo T, Ban T, Aritake K, et al. Lipocalin-type prostaglandin D
synthase/beta-trace is a major amyloid beta-chaperone in human
cerebrospinal fluid. Proc Natl Acad Sci U S A 2007;104:6412–17

24. Carrette O, Burkhard PR, Hughes S, et al. Truncated cystatin C in
cerebrospinal fluid: technical [corrected] artefact or biological pro-
cess? Proteomics 2005;5:3060 – 65
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A Novel Technique for the Measurement of CBF and CBV with
Robot-Arm-Mounted Flat Panel CT in a Large-Animal Model

O. Beuing, A. Boese, Y. Kyriakou, Y. Deuerling-Zengh, B. Jöllenbeck, C. Scherlach, A. Lenz, S. Serowy, S. Gugel, G. Rose, and M. Skalej

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular therapy is an emerging treatment option in patients with acute ischemic stroke and
especially in cases presenting late after symptom onset. Information about remaining viable tissue as measured with perfusion imaging is
crucial for proper patient selection. The aim of this study was to investigate whether perfusion imaging with C-arm CT in the angiography
suite is feasible and provides measurements comparable with ones made by CTP.

MATERIALS AND METHODS: The MCA was occluded surgically in 6 sheep. Perfusion studies were performed before surgery, immediately
after, and at 3 hours after MCA occlusion by using a robotic flat panel detector C-arm angiographic system. For comparison, conventional
CTP was performed at the same time points. Two different protocols with the C-arm CT were tested. Images were analyzed by 2 readers
with regard to the presence and size of perfusion abnormalities.

RESULTS: With C-arm CT, perfusion abnormalities were detected with a high sensitivity and specificity when vessel occlusion was
confirmed by criterion standard DSA. No difference was found between lesions sizes measured with the 2 C-arm CT protocols and CTP.
Growth of the CBV lesions with time was captured with C-arm CT and CTP.

CONCLUSIONS: In this small study, it was feasible to qualitatively measure CBV and CBF by using a flat panel detector angiographic system.

Stroke is a major cause of death and disability throughout the

world. IV thrombolysis within 4.5 hours of symptom onset

remains the only therapy with benefit for patients so far, as proved

by randomized trials.1-3 However, the results of studies investi-

gating endovascular approaches indicate that the outcome of pa-

tients with large-artery occlusions may be improved in compari-

son with IV thrombolysis.4-8

Perfusion measurements are useful in selecting patients most

likely to benefit from revascularization because they provide in-

formation about the ratio of infarct core to penumbra. This is

especially true for those patients presenting outside the therapeu-

tic time window for IV thrombolysis.

Despite the potential value of MR imaging or CTP measure-

ments, these studies are often not performed because there is no

solid evidence that they improve outcome, there is a significant

time cost in obtaining the measurements, and they only provide a

snapshot of a dynamic process.9 The ability to obtain these measure-

ments in the angiography suite would eliminate the last 2 objections.

Several experimental and clinical studies have demonstrated that

measurement of CBV is feasible by using C-arm CT.10-12 More re-

cently, CBF was measured in healthy swine and canines with such a

system.13,14 We report our experience using a modified C-arm sys-

tem to measure steady-state CBV and also to make dynamic mea-

surements of CBF in an experimental sheep stroke model.

MATERIALS AND METHODS
Creation of Stroke
The experiments were performed in accordance with the guide-

lines and with written consent of the local ethics authorities.

Stroke was successfully created surgically in 6 of 7 German Black-

headed sheep (1 animal died during surgery from ventricular fi-

brillation). For surgery, the animals were placed in a supine posi-

tion on the angiography table. General anesthesia was inducted

with propofol; isoflurane was used for maintenance. Vital param-

eters were monitored continuously. Surgery was necessary be-

cause in sheep, the ICA develops from a rete mirabile, which is
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formed by extracranial arteries at the skull base (Fig 1A). The

vertebral arteries also join the rete. The intracranial vessels of both

sides are connected via communicating arteries. Despite the anat-

omy, which does not allow direct access to the middle cerebral

artery by catheterization, we chose sheep because of their gyren-

cephalic brain, which is larger than that in other animals used for

experimental stroke studies.

The technique for surgical MCA occlusion has been described

elsewhere in detail.15 In short, trepanation of the skull was fol-

lowed by incision of the dura mater near where the MCA surfaces.

The artery was then occluded by electrocoagulation. Due to ana-

tomic variations in branching of the MCA, the M1 segment could

not always be occluded. In 2 cases, only a large M2 branch was

occluded. Intra-arterial DSA was performed before surgery to

document the vascular anatomy and patency of the intracranial

arteries and afterward to confirm artery occlusion (Fig 1B).

Data Acquisition
CBV and CBF perfusion measurements were performed with C-

arm CT and with a conventional CT scanner. The C-arm of the

flat panel angiography system is mounted on a robot arm (Artis

zeego; Siemens, Erlangen, Germany), which, due to modifications

of the software configuration, allows very fast serial forward and

backward rotations, with data acquisition in both directions.

With C-arm CT, 2 different protocols were tested. Each com-

prised 7 rotations (sweeps) of the C-arm before and after contrast

administration (baseline and fill runs). The main differences be-

tween the 2 protocols lie in the duration of sweeps and the number of

projections per rotation. The parameters for the first protocol (slow

scan) were as follows: 7 sweeps with a duration of 4.43 seconds each;

a 1.57-second pause between 2 sweeps; rotation angle, 200°; rotation

speed, 60° per second; 248 projections per rotation; angulation step,

0.8°/frame. The second protocol (fast scan) also comprised 7 sweeps,

but with a duration of 2.83 seconds each; a 1.57-second pause be-

tween rotations; rotation angle, 200°; rotation speed, 100° per sec-

ond; 133 projections per rotation; angulation step, 1.5°/frame. The

x-ray tube voltage was 90 kV in both protocols.

For CTP, a Somatom Emotion 6 (Siemens) was used. The

animals were placed on the CT table in a supine position. The

head was tilted so that axial images ori-

ented at the frontal skull base by using the

topogram could be acquired. To mini-

mize lateral tilting, we adjusted the head

by using the laser guide. After contrast in-

jection, the scan was started and the con-

trast bolus was followed for 60 seconds

with 1 acquisition every second.

Identical injection parameters were

used for C-arm CT and CTP: IV adminis-

tration of 42-mL iomeprol (Iomeron 400;

Bracco Imaging, Konstanz, Germany)

with a power injector (Tennessee; Ulrich

Medical, Ulm, Germany) with a flow rate

of 6 mL/s and an x-ray delay of 12 sec-

onds. The injection parameters were de-

termined by testing different injection

protocols with varying amounts of con-

trast media, flow rates, and delays in 2 an-

imals not included in this study. Total scan duration from the

start of baseline runs to the end of the measurement amounted to

approximately 100 seconds for the slow scan and 75 seconds for

the fast scan and CTP, respectively. The radiation dose for the

C-arm system was 1.2 �Gy per projection based on the availability

of the hardware and software at that time. Dose-length product

was 1047 mGy-cm for CTP.

Because surgery was performed on the angiography table, imag-

ing with C-arm CT was started immediately after postsurgical DSA.

CTP was performed in the adjacent room within 15 minutes after

perfusion measurement with C-arm CT. The animal was left in the

CT scanner for 3 hours for the second postsurgical measurement and

then transported back to the angiography suite. In addition, perfu-

sion imaging with both modalities was performed before vessel oc-

clusion. After completion of the protocols, the animals were

euthanized.

Number of Datasets
Of 84 possible datasets in 7 sheep, only 60 (22 before and 38 after

surgery) were evaluated (Table 1). Reasons for exclusion of data

were death from cardiac failure during surgery (n � 12), failed

vessel occlusion (n � 8), failed contrast injection (n � 2), and

inability to open the datasets (n � 2). Because reconstruction of

the data with the prototype software was time-consuming and

performed after completion of the protocol, the failed contrast

injection and the corruption of datasets were not observed during

the course of the procedure. In the case of failed vessel occlusion,

DSA could not confirm the success of the surgery. The reason was

formation of a blood clot around a catheter that was left in the

arteries feeding the rete mirabile for postsurgical DSA. As a result,

ipsilateral DSA did not show intracranial vessels and contralateral

DSA was not sufficient to depict the vessels on the operated side.

Perfusion studies were performed nevertheless because the neu-

rosurgeon was confident that the MCA was occluded.

Postprocessing and Data Analysis
The CTP data were calculated by using commercially available

software (VPCT; Siemens) and also with prototype software

FIG 1. Intracranial vessels before (A) and after (B) vessel occlusion (black arrow). Contrast
material was injected near the rete mirabile (white arrow in A). The MCA surfaces shortly after
branching off the ICA (black asterisk in A), which also gives rise to the posterior cerebral artery.
Due to early branching, the complete MCA territory was not affected.
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developed and provided by Siemens.16 This calculation was per-

formed to find out whether the different software implementa-

tions would yield similar results with the same data and also to

avoid a bias of one algorithm over the other. The data acquired

with the C-arm CT were only compatible with the prototype soft-

ware. So, at every time point (before surgery, immediately and 3

hours after surgery) 4 datasets, each consisting of 1 CBV and 1

CBF color map, were acquired per animal (Fig 2). MTT and TTP

were not calculated because the prototype software was not opti-

mized for these parameters.

The arterial input function was chosen manually at the ICA

close to the site where it originates from the rete mirabile or the

MCA on the side opposite the MCA occlusion (Fig 3). Both the

time-attenuation curves and the arterial input functions are un-

dersampled because of the limited temporal resolution (slow ro-

tation) of the C-arm. Specifically, there is only 1 measurement

time point per sweep. The intermediate values for all 1-second

steps were determined by a bicubic spline interpolation.

Positioning of the head of the animals in the angiographic

system was different from that in the CT scanner to allow unin-

hibited rotation of the C-arm. This required reformatting to gen-

erate comparable images concerning section orientation and

thickness. Anatomic detail in the perfusion maps acquired was

not sufficient to allow automatic registration, so matching of the

CT and C-arm images had to be performed on a syngo worksta-

tion (Siemens) on a visual basis by an experienced neuroradiolo-

gist who did not take part in the evaluation. The volume datasets

acquired with the C-arm system were displayed on the worksta-

tion and adjusted by using reference lines, so that the final axial

images paralleled the frontal lobe as it did in the CT images. The

result of this procedure was directly compared with the timely

matching CTP images of the same animal and was further cor-

rected, if necessary, to achieve the best possible agreement.

After anonymization, the color maps were transferred to a

certified OsiriX PRO workstation (aycan Digitalsysteme, Würz-

burg, Germany). They were randomly presented with regard to

the time of acquisition and animal subject and were evaluated by

2 experienced neuroradiologists who were blinded to the surgical

status. Each neuroradiologist was asked to decide whether perfu-

sion abnormalities were present, and if present, to measure the

size in the section exhibiting the largest lesion on a visual basis.

Statistical Analysis
Interobserver reliability was calculated by using the Cohen � value

and was classified according to the Landis and Koch17 scale. Sen-

sitivity and specificity for the detection of perfusion deficits, with

DSA-proved vessel occlusion serving as the criterion standard,

were determined for each protocol and for both readers. For com-

parison of the measured sizes of the perfusion lesion, a 2-tailed

Student t test was applied to search for differences between the 2

readers. A pair-wise testing was performed to compare the differ-

ent protocols.

RESULTS
Interobserver agreement was “substantial” for the fast scan (� �

0.72), “almost perfect” for the slow scan (� � 0.86), and “perfect”

for CTP (� � 1.00). Sensitivity and specificity for the detection of

perfusion lesions with the different protocols for both readers are

outlined in Table 2. With regard to the C-arm protocols, specific-

ity was higher and sensitivity was lower for the fast rather than the

slow scans for both readers. For the data obtained with CTP and

Table 1: Overview over the acquisition of datasets
C-Arm 3
Seconds

C-Arm 5
Seconds

CTP
Prototypea

CTP
VPCTb

Sheep 1
Pre v v v v
0 Hours v v v v
3 Hours v v v v

Sheep 2
Pre v v v v
0 Hours v v v v
3 Hours v v v v

Sheep 3
Pre v v v x
0 Hours x x v v
3 Hours v v v v

Sheep 4
Pre x v v v
0 Hours x x x x
3 Hours x x x x

Sheep 5 x x x x
x x x x
x x x x

Sheep 6
Pre v v v v
0 Hours v v v v
3 Hours v v v v

Sheep 7
Pre v v v v
0 Hours v v v v
3 Hours v v v v

Total 14 15 16 15

Note:—Pre indicates data acquired before surgery; v, sets that were acquired as the
protocol demanded and that were included in the evaluation; x, excluded datasets
(The reasons are explained in the text) .
a Datasets acquired with CTP and calculated with the prototype software.
b Datasets acquired with CTP and calculated with the commercial software VPCT
(Siemens).

FIG 2. Color maps of CBF and CBV for all protocols 3 hours after
vessel occlusion on the left side. Perfusion deficits are clearly visible,
but image quality is impaired by streak artifacts, especially in the fast
scan. The prototype is CTP data processed with the prototype soft-
ware. VPCT is CTP data processed with commercial software.
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calculated with the commercial and the prototype software, sen-

sitivity and specificity were 100%.

The average size of the CBF lesions as measured with CTP was

8.3 � 3.0 cm2; and for CBV, 7.1 � 2.7 cm2. Compared with CTP,

the sizes of those lesions that were correctly identified by both

readers in the C-arm protocols did not differ significantly in pair-

wise testing. Reader 2 tended to measure smaller sizes than reader

1, but this difference was significant only for CBV immediately

after surgery (P � .039). CBF lesions were significantly larger

than CBV lesions in all protocols (P � .006 for the slow scan,

for the other protocols P � .001). No significant changes of

CBF lesion sizes were noted with time (P � .33). In contrast,

CBV lesions were significantly larger 3 hours after vessel occlu-

sion than immediately after surgery (P � .034). Reader 1 cor-

rectly identified perfusion deficits in 3 datasets that were not

detected by reader 2. Reader 2 did not detect a lesion that was

overlooked by reader 1.

DISCUSSION
In ischemic stroke, several factors influ-

ence patient outcome. These comprise,

among others, time from symptom onset

to recanalization, collateral flow, throm-

bus size, and location of the vessel occlu-

sion. IV thrombolysis is the standard

therapy for patients without contraindi-

cations and presenting within 4.5 hours

after symptom onset, but endovascular

therapy may be more effective in patients

with occlusion of major cerebral arteries.

Additionally, several works indicate that

interventional recanalization might be

beneficial in patients presenting outside

the therapeutic window accepted for IV

thrombolysis.18,19 However, this rela-

tively new treatment option has drawbacks as well. One is the

invasive nature of the procedure with the risk of severe or fatal

complications. Consequently, interventional treatment should

only be performed in cases with a reasonable chance for improve-

ment of outcome. This alone requires more detailed information

regarding the ratio of ischemic core to penumbra than is necessary

for initiation of IV thrombolysis. There is evidence that perfusion

imaging, though not generally recommended for treatment deci-

sions, serves the purpose of proper patient selection.20-22 It might

help not only in deciding whether to treat patients but also in

refraining from therapy even if the patient presents early after

symptom onset. Another drawback of endovascular recanaliza-

tion is that the time from imaging to treatment start is substan-

tially longer than that for IV thrombolysis. Perfusion imaging is

only a snapshot of a dynamic process that cannot predict the

speed at which ischemia becomes final infarction. Therefore, sav-

ing time is also an essential requirement in optimizing both the

efficacy and safety of interventional therapy.

Because performing imaging in the angiographic suite by us-

ing the novel C-arm CT addresses both issues, this small study was

performed to evaluate whether it is possible, with the described

technique, to gain relevant information about brain perfusion

with the same device used for therapy, and, consequently, to save

time.

The results are encouraging because perfusion lesions were

detected in a high or very high percentage with the tested C-arm

CT protocols in animals with DSA-proved vessel occlusion. Com-

pared with CTP, the sensitivity was lower for most C-arm CT

protocols, but on the other hand, all lesions were small, with the

largest matching the size of the human basal ganglia.

The sizes of the perfusion deficits varied considerably among

the animals. These differences were due to anatomic variations

of the MCA. In some animals, early branching of the MCA was

observed and not all branches could be visualized after surfacing.

This finding resulted in partial MCA infarction. In other cases,

electrocoagulation apparently led to occlusion of the ICA with

infarction of the whole anterior circulation territory. Neverthe-

less, pair-wise testing revealed comparable results with regard to

size for the C-arm protocols and CTP. The smallest correctly

identified lesion had an area of only approximately 2.5 cm2. That

FIG 3. Manually chosen arterial input function in the ICA near the skull base and corresponding
time-attenuation curve.

Table 2: Sensitivity and specificity for lesion detection shown
separately for each reader and protocol

Reader 1 Reader 2

Occl. No Occl. Occl. No Occl.
Fast

Positive 8 0 6 0
Negative 1 5 3 5
Sensitivity 88.9% 66.7%
Specificity 100% 100%

Slow
Positive 9 1 8 1
Negative 0 5 1 5
Sensitivity 100% 88.9%
Specificity 83.3% 83.3%

Prototype
Positive 10 0 10 0
Negative 0 6 0 6
Sensitivity 100% 100%
Specificity 100% 100%

VPCT
Positive 10 0 10 0
Negative 0 5 0 5
Sensitivity 100% 100%
Specificity 100% 100%

Note:—Occl. indicates occlusion.
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reader 2 tended to measure a smaller size for all lesions might be

the effect of evaluating datasets of the whole brain. Different sec-

tions might have been chosen. However, a more conservative ap-

proach to measurement might be taken into account as well.

Size differences between CBF and CBV lesions were measured

at both time points, and CBV lesions were larger after 3 hours than

immediately after surgery. These size differences of the CBV le-

sions were significant with all protocols. This finding probably

reflects growth of the infarct core with time. That enlargement of

CBV lesions found in all protocols and not only in CTP suggests

that C-arm CT might be capable of depicting changes of brain

perfusion, even if small. This possibility might have an impact on

treatment decisions. Perfusion measurement with C-arm CT can

be performed not only before therapy but at any time during

endovascular stroke intervention. There are thus scenarios in

which this information might influence treatment decisions. One

such situation could be a difficult intervention with partial recan-

alization. If no improvement of functional outcome can be ex-

pected, the intervention might as well be terminated so that the

patient is not exposed to unnecessary risk of complications due to

the intervention. In addition, stent placement in the acute phase

with all its negative consequences such as dual-antiplatelet ther-

apy might be avoided if perfusion maps indicate a large infarct

with little viable parenchyma. Of course, the presented data can-

not serve as a basis for validating the use of this technique for such

decisions. However, the encouraging results support further ef-

fort to reach the goal of making stroke imaging in the angiography

suite feasible. C-arm CT already allows the exclusion of intracra-

nial hemorrhage in many cases, and intracranial vessels can be

well-depicted.23-26 Also, measurement of CBV was feasible by us-

ing a C-arm CT.10-12 The described technique may additionally

provide information about dynamic perfusion parameters.

There are several limitations in this study. First, only a small

number of animals were examined. Therefore, the results should

be interpreted with caution concerning statistical significance.

Nevertheless, a positive trend with regard to lesion detection

seems to exist. The complete and irreversible occlusion of a major

intracranial artery led to large CBV lesions already in the early

phase. Therefore, their enlargement was only slight, and signifi-

cance might have occurred by chance. Therefore, whether pro-

gression of the core infarct can be depicted with C-arm CT re-

mains unclear with this small sample number.

Second, we did not quantify perfusion changes. One reason

was that the slow temporal sampling rate leads to an underesti-

mation of the arterial input function; consequently, because CBF

values are inversely proportional to the area under the arterial

input function, CBF would have been overestimated.27 Moreover,

our focus was to find out whether assessment of dynamic perfu-

sion parameters was feasible in a new large-animal model. How-

ever, quantification is possible as was demonstrated by Ganguly et

al.13 They stated that CBF measured with C-arm cone beam CT

correlated well with that from CTP, but in this work, multiple

injections and multiple acquisitions were performed to overcome

the temporal resolution limits of the C-arm system, whereas we

chose a protocol with a single injection and only 1 fill run.

Third, we chose sheep for our experiments because the tech-

nique of surgical occlusion was described and sheep have a larger,

gyrencephalic brain, as opposed to that in most other animal

stroke models. However, we were not aware that the attenuated

bony anatomy of the sheep skull would cause such marked streak

artifacts compared with humans. We did not appreciate this

drawback during the experiments because postprocessing was

performed after having completed the protocol for the animal.

When we realized the occurrence of these artifacts, we initially

tried to eliminate other possible causes like movement induced by

the ventilation tube, exact centering of the brain, or minimizing

overlying material needed for anesthesia. The artifacts were more

pronounced in the fast scans. Although image quality was not

assessed systematically, these artifacts might explain the lower

sensitivity compared with the other protocols.

Finally, to ensure the best possible image quality, we chose a

high-system x-ray dose. It is likely that new system hardware and

advanced software will provide further dose reduction in the fu-

ture. A dose measurement with an Alderson phantom is being

planned.

CONCLUSIONS
With the described technique, we demonstrated that measure-

ment of CBV and, additionally, CBF as a dynamic perfusion pa-

rameter is feasible by using the novel C-arm system. Information

about brain perfusion considered helpful in modern concepts of

diagnosis and treatment of acute ischemic stroke may be derived

with the same device. This small study supports the effort of fur-

ther development of a technique that may have the potential to

improve management of patients with acute severe stroke by sav-

ing time from diagnosis to treatment and by adding information

for proper patient selection.
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ORIGINAL RESEARCH
FUNCTIONAL

Time-Shift Homotopic Connectivity in Mesial Temporal
Lobe Epilepsy

Q. Xu, Z. Zhang, W. Liao, L. Xiang, F. Yang, Z. Wang, G. Chen, Q. Tan, Q. Jiao, and G. Lu

ABSTRACT

BACKGROUND AND PURPOSE: Voxel-mirrored intrinsic functional connectivity allows the depiction of interhemispheric homotopic
connections in the human brain, whereas time-shift intrinsic functional connectivity allows the detection of the extent of brain injury by
measuring hemodynamic properties. We combined time-shift voxel-mirrored homotopic connectivity analyses to investigate the alter-
ations in homotopic connectivity in mesial temporal lobe epilepsy and assessed the value of applying this approach to epilepsy lateral-
ization and the prediction of surgical outcomes in mesial temporal lobe epilepsy.

MATERIALS AND METHODS: Resting-state functional MR imaging data were acquired from patients with unilateral mesial temporal lobe
epilepsy (n � 62) (31 left- and 31 right-side) and healthy controls (n � 33). Dynamic interhemispheric homotopic architecture seeding from each
hemisphere was individually calculated by 0, 1, 2, and 3 repetition time time-shift voxel-mirrored homotopic connectivity. Voxel-mirrored
homotopic connectivity maps were compared between the patient and control groups by using 1-way ANOVA for each time-shift condition,
separately. Group comparisons were further performed on the laterality of voxel-mirrored homotopic connectivity in each time-shift condition.
Finally, we correlated the interhemispheric homotopic connection to the surgical outcomes in a portion of the patients (n � 20).

RESULTS: The patients with mesial temporal lobe epilepsy showed decreased homotopic connectivity in the mesial temporal structures,
temporal pole, and striatum. Alterations of the bihemispheric homotopic connectivity were lateralized along with delays in the time-shift
in mesial temporal lobe epilepsy. The patients with unsuccessful surgical outcomes presented larger interhemispheric voxel-mirrored
homotopic connectivity differences.

CONCLUSIONS: This study showed whole patterns of dynamic alterations of interhemispheric homotopic connectivity in mesial tem-
poral lobe epilepsy, extending the knowledge of abnormalities in interhemispheric connectivity in this condition. Time-shift voxel-
mirrored homotopic connectivity has the potential for lateralization of unilateral mesial temporal lobe epilepsy and may have the
capability of predicting surgical outcomes in this condition.

ABBREVIATIONS: HC � healthy controls; mTLE � mesial temporal lobe epilepsy; ts � time-shift; VMHC � voxel-mirrored homotopic connectivity

Interhemispheric communication and coordination facilitate

information processing in the human brain.1,2 Thus homotopic

connections represent a fundamental characteristic of brain anat-

omy and function3,4 and have been considered an important in-

dicator for depicting the physiologic and pathologic features of

the brain. On the basis of resting-state functional MR imaging

measurements, an approach based on voxel-mirrored homotopic

connectivity (VMHC) quantifies the interhemispheric homo-

topic connections by measuring the functional connectivity be-

tween each voxel in 1 hemisphere and its mirrored counterpart.5

Zuo et al5 found age-related increases in interhemispheric func-

tional connectivity in the primary sensorimotor areas and de-
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creases in the higher order processing areas, which provided in-

sight into the evolution of brain development. Studies have also

revealed specific alterations of homotopic connection in a cohort

of brain diseases.6-8 Decreased VMHC in schizophrenia has been

suggested to reflect the substantial impairment of interhe-

miespheric coordination in these patients.6 Anderson et al7 found

homotopic connectivity alterations related to behavioral and de-

velopmental abnormalities in autism.7 More recently, studies

have further correlated functional homotopic connectivity with

microstructural impairment in multiple sclerosis8 and idiopathic

generalized epilepsy.9

In contrast to the brain disorders featuring abnormal connec-

tion pathways as mentioned above,6,8 mesial temporal lobe epi-

lepsy (mTLE) is a location-related disease characterized by hip-

pocampal sclerosis.10 Unilateral mTLE can cause bilateral and

distributed brain impairments due to seizure propagation via the

mesial temporal epileptic network.11-13 Resting-state fMRI stud-

ies have shown asymmetric connections between bihemi-

spheres14-16 and decreased connectivity between bilateral hip-

pocampi in mTLE.17,18 These findings suggest that there are intra-

and interhemispheric connection abnormalities in unilateral

mTLE. However, neither the homotopic alterations of whole-

brain functional connectivity nor the relationship between asym-

metric lesions and interhemispheric communication in this dis-

ease has been investigated.

fMRI-based VMHC provides a feasible way to observe the

whole-brain homotopic connectivity alterations in mTLE. How-

ever, the conventional nondirectional functional connectivity

measure, as used in VMHC, cannot detect the connection abnor-

malities resulting from deficits of the seed or target region. Re-

cently, Lv et al19 proposed a time-shift (ts) analysis for resting-

state functional connectivity. They quantified the temporal shift

correlation between time courses of each voxel and global mean

signal19 and correlated the time shifts with the extent and degree

of perfusion delay in patients with stroke.19,20 In addition, our

previous study used time-shift correlation analysis to demon-

strate the sequential effects of epileptic discharges on intrinsic

network connectivity in children with absence epilepsy.21 Thus,

time-shift delays in resting-state spontaneous connectivity were

assumed to reflect brain hemodynamics and could measure the

degree of brain injury; time-shift analysis also provides directional

information as a measure of functional connectivity.21 In the cur-

rent work, we combined the time-shift connectivity with the

VMHC technique and applied them to resting-state fMRI data

from patients with unilateral mTLE. We hypothesized that this

strategy would allow us to assess the whole-brain homotopic con-

nection impairments resulting from different hemispheres and

may potentially be a tool for epileptic focus lateralization and

surgical outcome prediction in mTLE.

MATERIALS AND METHODS
Subjects
Sixty-two patients with unilateral mTLE (31 left-sided and 31

right-sided) were recruited (demographic and clinical informa-

tion are detailed in the Table). Part of the patient population (23

patients with left-sided mTLE) was reported in our previous work

in which the Granger causal information of the hippocampus in

left-sided mTLE was estimated.13 Diagnosis of mTLE was per-

formed according to the International League Against Epilepsy

2001 classification based on a comprehensive evaluation, includ-

ing seizure history and semiology, neurologic examination, diag-

nostic MR imaging, and electroencephalography records in all

patients. Patients were selected on the basis of several criteria: 1)

Patients who were young and middle-aged were included (pa-

tients younger than 18 years or older than 50 years were exclud-

ed); 2) patients who exhibited identifiable structural MR imaging

abnormalities other than hippocampal sclerosis, such as cortical

dysplasia, vascular malformation, or tumor were excluded.

Twenty patients of the 62 underwent standard anterior temporal

lobectomy: Fourteen cases (8 left- and 6 right-sided mTLE) had

successful surgical outcomes, and 6 cases (4 left- and 2 right-sided

mTLE) had unsuccessful outcomes. A successful outcome was

defined as seizure-free with or without auras at the latest fol-

low-up that occurred at least 1 year after the surgery, which satis-

fies the International League Against Epilepsy Outcome Criteria 1

or 222 and Engel category 1A or 1B.23 No postoperative MR im-

aging data were used in this article.

Moreover, healthy controls (HC) (n � 33) were recruited from

the hospital staff. These controls did not have neurologic or psychi-

atric disorders at the time of the study. There were no differences in

ages and sexes between the controls and patients (Table).

This study was approved by the local Medical Ethics Commit-

tee, and written informed consent was obtained from all the

participants.

Data Acquisition
We acquired functional and structural images in patients and HC

by using a Trio 3T scanner (Siemens, Erlangen, Germany). We

used foam padding to minimize head motion. We acquired rest-

ing-state functional images by using a single-shot, gradient-re-

called echo-planar imaging sequence (250 volumes, TR � 2000

ms, TE � 30 ms, flip angle � 90°, FOV � 240 � 240 mm2,

Demographic and clinical information of patients and healthy controls

Characteristic L-mTLE (n = 31) R-mTLE (n = 31) HC (n = 33)
ANOVA
(P Value)

L-mTLE vs R-mTLE
(P Value)

L-mTLE vs HC
(P Value)

R-mTLE vs HC
(P Value)

Age (yr) 26.5 � 8.4 29.7 � 8.5 26.7 � 7.3 .231a .146c .903c .144c

Sex 19 M/12 F 16 M/15 F 21 M/12 F .592b .442d .846d .330d

Successful outcome 8 6 N/A N/A N/A N/A N/A
Unsuccessful outcome 4 2 N/A N/A N/A N/A N/A

Note:—N/A indicates not applicable; L, left; R, right.
a One-way analysis of variance.
b Kruskal-Wallis ANOVA.
c Two-sample t test.
d �2 test.
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intersection gap � 0.4 mm, voxel size � 3.75 � 3.75 � 4 mm3, 30

transverse sections aligned along the anterior/posterior commis-

sure). Subjects were instructed simply to rest with their eyes

closed, not to think about anything in particular, and not to fall

asleep. Subsequently, we acquired high-resolution 3D T1-

weighted anatomic images in a sagittal orientation by using a

magnetization-prepared rapid acquisi-

tion of gradient echo sequence (TR �

2300 ms, TE� 2.98 ms, flip angle � 9 °,

FOV � 256 � 256 mm2, voxel size � 1 �

1�1 mm3, 176 sections without intersec-

tion gap).

Data Preprocessing
Functional image preprocessing was per-

formed by using the DPARSF 2.2 (http://

www.restfmri.net) and SPM8 (Wellcome

Department of Imaging Neuroscience,

London, UK; http://www.fil.ion.ucl.ac.

uk/spm) toolkits. We excluded the first 10

images to ensure steady-state longitudinal

magnetization, and then we corrected the

remaining images for temporal differ-

ences and head motion. No translation or

rotation parameters in any given dataset

exceeded �1 mm or �1°. We then coreg-

istered individual 3D T1 images to func-

tional images. The 3D T1-weighted ana-

tomic images were segmented into gray

matter, white matter, and CSF by using

unified segmentation.24 Then, a nonlin-

ear spatial deformation was calculated

from the gray matter images to a gray

FIG 1. Workflow for time-shift voxel-mirrored homotopic connectivity calculation. A, Ts-VMHC of
seeding from the left hemisphere. The left side was set as the seeding side; the right side, as the
targeting side. The 0 TR, 1 TR, 2 TR, and 3 TR shifted time-courses of each voxel on the targeting side
(blue line) were separately correlated with the time course of the mirrored voxel on the seeding side
(red line), which generated 0 TR, 1 TR, 2 TR, and 3TR ts-VMHC hemispheric maps of the seeding (left)
side. B, Similarly, 4 hemispheric ts-VMHC maps of the right side were also generated when taking the
right hemisphere as the seeding side and the left hemisphere as the targeting side.

FIG 2. Group comparisons of ts-VMHC maps between the patients and healthy controls. The left and right hemispheric ts-VMHC maps (0 TR,
1 TR, 2 TR, and 3 TR) of each patient group were compared with those of the HC by using 2-sample t tests (P � .05, AlphaSim corrected) under
ANOVA. For a better visualization, we combined the comparison results of the left and right hemispheric ts-VMHC maps with a whole-brain
map. The mesial temporal structures, limbic/paralimblic areas, and striatum areas show time-shift-dependent VMHC decreases.
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matter template in Montreal Neurological Institute space. This

transformation was then applied to the functional images,

which were resectioned at a resolution of 3 � 3�3 mm3. The

data were bandpass-filtered (0.01– 0.08 Hz). Linear regression

was performed to remove the effect of 6 head-motion-averaged

signals from the CSF, white matter, and the global brain sig-

nal.25 The residual images were further coregistered to a sym-

metric template according to previous studies.5,8 The symmet-

ric template was created as follows: First, all participants’

normalized gray matter images were averaged to create a mean

normalized gray matter template. This template was then av-

eraged with its left-right mirrored version to generate a group-

specific symmetric template.5 Finally, we spatially smoothed

the images with an 8-mm full width at half maximum isotropic

Gaussian kernel.

Time-Shift Voxel-Mirrored Homotopic Connectivity
We combined the time-shift analysis19 with voxel-mirrored ho-

motopic connectivity analysis.5 We first took the left hemisphere

as the seeding side and the right hemisphere as the targeting side.

The 0 TR, 1 TR, 2 TR, and 3 TR shifted time-courses of each voxel

on the targeting side were separately correlated with the time

course of the mirrored voxel on the seeding side, which generated

0 TR, 1 TR, 2 TR, and 3 TR ts-VMHC hemispheric maps of the

seeding (left) side. Similarly, 4 hemispheric ts-VMHC maps of the

right side were also generated when taking the right hemisphere as

the seeding side and the left hemisphere as the targeting side (Fig

1). The correlation maps were then converted to z scores by using

the Fisher r-to-z transformation.

Group Comparisons of ts-VMHC
In the second-level analyses, the left and

right hemispheric ts-VMHC maps (0 TR,

1 TR, 2 TR, and 3 TR) of each patient

group were compared with those of the

HC by using a 2-sample t test (AlphaSim

corrected P � .05, combined height thresh-

old P � .01, and extent threshold k � 20

voxels). For a better visualization, we com-

bined the comparison results of the left and

right hemispheric ts-VMHC maps with a

whole-brain map (Fig 2 and On-line Table).

Laterality Analyses of ts-VMHC
To quantitatively identify the difference

between the left and right hemispheric ts-

VMHC and to further determine whether

the ts-VMHC could be used for mTLE lat-

eralization, we performed a voxelwise lat-

erality analysis. In each individual of all 3

participant groups, the right hemispheric

ts-VMHC map was subtracted from the

left hemispheric ts-VMHC map and the

results were divided by the summation of

both maps. Then the laterality (hemi-

spheric) maps of all 3 groups of partici-

pants were compared by using 1-way

ANOVA implemented in SPM8 in each

time-shift condition (P � .05, AlphaSim correction). Then, a post

hoc region of interest– based analysis was subsequently per-

formed. The ROIs were selected from the above ANOVA result in

3 TR time-shift conditions. The laterality values in the ROIs were

extracted for ANOVA among the 3 participant groups (Fig 3).

Predicting Surgical Outcomes of ts-VMHC
We performed a preliminary analysis to retrospectively investi-

gate the relationship between ts-VMHC and surgical outcomes of

mTLE. Twenty patients who underwent anterior temporal lobec-

tomy were included. The patients with right-sided mTLE (R-

mTLE) were left-right flipped to produce a homogeneous left-

sided mTLE dataset. We calculated the difference of VMHC

between bihemispheres by subtracting the connectivity values of

the contralateral side from those of the lesional side (ie, the epi-

leptogenic side). Subsequently, the interhemispheric differences

were compared by using 2-sample t tests between the patients

with successful surgical outcomes and those with unsuccessful

outcomes.

RESULTS
Group Comparison Results of ts-VMHC
On the basis of the comparison of the results of VMHC without

time-shift (ie, 0 TR shift), both patient groups showed decreased

homotopic connectivity in the regions of limbic/paralimbic areas

(mainly in the mesial temporal structures including the hip-

pocampus/parahippocampus, temporal pole, amygdala, and in-

sula) and striatum areas (mainly in the putamen and pallidum)

relative to the HC (P � .05 AlphaSim correction). Along with the

FIG 3. Laterality index analysis of ts-VMHC in mTLE. A, Group comparisons of voxelwise later-
ality maps of ts-VMHC. Along with the delay of time shifts, a more significant difference of
VMHC laterality was found among the patient groups and healthy controls. B, Region of inter-
est– based laterality analysis confirmed the above results. The region of interest was selected
from the group comparing the result of voxelwise laterality map of ts-VMHC (white circle).
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time-shift delays, the decreases in homotopic connectivity in both

hemispheres tended to be weaker, whereas the decreases on the

lesioned side (ie, the left side in the left-sided mTLE and the right

side in the right-sided mTLE patients) were more persistent. Until

the 3 TR shift, only the difference in the mesial temporal struc-

tures of the lesioned side survived. No increase in homotopic

connectivity was detected in the patient groups (On-line Table

and Fig 2).

Laterality Analyses of ts-VMHC
Along with the time-shift delays at 1 TR, 2 TR, and 3 TR, the

results of the 1-way ANOVA among subject groups showed more

significant laterality of homotopic connectivity in the mesial tem-

poral structures. Post hoc region-of-interest analyses repeated the

above 3 TR time-shifted ANOVA results (Fig 3). Along with time

shifts of 1 TR, 2 TR, and 3 TR, the difference between the patients

with left-sided mTLE and those with right-sided mTLE became

more significant (P � .001 in 1 TR, P � .001 in 2 TR, and P � .001

in 3TR).

Predicting Surgical Outcomes
The preliminary analysis correlating ts-VMHC with surgical out-

comes showed that the patients with unsuccessful surgical out-

comes had larger VMHC differences between the hemispheres

than those with successful outcomes at each time-shift condition

(1 TR-shifted, P � .001; 2 TR-shifted, P � .001; 3 TR-shifted, P �

.008). Moreover, along with time shifts of 1 TR, 2 TR, and 3 TR,

the interhemispheric VMHC differences increased in both the

groups with successful and unsuccessful outcomes (Fig 4).

DISCUSSION
In this study, we innovatively combined time-shift functional

connectivity analysis with VMHC analysis and applied them to

data from patients with unilateral mTLE. First, our results showed

decreased homotopic connectivity in the
mesial temporal structures, temporal
pole, and striatum in mTLE, which pro-
vided the first complete picture of inter-
hemispheric connectivity abnormalities
in mTLE. Second, we found that the alter-
ations in the bihemispheric homotopic
connectivity led to lateralization along
with time-shift delays in patients with
mTLE. This finding suggests that ts-
VMHC may have the potential for later-
alization of unilateral mTLE. Third, the
hemispheric differences in homotopic
connectivity were related to surgical out-
comes in patients with mTLE, which indi-
cates that the time-shift homotopic con-
nectivity may be predictive of surgical
outcomes in mTLE.

We first revealed the whole-brain pat-
terns of altered homotopic connectivity
in mTLE. We found that the mesial tem-
poral structures, including the hippocam-
pus and parahippocampal gyrus, showed
decreased homotopic connectivity, con-
sistent with previous studies.14,15,17 Fur-

thermore, we found decreased homotopic connectivity in the
temporal pole, amygdala, insula, putamen, and pallidum. These
regions have been regarded as key nodes in the mesial temporal
epileptic networks and play important roles in the generation,
propagation, and modulation of epileptic activity.14,26 Imaging
studies have demonstrated structural27,28 and functional abnor-
malities in these regions.29-33 Thus, we considered that reduced
homotopic connectivity might result from nodal impairments of
these regions in mTLE. Moreover, studies have proposed a variety
of propagation patterns of epileptic activity from the originating
focus to the contralateral side; the limbic structures and basal
ganglia are the important nodes within the propagation path-
way.34,35 Here we cautiously proposed another explanation, that
time-shift-dependent alterations of VMHC of these regions
might represent propagations of epileptic activity.

Along with the time-shift delays, the decreases of the bihemi-
spheric homotopic connectivity were more lateralized in patients
with unilateral mTLE. The lesioned side showed more persistent
decrease in homotopic connectivity.5 We introduced a time-shift
functional connectivity analysis, different from the conventional
VMHC approach, which provided directional information to
identify connectivity abnormalities resulting from different nodal
impairments. Time-shift functional connectivity was first pro-
posed by Lv et al19 in their fMRI study on stroke. They proposed
that the time-shift delays in resting-state fMRI connectivity rep-
resent the hemodynamics/perfusion property of stroke and could
be used to measure the extent of the brain lesions.19,20 Here, we
assume that different decreases in the time-shift homotopic con-
nectivity between the hemispheres may result from different he-
modynamic properties between the hemispheres in mTLE. Previ-
ous studies showed that the epileptic focus presented interictal
hypoperfusion in mTLE.36,37 This finding confirmed our hypoth-
esis that the strategy of combining time-shift functional connec-
tivity with VMHC had the potential to lateralize unilateral mTLE.

FIG 4. Ts-VMHC and prediction of surgical outcomes of mTLE. The interhemispheric VMHC
differences were compared by using 2-sample t tests between the patients with successful
surgical outcomes and those with unsuccessful outcomes. The patients with unsuccessful sur-
gical outcomes had larger differences than those with successful outcomes at each time-shift
condition. Moreover, along with the time shifts, the interhemispheric VMHC differences in-
creased in both the groups.
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Our preliminary analysis showed that the results of ts-VMHC
could be related to the surgical outcomes in patients with mTLE.
The patients with unsuccessful outcomes had more interhemi-
spheric VMHC differences. The finding suggested that the pa-
tients with unsuccessful outcomes might have more severe lesions
and presented more disruption of interhemispheric communica-
tion. Previous studies have shown that resting-state fMRI has the
capability of predicting surgical outcomes in mTLE.16,38 Different
from those studies that used predefined region-of-interest analy-
sis,16,38 our study used an unbiased voxelwise analysis approach
and simultaneously observed the dynamic property of intrinsic
connectivity in mTLE. Our study provided more comprehensive
information for resting-state fMRI in the prediction of surgical
outcome in mTLE.

Limitations
A few of the limitations in this study are noteworthy. First, we did

not address the possible effects of antiepileptic drugs on fMRI in

the study patients. Second, another presumption of time-shift

connectivity might reflect propagation of epileptic activation; si-

multaneous electroencephalography and fMRI to record interic-

tal epileptic discharges are needed in future studies. Third, the

included patients had detectable hippocampal sclerosis, which

might weaken the significance of epilepsy lateralization. Future

study on patients with negative MR imaging findings is needed to

validate this study. Finally, this work only observed the interhemi-

spheric homotopic connectivity; measures of intrahemispheric

and whole-brain connectivity might benefit from the understand-

ing of the underlying mechanisms of connectivity alterations in

epilepsy.

CONCLUSIONS
This study combined time-shift functional connectivity analysis

with VMHC analysis and observed ts-VMHC alteration in pa-

tients with mTLE. The results showed the whole-brain pattern of

aberrant interhemispheric connectivity in mTLE and further im-

plicated the associated nodal impairment. Moreover, our study

provided a novel fMRI approach that has potential value for epi-

leptic focus lateralization and predicting the surgical outcome of

mTLE.
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ORIGINAL RESEARCH
FUNCTIONAL

Brain Structure and Function in Patients after Metal-on-Metal
Hip Resurfacing

M.J. Clark, J.R. Prentice, N. Hoggard, M.N. Paley, M. Hadjivassiliou, and J.M. Wilkinson

ABSTRACT

BACKGROUND AND PURPOSE: Hip prostheses that use a metal-on-metal articulation expose the brain to elevated metal concentrations
that, in acute excess due to prosthesis malfunction, is associated with neurologic damage, including visual and hearing loss and motor
deficits. Here, we examined whether chronic exposure to lower elevated metal levels, typical of well-functioning prostheses, also affects
brain structure and function.

MATERIALS AND METHODS: We compared brain volumes, metal deposition, and gray matter attenuation by MR imaging and clinical
neurologic function in patients 8 years after receiving a metal-on-metal hip resurfacing versus a matched group of patients with the same
duration exposure to a conventional hip prosthesis.

RESULTS: Twenty-nine patients (25 men; mean, age 59 � 7 years) after metal-on-metal hip resurfacing and 29 patients (25 men; 59 � 8
years) after total hip arthroplasty were compared. Whole blood cobalt and chromium concentrations were 5–10 times higher in the
metal-on-metal hip resurfacing group (P � .0001). Occipital cortex gray matter attenuation tended to be lower (P � .005 uncorrected, P �

.05 corrected), and the optic chiasm area tended to be lower (mean difference, �2.7 mm2; P � .076) in the metal-on-metal hip resurfacing
group. Subgroup analyses in 34 patients (17 per group), after exclusion of primary ocular pathology, showed the same trend in gray matter
attenuation in the occipital cortex and basal ganglia and a smaller optic chiasm in the metal-on-metal hip resurfacing group (mean
difference, �3.9 mm2; P � .048). No other structural or functional differences were found between the groups.

CONCLUSIONS: Chronic exposure to metal-on-metal hip resurfacing is associated with subtle structural change in the visual pathways
and the basal ganglia in asymptomatic patients.

ABBREVIATIONS: Co � cobalt; Cr � chromium; MoMHR � metal-on-metal hip resurfacing; PRIME � partially refocused interleaved multiple-echo sequences;
THA � total hip arthroplasty; UPDRS � Unified Parkinson’s Disease Rating Scale

Cobalt (Co) and Chromium (Cr) are common component

materials of joint prostheses, and these metals are released by

many designs of joint replacement but particularly from those

with a metal-on-metal articulating bearing.1,2 Co and Cr cross the

blood-brain barrier and may be deposited in the brain.3,4 Co and

Cr are toxic to neuronal cells in rats, causing brain cell apoptosis

mediated by the � subunit of hypoxia inducible factor-1 path-

way.5-7 Metal toxicity presenting with neurologic deficit is re-

ported in association with malfunctioning hip prostheses and ex-

cessive circulating Co and Cr.8 These neurologic deficits include

visual and hearing loss, peripheral sensory and motor defects,

tremor, and cognitive decline.9,10

In the United States, �500,000 patients have received hip re-

placements by using a metal-on-metal bearing, and most have

well-functioning devices.11 Well-functioning prostheses also re-

lease metal species into the systemic circulation, albeit at much

lower concentrations than those associated with malfunctioning

prostheses. Steady-state median blood Co and Cr concentrations

during 10 years in patients with well-functioning devices are typ-
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ically between 1.5 and 2.5 �g/L, and are 5 to 10-fold higher than

normal physiologic concentrations.12,13 The effect on the brain of

prolonged exposure to these moderately elevated concentrations

of circulating metal for many years is unclear.

We examined whether prolonged exposure to circulating

metal after metal-on-metal hip resurfacing (MoMHR) is associ-

ated with differences in brain structure and function assessed by

MR imaging and clinical neurologic assessment in a group of clin-

ically healthy patients after MoMHR versus an age-, sex-, diagno-

sis-, and time since surgery–matched group of patients who re-

ceived a conventional total hip arthroplasty (THA) that did not

use a metal-on-metal bearing to determine whether this choice of

prosthesis has implications for brain health. We, therefore, chose

demographically similar patients with conventional THA for the

control group, rather than use background population controls, to

minimize potential confounding due to brain structural change as-

sociated with underlying diagnosis or surgical treatment per se.14

MATERIALS AND METHODS
Subjects
We undertook this single-center cross-sectional study at a teach-

ing hospital in the United Kingdom. Patients were recruited as

part of a study examining the systemic effects of metal exposure

after MoMHR (n � 35 patients in each group).15 The study was

approved by a National Research Ethics Service Research Ethics

Committee, and all patients provided written informed consent

before participation. All patients underwent clinical neurologic

examination, including an assessment of extrapyramidal tract

function by using the Unified Parkinson’s Disease Rating Scale

(UPDRS), Part 2 (activities of daily living) and Part 3 (motor).

The UPDRS is a standardized scale used to assess the severity of

Parkinson disease symptoms and has previously been applied to

the quantitation of movement disorders associated with metal

neurotoxicity.16,17 Blood and plasma Co and Cr levels were mea-

sured by inductively coupled plasma–mass spectroscopy, as de-

scribed previously.15

MR Imaging Acquisition
MR images were obtained by using a 3T system (Intera; Phillips

Healthcare, Best, Netherlands) with an 8-channel sensitivity en-

coding head coil. The imaging protocol comprised structural,

functional, and partially refocused interleaved multiple-echo

(PRIME) sequences. 3D T1 magnetization-prepared rapid acqui-

sition of gradient echo images were acquired for volumetric anal-

ysis (TR � 10.5 ms, TE � 4.8 ms, flip angle � 8°, 187 sagittal

sections with 0.8-mm thickness, 256 � 205 mm FOV, acquired

voxel size � 0.8 � 0.8 � 0.8 mm, scan time � 5 minutes 30

seconds). MR images were aligned parallel to the internal auditory

meatus in the coronal plane and parallel with the midline of the

brain in the sagittal plane. Sagittal images were reconstructed to

continuous coronal images with a 0.9-mm section thickness.

The PRIME acquisition sequence was used to simultaneously

measure quantitative relaxation rates, R2 and R2*, and hence R2�,

which is related to magnetic inhomogeneity caused by metal de-

position. The sequence comprised 5 spin-echoes with 9 gradient re-

called-echoes per spin-echo, leading to a total of 45 images per sec-

tion (relaxation time � 3000 ms; spin-echo times � 30, 60, 90, 120,

and 150 ms; gradient-echo times at 3-ms increments for 9 echoes

spaced symmetrically around the spin-echo; recon matrix � 512 �

512; flip angle � 90°; acquired voxel size � 1.44 � 1.8 � 2.5 mm; 14

coronal sections with a section thickness of 2.5 mm; scanning time, 5

minutes 0 seconds). All analyses were made by using the fMRI of the

Brain (FMRIB) Software Library (FSL, Version 4.1.1; http://www.

fmrib.ox.ac.uk/fsl), apart from metal deposition relaxation time

measurements made using the PRIME sequence and optic chiasm

area made using in-house software.

Data Analysis
Brain volume and subcortical nuclear volumes were measured by

using the FSL FMRIB Integrated Registration and Segmentation

Tool (FIRST) and automated segmentation and bias field correction

tool (FAST) after deletion of nonbrain tissue from images by using

the Brain Extraction Tool.18 FAST was applied to estimate total brain

gray and white matter, and FIRST was used to measure brain stem

volumes and the volumes of 7 subcortical regions, including the

amygdala, caudate nucleus, putamen, thalamus, pallidum, hip-

pocampus, and nucleus accumbens. FSLstats (http://www2.

warwick.ac.uk/fac/sci/statistics/staff/academic-research/nichols/

scripts/fsl/fslstats.sh) was used to output numeric data. All measured

volumes were corrected for intracranial volume.

Metal deposition in the brain was assessed by using a relative-

quantitative method with in-house Matlab software (Version 7.9;

MathWorks, Natick, Massachusetts). We have previously used

this method to measure brain iron concentration.19-21 Here we

applied it to Co and Cr quantitation because both Co and Cr in

their stable states (Co II and Cr III) are paramagnetic.22 Briefly,

the method involves processing the images by using a nonlinear

least-squares fitting routine to calculate values for R2�. The

PRIME sequence provides a complete set of simultaneously acquired

and registered T2 and T2* contrast-weighted images for each section,

allowing calculation of the T2 and T2* relaxation times. T2 was cal-

culated from the peak signal of the 5 acquired spin-echoes, and T2*

was calculated from the peak signal from the 5 echoes, including the

first spin-echo and subsequent 4 gradient echoes. R2� was calculated

from the formula R2� � (1 / T2* � 1 / T2) by using the difference in

the fits to the spin-echo and gradient-echo exponential decay curves

from selected regions of interest. This measure indicates the addi-

tional inhomogeneity generated by the metal susceptibility differ-

ence from normal tissue and minimizes effects due to changes in

the T2 relaxation time from other potential sources.

Quantitative measures of gray matter attenuation were

made by using voxel-based morphometry (FSL-VBM, Version

1.1; http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/fslvbm/index.html).23,24

Structural images had the brain extracted by using the Brain Ex-

traction Tool.25 The gray matter was then segmented and regis-

tered to the Montreal Neurological Institute 152 standard space

by using nonlinear registration.26 The resulting images were av-

eraged to create a study-specific template to which the native gray

matter images were nonlinearly registered and corrected for local

expansion or contraction. The modulated gray matter images

were then smoothed with an isotropic Gaussian kernel with a � of

3 mm. Differences in gray matter attenuation were calculated by

threshold free-cluster enhancement by using permutation-based

nonparametric testing (5000 permutations) by using the Ran-
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domize tool within FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

FSLVBM/UserGuide). Image outputs were viewed by using

fslview (http://fsl.fmrib.ox.ac.uk/fsl/fslview/).

The optic chiasm area was measured by using the ViewForum

(Philips Healthcare) region-of-interest software. Manual re-

gions outlining the optic chiasm were added to coronal sec-

tions and were quantitated by using methods described previ-

ously.27 Interobserver repeatability of this method in our

center by using a random sample of 20 subjects showed excel-

lent agreement between 2 observers (linear regression r2 �

0.97, P � .0001).

Statistical Analysis
All between-group analyses were completed by using the un-

paired t test or Mann-Whitney U test when appropriate (Statisti-

cal Package for the Social Sciences, Version 20; IBM UK, Woking,

United Kingdom). The results were considered significant at P �

.05. Voxel-based morphometry analyses were completed by using

the unpaired t test by using the Randomize software of FSL within

the framework of the General Linear

Model. Because this was an explor-

atory study, results were considered

significant at P � .05 corrected for the

number of comparisons, as described

previously.28-30

RESULTS
Twenty-nine of the 35 recruited patients

with MoMHR and 29 of the 35 recruited

patients with conventional THA under-

went brain MR imaging and neurologic

assessment and are included in these

analyses. A key industry in our local population is metal grinding,

and 5 subjects with a history of metal intraocular foreign bodies

that precluded brain MR imaging were excluded from the study, 3

subjects were unable to complete the scanning protocol due to

claustrophobia, and MR imaging data were lost in 4 subjects due

to an archiving failure.

The patient groups were well-matched for age at surgery, sex,

and time since surgery (Table 1, P � .05, all comparisons). Clin-

ical neurologic examination demonstrated no abnormal clinical

findings, with the exception of a benign essential tremor in 1 male

subject with MoMHR and reduced facial expression, bradykine-

sia, and mild spasticity consistent with a mild extrapyramidal dis-

order in 1 man in the conventional THA group. UPDRS scores for

dysfunction in Part 2 (activities of daily living) and Part 3 (motor

symptoms) were similar between the 2 groups (P � .05, both

comparisons). Median visual acuity at 6 meters in the MoMHR

group was 12 (interquartile range, 6.8 –51) in the left eye and 12

(interquartile range, 6.8 –51) in the right eye; and in the THA

group, it was 9 (interquartile range, 9 –33) in the left eye and 12

(interquartile range, 9 –33) in the right eye (P � .05, both com-

parisons). Median blood and plasma Co and Cr levels were 5- to

50-fold higher in patients with MoMHR versus those with THA

(P � .0001, all comparisons, Table 1).

Brain gray matter attenuation measured by voxel-based mor-

phometry was lower in the occipital cortex of the patients with

MoMHR versus those with THA, corresponding to the primary

visual cortex (Fig 1; P � .005, uncorrected; P � .05, corrected). In

view of the location of this difference in gray matter attenuation,

patients were invited to return for clinical ophthalmologic exam-

ination to exclude primary eye pathology as a confounding vari-

able for this analysis. Forty-eight male patients returned for this

examination. Fourteen of these subjects were identified as having

a primary ocular pathology that might contribute to visual corti-

cal dysfunction or optic atrophy, leaving 34 subjects (17 in each

group) for the subgroup analysis. Gray matter attenuation re-

mained reduced in the occipital region (Fig 2, top panel; P � .005,

uncorrected; P � .05, corrected) but was also reduced in the right

and left putamen and the left head of the caudate nucleus (Fig 2,

bottom panel; P � .005, uncorrected; all regions, P � .05, cor-

rected). The optic chiasm area, measured by using Viewforum, was

36.7 � 4.7 mm2 and 39.5 � 6.7 mm2 in the patients with MoMHR

and THA, respectively (mean difference ��2.7 mm; 95% CI, �5.7–

0.2 mm; P � .076). After we removed patients with primary ocular

pathologies and those who did not return for ophthalmic assessment,

FIG 1. Voxel-based morphometric analysis of differences in brain
gray matter attenuation between the MoMHR and THA groups be-
fore exclusion of patients with primary ocular pathology. Compara-
tive areas of gray matter loss in the MoMHR group are highlighted
by using the color bar across the significance value range P � .05 to
P � .001 (uncorrected).

Table 1: Patient characteristicsa

Characteristic MoMHR (n = 29) THA (n = 29) P Value
Age at surgery (yr) 58.9 � 6.8 59.2 � 7.5 .87
Sex (M/F) 25:4 25:4 1.00
Time since surgery (yr) 8.0 � 1.7 7.7 � 2.5 .51
UPDRS: Part 2 (ADLs) deficit 0 (0–1) 1 (0–2) .34
UPDRS: Part 3 (motor) deficit 0 (0–1) 0 (0–1) .76
Whole-blood cobalt (�g/L) 1.72 (1.10–6.01) 0.38 (0.33–0.50) �.0001
Whole-blood chromium (�g/L) 1.42 (1.01–3.86) �0.30 (�0.30 to �0.30) �.0001
Plasma cobalt (�g/L) 1.66 (0.89–4.47) �0.30 (�0.30 to �0.30) �.0001
Plasma chromium (�g/L) 2.52 (1.60-.13) �0.30 (�0.30 to �0.30) �.0001

Note:—ADL indicates activities of daily living.
a Data are mean � SD or median (interquartile range). Analyses of continuous data are MoMHR versus THA by unpaired
t test or the Mann-Whitney U test; analysis of sex distribution is by the Fisher exact test.
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the optic chiasm area was 36.3 � 4.7 mm2 in the MoMHR group and

40.3�6.3 mm2 in the THA group (n�17 per group; unpaired mean

difference, �3.9 mm2; 95% CI, �7.84 to �0.04; P � .048).

Total brain volume and white and gray matter volumes were

similar in both patient groups (as measured by FAST, FSL), as

were subcortical nuclei, basal ganglia, and brain stem volumes

computed by using FIRST, FSL (Table 2,

values corrected for intracranial vol-

ume; P � .05, all comparisons). R2� re-

laxation times in the caudate nucleus,

subthalamic nucleus, pallidum, puta-

men, and white matter were also similar

between groups; this finding indicates

that any possible difference in the level

of metal deposition between the subjects

with MoMHR and those with THA was

below the level of detection available by

using the PRIME sequence (Fig 3; P �

.05, all comparisons).

DISCUSSION
In this study, we found that healthy

asymptomatic patients with confirmed

chronic exposure to elevated circulating

concentrations of Co and Cr after

MoMHR had differences in brain struc-

ture compared with a group of age-,

sex-, and time since surgery–matched

patients with the same underlying dis-

ease, but who had received a conven-

tional hip prosthesis and who had circu-

lating metal concentrations that are

similar to normal physiologic levels.

Patients who had received MoMHR

tended toward lower gray matter atten-

uation in the occipital cortex and basal

ganglia and had a smaller optic chiasm

area than those patients who had re-

ceived a conventional prosthesis, after

exclusion of patients with primary ocu-

lar pathologies from the analysis. We

found no evidence of association be-

tween MoMHR exposure and changes

in brain structural volumes or with

metal accumulation within the subcorti-

cal nuclei or basal ganglia. We also

found no differences in neurologic func-

tion, measured by clinical examination

and UPDRS, and no differences in visual

function, measured by ophthalmologic

assessment, between the groups.

These structural trends, though

small, are consistent with known toxico-

logic effects of Co and Cr on the visual

system observed in patients with acute

exposure to high metal concentrations

associated with prosthesis malfunc-

tion.8-10 Our data suggest that moder-

ately elevated circulating metal concentrations for 8 years after

MoMHR are associated with imaging features in keeping with

possible cell loss in the visual system. A chronic insult to the an-

terior visual pathways has been previously reported in humans to

cause voxel-based changes in the primary visual cortex in the con-

text of glaucoma.31 The rational underpinning of these findings is

FIG 2. Voxel-based morphometric analysis of differences in brain gray matter attenuation be-
tween the MoMHR and THA groups, after exclusion of patients with primary ocular pathology.
The top panel highlights occipital cortex differences between groups; the bottom panel high-
lights differences in basal ganglia between groups. Comparative areas of gray matter loss in the
MoMHR group are highlighted by using the color bar across the significance value range P � .05
to P � .001 (uncorrected).

FIG 3. Quantitation of brain metal deposition by PRIME R2� values (second�1). Analyses are
MoMHR versus THA by the Wilcoxon test, P � .05 for all comparisons.

Table 2: Brain volumesa

Structure (mm3) MoMHR THA P Value
Total brain volume 1.20 � 106 � 75219 1.18 � 106 � 96956 .08
Gray matter 5.89 � 105 � 57984 5.74 � 105 � 67886 .11
White matter 6.14 � 105 � 25380 6.01 � 105 � 34845 .09
Brain stem 22798 � 2407 22187 � 2380 .34
Thalamus 14960 � 989 14710 � 1086 .36
Caudate nucleus 6544 � 505 6615 � 601 .63
Putamen 8512 � 486 8384 � 624 .39
Pallidum 3498 � 339 3518 � 424 .84
Hippocampus 7026 � 670 6952 � 793 .70
Amygdala 2505 � 289 2342 � 402 .08
Nucleus accumbens 729 � 166 715 � 163 .76

a Data are mean � SD and are adjusted for intracranial volume. Analyses are MoMHR versus THA by unpaired t test or
the Mann-Whitney U test.
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that such visual cortex changes are produced by transneuronal

degeneration in patients with optic nerve damage. Visual cortex

abnormalities on voxel-based morphometry consistent with cor-

tical atrophy have also been found in patients with macular de-

generation.32 A recent animal study by Apostoli et al,33 has shown

rabbits with prolonged systemic exposure to Co or Cr in isolation

or combined have optic and auditory neuropathy. Cobalt pro-

duces toxicity in rats, leading to glioma,34 neuroblastoma,35 and

neuronal cell damage.36 In addition, cobalt has a dose-dependent

effect on apoptosis and secondary necrosis in astrocytes, through

the generation of reactive oxygen species and subsequent � sub-

unit of hypoxia inducible factor-1 pathway activation.6

Our FIRST data suggest that this concentration of metal expo-

sure is not associated with a detectable loss in volume of the major

brain structures. Both of our patient groups had brain and sub-

cortical volumes similar to those found in the general population

for individuals of similar age and sex.37 Similarly, although both

Co and Cr may be deposited in the basal ganglia, especially in the

pallidum, putamen, and caudate nucleus,3,4,38 our PRIME analy-

sis of R2� data suggest that this exposure does not result in an

increase in detectable deposition of paramagnetic ions within

these structures. Our methods have been used previously to assess

iron concentration within the basal ganglia of patients with HIV

and Parkinson disease. Concentrations of iron up to 200��/g

tissue wet weight are found in the globus pallidus, red nucleus,

substantia nigra, and putamen regions.39 A previous study

showed a sensitivity of the PRIME sequence R2� relaxation time to

iron deposition of approximately 0.02s/�gFe/g wet weight of tis-

sue.19 In a study to measure R2* in intact postmortem brains

followed by quantitative postmortem brain measurement with

inductively coupled plasma mass spectrometry, Langkammer et

al40 found a formula for R2* (second�1) � 14.3 	 0.27 � [iron

concentration] (mg Kg�1 wet mass). The use of this approach to

detect other metals such as Co and Cr is not so well-developed.

Co, like iron, displays ferromagnetism, while Cr has a lower para-

magnetic susceptibility of 	167�m/10�6cm3mol�1. As a sulfate,

this increases to 	11,800�m/10�6cm3mol�1. No differences

were observed for R2� between the patient groups we studied, but

this may reflect the expected lower sensitivity of the PRIME se-

quence to effects from Co and Cr compared with iron and the

relatively low concentrations of Co and Cr in the brain. Typical

normal levels in the cortex are 2 �g/Kg for Co and 10 �g/Kg for

Cr,4 which are several orders of magnitude lower than those of

iron (50 –250 mg/Kg). If the serum concentration of these ele-

ments was raised by a factor of 50 and they crossed the blood-

brain barrier, the maximum levels of Co and Cr in the brain would

be 
500 �g/Kg, and thus our failure to detect these metals may be

due to insensitivity of the PRIME sequence method to these rela-

tively low metal concentrations compared with iron in brain

tissue.

This is the first study to explore whether chronic exposure to

moderate circulating metal is associated with brain structural and

functional change. It was, by its nature, exploratory and not pow-

ered for analysis of specific brain areas or with a priori knowledge

of potential effect sizes. While we observed some differences in

brain morphometry between the groups, these did not remain

after multiple-comparison correction, possibly related to sample

size. Further study focusing analysis on the visual cortex and basal

ganglia is warranted to confirm these preliminary findings in pa-

tients prescreened for potential confounders such as coexistence

of primary ocular pathology.

CONCLUSIONS
This exploratory study was conducted in a clinically asymptom-

atic population and was cross-sectional in design. The patients

with MoMHR who we studied had circulating metal concentra-

tions that, though elevated, were not indicative of a failing pros-

thesis. We thus aimed to detect subclinical signals to indicate

whether metal exposure due to prosthesis choice is associated

with structural or functional changes in the brain and, if so, which

systems show the greatest signal change. Our detection of subtle

structural changes associated with metal exposure suggests that

further examination of the relationship between metal exposure,

brain structure, and clinical symptoms in a larger group of pa-

tients across a higher concentration range of metal exposure and

for longer periods is warranted to definitively address the rela-

tionship between exposure and structural change and to deter-

mine their clinical relevance.
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Flat Detector Angio-CT following Intra-Arterial Therapy of
Acute Ischemic Stroke: Identification of Hemorrhage and

Distinction from Contrast Accumulation due to
Blood-Brain Barrier Disruption

T. Kau, M. Hauser, S.M. Obmann, M. Niedermayer, J.R. Weber, and K.A. Hausegger

ABSTRACT

BACKGROUND AND PURPOSE: Flat panel detector CT in the angiography suite may be valuable for the detection of intracranial
hematomas; however, abnormal contrast enhancement frequently mimics hemorrhage. We aimed to assess the accuracy of flat panel
detector CT in detecting/excluding intracranial bleeding after endovascular stroke therapy and whether it was able to reliably differen-
tiate hemorrhage from early blood-brain barrier disruption.

MATERIALS AND METHODS: Seventy-three patients were included for retrospective evaluation following endovascular stroke therapy:
32 after stent-assisted thrombectomy, 14 after intra-arterial thrombolysis, and 27 after a combination of both. Flat panel CT images were
assessed for image quality and the presence and type of intracranial hemorrhage and BBB disruption by 2 readers separately and in
consensus. Follow-up by multisection head CT, serving as the reference standard, was evaluated by a single reader.

RESULTS: Conventional head CT revealed intracranial hematomas in 12 patients (8 subarachnoid hemorrhages, 7 cases of intracerebral
bleeding, 3 SAHs plus intracerebral bleeding). Image quality of flat panel detector CT was considered sufficient in all cases supratentorially
and in 92% in the posterior fossa. Regarding detection or exclusion of intracranial hemorrhage, flat panel detector CT reached a sensitivity,
specificity, positive and negative predictive values, and accuracy of 58%, 85%, 44%, 91%, and 81%, respectively. Maximum attenuation
measurements were not valuable for the differentiation of hemorrhage and BBB disruption.

CONCLUSIONS: Flat panel CT after endovascular stroke treatment was able to exclude the rare event of an intracranial hemorrhage with
a high negative predictive value. Future studies should evaluate the predictive value of BBB disruptions in flat panel detector CT for the
development of relevant hematomas.

ABBREVIATIONS: CCT � conventional CT; FPCT � flat panel detector CT; ICB � intracerebral bleeding; PH � parenchymal hematoma

Flat panel detectors in modern angiographic C-arm systems

allow almost instant access to CT-like cranial imaging in the

angiography suite.1-4 While flat panel detector CT (FPCT) is cur-

rently not reliable in depicting ischemic brain lesions, it proved to

be a sensitive tool for the detection of intracranial hematomas in

both experimental and clinical settings.5,6 However, there have

been numerous reports of abnormal contrast enhancement fol-

lowing neurovascular interventions that frequently mimic sub-

arachnoid, intraventricular, or intracerebral hemorrhage.7-9 It is

important to recognize such patterns of temporary blood-brain

barrier disruption in postprocedural imaging because misinter-

pretation may unnecessarily delay anticoagulant/antiaggregant

treatment.

In the present study, we aimed to assess the diagnostic accuracy of

FPCT for the detection of intracranial bleeding immediately after

endovascular stroke therapy and whether it was able to reliably dif-

ferentiate hemorrhage from early blood-brain barrier disruption.

MATERIALS AND METHODS
The study was approved by our local ethics commission.

Subjects
Between May 2008 and December 2011, 100 endovascular stroke

interventions had been performed in our institution. Postinter-

ventional FPCT was not available in 16 patients. Another 11 pa-

tients were excluded from further assessment due to a lack of early

conventional CT (CCT) follow-up as defined below. Finally, 73

patients were included in this retrospective study.
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Acute Stroke Therapy
Acute stroke therapy consisted of endovascular intervention in all

cases with 7 patients (10%) having received a “bridging” dose of

recombinant tissue plasminogen activator intravenously in ad-

vance. Thirty-two patients (44%) were treated by stent-assisted

thrombectomy; 14 patients (19%), by intra-arterial thrombolysis

with urokinase; and 27 patients (37%), by a combination of both.

The mean dose of urokinase administered intra-arterially in 41

patients was 600,000 (range, 150,000 –1,100,000) units. The tech-

nique of endovascular stroke treatment has been described else-

where in the literature.10-12

Flat Panel CT Image Acquisition and Interpretation
Flat panel CT images were acquired on a biplane angiography

system (DynaCT, Axiom Artis dBA; Siemens, Erlangen, Ger-

many) in 64 patients with the following parameters: voltage, 95.5

kV; tube current, 206.5 mA; acquisition time, 12.5 ms per frame;

projection on 30 � 40 cm flat panel size; angulation, 0.4° per

frame; total angle, 220°; exposure time, 20 seconds. In 9 patients,

FPCT imaging was performed on a single-plane angiography sys-

tem (XperCT, Allura Xper FD20 with Xtra Vision; Philips Health-

care, Best, the Netherlands) with the following parameters: volt-

age, 120 kV; tube current, 250 mA; frame speed, 30 frames per

second; acquisition time, 5 ms per frame; total angle, 240°; expo-

sure time, 20.8 seconds; FOV, 48 cm.

Flat panel CT images were assessed for the presence of sub-

arachnoid hemorrhage, intracerebral bleeding (ICB), and BBB

disruption by 2 readers (T.K., with 9 years of experience in radi-

ology, Austrian board-certified radiologist, European board-cer-

tified neuroradiologist; M.H., with 7 years of experience in radi-

ology, Austrian board-certified radiologist) separately, followed

by consensus reading. Both readers were aware of which vessel

had been occluded initially; however, they were blinded to further

clinical data and conventional CT results. Pathologic intracere-

bral hyperattenuations were considered the result of BBB disrup-

tion if the borders of anatomic structures or vascular territories

were clearly respected (Fig 1). If this criterion was not applicable

because of small size, the differentiation between BBB disruption

and ICB was made at the discretion of the observer (Fig 2). Ac-

cording to Fiorelli et al,13 we divided hemorrhagic transforma-

tions of cerebral infarcts into 4 subtypes: hemorrhagic infarction

type I, hemorrhagic infarction type II, parenchymal hematoma

type I, and parenchymal hematoma type II. Subarachnoid hem-

orrhage was classified as suggested by Fisher et al.14 The diagnostic

quality of FPCT images was assessed by both readers in consensus

(sufficient versus insufficient). Supratentorial image quality was

considered good if a hemorrhage or BBB disruption could be

detected or excluded with high confidence. With respect to typical

FPCT artifacts in the posterior fossa, infratentorial image quality

was considered sufficient if a parenchymal hematoma13 and a

subarachnoid hemorrhage Fisher type 3 or 4 could be detected or

FIG 1. Blood-brain barrier disruption (asterisks) and subarachnoid hemorrhage (arrows) following combined intra-arterial thrombolysis
(1,000,000 U of urokinase) and thrombectomy in a 62-year-old female patient with occlusion of the left middle cerebral artery (admission
modified Rankin Scale score, 5; stroke time to admission uncertain; recanalization-to-follow-up CCT, 19.1 hours). Hyperattenuations in the left
hemispheric sulci (SAH) sharply confined to the ipsilateral striatum (BBB disruption) are clearly visible on postinterventional FPCT (A) and
confirmed by CCT (B and C).

FIG 2. Flat panel CT immediately after stent-assisted recanalization
of a carotid bifurcation occlusion with intravenous thrombolytic
bridging therapy in a 72-year-old male patient (admission modified
Rankin Scale score, 4; stroke time to admission, �3 hours; recanaliza-
tion-to-follow-up CCT, 14.7 hours). Focal hyperattenuation (arrow) of
the right hippocampus is believed to be due to contrast enhance-
ment attributable to disruption of the blood-brain barrier.

1760 Kau Sep 2014 www.ajnr.org



excluded with high confidence (Fig 3). It was considered good if

the readers were highly confident in detecting or excluding any

hyperattenuation attributable to hemorrhage or BBB disruption.

Both readers performed maximum attenuation measure-

ments in pathologically hyperattenuated regions with a pre-

defined size of the region of interest (10 mm2).

Conventional CT Image Acquisition and Interpretation
Conventional head CT imaging was performed on a 2 � 32 de-

tector row dual-source CT scanner (Somatom Definition; Sie-

mens) on average 17.2 hours (mean, 17.5 hours; range, 0.6 – 45.9

hours) after FPCT. Typically, a single noncontrast CT acquisition

was obtained ranging from the vertex to the craniocervical junc-

tion at an angle parallel to the skull base. Data were acquired in a

caudocranial direction with the following CT parameters: pitch

factor, 0.55; collimation, 64 � 0.6 mm; reconstructed section

thickness, 4 mm; FOV, 220 mm; tube voltage and current, 120 kV

and 300 mA; 64 sections per rotation at a rotation time of 1 sec-

ond. Conventional CT, serving as the criterion standard for the

detection and exclusion of intracranial hemorrhage, was evalu-

ated by a single reader (K.A.H., with 26 years of experience, Aus-

trian board-certified radiologist, European board-certified inter-

ventional radiologist). This radiologist was aware of which vessel

had been occluded initially; however, he was blinded for further

clinical data and FPCT results. Pathologic intracerebral hyperat-

tenuation was thought due to BBB disruption if the borders of

anatomic structures or vascular territories were clearly respected.

Statistics
In a first step, descriptive statistics were calculated. We used the

McNemar test and � statistics (GraphPad Prism software;

GraphPad Software, San Diego, California) to compare FPCT

with CCT for its ability to detect or exclude hemorrhage in gen-

eral, SAH, ICB, and BBB disruption. The degree of agreement was

assessed by sensitivity, specificity, positive and negative predictive

values, and accuracy, including 95% confidence intervals

(VassarStats; Vassar College, Poughkeepsie, New York). Inter-

rater reliability was assessed by using � statistics. After dividing

FPCT hyperattenuation into SAH, ICB, and BBB disruptions, we

used the median test to compare median values of maximum

attenuation measurements in true-positive and false-positive re-

gions. A value of P � .05 was considered significant. The data were

analyzed by using GraphPad and VassarStats, which are freely

available on-line software tools.

RESULTS
Patient Characteristics
Of 73 patients, 39 were women and 34 were men with a median

age of 70 years (range, 31– 85 years). The thromboembolic clot

was located in the M1 segment of the middle cerebral artery in 35

patients, in the carotid bifurcation in 16 patients, in both the

proximal internal carotid artery and middle cerebral artery in 4

patients, and in the basilar artery in 18 patients. Twenty-six pa-

tients were admitted to the emergency department with a modi-

fied Rankin Scale score of 4, and 47 patients, with a score of 5. In

38 patients (52%), the time interval from stroke onset to initial CT

was below a threshold of 3 hours. It was above 3 hours in 9 cases

(12%) and entirely uncertain in 26 patients (36%).

Image Quality
In the supratentorial compartment, FPCT image quality was

considered sufficient in all cases (100%). Infratentorially, it

was rated sufficient in 67 cases (92%) and insufficient in the

remaining 6 (8%).

Intracranial Hemorrhage
Conventional CT revealed an intracranial hematoma in 12 of 73

patients (16%). Of these, 8 subjects had SAH, and ICB was found

in 7 patients. In 3 cases, both SAH and ICB were reported in the

diagnostic test of reference. The On-line Table gives an overview

of the findings of both readers. When comparing FPCT with CCT,

the difference in their ability to detect or exclude intracranial

bleeding in the follow-up of endovascular stroke treatment was

found to be not statistically significant (reader 1, P � .30; reader 2,

P � .58). However, the degree of agreement proved to be only fair

(� � 0.36; 95% CI, 0.07– 0.65) and moderate (� � 0.41; 95% CI,

FIG 3. Correlation of image quality in an 84-year-old male patient (admission modified Rankin Scale score, 5; wake-up stroke, time to admission
uncertain; recanalization-to-follow-up CCT, 22.2 hours). A, After mechanical recanalization of the right middle cerebral artery, FPCT shows
moderate ring artifacts, however, no complication in the form of intracranial bleeding. B, Follow-up CCT depicts ischemic infarction of the
ipsilateral putamen and no hemorrhage. C, Limited image quality of FPCT in the posterior fossa due to beam-hardening artifacts is evident.
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0.12– 0.70), respectively. Consensus reading led to 7 true-positive,

52 true-negative, 9 false-positive, and 5 false-negative results.

Consequently, FPCT reached sensitivity, specificity, positive and

negative predictive values, and accuracy of 58% (range, 29%–

84%), 85% (range, 73%–93%), 44% (range, 21%– 69%), 91%

(range, 80%–97%), and 81% (7 range, 0%– 88%). For descriptive

statistical data, see the Table .

Type of Hemorrhage
While CT could exclude SAH in 65 cases (Fisher score 1) follow-

ing stroke intervention, 3 patients were assigned a score of 2, two

were assigned a score of 3, and 3 were assigned the highest Fisher

score of 4 (Fig 1). Regarding hemorrhagic transformation of isch-

emic brain lesions, CT revealed hemorrhagic infarction type II in

4 patients. Parenchymal hematoma was found in 3 patients (1

type I and 2 type II), all of which showed a combination of ICB

and SAH.

Blood-Brain Barrier Disruption
In 12 patients (16%), disruption of the BBB was found on CCT

(Fig 1). With moderate agreement between FPCT and CCT, the

difference in their diagnostic ability to detect or exclude BBB dis-

ruption was shown to be significant (P � .03) by 1 reader. The

sensitivity, specificity, positive and negative predictive values, and

accuracy for this feature were 75% (range, 43%–93%), 85%

(range, 73%–93%), 50% (range, 27%–73%), 95% (range, 84%–

99%), and 84% (range, 73%–90%). The inter-rater agreement

was good for evaluating FPCT with respect to intracranial bleed-

ing (� � 0.76; 95% CI, 0.58 – 0.94) and BBB disruption (� � 0.68;

95% CI, 0.48 – 0.87).

Attenuation Measurement
If one divided FPCT hyperattenuation into SAH, ICB, and BBB

disruptions, the median values of maximum attenuation mea-

surements in true-positive and false-positive regions were 159

versus 223 (n � 6 versus 4; P � .524), 375 versus 678 (n � 2 versus

2; P � .833), and 163 versus 114 (n � 8 versus 6; P � .103),

respectively. A significant difference could not be found in any of

the 3 subgroups.

DISCUSSION
Flat panel detector– based CT is known to be a very useful tool for

the detection or exclusion of peri-interventional complications.6

It provides cross-sectional images of the brain without the neces-

sity of transferring patients from the angiography suite to a con-

ventional CT facility.4,15

In a swine brain model, Arakawa et al5 were able to detect

intracranial hematomas with a hematocrit level of 20%. Symp-

tomatic intracerebral hemorrhage still represents the most feared

complication of treatment with intravenous tPA. While hemor-

rhagic infarction may be a clinically irrelevant epiphenomenon of

ischemic damage and reperfusion,16,17 parenchymal hematoma

was hypothesized to be related to the biologic effects of tPA and

other pre-existing pathologic conditions associated with a worse

outcome and higher mortality.18,19 Accordingly, the severity and

duration of ischemia were found to be predictors of the type of

hemorrhagic transformation, but not parenchymal hematoma

type after IV thrombolysis.20 In the present study, acute stroke

therapy consisted of endovascular intervention in all patients. In-

stead of exclusive IV thrombolytic drug treatment, intra-arterial

urokinase or the Solitaire FR thrombectomy system (Covidien,

Irvine, California) were applied with or without IV rtPA bridging

therapy. The Solitaire endovascular device has proved to be a

valid tool in the treatment of acute ischemic stroke, providing

effective and relatively safe arterial recanalization.11,12,21,22

In our study of FPCT after endovascular stroke treatment—

with IV bridging thrombolysis in 10%, intra-arterial thrombolysis

in 56%, and mechanical thrombectomy in 81% of patients—an in-

tracranial hematoma was present in 16% of all cases. While most ICB

(5% of patients) was found to be a clinically less relevant hemorrhagic

transformation, parenchymal hematoma was a rare incident (4%);

however, it was combined with SAH in all 3 cases.13 Subarachnoid

hemorrhage was still found in 11% of patients.

For the detection of intracranial bleeding by FPCT, the positive

predictive value in our series of 73 patients was remarkably low

(44%). In contrast to that, we were able to exclude hemorrhage in the

interventional unit with a negative predictive value of 91%.

Inferior or, rarely, insufficient image quality in the posterior

fossa was shown to be a drawback of FPCT, which may become

relevant in macroembolic stroke of the posterior circulation.

However, infratentorial blood was detected in only 2 patients in

our series with peri-interventional extravasation during recanali-

zation of 1 of their middle cerebral arteries, and it was combined

with supratentorial hemorrhage in both cases.

Albeit in a small number of relevant cases, attenuation mea-

surements did not seem to be useful for the differentiation of

postinterventional hyperattenuation in FPCT.

Following diagnostic cerebral angiography and interventional

procedures, immediate brain CT findings may reveal various pat-

terns of abnormal contrast enhancement, with or without neuro-

logic deficits.8,9,23-25 Such findings, which are believed to result

from some degree of BBB disruption or a change in vascular per-

meability, can mimic SAH, intraventricular hemorrhage, or so-

called hyperintense acute reperfusion marker on fluid-attenuated

inversion recovery MR imaging25-27 and may cause unnecessary

delay in anticoagulant/antiaggregant treatment. After apparently

uneventful endovascular coiling of intracranial aneurysms, a sig-

Descriptive statistical data
Hemorrhage ICB SAH BBBD

Reader 1 Reader 2 Reader 1 Reader 2 Reader 1 Reader 2 Reader 1 Reader 2
True-positive 7 7 2 2 6 6 8 10
True-negative 51 53 58 64 61 57 53 50
False-positive 10 8 8 2 4 8 8 11
False-negative 5 5 5 5 2 2 4 2

Note:—BBBD indicates blood-brain barrier disruption.
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nificant relationship was reported between the occurrence of

transient cortical hyperattenuation and the amount of contrast

material used per kilogram of body weight, the microcatheter

time, the number of balloon inflations, the total time of balloon

inflation, BBB changes following temporary and permanent isch-

emia, SAH, more advanced patient age, spontaneous hyperten-

sion as a result of transient ischemia, and IV heparin.

These previous findings may be transferred to transarterial

stroke interventions with reservation. An inverse relation was re-

ported between transient cortical hyperattenuation and the time

elapsed until the CT was performed.8 In this context, a time in-

terval of, on average, 17.2 hours (range, 0.6 – 45.9 hours) between

FPCT and CCT must be considered for the interpretation of our

results, with FPCT performed immediately postintervention.

This latency period should be appropriate for intracranial hem-

orrhage to be confirmed by the criterion standard. On the other

hand, it may be hypothesized that transient hyperattenuation due

to BBB disruptions—as observed in 16% of CCT follow-up

scans—may resolve earlier than bleeding-related hyperattenua-

tion. With only moderate agreement between FPCT and CCT, a

positive predictive value of not more than 50% contradicted a

negative predictive value of 95%. Although BBB disruption was

suspected in FPCT much more often than in CCT, it did not turn

out to be hemorrhage in any case of our series.

In the study published by Baik et al,9 MR imaging did not

reveal any corresponding abnormalities and the abnormal CT

findings had partially or totally resolved on 24-hour follow-up CT

scans. The breakdown of the BBB in the presence of iodine is

known to be related to the osmolality and chemical structure of

the contrast medium, the route of administration, and the speed

of injection.28,29 Besides SAH, different types of abnormal hyper-

attenuation have been reported immediately after embolization

of cerebral aneurysms, such as subarachnoid hyperattenuation,

cortical hyperattenuation, and intraventricular and striatal con-

trast enhancement.9,15 This finding may be attributable to the fact

that intravascular contrast media potentially passes the blood-

brain interface, the blood-CSF interface, and/or the brain-CSF

interface.30 Following recanalization of the middle cerebral ar-

tery, incomplete striatal hyperattenuation was the most common

imaging pattern attributable to BBB disruption in our study.

Potentially, a major limitation of this study is the latency be-

tween FPCT and CCT because early BBB disruption may be a

precursor of symptomatic intracerebral hemorrhage.23,24 How-

ever, this progression has not been the case in any of our patients.

While FPCT—the method under investigation—served as an in-

stant postinterventional examination, there is a widely accepted

recommendation for follow-up CCT, serving as the criterion

standard, to be performed approximately 24 hours after acute

stroke treatment. The dual-energy mode, which had been re-

ported to be of great value in this context, was not applied during

CCT acquisition.31 Second, a few patients with stroke had to be

excluded from this retrospective study due to missing FPCT scans

or unacceptably long follow-up periods— both caused by individ-

ual situations in clinical routine. Third, our study is based on a

relatively inhomogeneous population as far as the mode of acute

stroke treatment is concerned with intra-arterial thrombolysis or

mechanical thrombectomy being the mainstay of therapy. Finally,

FPCT has considerable limited image quality below the tento-

rium. Even though playing a minor role in macroembolic stroke

of the anterior circulation, limited image quality below the tento-

rium may potentially be relevant to patients after recanalization of

the basilar artery. In our opinion, the qualitative image character-

istics of both FPCT units were comparable for the objective of this

study.

CONCLUSIONS
Severe bleeding complications seem to be rare after endovascular

treatment of macroembolic stroke and may be associated with

iatrogenic perforation of an intracranial artery. Flat panel CT in

the immediate follow-up of endovascular stroke treatment was

able to exclude intracranial hemorrhage with a high negative pre-

dictive value. Future studies should evaluate the predictive value

of BBB disruptions in FPCT for the development of relevant

hematomas.
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Intracranial Aneurysmal Pulsatility as a New Individual
Criterion for Rupture Risk Evaluation: Biomechanical and

Numeric Approach (IRRAs Project)
M. Sanchez, O. Ecker, D. Ambard, F. Jourdan, F. Nicoud, S. Mendez, J.-P. Lejeune, L. Thines, H. Dufour, H. Brunel, P. Machi, K. Lobotesis,

A. Bonafe, and V. Costalat

ABSTRACT

BACKGROUND AND PURPOSE: The present study follows an experimental work based on the characterization of the biomechanical
behavior of the aneurysmal wall and a numerical study where a significant difference in term of volume variation between ruptured and
unruptured aneurysm was observed in a specific case. Our study was designed to highlight by means of numeric simulations the correlation
between aneurysm sac pulsatility and the risk of rupture through the mechanical properties of the wall.

MATERIALS AND METHODS: In accordance with previous work suggesting a correlation between the risk of rupture and the material
properties of cerebral aneurysms, 12 fluid-structure interaction computations were performed on 12 “patient-specific” cases, correspond-
ing to typical shapes and locations of cerebral aneurysms. The variations of the aneurysmal volume during the cardiac cycle (�V) are
compared by using wall material characteristics of either degraded or nondegraded tissues.

RESULTS: Aneurysms were located on 6 different arteries: middle cerebral artery (4), anterior cerebral artery (3), internal carotid artery (1),
vertebral artery (1), ophthalmic artery (1), and basilar artery (1). Aneurysms presented different shapes (uniform or multilobulated) and
diastolic volumes (from 18 to 392 mm3). The pulsatility (�V/V) was significantly larger for a soft aneurysmal material (average of 26%) than
for a stiff material (average of 4%). The difference between �V, for each condition, was statistically significant: P � .005.

CONCLUSIONS: The difference in aneurysmal pulsatility as highlighted in this work might be a relevant patient-specific predictor of
aneurysm risk of rupture.

ABBREVIATION: FSI � fluid-structure interaction

Intracranial aneurysms kill about 15,000 people in Europe each

year. Most are young, between 40 and 60 years old. New medical

imaging techniques are now able to clearly depict intracranial

aneurysm, but no systematic screening of this disease exists at the

moment. The main reason is that 2%– 6% of the general popula-

tion lives with an aneurysm,1 but only 0.5% of these will rupture.

Screening for intracranial aneurysm is not justified unless it is

capable of detecting vulnerable aneurysms. Subarachnoid hemor-

rhage is the consequence of aneurysm rupture and approximately

12% of patients with SAH die before receiving medical attention,

40% of patients will die within the first month, and 30% will present

with a severe permanent disability. Nevertheless, with brain imaging

being more frequently and widely used, a growing number of intra-

cranial aneurysms are being diagnosed, introducing the question of

which aneurysms harbor a sufficiently high risk of rupture to merit a

prophylactic repair. This question remains unsolved at the moment

and the therapeutic decision for an unruptured aneurysm is still a

challenging point discussed by the neurosurgeon/neurointerven-

tionist based on sparse epidemiologic clinical data that cannot repre-

sent the specific individual risk of the patient.

Recent publications have addressed this issue and have dem-

onstrated that, among other variables affecting the natural history

of aneurysms, size and location represent independent predictors

of both risk of rupture and surgical/endovascular repair out-

comes.2,3 Other parameters, such as irregular aneurysm shape

and the presence of blebs are recognized as markers of weak wall

structure and high risk of rupture. Rapid aneurysm growth is also

likely a risk factor for rupture.4

From a mechanical point of view, the rupture of an aneurysm

occurs when wall tension exceeds the strength of the wall tissue.
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Because these quantities cannot be assessed via conventional

medical imaging, a natural approach is to compute the wall ten-

sion and set a rupture threshold.

Few studies consider the coupled fluid-structure interaction

(FSI) problem, where the flow equations for blood are solved

together with the structural equations for the tissue.5 The prob-

lem is the lack of data on mechanical properties of cerebral arter-

ies and aneurysms; most of the studies based on an FSI6-10 frame-

work do not use experimental mechanical behavior of the

aneurysm wall as input. A few exceptions exist for abdominal

aorta aneurysms11,12 but not for intracranial aneurysms until re-

cently when, in a study by Costalat et al,13 the aneurysm wall

properties were characterized and a classification of aneurysm

wall behavior was carried out. One of the main conclusions of this

work was that the clinical status of the aneurysm (unruptured,

preruptured, and ruptured) was strongly correlated with the me-

chanical behavior of the aneurysm wall and, hence, a classification

was proposed (stiff, intermediate, and soft).

This was followed with FSI computations by Sanchez et al,14

who demonstrated for 1 specific aneurysm that the different me-

chanical properties of the aneurysm wall (stiff or soft) are respon-

sible for significantly different variations in aneurysm volume

over the cardiac cycle (pulsatility). A parametric study was also

achieved in this work and demonstrated that uncertainties did not

change the main conclusion.

The further application of these results to the in vivo setting

and in particular to cerebral aneurysms arising from the circle of

Willis is an additional important step.

The aim of this work was to investigate and verify the correla-

tion between wall biomechanical properties (stiff and soft) and

aneurysmal volume variation during the cardiac cycle for a variety

of aneurysms that differ in shape and location in the circle of

Willis.

This study was conceived and carried out as part of the Indi-

vidual Risk of Rupture Assessment consortium, which is a re-

search project dedicated to the evaluation of patient-specific risk

of rupture of cerebral aneurysms. The consortium brings together

neurosurgeons, neuroradiologists, and researchers in biome-

chanical engineering in a common translational research project.

MATERIALS AND METHODS
Identification of Mechanical Behavior of Aneurysm Wall
The details of the study establishing the correlation between the

aneurysm status and tissue mechanical properties are given in the

work of Costalat et al.13 The methodology and main results are

briefly given for the sake of completeness. A similar study was

conducted by Duprey et al15 for thoracic aortic aneurysms.

Each sample was studied as appropriate for biomaterials.16-19

Only the meridional axis of the aneurysm was chosen to preserve

maximum length of the aneurysmal tissue in the sample, given

the very small size of each specimen and the fragility of

the tissue. Using these measurement series, a model of the

tissue behavior was proposed for large displacements to represent

the evolution of the stress in the materials.20 For this purpose, the

assumption that the material is isotropic and noncompressible

was made and the hyperelastic model of Mooney-Rivlin with 3

parameters was selected.1 It reads:

1) W � C10(I1 � 3) � C01(I2 � 3) � C11(I1 � 3)(I2 � 3),

where W is the strain energy potential, I1 � tr(C) and I2 � 1

2

(tr2(C) – tr(C2)) are the first and second strain invariants of the

right Cauchy-Green deformation tensor

C, and C10, C01, and C11 are the material

coefficients.

All unruptured aneurysms presented

as stiffer tissue than the ruptured

aneurysms.

Their mechanical behavior was either

stiff or intermediate. Conversely, all rup-

tured aneurysms correspond to a soft tis-

sue. The corresponding parameters are

given in Table 1 while the strain/stress

curves are displayed in Fig 1.

Numeric Method

Aneurysmal Geometry. Aneurysm ge-

ometry was obtained from 3D rotational

angiography. Using dedicated software

ScanIP (Simpleware, Exeter, United

Kingdom), the aneurysmal geometries

were cleaned up by keeping only the an-

eurysms and the parent vessels to reduce

the region of interest. A low-pass filter was

applied on the geometries to reduce
FIG 1. Nominal stress/engineering strain curves representing the average mechanical properties
of the soft and the stiff classes.

Table 1: Material coefficients of the aneurysm walls used in the
present study

Aneurysm C10 (MPa) C01 (MPa) C11 (MPa)

Soft 0.024 0.026 0.42
Stiff 0.39 0 22.14
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noise-to-signal ratio. The results were exported as stereolithogra-

phy files to proceed to numeric analysis.

Simulation Parameters. The flow boundary conditions imposed

were obtained from specific patient examinations by using phase-

contrast MR imaging for each aneurysm location (3T Skyra; Sie-

mens, Erlangen, Germany). The velocity profiles were considered

as uniform. Outlet pressure was computed by computational

fluid dynamics and used as boundary conditions at the outlet of

the computational domain. The pressure was obtained by resolv-

ing the 1D equations in the arterial network with boundary flow

conditions from the imaging measurement.21

An intracranial pressure of 20 mm Hg22 was applied on the

external surface of the geometries to recreate the in vivo

conditions.

Physical Modeling. The blood flow within the computational do-

main is described by the incompressible Navier-Stokes equations

(2) and (3)

2) �f

dvf

dt
� div � f,

3) div�vf) � 0,

where vf is the time dependent flow velocity vector, �f is the atten-

uation of blood, and �f is the stress tensor for the fluid part. The

flow is assumed to be laminar, a reasonable assumption given the

moderate value of the Reynolds number (Re � 300). Blood is

modeled as a Newtonian fluid,4 of attenuation of �f � 1050 kg/m3

and dynamic viscosity of � � 0.004 Pa � s.9,23-25

4) � f � –pI � 2 �D,

where p is the pressure, I is the identity tensor, and D is the rate of

deformation tensor.

For the parent artery, a linear elastic model was selected to

focus the attention on the aneurysmal sac and to reduce the com-

putational time. The structural equation solved for both the artery

and aneurysmal sac reads5:

5) �s
�vs
�t

� div �s

where �s is the Cauchy strain for the structural part and vs stands

for the structural velocity vector.

The aneurysm wall is modeled as an isotropic incompressible

hyperelastic material6:

6) �s � �sF
�W

�E
Ft � pI,

where F is the transformation gradiant tensor, E is the Green

Lagrangian strain tensor, and W is the strain energy potential

defined in Eq. (1).

The material used for the parent artery has the following prop-

erties: Young modulus E � 3 MPa, Poisson ratio 	 � 0.49, specific

mass �s � 2300 kg/m3, and thickness epa � 0.6 mm.24,26 The

thickness of the aneurysm wall is e � 0.38 mm. A linear model was

used for the arterial wall because the deformations are small

enough in all cases (�5%) to stay in the small deformation theory.

Furthermore, the edge nodes of the arterial extremities are

taken away from the displacement in the longitudinal direction.

FSI Computations. Computations were performed by using

Workench version 13 (ANSYS, Canonsburg, Pennsylvania). The

fluid motion equations were solved with the software CFX, which

uses the finite volume approach and the Newton-Raphson

method for solving the subsequent nonlinear system. For the

structural part, Mechanical software employed the finite-element

method and the Newton-Raphson algorithm. The wall pressure

resulting from the fluid was imported as boundary conditions in

the structural analysis while wall displacement calculated by the

structure solver was imported as a boundary condition for the

fluid solver; this procedure was carried out in an iterative manner

within each time-step. It was an iterative implicit coupling. At the

interface of the 2 physical domains, the element type differs and

the nodes of the 2 meshes did not coincide, so surface interpola-

tion was carried out.27 For each FSI computation, a time-step of

0.004 seconds was used. The structural meshes were composed by

2500 to 5000 shell elements and the fluid meshes by 100,000 to

300,000 tetrahedral elements. These meshes were fine enough to

ensure the convergence of the computations. The 2 FSI computa-

tions of the reference case from Sanchez et al14 were performed for

mesh refinements multiplied by 10 (about 30,000 elements for

structural mesh and 1,000,000 elements for fluid mesh). Despite a

significant increase of the computation time, the results were sim-

ilar. For example, in the soft case, the maximal mesh displacement

was 0.78 instead of 0.77 mm (variation of 1.3%) and the volume

variation was 44.3 mm3 instead of 44 mm3 (variation of 0.7%).

A structural computation was performed before the FSI com-

putation to determine the stress state of the acquired geometry.

All the details about the initial stress of the aneurysm geometry are

given in Sanchez et al.14

Wall Motion Analysis. For each aneurysmal geometry, 2 FSI com-

putations were performed by using the 2 different biomechanical

properties (stiff and soft) defined in the Identification of Mechan-

ical Behavior of Aneurysm Wall section. Volume variations and

wall motions were calculated for each aneurysm. For each case,

the systolo-diastolic variation of the volume of the aneurysm

(�V) was computed from the results. The maximal mesh dis-

placement on the aneurysm sac Dmax was also calculated. �V rep-

resents global information about the aneurysmal sac behavior

whereas Dmax provides local information (maximal displacement

of a point of the aneurysm boundary).

To compare �V and Dmax between soft and stiff material for

different aneurysms, we defined the following ratio:

Rv � �Vsoft/ �Vstiff

Rd � Dmax
soft/Dmax

stiff

A pulsatility index was also defined as: Pulsatility � �V/V,

where V is the diastolic volume of the aneurysmal sac.

Statistical Analysis
A statistical analysis was performed to evaluate the influence of

�V and Dmax in soft and stiff cases. The comparison was made by

using a nonparametric Wilcoxon rank test for continuous vari-

ables and a Fisher exact test for categoric ones. Statistical signifi-

cance threshold was set at 5%. Statistical analyses were performed

by using SAS version 9.1 (SAS Institute, Cary, North Carolina).
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RESULTS
Aneurysm Population
Twelve aneurysms from 12 different patients were computed with

the stiff and the soft materials. These aneurysms were located on 7

different arteries: left and right middle cerebral arteries (4 cases),

anterior cerebral artery (3 cases), ICA (1 case), vertebral artery (1

case), ophthalmic artery (1 case), and basilar artery (2 cases).

These had a variety of shapes: simple (uniform) or complex (mul-

tilobulated). The volume varied from 18 mm3 to 392 mm3. Geo-

metric information is displayed in Table 2.

Wall Motion Results
Figure 2 gives an example of the FSI results for 3 different cases by

displaying maximum displacement for the simulations with soft

or stiff materials. All results of the patient-specific FSI computa-

tions are displayed in Tables 3 and 4. Two aneurysms (5 and 6)

show unusual results. For aneurysm 5, the volume variation is 149

mm3. The important initial volume of the aneurysm sac, almost

400 mm3, can explain this important variation. This aneurysm

could be considered as a giant aneurysm. Nevertheless, the pulsa-

tility ratio is still in the range of 30% in comparison to an overall

mean of 25% for the cases. For aneurysm 6, the pulsatility is much

more important than in the other cases. That is the result of a

volumetric flow rate more important in this location (vertebral

artery) for this specific patient compared with the others (Table

4); this due to the particularity of this cerebral arterial network.

A significant difference was observable between �V for a stiff

material and for a soft material (P � .005). Consequently, the

pulsatility index (�V /V) was obviously more important for a soft

aneurysmal sac (average of 26%) than for a stiff aneurysmal sac

(average of 4%), despite the relatively small number of aneurysms

considered.

Naturally, we found the same difference for the ratio Rv: Rv

varies from 4 (aneurysm 7 and 10) to 16 (aneurysm 2) for an

average of 7. Rd also showed differences between stiff and soft

materials but to a lesser extent: the minimum was 1.5 (aneurysm

6) and the maximum was 5 (aneurysm 4) and the average was 3

(Table 5). The difference between �V and Dmax for each condi-

tion was statistically significant: P � .005 for �V and P � .02 for

Dmax.

DISCUSSION
Our results clearly suggest that the wall displacement provides

information about the level of degradation of the aneurysm wall

and, thanks to the findings of Costalat et al,13 about the rupture

risk of the aneurysm sac. Our study shows that whatever the loca-

tion of the aneurysm on the circle of Willis, the aneurysmal pul-

satility was about 7 times higher for soft/ruptured aneurysms in

comparison with stiff/unruptured aneurysms (26% versus 4%).

That is the result of a volumetric flow rate more important in this

location (vertebral artery) compared with the others (Table 4).

These observations are consistent with our previous work (the

study from Sanchez et al,14 using FSI computations) where a sig-

nificant difference between the displacements and volume varia-

tions corresponding to the soft (close to the rupture) and stiff

(undegraded) tissues was observed in a particular case. This result

is generalized to the entirety of the circle of Willis in this paper.

Interestingly, in an observational study on 51 patients, Hay-

akawa et al,28 using 4D CT angiography, highlighted that the pul-

sation of the aneurysm sac (or volume variation) between rup-

tured aneurysms and unruptured aneurysms was significantly

different. In their study, 12/51 cerebral aneurysms were ruptured.

Among these 12 ruptured cerebral aneurysms, a pulsation was

observed in 9 cases (75%). Thirty-nine cerebral aneurysms were

unruptured; among these 39 unruptured cerebral aneurysms, a

pulsation was observed in 12 cases (30%). Two of these 12 pulsat-

ing unruptured cerebral aneurysms were treated by surgery be-

cause of the clinical background of the patients. They came to the

conclusion that the detection of pulsation in an unruptured an-

eurysm could therefore be a clue of an important risk factor. Our

results confirm this point of view.

Furthermore, the precision needed to identify the aneurysmal

wall motion variation between unruptured/ruptured aneurysm

would be about 0.1 mm (Dmax) or 0.5 mm3 (�V) according to our

study. New imaging techniques may approach this high resolu-

tion level in recent literature (for example Ishida et al29 and Zhang

et al30).

To date, the most relevant solution has been proposed by Kar-

monik et al31 who used 2D phase contrast MR imaging (1.5T MR

imaging) to observe wall displacement over the cardiac cycle on 7

patients (7 aneurysms) and 3 different locations (anterior com-

municating artery, basilar artery, and ICA). This noninvasive

technique was accurate enough to measure wall displacements as

small as 0.04 mm, in the range of the expected wall displacement

reported in our study. New generation MR imaging at 3T could

offer a more accurate depiction of the wall motion in the next

future.

As already stated, Dmax gives local information about the wall

displacement and in some cases, this parameter is not accurate

enough to clearly demonstrate a difference between degraded/

ruptured and nondegraded/unruptured aneurysms. The varia-

tion of the maximal mesh displacement measured by the software

depends strongly on the displacement of the artery. The deforma-

tion of the artery induces an additional displacement of the mesh

of the aneurysmal sac. Then, the bulge of the artery is added to the

displacement of the sac in relation to the artery to obtain the total

maximal mesh displacement.

As shown in Table 4, the value of the ratio Rv is more impor-

Table 2: Aneurysm geometry information
Aneurysm Location V (mm3) Shape D (mm) N (mm) D/N

1 MCA R 61 Simple 4.8 4 1.2
2 MCA L 51 Complex 3.4 3.75 0.91
3 ACA 161 Simple 5.25 5.6 0.94
4 MCA R 188 Complex 5.5 6.5 0.85
5 ICA 392 Complex 9.2 5 1.84
6 VA 45 Simple 4 2.3 1.74
7 MCA L 212 Complex 7.8 6.6 1.18
8 ACA 232 Complex 8 4.5 1.78
9 ACA 79 Complex 6.85 2.9 2.36
10 OA 138 Simple 6.1 4.3 1.41
11 BA 68 Complex 4.4 3.9 1.13
12 BA 18 Simple 3 3 1

Note:—V indicates diastolic volume; D, the dome size; N, the neck size; D/N, the
ratio of dome/neck; ACA, anterior cerebral artery; VA, vertebral artery; OA, ophthal-
mic artery; BA, basilar artery; R, right; L, left.
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tant than Rd and allows us to better characterize aneurysm status.

Furthermore, �V is a global indicator and is less sensitive to the

uncertainties of the input parameters of the computations.14 �V

is thus thought to be a better parameter to evaluate the risk of

rupture.

A limitation of this study was the simplification of the aneu-

rysmal environment in the FSI computations, by assuming that

the aneurysm lies in a fluid of a given pressure. This environment

would probably influence the geometric variations of the aneu-

rysm depending on the location; friction and contact of the wall

with other structures (bone, meninges, arachnoid trabeculae, ce-

rebrospiral fluid) will certainly impact the wall motion.32,33 The

assumptions made regarding the aneurysm wall are another lim-

itation. In the present study, the aneurysm wall was considered as

isotropic and homogeneous, but the anisotropy of this kind of

biologic material is well known.34 Nevertheless, isotropy and ho-

mogeneity were assumed because they most probably do not

change the trends observed when comparing soft and stiff mate-

rials in this range of physiologic solicitation. To characterize the

behavior of blood, more sophisticated models can be used to ac-

count for non-Newtonian effects, especially in the aneurysmal sac

(Cebral et al35 and Sforza et al36). However, these effects are ex-

pected to be prevalent only when dealing with local quantities like

wall shear stress. This is not the case in the present study where the

aneurysmal volume, which is primarily influenced by the pressure

forces generated by the blood flow, was analyzed.

Numerous parameters are not known precisely when com-

puting the FSI problem for a specific patient: wall thickness,

fluid boundary conditions, artery properties, and intracranial

pressure.

Despite these last limitations, the parametric study achieved in

previous work14 showed a positive consistency with our results

FIG 2. FSI maximal mesh displacement results for the systolic pressure for aneurysms 10 (top), 8 (middle row), and 7 (bottom row) with the
volumetric flow rate imposed at the inlet (on the left for the stiff material and on the right for the soft material).
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regarding the numerous sources of uncertainty involved in

such FSI computations. Therefore, the uncertainties of the in-

put parameters did not change the main conclusion: whatever

the values of the parameters (in a range of physiologic varia-

tions), the soft/ruptured aneurysms deform more than the

stiff/unruptured ones.

CONCLUSIONS
The difference in aneurysmal pulsatility as highlighted in this

work might be a relevant patient-specific predictor of aneurysm

rupture. These results are consistent with recent observational

data in the literature to date. Development of a new imaging tech-

nique in the near future would allow for the accurate measure-

ment of wall motion and therefore characterize the intracranial

aneurysm vulnerability for any given patient.
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ORIGINAL RESEARCH
INTERVENTIONAL

Effect of Structural Remodeling (Retraction and Recoil) of the
Pipeline Embolization Device on Aneurysm Occlusion Rate

L.-D. Jou, B.D. Mitchell, H.M. Shaltoni, and M.E. Mawad

ABSTRACT

BACKGROUND AND PURPOSE: During endovascular treatment of unruptured aneurysms with the Pipeline Embolization Device, an oversized
device is often selected to achieve better wall apposition; however, this device oversizing could be related to overelongation and possible
delayed enlargement of the stented region. The purpose of this study is to investigate the relationship between oversize and treatment outcome.

MATERIALS AND METHODS: The DynaCT images of 14 aneurysms treated by a single Pipeline Embolization Device were retrospectively
analyzed. 3D images of the deployed device were compared with those acquired at the 6-month follow-up for qualitative and quantitative
evaluation. The diameter and length of the Pipeline Embolization Device were measured at both time points and compared for determi-
nation of the device changes.

RESULTS: Structural changes of the device have been observed, and it was found that the Pipeline Embolization Device influences the vessel
curvature in some cases. On average, it increases its diameter by 0.23 mm and decreases its length by 2.88 mm within 6 months of initial
deployment. Excessive elongation beyond its nominal length is correlated with a lower aneurysm occlusion rate at the 6-month follow-up.

CONCLUSIONS: Not only does a Pipeline Embolization Device reconstruct the aneurysm and parent artery, but its entire structure goes
through a gradual remodeling process. The relative deformation between the device and the artery indicates suboptimal wall apposition.
Device oversizing does not have a direct effect on shortening or recoil. The aneurysm occlusion rate, however, is lowered by overelon-
gation of the Pipeline Embolization Device.

ABBREVIATION: PED � Pipeline Embolization Device

Growing enthusiasm for the Pipeline Embolization Device

(PED; Covidien, Irvine, California) has prompted a dra-

matic shift in how unruptured aneurysms are managed since ap-

proval of the device.1 The PED diverts blood away from the an-

eurysm and reduces rupture risk by stimulating formation of

intra-aneurysmal thrombus and lowering hemodynamic forces

on the aneurysm dome.

Few aneurysms treated by flow diversion are thrombosed

acutely; the aneurysm occlusion rate varies from center to center,

but in general, it increases with time, from 68% at the 3-month,2

65%–91% at the 6-month,3,4 90%–93% at the 12-month,5 and

84% at the 18-month follow-up.6 Nevertheless, it is not uncom-

mon for aneurysms to remain patent �2 years after treatment,

and the risk of delayed hemorrhage persists.7,8

Intracranial stents are known to alter vessel curvature9; simi-

larly, the parent artery may cause deformation of a flow diverter

and influence the device porosity.10 Vessel tortuosity often ren-

ders a nonuniform distribution of the porosity and allows poten-

tially less metal coverage at the aneurysm neck; as a result, predic-

tion of the timing of complete aneurysm occlusion after flow

diversion can be a challenge. The PED is a braided self-expanding

stent with 12 platinum and 36 cobalt-chromium alloy strands.

Radio-opacity of the platinum strands in a PED can be used as a

marker and offers an opportunity to visualize the PED in greater

detail to reveal suboptimal deployment, which may require fur-

ther intervention.11,12 In this study, we investigated the temporal

change of the PED structure in situ after deployment and exam-

ined its relationship with the aneurysm occlusion rate.

MATERIALS AND METHODS
This retrospective study was approved by the Human Subject Re-

search Committee at our institution before commencement.
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Nineteen consecutive patients who received only 1 PED device for

treatment of internal carotid artery aneurysms between June 2011

and March 2012 were included in the study. Five patients were

excluded due to their age or lack of appropriate 3D images. The

remaining 14 patients (12 women and 2 men) had a follow-up

angiographic examination between 6 and 7 months. Three pa-

tients had additional examinations for treatment of other aneu-

rysms before 6 months. Four aneurysms were at the ophthalmic;

4, at the supraclinoid; and 2, at the cavernous segment. The re-

maining aneurysms were located at the anterior choroidal artery,

superior hypophyseal artery, and the petrous or cervical segment

of the ICA. Twelve aneurysms were saccular, and 2 were either

dissected or dysplastic.

At each treatment, it was determined by the senior neuroradi-

ologist that flow stasis was adequate after the first PED and an

additional PED was not required. Patients who were treated by

�1 PED during the same session were excluded from the study.

After deployment, DynaCT images (Siemens, Erlangen, Ger-

many) with and/or without contrast were acquired.13 These

DynaCT images were reconstructed at 0.11- to 0.13-mm resolu-

tion so that each radio-opaque strand could be visualized and

analyzed. The same procedure was repeated at the subsequent

follow-up examination.

These patients were divided into 2 groups based on the condi-

tion of their aneurysms at the 6-month follow-up: 7 patients with

completely occluded aneurysms (group 1) and 7 with incom-

pletely obliterated aneurysms (group 2). The average age of these

patients was 61 years (59 years for group 1 and 62 years for group

2), and the mean aneurysm size was 8.1 mm (6.2 mm for group 1 and

9.4 mm for group 2). Neither age nor aneurysm size was statistically

different between the 2 groups. Two patients from group 1 and none

in group 2 were smokers and hypertensive; these risk factors were not

significantly different between the 2 groups.

Qualitative Comparisons
The DynaCT images of the PED acquired at different time points

were compared on the Leonardo workstation (Siemens) by inten-

sity thresholding and automatic coregistration. The coregistra-

tion was performed with the PED structure as the landmark after

removal of all tissues. These comparisons revealed the deforma-

tion of each individual strand, and the change of the PED struc-

ture and general PED integrity were also scrutinized. The DynaCT

images obtained with contrast also permitted evaluation of the

relative position between the PED and aneurysm.

Quantitative Measurements
For each case, the proximal and distal circumferences of the PED

device were measured on the Leonardo workstation. The circum-

ferences were selected because the cross-section might not be cir-

cular, and a direct diameter measurement was prone to errors.

The circumference was converted to an equivalent diameter so

that a comparison of the size could be made. However, this com-

parison potentially disregarded any change in the shape of the

cross-section.

Six lines consisting of intersection points of metal strands

along the PED were constructed, and an example of measuring

the PED length by using these lines is demonstrated in Fig 1. The

intersection of metal strands yielded the highest signal intensity and

could be easily depicted on the DynaCT images. These intersection

points were physically present and could be connected by a simple

interpolated spline to form a material line aligned in the same direc-

tion as the PED. The length measurement of a material line was su-

perior to the measurement of the centerline because the centerline

was an imaginary one, while the material line could be easily gener-

ated by connecting visible physical points. The process of generating

a material line was independent of operators or numeric algorithms.

Six material lines along the PED beginning from 6 different strands

were generated, and the average length of these lines was regarded as

the PED length. Usually, these material lines were of different lengths,

with the lines on the outer curve longer.

Each measurement (PED circumference and length) was re-

peated for assessment of possible errors associated with measure-

ment, and intermeasurement differences were no more than 2%.

The measurements were also compared with the nominal dimen-

sions. The radius of the curvature was not measured because most

PEDs had �1 curvature and a single curvature could not properly

represent the entire device. The Student t test was used for testing

the statistical significance of these measurements. A P value � .05

was deemed statistically significant.

RESULTS
At the 6-month follow-up, many PEDs were observed to retract at

either the proximal or distal end (or both), making the PED

shorter overall. However, this retraction was not related to any

clinical consequences or symptoms; in addition, no migration of

the PED was observed.14 In some cases, aneurysms were seen to

decrease in size but remained incompletely thrombosed (group

2). In 1 case (Fig 2), the ophthalmic artery that was originally

covered by the PED was later exposed directly to blood flow at 6

months due to device retraction. The demographics of these cases

are included in the On-line Table.

The temporal PED changes were observed in group 1 (Fig 3),

with retraction at either the proximal or distal end. In these cases,

most strands in the device had moved during the retraction, likely

altering the metal coverage at the neck of the aneurysm.

Similar results were seen in group 2 as well (Fig 4). By the

6-month follow-up, the arterial curvature distal to the aneurysm

was frequently altered by device implantation. In both cases (Fig

FIG 1. Demonstration of measurement of the PED length. Only 1 of
the 6 material lines is shown.
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4A, -B), aneurysms were located at the region where the greatest

deformation occurred. The deployed length was 12 and 18 mm

longer than the nominal length for these 2 cases, respectively,

more than 60% longer than their nominal lengths. By 24-month

postdeployment, further deformation of the PED could be ob-

served (Fig 4C); however, the deformation was mostly dominated

by the curvature change.

Subtle PED deformation was also observed at both the acute

and subacute levels. Fig 5 documents both the acute and subacute

changes for an 11-mm supraclinoid ICA aneurysm. This patient

was first treated for the aneurysm and then imaged 1 month later

when another aneurysm at the contralateral ICA was treated. The

proximal end of the PED retracted slightly in the first month

(acute change), followed by the proximal strands creeping up-

ward later (subacute change). These changes did not involve the

aneurysm neck, and the aneurysm was completely obliterated by 7

months. A well-apposed flow diverter should permit no relative

movement between the device and artery. The distal part of the

PED in this case was well-apposed to the vessel wall; however, the

proximal strands gradually moved distally. This strand-creeping

indicated a loose wall apposition and a possible gap between the

PED and vessel wall. It is hypothesized that because the aneurysm

was located near the distal end of the

PED, where the wall apposition had

been better, the aneurysm was fully oc-

cluded by 7 months.

The Table lists the dimensions of the

PEDs immediately after deployment

and at the 6-month follow-up. The de-

vice oversize is defined as the difference

between the nominal diameter and the

average of the distal and proximal diam-

eters of a deployed PED, while the PED

elongation describes the difference be-

tween the deployed PED length and its

nominal length. In this study, the PED

shortened on average 8.4% and 11.6%

after 6 months for groups 1 and 2, re-

spectively. The PED also enlarged 0.23

mm on average for both groups (recoil).

The PED remodeling did not appear to

be a major factor in determining treat-

ment outcome at 6 months, but the out-

come was affected by excessive PED

elongation. The difference in elongation

(both in magnitude and percentage) be-

tween the 2 groups was statistically sig-

nificant. In cases with considerable PED

shortening, the length of the artery re-

mained the same from our image analy-

sis of 3D DSA.

The length of the PEDs at the time of

follow-up was closely related to the orig-

inal deployed length, but the elongation

was not affected by the device oversiz-

ing, implying multiple mechanisms for

device elongation (Fig 6). Furthermore,

device oversizing did not influence the shortening of the PED

during the first 6 months after treatment, nor did it affect the PED

recoil during the same period (Fig 7). The tapering of the ICA

compelled the choice of a larger device. The diameter of the ICA

decreased by 0.03 mm for every 1 mm of length (Table), so for the

treated section of an artery 30 mm long, one could expect the

artery to be almost 1 mm smaller distally, stretching the PED even

more and exaggerating the oversizing effects. This level of vessel

tapering is not unique to our experience; Fischer et al15 reported a

0.7-mm difference between the proximal and distal diameters in

their study of 101 aneurysms.

DISCUSSION
The advancement of C-arm CT technology permits visualization

of radio-opaque strands in the PED at a reasonable resolution,

and the entire PED structure can be reconstructed from these

images. Our study on the change of PED devices with time chal-

lenges the notion that the PED configuration can be predicted by

a computer program and that once the PED is implanted, it re-

mains the same permanently.16 Deformation of the PED and wall

apposition are often overlooked on 2D DSA. Our study demon-

strates that a deployed PED involves a dynamic remodeling pro-

FIG 2. A PED covered the ophthalmic artery initially after treatment, but the PED retracted
distally and uncovered the ophthalmic artery at 6 months (patient 7 in group 2).

FIG 3. Minor PED retraction is shown in 2 cases in group 1. The PEDs in white are seen immediately
after deployment, and the PEDs in red are from the follow-up, (left) case 2 and (right) case 1.
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cess in which strands may deform individually or together and

acutely or with time. As a result, the intra-aneurysmal flow may be

evolving. A slight PED retraction demands adjustment of all the

strands at least locally (Fig 5); the level of adjustment is greater at the

convex side at which the aneurysm is often located than at the con-

cave side where strands are close to each other. Our observation is

different from the previously reported de-

layed migration that may lead to compli-

cations or subarachnoid hemorrhage.14

Device oversizing is a result of our

intention to maintain a proper wall ap-

position throughout the device, compli-

cated by the tapered ICA. Although in

some instances, oversizing has been

shown to reduce the therapeutic benefit

of flow diversion in hemodynamic sim-

ulations,17 few studies have examined its

potential effect on the aneurysm occlu-

sion rate. There was a difference in the

oversize between groups 1 and 2 in our

study (0.59 versus 0.78 mm), but this

difference was not statistically signifi-

cant. Instead, the oversize was mani-

fested in device elongation. When an

oversized PED is selected, the deployed

PED tends to be longer than its nominal

length because it cannot fully expand.

This difference, in turn, will lower the

metal coverage over the aneurysm neck,

raising the local porosity and causing a

potential loss of therapeutic impact of a

flow diverter. Thus, while the difference

in oversize is rather subtle (�0.19 mm),

the deployed PED length is significantly

different between the 2 groups (6.84 ver-

sus 13.14 mm). A long PED in a highly

tapered artery will result in an even lon-

ger deployed length, so the selection of

the PED length cannot be overlooked.

There are 2 mechanisms by which a

PED may remodel, changing its shape and structure in response to

the external environment. First, the device could retract at either

or both ends. As the retraction progresses, the proximal or distal

end enlarges, shortening the device in the meantime and shifting

all the strands in between. The PED shortening due to this mech-

anism is predictable. The second mechanism is the curvature

FIG 4. A change of vessel curvature is observed in 2 cases in group 2. A, Case 6 (white is for the posttreatment, and red for 6-month follow-up).
B, Case 1 (white indicates posttreatment, and red shows the 6-month follow-up). C, Further PED movement in case 1 is observed between 6 (in
white) and 24 (in red) months.

FIG 5. Acute and subacute changes of a 4 � 18 mm PED. The PED in white is immediately after
deployment, yellow is the 1-month follow-up, and red is the 7-month follow-up. Left: Acute
change in the first month after deployment. Right: Subacute change of the PED between the 1-
and 6-month follow-ups.

Dimensions and measurements of the PEDa

Occlusion
(n = 7)

Incomplete
(n = 7) P Value

Nominal PED diameter (mm), D0 4.04 (0.45) 4.46 (0.51)
Nominal PED length (mm), L0 17.43 (2.32) 19.43 (4.98)
Proximal diameter post-Tx (mm), D1 3.77 (0.37) 4.13 (0.36)
Distal diameter post-Tx (mm), D2 3.12 (0.45) 3.23 (0.52)
Deployed length (mm), L1 24.27 (5.42) 32.57 (8.89)
D1 at 6 months (mm) 3.93 (0.33) 4.39 (0.28)
D2 at 6 months (mm) 3.32 (0.65) 3.51 (0.55)
Length at 6 months (mm), L2 22.31 (5.73) 28.77 (7.81)
Oversize post-Tx (mm), D0 � (D1 � D2)/2 0.59 (0.25) 0.78 (0.33)
Recoil at 6 months (mm), 	(D1 � D2 )/2 0.18 (0.19) 0.28 (0.18)
Elongation (mm), L1 � L0 6.84 (4.28) 13.14 (4.30) .026
Elongation in %, (L1 � L0)/L0 39.29 (22.42) 66.68 (13.67) .025
Shortening in 6 months (mm), L1�L2 1.96 (1.86) 3.80 (2.14)

Note:—Tx indicates treatment.
a SDs are given in parentheses.
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change of the PED with time in response to bending. This phe-

nomenon is commonly seen in cases with other intracranial stents

when the artery of interest is tortuous.9,12,18 For most cases, the

PED remodeling involves both mechanisms, resulting in a com-

plicated relationship between the oversize/elongation (action)

and shortening/recoil (reaction). The PED remodeling process

becomes even more complicated when 2 PEDs are overlapped or

telescoping for treatment of wide-neck or fusiform aneurysms.

The first PED device deployed is underneath the others and is

highly constrained, and the subsequent PEDs are subject to a dif-

ferent environment. A case of multiple PEDs is included as an

example in the On-line Figure in which the proximal PED expe-

rienced unexpected and abnormal deformation.

The metal coverage and porosity may evolve with time due to

this PED remodeling process. Considering that most PEDs in our

studies become shorter and larger with time, the metal coverage

will increase at the aneurysm neck, lowering the local porosity.

This remodeling brings the device closer to its nominal dimen-

sions, at which the porosity is lower; therefore, the remodeling

could be beneficial to aneurysm embolization. Elongation of a

PED, however, complicates its deployment. An oversized PED

leads to a longer and unpredictable deployed length, challenging

the positioning of a PED relative to the aneurysm and neighbor-

ing branches. A sufficient overhang is recommended so the aneu-

rysm neck is well-covered should the PED retract.15

Braided stents permit a relative motion between the strands,19

and friction between the strands is not sufficiently great enough to

prevent this motion.20 Consequently, individual strands deform,

and the PED remodels. Wang and Ravi-Chandar20 have devel-

oped a mathematic model that describes the mechanics of braided

stents. The radial force for a braided stent increases linearly with

device oversizing initially. From their model, we estimate that the

contact pressure between the PED and artery increases 5 mm Hg

for every 0.5 mm of oversize. This is equivalent to a radial force of

2 mN/mm at the nominal diameter, and 4 and 5 mN/mm for a

0.5- and 1- mm oversize, respectively.15,19 Thus, a 0.5-mm over-

size doubles the radial force, and any additional oversize produces

little or no advantage.

An artery interacts with an implant both biologically and me-

chanically. The acute elastic recoil, resulting in a smaller lumen,

ranges from 9% to 21% after deployment of a balloon-expandable

or self-expanding stent.21,22 This stent recoil is attributed to the

elasticity of plaque/vessel and plastic deformation of the (nitinol

or stainless) stent during deployment, independent of the size or

FIG 6. A, A linear relationship between the deployment length and the length at 6-month follow-up. B, The PED elongation is independent of
the initial PED oversize.

FIG 7. The relationship between device oversize and shortening (A) and recoil (B).
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design of stent.22 The stent recoil leads to a suboptimal lumen size

and possible restenosis; however, this recoil does subside with

time (38% at 8 weeks and 12% at 6 months).23,24 The PED remod-

eling reduces the forces (and strain energy) required to hold all the

strands together and seems to diminish with time in our limited

number of cases. Bending of a PED, however, constrains the de-

vice and limits how the device can remodel. The device is allowed

to adjust only at the section that is not subject to bending. If this

process fails, then the adjustment of local arterial curvature is

required.

We have treated �100 patients with flow diverters since the

approval of the PED. However, only a limited number of patients

were treated with a single PED, and this contributes to the small

sample size in this study. The average number of PEDs used for an

aneurysm in the literature is 1.14 –2.0,2,4-26 and this is very similar

to our experience with 1.8 PEDs per case in the first 100 cases.

Fifty-three percent of the patients at our institution received 1

PED, compared with 34%– 69% at other centers,15,25,26 and these

aneurysms were, in general, smaller than aneurysms treated by

multiple PEDs (6.2 versus 12.2 mm). Additional PEDs may lower

the porosity and reduce the intra-aneurysmal flow simultane-

ously, rendering rapid aneurysm occlusion. However, the deci-

sion to implant multiple PEDs is subjective. Overlapped PEDs are

less appreciated on DynaCT images, and interaction among PED

devices is quite complicated. Because we have very limited knowl-

edge on the long-term behavior of these flow diverters, the current

study is only the first step toward an understanding of the flow

diverter interacting with the vessel wall.

Our study is limited by the resolution of DynaCT images,

which is by no means close to the dimension of the struts in a PED.

However, it does not require a �30-�m resolution for detection

of the PED remodeling,27 and the effect of PED remodeling is

well-demonstrated in the study. The shortening of a PED is as large as

6–7 mm, twice the local diameter of the ICA, and the increase in the

circumference is 0.65 mm on average. These changes are easily seen

even without additional imaging postprocessing.

CONCLUSIONS
Not only does a PED reconstruct the aneurysm and parent artery,

but its entire structure goes through a gradual remodeling pro-

cess. The relative deformation between the PED and the artery

indicates suboptimal wall apposition. Device oversizing does not

have a direct effect on the shortening or recoil. The aneurysm

occlusion rate, however, is lowered by overelongation of the PED.
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ORIGINAL RESEARCH
INTERVENTIONAL

Enhanced Aneurysmal Flow Diversion Using a Dynamic
Push-Pull Technique: An Experimental and Modeling Study

D. Ma, J. Xiang, H. Choi, T.M. Dumont, S.K. Natarajan, A.H. Siddiqui, and H. Meng

ABSTRACT

BACKGROUND AND PURPOSE: Neurovascular flow diverters are flexible, braided stent-meshes for intracranial aneurysm treatment. We
applied the dynamic push-pull technique to manipulate the flow-diverter mesh density at the aneurysm orifice to maximize flow diversion.
This study investigated the hemodynamic impact of the dynamic push-pull technique on patient-specific aneurysms by using the devel-
oped high-fidelity virtual-stenting computational modeling technique combined with computational fluid dynamics.

MATERIALS AND METHODS: We deployed 2 Pipeline Embolization Devices into 2 identical sidewall anterior cerebral artery aneurysm
phantoms by using the dynamic push-pull technique with different delivery-wire advancements. We then numerically simulated these
deployment processes and validated the simulated mesh geometry. Computational fluid dynamics analysis was performed to evaluate
detailed hemodynamic changes by deployed flow diverters in the sidewall aneurysm and a fusiform basilar trunk aneurysm (deployments
implemented previously). Images of manipulated flow diverter mesh from sample clinical cases were also evaluated.

RESULTS: The flow diverters deployed in silico accurately replicated in vitro geometries. Increased delivery wire advancement (21 versus
11 mm) by using a dynamic push-pull technique produced a higher mesh compaction at the aneurysm orifice (50% metal coverage versus
36%), which led to more effective aneurysmal inflow reduction (62% versus 50% in the sidewall aneurysm; 57% versus 36% in the fusiform
aneurysm). The dynamic push-pull technique also caused relatively lower metal coverage along the parent vessel due to elongation of the
flow diverter. High and low mesh compactions were also achieved for 2 real patients by using the dynamic push-pull technique.

CONCLUSIONS: The described dynamic push-pull technique increases metal coverage of pure braided flow diverters over the aneurysm
orifice, thereby enhancing the intended flow diversion, while reducing metal coverage along the parent vessel to prevent flow reduction
in nearby perforators.

ABBREVIATIONS: DPPT � dynamic push-pull technique; FD � flow diverter; PED � Pipeline Embolization Device

Used for intracranial aneurysm treatment, a neurovascular

flow diverter (FD) is a braided stent-mesh device highly flex-

ible in stretch and compression. A bench top study showed that an

FD can form varied mesh densities through longitudinal compres-

sion,1 consistent with our recent findings.2 Meanwhile, there are con-

cerns with using FDs in perforator-rich territories due to the likely

occlusion of small vessel ostia. While increased mesh density at the

aneurysm orifice may help aneurysmal flow reduction, it would be

beneficial for the mesh density to be reducible in perforator-rich re-

gions to preserve the perforators and branch vessels.

We used the dynamic push-pull technique (DPPT) to effec-

tively control the local FD mesh density. The concept of dynamic

push-pull was originally introduced to keep the laser-cut stent at

vessel centerline during its deployment.3 It was later extensively

used in FD deployment to achieve complete opening and good

wall apposition at highly curved locations.4,5 Here, we further

extended the technique, targeting flow control with the following

objectives: 1) to adjust for the distal foreshortening of the FD, 2)

to optimize the mesh density across the aneurysm neck to increase

flow diversion, and 3) to decrease the mesh density to avoid oc-

clusion of perforator ostia and branch vessels. The deployment

technique involves individually varying the push and pull of the

microcatheter and the delivery wire to control the FD mesh den-

sity and the positioning.
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To examine the DPPT in detail, we used in vitro testing and

numerical modeling. Due to the limited resolution of current

clinical angiography, it is still difficult to visualize and characterize

the real-time FD deployment in patients. However, simulations of

FD deployment and aneurysmal hemodynamics allow us to visu-

alize, verify, and better understand the DPPT operation, which re-

presents a significant advancement in intracranial aneurysm

intervention.

We have recently developed a finite-element-analysis work-

flow,6 referred to as the high-fidelity virtual stent-placement

method. A follow-up study validated it through FD deployment

in a fusiform phantom,2 where DPPT was used on 2 FDs in 2

identical fusiform (basilar artery) aneurysm phantoms for differ-

ential mesh densities. We did not verify the posttreatment hemo-

dynamic changes and did not investigate sidewall aneurysm mor-

phology. In the current study, we further applied DPPT for the

sidewall anterior cerebral artery aneurysm both experimentally

and numerically. Computational fluid dynamics analyses were

then performed in all 4 flow-diversion scenarios, including the

sidewall and the previously deployed fusiform morphologies to

evaluate the hemodynamic impact of DDPT on intra-aneurysmal

flow.

MATERIALS AND METHODS
Aneurysm Models: Numerical and In Vitro
One wide-neck anterior cerebral artery saccular aneurysm

(dome � neck: 15 � 7 mm) was used as the sidewall aneurysm

geometry for our testing. Its maximal parent vessel size was 3 mm.

This geometry was chosen because preliminary computational

fluid dynamics showed a strong inflow jet impinging on the distal

fundus due to vessel curvature; flow diversion could help reduce

the impinging flow. The numerical aneurysm model was created

from 3D image segmentation. Two polymer phantoms of the an-

eurysm were created by using the previous method.2 The phan-

tom was connected to a flow loop to reduce friction. Microscopic

images from the lateral and base (facing the aneurysm neck from

the parent vessel) views were obtained during and after FD im-

plantation for mesh analysis. Another model—a fusiform basilar

trunk aneurysm—was created previously.2

Flow Diverter
The Pipeline Embolization Device (PED; Covidien, Irvine, Cali-

fornia) was used in the current study. It consists of a 48-strand

braided FD mounted on a delivery wire (On-line Fig 1). The distal

capture coil and the pusher are soldered on the wire at the distal

and proximal ends of the FD, respectively. The FD and wire are

placed in a microcatheter (inner diameter � 0.027 inch/0.686

mm).

Dynamic Push-Pull Technique
Because the deployed FD geometry mainly depends on the releas-

ing process, our deployment analysis focuses on operations after

the delivery system placement over the aneurysm orifice. Dy-

namic push-pull manipulation is used in 2 phases: pillowing and

release/expansion.

Pillowing. The microcatheter is first retracted while the delivery

wire is secured without translation (so is the FD attached to the

delivery wire) to allow the FD to be expressed from the distal tip of

the microcatheter. Then the microcatheter is pushed with the de-

livery wire still secured, forcing the FD to radially dilate and con-

form to the vessel wall. This operation aims to generate sufficient

FD-vessel apposition to minimize the distal foreshortening.

Release/Expansion. The pillowed FD is released from the capture

coil by rotating the delivery wire clockwise while maintaining the

positions of the wire and the microcatheter. Two basic maneuvers

may be followed through the rest of the deployment: 1) withdraw-

ing the microcatheter while holding the wire, in effect of un-

sheathing the FD; and 2) pushing the delivery wire to unsheath

and compact the FD. These 2 maneuvers are frequently combined

to achieve optimal deployment. The FD is completely released at

the end.

Sometimes pushing the delivery wire alone may not be suffi-

cient to overcome the resistance of the FD. The temporary push-

back of the microcatheter together with the delivery wire may be

necessary for robust compaction.5 However, for a controlled

study, here we only allowed the microcatheter to be continuously

retracted and the delivery wire to be continuously advanced (with

varied advancement values), to evaluate the wire advancement

alone and to simplify simulations.

Numerical Modeling of FD Deployment
We used our previously described, finite-element-analysis–based

high-fidelity virtual-stenting technique2,6 to recapitulate the de-

tailed deployment process in silico to study FD flow modification

by computational fluid dynamics. The high-fidelity virtual stent-

ing workflow incorporated several simplifications: 1) The delivery

wire functionality was provided by the distal capture coil (before

releasing the distal end of the FD) and the pusher (after the distal

release); 2) a pathway was specified to guide the distal capture coil,

the microcatheter, and the pusher; and 3) the vascular wall was

assumed rigid in FD-vessel interaction. The virtual FD model in

the stress-free state was constructed to simulate procedures of

crimping, delivery, and expansion.

Analysis of Deployed FD
To quantify the FD mesh geometry after deployment, we used

“metal coverage,” defined as the total outer surface area of the FD

strands divided by the area of the tubular surface framed by the

FD, and “pore density,” defined as the number of pores per unit

area of the tubular surface framed by the FD.7 Detailed calculation

of these parameters was introduced elsewhere.2 Following Ma-

koyeva et al,1 we divided the FD mesh near the aneurysm orifice

into 5 segments for mesh analysis: proximal vessel, proximal tran-

sition, middle, distal transition, and distal vessel.

Hemodynamic Analysis
Computational fluid dynamics analysis was conducted in 6 sce-

narios: untreated, low mesh compaction, and high mesh compac-

tion, for both sidewall and fusiform aneurysms. Approximately 1

million and 8 million polyhedral elements were generated respec-

tively for untreated and treated cases by using STAR-CCM�

(CD-adapco; Melville, New York). The flow-governing equations

were solved by the second-order finite volume solver of STAR-

CCM� with the assumption of incompressible, steady-state
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Newtonian flow with rigid-wall conditions. The density and vis-

cosity of blood flow were 1056 kg/m3 and 3.5 cP, respectively. A

typical Reynolds number of 362 was applied to all simulations as

the inlet boundary condition. Flow patterns were visualized by

streamlines; inflow reduction was calculated as the difference be-

tween pre- and posttreatment aneurysmal inflow rates normal-

ized by the pretreatment inflow rate.

Clinical Case Examination
To evaluate the potential effectiveness of DPPT in flow diversion,

2 clinical FD cases, one with high mesh compaction and the other

with low mesh compaction, were selected from our hospital. By

assuming that the gray-scale intensity of the image is proportional

to real mesh density, we analyzed the average metal coverage

along the FD by using the method above.

RESULTS
In Vitro and Numerical FD Deployment in the
Sidewall Aneurysm
In each of the sidewall phantoms, we deployed a PED by using

DPPT. Distal foreshortening of the FD was largely overcome by

the pillowing procedure. One PED (labeled 3.5 � 20 mm) was

deployed with greater delivery wire advancement (21 mm) than

the other PED (labeled 3 � 25 mm, wire advanced 11 mm) during

the release/expansion stage, resulting in higher mesh compaction

over the aneurysm neck region. These 2 scenarios are referred to

as high- and low-compaction, respectively. Numerical simula-

tions recapitulated the in vitro DPPT processes. Figure 1 shows

stepwise deployment in vitro and in silico.

Deployed Mesh Geometry: Comparison of In Vitro and
Numerical Results
High correlation was achieved between experimental and numer-

ical results of FD deployment. Figure 2 shows mesh geometry and

mesh density quantification in the lateral view (the base view is

given in On-line Fig 2). Greater delivery wire advancement (21

mm) generated higher compaction at the orifice (50% metal cov-

erage, 40 pores/mm2 pore density) compared with that with less

wire advancement (11 mm, 36% metal coverage, 38 pores/mm2

pore density). Mesh densities at parent vessels and transition

zones (30% metal coverage) were similar between high- and low-

compaction scenarios and were lower than that in the neck region

of the high-compaction case. The nonparametric test confirmed

the excellent accuracy of the simulation.

Hemodynamic Evaluation of Flow Diversion
In streamline plots in Fig 3, all 4 FD-treated scenarios showed

pronounced reductions of aneurysmal velocity and inflow com-

FIG 1. Stepwise deployment of the FD by using DPPT experimentally and numerically (the high-compaction scenario is shown). Displacements
of key elements are estimated from the experiment recording and applied to the simulation.
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pared with untreated scenarios. High-compaction mesh diverted

more flow than the low-compaction mesh (inflow reduction: 62%

versus 50% for sidewall, 57% versus 36% for fusiform). The high-

compaction mesh for the sidewall aneurysm attenuated the iner-

tia-driven inflow jet and redirected it to the more proximal region

(Fig 3), which potentially alleviates negative impacts of the flow

impingement.

Mesh Analysis of Clinical Cases
Figure 4 shows 2 clinical PED cases. The case on top was treated by

a PED deployed with high compaction, giving improved

FD-vessel apposition. Metal coverage near the orifice (inflow

zone) and the distal vessel was estimated as 46% and 18%, respec-

tively. In the second illustrated case, the FD was stretched across

the orifice (18%) with normal coverage at the parent vessels

(24%–30%).

DISCUSSION
The current study found the following with DPPT: 1) The distal

foreshortening of the FD was prevented by the pillowing tech-

nique; 2) higher FD metal coverage across the aneurysm orifice

could be achieved by greater delivery wire advancement; 3) lower

metal coverage at perforator regions

could be achieved by smaller wire ad-

vancement and greater withdrawal of the

microcatheter; and 4) high-compaction

mesh resulted in greater inflow reduction

(than low-compaction), which theoreti-

cally promotes aneurysm occlusion.

The FD foreshortening has been fre-
quently encountered in practice.4,5 Fore-
shortening occurs once the FD is released
from the crimped state. The released FD
radially expands and longitudinally fore-
shortens; this change makes the optimal
placement of the FD relatively unpredict-
able, especially for a poorly sized FD. As a
countermeasure, the pillowing technique
was effective in preventing distal migra-
tion of the FD as it foreshortened.

To actively control the FD mesh, we
demonstrated that the additional deliv-
ery wire/pusher advancement (approxi-
mately 10 mm) was sufficient to generate
high-compaction mesh (metal coverage:
50% versus 36%). Similar results were
found for the fusiform aneurysm in the
previous study (metal coverage: 49% ver-
sus 40%, by a 6-mm difference in wire ad-
vancements).2 In practice, high-compac-
tion mesh can be achieved by pushing the
delivery wire, either alone or together
with the microcatheter, to radially expand
and longitudinally compress the FD.
However, when the FD is over important
arterial branch ostia (eg, the anterior cho-
roidal or posterior communicating arter-
ies), we suggest additional pull of the mi-
crocatheter while holding the delivery

wire to generate low-compaction mesh for the patency of small
vessels.

Our experience shows that the above operations would work
better around the orifice than inside parent vessels, because once
a given FD fully expands to the vessel, its metal coverage is mainly
determined by the vessel size and DPPT becomes less effective.
This characteristic was confirmed by our result that mesh densi-
ties from the high- and low-compaction scenarios were similar in
corresponding parent vessels (Fig 2).

One should also be mindful of potential risks of dense com-
paction: 1) Denser mesh increases the chance of occluding perfo-
rators and side branches, given that these vessels can only tolerate
up to 50% ostial coverage as previously suggested8; 2) forceful
pushing can lead to flattening, torsion, and even intussusceptions
of the FD,9 compromising the vessel lumen with potentially dev-
astating consequences; 3) controlled, selectively increased metal
coverage over the aneurysm neck may take time to master and is
more difficult to perform in tortuous vascular anatomies.

Flow simulations showed that high-compaction mesh was
more effective (additional 12%–21% reduction) in diverting
aneurysmal inflow than low-compaction mesh. Most interest-
ing, the flow reduction by the high-compaction mesh of the

FIG 2. Metal coverage and pore density of the FD mesh (lateral view). Parameter values are
calculated from sampling boxes (red) at the central area of the FD mesh. Error bars represent SD.
The asterisk indicates a significant difference (P � .05) from the nonparametric Wilcoxon rank
sum test. Elliptic circles of the same color (red: proximal vessel; black: distal vessel) show that
mesh densities at the same parent vessel segments are similar between low- and high-compac-
tion scenarios. PV indicates proximal vessel; PT, proximal transition; M, middle; DT, distal tran-
sition; DV, distal vessel.
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sidewall aneurysm in the current study (62% inflow reduction)
is comparable with the performance of overlapping 2 FDs
(69% reduction of mean aneurysmal velocity) reported by
Augsburger et al.10 However, further analysis is needed to
verify this observation. With regard to the clinical implications
of flow reduction, it is understood that more flow reduction
leads to more immediate and complete thrombotic occlusion,
therefore avoiding the complications related to aneurysm
rupture.11,12

The orifice coverage of the first clinical case matched the cur-
rent high-compaction mesh of the sidewall aneurysm (46% versus
50%), indicating comparable flow reduction. The low-compac-
tion mesh of the other case was favorable for branch vessel pres-
ervation, but with compromised flow reduction. These 2 cases
showed high variability of the FD mesh and potentially distinct
flow modifications under the DPPT operation.

Limitations of the current study include the following: 1) Only
the hemodynamics of 2 aneurysm geometries were analyzed.

FIG 3. Hemodynamic modification by FD showing streamlines with flow-velocity magnitude (second and fourth rows) in the sidewall and
fusiform aneurysms. Left column: untreated. Middle column: low-compaction. Right column: high-compaction.
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However, these 2 were typical cases suitable for flow diversion
(wide necks and complex geometries less optimal for coiling or clip-
ping); 2) the 3.5 � 20 mm FD for high-compaction was oversized
(3.5 versus 3 mm) due to limited FD sample availability. Oversized
FDs were reported to achieve less flow reduction than nonoversized
ones,13 indicating an underestimation to the flow reduction of the
current high-compaction scenario; and 3) rigid wall was assumed
through the deployment. Future direction would be to further exam-
ine the effects of DPPT on aneurysm occlusion and perforator pres-
ervation in clinical cases following flow diversion.

CONCLUSIONS
The current study investigated the variability of the pure braided

FD mesh deployed by the DPPT in patient-specific aneurysm

models and evaluated the consequent flow-diversion perfor-

mance. The selective use of DPPT during FD deployment gener-

ated enhanced aneurysm flow reduction by creating high mesh

compaction over the aneurysm neck. DPPT was also capable of

maintaining relatively low compaction over perforators/branch

vessels to aid their preservation.
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ORIGINAL RESEARCH
INTERVENTIONAL

Thromboembolic Complications in Patients with Clopidogrel
Resistance after Coil Embolization for Unruptured

Intracranial Aneurysms
B. Kim, K. Kim, P. Jeon, S. Kim, H. Kim, H. Byun, J. Cha, S. Hong, and K. Jo

ABSTRACT

BACKGROUND AND PURPOSE: Antiplatelet resistance is known to be associated with symptomatic ischemic complication after endo-
vascular coil embolization. The purpose of our study was to evaluate the relationship between antiplatelet resistance and clinically silent
thromboembolic complications using DWI in patients who underwent coil embolization for unruptured intracranial aneurysm.

MATERIALS AND METHODS: Between October 2011 and May 2013, 58 patients with 62 unruptured aneurysms who were measured for
antiplatelet response using VerifyNow assay and underwent elective coil embolization for an unruptured aneurysm with posttreatment
DWI were enrolled. Diffusion-positive lesions were classified into 3 groups according to the number of lesions (n � 0 [grade 0], n � 6 [grade
I], and n � 6 [grade II]). The relationship between antiplatelet resistance and diffusion-positive lesions was analyzed.

RESULTS: Sixty-two endovascular coiling procedures were performed on 58 patients. Clopidogrel resistance was revealed in 23 patients
(39.7%) and diffusion-positive lesions were demonstrated in 28 patients (48.3%); these consisted of 19 (32.8%) grade I and 9 (15.5%) grade II
lesions. Clopidogrel resistance was not relevant to the development of any diffusion-positive lesion (grade I and II, P � .789) but was
associated with the development of multiple diffusion-positive lesions (grade II, P � .002). In the logistic regression prediction model,
clopidogrel resistance showed significant correlation with the development of grade II lesions (P � .001).

CONCLUSIONS: Multiple diffusion-positive lesions (�6 in number) occurred more frequently in patients with clopidogrel resistance after
endovascular coiling for unruptured aneurysms.

ABBREVIATION: PRU � P2Y12 reaction units

Since it was demonstrated that clopidogrel resistance is associ-

ated with thromboembolic events after cardiovascular stent

placement, many studies in patients undergoing neurovascular

stent placement have revealed a similar relationship between an-

tiplatelet drug resistance and thromboembolic complications.1,2

Furthermore, recently published reports have documented that

clopidogrel resistance had an effect on the occurrence of symp-

tomatic ischemic infarcts in patients undergoing endovascular

treatment with or without adjunctive devices for intracranial

aneurysms.3,4

The widespread and routine application of DWI after coil em-

bolization has revealed that clinically silent thromboembolic phe-

nomena occur in up to one-third of cases.5 Several clinical and

procedural factors have been proposed as being associated with

those postprocedural diffusion abnormalities.6 However, the re-

lationship between the antiplatelet drug reactivity and the throm-

boembolic complication delineated on DWI has not been well-

characterized in patients undergoing coil embolization. The aim

of the present study was to evaluate the frequency of posttreat-

ment diffusion-positive lesions associated with coil insertion for

treatment of unruptured intracranial aneurysms in patients with

antiplatelet drug resistance. In addition, other clinical, aneurys-

mal, and procedural factors were assessed to reveal the association

with the occurrence of posttreatment diffusion-positive lesions.

MATERIALS AND METHODS
Patients
From August 2011 to May 2013, a total of 328 patients with un-

ruptured intracranial aneurysm were treated with elective endo-

vascular coil embolization in our institute. During this period,

patients who underwent coil embolization for unruptured aneu-
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rysm were prescribed dual antiplatelet therapy 7 days before the

procedure and antiplatelet drug reactivity was measured 1 day

before the procedure. In addition, posttreatment MR examina-

tion including DWI was done within 48

hours after the procedure. Measurement

of antiplatelet drug reactivity and post-

treatment MR imaging, however, were

performed on the basis of the clinician’s

individual policy. Therefore, we excluded

51 patients for whom posttreatment dif-

fusion MR images were not available and

119 patients with an incomplete reactivity

test for aspirin and clopidogrel. In addi-

tion, 100 patients were ruled out because

of the lack of both preprocedural reactiv-

ity test and posttreatment DWI. Cases of

ruptured aneurysm were not included to

eliminate the effect of subarachnoid hem-

orrhage. Finally, we retrospectively re-

viewed 58 nonconsecutive patients with

62 unruptured intracranial aneurysms

who underwent elective coil embolization

from our prospective data base collected

from August 2011 and May 2013.

The baseline clinical characteristics of

the patients were reviewed via their med-

ical charts in our institute and are pre-

sented in Tables 1 and 2. The clinical lab-

oratory data of platelet activity and

procedural information including specif-

ics of the aneurysm, treatment methods,

and devices used in the procedure and in-

traprocedural complications were recorded

in our institute’s prospectively maintained

data base. The specifics of the aneurysm

with which we were concerned were the

width of the neck and the dome size of the

sac, which were shown to be significantly

associated with the rate of thromboembolic

complications in the Analysis of Treatment

by Endovascular approach of Non ruptured

Aneurysms study.7 The treatment of 2 an-

eurysms in a single session was designated as

multiple procedures.

Medication Regimen and Platelet
Function Testing
Antiplatelet therapy was initiated 7 days be-

fore coiling procedure with the standard

100 mg daily aspirin dose and 75 mg daily

clopidogrel dose. Because unplanned or un-

expected coiling for ruptured aneurysm was

already excluded from the present study,

the regimen was uniformly adhered to by

the enrolled patients. As a daily dose of

clopidogrel, 75 mg for 7 days was consid-

ered to be enough to reach the therapeutic

range of antiplatelet effects, a loading dose

of 300 mg clopidogrel, which was the standard dosage for cardiovas-

cular stent-placement procedures, was not adopted for our antiplate-

let regimen.8,9

Table 1: Patient characteristics, aneurysmal specifics, technical aspect of the procedure,
and antiplatelet drug reactivity associated with any diffusion-positive lesion in patients
undergoing endovascular coiling of unruptured intracranial aneurysms

Categorya
Grade 0
(n = 30)

Grade I/II
(n = 28) Puni Plogistic

Sex Male (23, 39.7%) 12 11 .956
Female (35, 60.3%) 18 17

Age (years) �60 (35, 60.3%) 21 14 .179
�60 (23, 39.7%) 9 14

HTN Yes (23, 39.7%) 11 12 .789
DM Yes (4, 6.9%) 3 1 .612
Dyslipidemia Yes (11, 19.0%) 4 7 .325
CAD Yes (3, 5.2%) 1 2 .605
Stroke Yes (6, 10.3%) 1 5 .097 .998
Statin Yes (11, 19.0%) 5 6 .744
Aspirin Yes (19, 32.8%) 9 10 .781
Smoking Yes (15, 25.9%) 7 8 .767
Dome size �7 mm (39, 67.2%) 22 17 .404

�7 mm (19, 32.8%) 8 11
Neck width �4 mm (32, 55.2%) 19 13 .291

�4 mm (26, 44.8%) 11 15
Multiplicity of the procedureb Single (54, 93.1%) 30 24 .048 .072

Double (4, 6.9%) 0 4
Procedural methods Single (16, 27.6%)c 10 6 .453

Double (18, 41.4%)c 10 8
Stent (24, 31%) 10 14

Aspirin resistance Yes (9, 15.5%) 3 6 .290 .720
Clopidogrel resistance Yes (23, 39.7%) 11 12 .789 .998

Note:—HTN indicates hypertension; DM, diabetes mellitus; CAD, coronary artery disease.
a (number, percent).
b Multiple procedures in a single session.
c Single or double microcatheter technique, stent-assisted technique.

Table 2: Patient characteristics, aneurysmal specifics, technical aspect of the procedure,
and antiplatelet drug reactivity associated with multiple diffusion-positive lesions in
patients undergoing endovascular treatment of unruptured intracranial aneurysms

Categorya
Grade 0/I

(n = 49)
Grade II
(n = 9) Puni Plogistic

Sex Male (23, 39.7%) 20 3 1.000
Female (35, 60.3%) 29 6

Age (years) � 60 (35, 60.3%) 30 5 1.000
� 60 (23, 39.7%) 19 4

HTN Yes (23, 39.7%) 20 3 1.000
DM Yes (4, 6.9%) 4 0 1.000
Dyslipidemia Yes (11, 19.0%) 8 3 .350
CAD Yes (3, 5.2%) 2 1 .403
Stroke Yes (6, 10.3%) 4 2 .231
Statin Yes (11, 19.0%) 8 3 .350
Aspirin Yes (19, 32.8%) 16 3 1.000
Smoking Yes (15, 25.9%) 13 2 1.000
Dome size �7 mm (39, 67.2%) 34 5 .456

�7 mm (19, 32.8%) 15 4
Neck width �4 mm (32, 55.2%) 28 4 .717

�4 mm (26, 44.8%) 21 5
Multiplicity of the procedureb Single (54, 93.1%) 48 6 .010 .051

Double (4, 6.9%) 1 3
Procedural methods Single (16, 27.6%)c 15 1 .088 .642

Double (18, 41.4%)c 17 1
Stent (24, 31%) 17 7

Aspirin resistance Yes (9, 15.5%) 8 1 1.000 .667
Clopidogrel resistance Yes (23, 39.7%) 15 8 .002 .014

Note:—HTN indicates hypertension; DM, diabetes mellitus; CAD, coronary artery disease.
a (number, percent).
b Multiple procedures in a single session.
c Single or double microcatheter technique, stent-assisted technique.
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Response to the antiplatelet therapy was routinely checked 1

day before the procedure using a point-of-care antiplatelet func-

tion test (VerifyNow; Accumetrics, San Diego, California). The

VerifyNow aspirin assay was employed to calculate the aspirin

reaction units and the VerifyNow P2Y12 assay was utilized to

obtain the P2Y12 reaction units (PRU). Aspirin resistance was

defined as aspirin reaction units � 550 following the manufactur-

er’s suggestion and clopidogrel resistance was identified using a

PRU � 240 cutoff according to the results of a previous study.10,11

Patients were categorized into the resistant group if testing re-

vealed the above defined levels after 7 days of dual antiplatelet

therapy.

Procedure and Procedure-Related Complications
Endovascular coil embolization was performed following a stan-

dardized protocol in our neuroangiography suite under general

anesthesia, as previously described.12 Systemic anticoagulation

was achieved using an intravenous bolus injection of heparin (60

IU per kg, 3000 � 5000 IU, range) at the time of the guiding

catheter insertion. An additional 1000 IU/h of heparin was ad-

ministered to keep the activated coagulation time 2�3-fold from

the baseline with routine hourly check-ups. In the cases where a

stent-assisted coil embolization technique was adopted, 24-hour

heparinization was maintained after the procedure based on the

result of a routine check of the activated partial thromboplastin

time. A conventional coiling procedure using a single microcath-

eter and various detachable coils, the double-microcatheter tech-

nique, and stent-assisted coil embolization were used according

to the geometry of the aneurysm including the width of the neck,

dome-to-neck ratio, and presence of an incorporated branch and

patient age.

Intraprocedural thromboembolic complication was defined

as thrombus formation and/or embolic occlusion in the corre-

sponding parent and distal vessels evident on immediate or de-

layed postprocedural angiography. In addition, intraprocedural

aneurysm perforation was designated as an extravasation of the

contrast material after device extrusion from an aneurysm.

Postprocedural thromboembolic complications were divided

into 2 categories: 1) symptomatic ischemic complications such as

a newly developed transient ischemic attack or permanent isch-

emic infarctions within 2 days of the procedure; and 2) clinically

silent thromboembolic phenomena as represented by diffusion

restriction on posttreatment DWI.13 MR imaging was performed

at 3T (Achieva; Philips Medical Systems, Best, the Netherlands)

with an 8-channel sensitivity-encoding head coil.

Posttreatment MR images were reviewed by an independent

neuroradiologist for evidence of microembolism, which is de-

fined as a high-signal-intensity lesion �15 mm in diameter,

according to the imaging features of small

artery occlusion of the Trial of Org 10172

in Acute Stroke Treatment classifica-

tion.14 Territorial infarction resulting

from an occlusion of a branch was individ-

ually recorded. Diffusion-positive lesions

were further graded into 3 groups according

to their number: 1) grade I lesions included

diffusion-positive lesions that were �6 in

number (Fig 1); and 2) grade II lesions had

more than 6 diffusion-positive lesions (Fig

2). No diffusion restriction was categorized

into grade 0. The incidence of and risk fac-

tors for any diffusion-positive lesion (both

grade I and II lesions), and the association

with the antiplatelet resistance were retro-

spectively analyzed. In addition, risk fac-

tors for multiple diffusion-positive le-

sions (only grade II lesions) and the

FIG 1. A 74-year-old female patient presented with left posterior communicating artery aneu-
rysm and PRU of 134 (nonresistant group). A, Axial DWI demonstrates typical punctate diffusion
restriction after an endovascular procedure. Furthermore, this lesion is related to clinically silent
thromboembolic phenomena. B, 3D reconstruction image reveals coil embolized aneurysm
arising from the origin of the posterior communicating artery.

FIG 2. A 59-year-old female patient presented with right posterior communicating artery aneurysm and clopidogrel resistance detected with
PRU of 304. A–D, Posttreatment DWI shows multiple scattered microembolic infarcts in right cerebral hemisphere, measured to be more than
approximately 10 in number.
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relevance to the antiplatelet responsiveness were evaluated in the

same manner.

Statistical Analysis
Statistical analysis was executed using SAS version 9.3 (SAS Insti-

tute, Cary, North Carolina). Univariable statistical analysis (�2

test or Fisher exact test) was performed to assess the associations

between clinical, procedural, and laboratory variables and diffu-

sion-positive lesion as a categoric variable. The variables with P

values �.10 in univariable analysis were chosen for multivariable

models using multiple logistic regression analysis. Aspirin and

clopidogrel resistance were included in the variables for multi-

variable analysis regardless of their P values. The Firth penalized

maximum likelihood estimation method was used in cases of rare

events of variables. The same process of statistical analysis was

conducted to evaluate multiple diffusion-positive lesions as a cat-

egoric variable. Statistical significance was defined as P � .05 in all

analysis. In addition, P values and 95% confidence intervals for

odds ratio were corrected by the Bonferroni method because of

multiple testing.

RESULTS
During the study period, overall 62 endovascular coiling proce-

dures were performed on 58 patients, and 2 coil embolizations

were undertaken in 4 patients in a single session. Among the 58

patients in whom platelet reactivity was measured, 15.5% (n � 9)

of the patients were aspirin-resistant and 39.7% (n � 23) of the

patients showed clopidogrel resistance. Five (8.6%) patients were

confirmed to be resistant to both aspirin and clopidogrel. In ad-

dition, the incidence of antiplatelet resistance in those who were

excluded in this study because of the lack of posttreatment MR

imaging (n � 51) was not appreciably different from that of the

enrolled patients (aspirin resistance, 11.8% [n � 6]; clopidogrel

resistance, 39.2% [n � 20]).

Intraprocedural adverse events occurred in 2 (3.2%) of 62

cases, comprising 1/62 (1.6%) intraprocedural thromboembolic

events, and 1/62 (1.6%) intraprocedural aneurysmal ruptures.

The patient with intraprocedural thrombus formation in the par-

ent artery was treated with an intra-arterial tirofiban infusion and

several diffusion-positive lesions—less than 6 in number (grade I

lesions)—were delineated on posttreatment DWI. No specific

neurologic symptom was reported after the procedure. The pa-

tient with the intraprocedural perforation was managed with fur-

ther delivery of coils and the extravasation of contrast material

was successfully controlled. However, intraprocedural thrombus

formation developed during additional coil placement. There-

fore, for a patient with aneurysmal leakage–induced thrombus

formation, tirofiban was carefully administered after confirma-

tion of the absence of extravasation of contrast material. Although

the patient complained of headache after the procedure and mul-

tiple diffusion-positive lesions were demonstrated on postproce-

dural DWI (grade II lesions), neurologic evaluation revealed no

neurologic deficit and the NIHSS was scored at 0.

Postprocedural symptomatic ischemic complication without

intraprocedural angiographic abnormality was reported in 1

(1.7%) of the 58 patients. A 75-year-old female patient with both

aspirin and clopidogrel resistance presented with unruptured left

posterior communicating artery aneurysm and endovascular

treatment with stent-assisted coil embolization was performed.

The patient complained of mild headache and dysarthria 22 hours

after the procedure. On neurologic examination, abulia, unilat-

eral homonymous hemianopsia, and transcortical sensory apha-

sia were detected and the NIHSS was scored at 4 (Fig 3). Multiple

diffusion-restricted lesions, more than 6 in number, were delin-

eated on posttreatment MR imaging as well. Prolonged heparin-

ization and antiplatelet agent administration with the addition of

ticlopidine (500 mg/d) were applied and the language problem

resolved at discharge. No permanent neurologic deficit was re-

ported and there was no procedure-related permanent morbidity

or mortality.

Posttreatment MR imaging including DWI and MR angiogra-

phy was obtained within 48 hours after the procedure in all 58

patients. Among them, 54 patients underwent posttreatment MR

imaging as a routine protocol whereas 4 patients had a MR eval-

uation due to the presence of suspicious neurologic symptoms.

Among these 4 patients, only 1 patient showed diffusion abnor-

malities (grade II lesions) and underwent MR evaluation 10 or 12

hours earlier than was expected because of development of apha-

sia. No diffusion abnormality was found in postprocedural MR

imaging of the remaining 3 patients. The time interval between

coil embolization and MR examination ranged from 23 to 46

hours (mean � 34.6 hours). Diffusion-positive lesions on post-

treatment DWI were present in 28 (48.3%) of 58 patients, con-

FIG 3. A 75-year-old female patient underwent stent-assisted coil embolization for unruptured left posterior communicating artery aneurysm.
The patient complained of dysarthria 22 hours after the procedure. On neurologic examination, abulia, unilateral homonymous hemianopsia,
and transcortical sensory aphasia were noted. A–D, Posttreatment DWI shows numerous scattered diffusion-restrictive lesions in left cerebral
hemisphere including larger lesion in left frontal cortex. PRU of the patient was 339.
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sisting of 19 (32.8%) grade I and 9 (15.5%) grade II lesions. All 28

patients showed diffusion-restricted lesions within the treated

vascular territory and incidental diffusion abnormalities that oc-

curred outside the treated vascular territory were found in 2 pa-

tients. As shown in Table 1, multiple procedures in a single session

were higher in the diffusion-positive group (grade 0 versus I/II

lesions, Puni � .048). However, logistic regression analysis proved

no significant difference in the occurrence of any diffusion-posi-

tive lesion (Plogistic � .072). Other variables formerly known as

association factors with thromboembolic complications such as

age, dyslipidemia, prior thromboembolic event history, and the

use of adjunctive devices did not show a statistical difference on

the occurrence of any diffusion-positive lesion. In addition, nei-

ther aspirin nor clopidogrel resistance was proved to be associated

with the occurrence of diffusion abnormality.

The incidence of multiple diffusion-positive lesions, more

than 6 in number (grade II lesions), was higher in patients with

multiple procedures in a single session and clopidogrel resistance

on univariable analysis (Puni � .010 and Puni � .002). However,

only clopidogrel resistance showed significant association with

the incidence of multiple diffusion-positive lesions in multivari-

able analysis (Plogistic � .014, Table 2). Furthermore, high signal

intensities of grade II lesions showed larger size than those of

grade I lesions and measured approximately 10 –15 mm in diam-

eter. These grade II lesions were grossly distinct from almost all

grade I lesions by their larger size as well as irregular configuration

(Fig 3).

DISCUSSION
Oral antiplatelet preparation before coiling of an unruptured ce-

rebral aneurysm has been accepted as a standard protocol in many

institutes nowadays since the publication of the first proposal by

Workman et al.15 Moreover, there is a growing body of literature

that describes the relationship between poor response to clopi-

dogrel and postprocedural thromboembolic complications in pa-

tients undergoing endovascular treatment with stent assistance or

the Pipeline Embolization Device (Covidien, Irvine, Califor-

nia).4,10,16 While the connection between clopidogrel resistance

and intraprocedural thromboembolic complications or clini-

cally recognized postprocedural ischemic deficits has been

documented in prior studies, an association between antiplate-

let resistance and silent ischemia as represented by diffusion-

weighted abnormalities has not been reported previously. In

the present study, we focused on the frequency and number of

diffusion-positive lesions according to the responsiveness to

dual antiplatelet therapy with acetylsalicylic acid and clopi-

dogrel. In addition, various clinical, aneurysmal, and technical

factors were sought to find any correlation with diffusion-pos-

itive lesions.

Clinical implications of diffusion-positive lesions, known for

clinically silent thromboembolic phenomena, are still controver-

sial. First, there has been controversy whether silent ischemic le-

sions on DWI are really silent on clinical grounds. Many authors

have raised the possibility of an association between diffusion-

positive lesions and neuropsychological deficits with controver-

sial results.17-19 It is documented that thorough neuropsycholog-

ical examination can reveal significant cognitive impairments in

patients with clinically silent diffusion-positive lesions on routine

neurologic tests. Given the possible pathophysiological role of

diffusion-positive lesions in cognitive decline, not only the fre-

quency and but also the number of diffusion abnormalities were

considered to be clinically relevant, even allowing for the conten-

tion that diffusion abnormalities do not necessarily translate into

a clinically meaningful event.20,21 In general, the location of the

lesion in an eloquent brain area is known to determine the devel-

opment of neurologic deficits. However, a recently published re-

port investigated the clinical relevance of the total number of dif-

fusion-positive lesions and documented that the higher rate of

diffusion-positive lesions can be a surrogate marker for symp-

tomatic ischemia regardless of their location.22 Furthermore, they

suggested the cutoff value of diffusion-positive lesions (�6) for

predicting symptomatic ischemia. Therefore, the present study

adopted the practice of categorizing patients into subgroups ac-

cording to the number of diffusion-positive lesions (from grade

0 to III) based on those clinical implications of multiple

microembolisms.

Several reports, including a pathologic study, suggested that

the explainable embolic sources of diffusion-positive lesions after

an endovascular procedure are air embolism, atheroma dislodged

during catheterization, thrombus formation from the devices

used over the course of the procedure, and hydrophilic coating

from the catheters or wires.23-26 In this study, multiplicity of the

procedure in a single session turned out to be associated with the

occurrence of any diffusion-positive lesion. It was considered that

multiple procedures in a single session had a tendency to increase

the number of catheters used, the total procedure time, and the

frequency of vessel probing, which was closely associated with

mechanical stress. Therefore our results implied that the occur-

rence of diffusion-positive lesions was mainly contributed to by

the factors that can exacerbate mechanical stress. Contrary to ex-

pectations, several factors that were documented to have an asso-

ciation with diffusion abnormalities such as dome diameter �7

mm, neck width �4 mm, and patient age 60 years or older in prior

studies had only a trend for the occurrence of diffusion-positive

lesions and were not independent risk factors on univariate

analysis.7,22,27

Although antiplatelet resistance had no relevance to occur-

rence of any diffusion abnormality, clopidogrel resistance showed

significant association with the development of multiple diffu-

sion-positive lesions. Among 9 patients with multiple diffusion-

positive lesions (grade II lesions), 8 patients (n � 8, 88.9%)

showed clopidogrel resistance, which was significantly higher

than the risk in patients who did not exhibit clopidogrel resistance

(n � 1, 11.1%). Moreover, 5 patients with multiple diffusion-

positive lesions and clopidogrel resistance displayed numerous

(more than 10 in number) tiny diffusion-restricted lesions in the

corresponding territory of parent and distal cerebral arteries of

the aneurysm. It was therefore speculated that active thrombus

formation from endovascular devices by poor platelet inhibition

seemed to mainly contribute to the formation of those multiple

scattered embolic infarcts. Given the fact that 1 patient with a

symptomatic ischemic event was classified as having grade II le-

sions, clopidogrel resistance seemed to be associated with clini-
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cally relevant diffusion-positive lesions in patients undergoing

elective coil embolization for unruptured aneurysms.

Use of adjunctive devices for treatment of aneurysms with an

unfavorable configuration for conventional coil embolization was

proposed as a risk factor that can increase the incidence of throm-

boembolic complications compared with the single microcath-

eter technique by some authors, including the author of the prior

study from our institute.12 However, other authors have pub-

lished studies that show adjunctive device usage does not appear

to increase the frequency of embolic or ischemic events.13 Alter-

natively, it was posed that the difference in preoperative antiplate-

let medical management in each procedure could be relevant to

the occurrence of thromboembolic complications. Our results

showed that a difference in procedural devices such as the use of a

stent or 2 microcatheters did not influence the development of

diffusion-positive lesions under the same premedication strategy.

As concluded in the prior study from our institute, appropriate

and uniform premedication in a homogeneous patient group and

adequate heparinization in all procedures may preclude the dif-

ference in the development of thromboembolic complications ac-

cording to adjunctive devices.

There are several limitations to the present study. The retro-

spective nature of this study is the first limitation. Second, many

patients were excluded for the lack of preprocedural drug reactiv-

ity test and postprocedural MR images according to the clinician’s

individual preference. One attending clinician routinely checked

postprocedural MR examination within 1 or 2 postoperative days,

whereas the remaining 2 clinicians checked MR imaging in symp-

tomatic cases only. This selection bias might contribute to a

higher thromboembolic complication rate. Third, there are no

preprocedural MR images for comparison. Given some evidence

that aneurysms alone can cause thromboembolic phenomena,

this limitation can increase the frequency of diffusion-positive

lesions artificially.28 In addition, we excluded patients with rup-

tured aneurysms for the reason that SAH may also cause diffu-

sion-weighted imaging changes, but an intraprocedural rupture

case with subsequent SAH was included. Fourth, a thorough clin-

ical correlation with diffusion-positive lesions was not performed.

Although NIHSS was performed on all patients after the proce-

dure, a detailed neuropsychological examination that might help

to delineate the clinical implications of diffusion-positive lesions

was not performed. Lastly, there was no consideration regarding

the degree of atherosclerosis in the aortic arch.

CONCLUSIONS
Antiplatelet drug resistance does not appear to be related with the

occurrence of any diffusion-positive lesion after an endovascular

coiling procedure for unruptured aneurysm. However, it seems

that clopidogrel resistance is associated with the occurrence of

multiple diffusion-positive lesions, especially those that are

more than 6 in number. The present study suggests that giving

premedication consisting of aspirin and clopidogrel and the

measurement of antiplatelet activity should be done for pa-

tients scheduled to undertake elective coil embolization for

unruptured aneurysms. In cases with clopidogrel resistance,

adequate modification of the premedication may help to re-

duce the development of both clinically silent and evident

thromboembolic complications after the procedure, and fur-

ther study should be performed to seek the proper modifica-

tion of the premedication.
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Transarterial Onyx Embolization of Cranial Dural
Arteriovenous Fistulas: Long-Term Follow-Up

R.V. Chandra, T.M. Leslie-Mazwi, B.P. Mehta, A.J. Yoo, J.D. Rabinov, J.C. Pryor, J.A. Hirsch, and R.G. Nogueira

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular therapy with liquid embolic agents is a common treatment strategy for cranial dural
arteriovenous fistulas. This study evaluated the long-term effectiveness of transarterial Onyx as the single embolic agent for curative
embolization of noncavernous cranial dural arteriovenous fistulas.

MATERIALS AND METHODS: We performed a retrospective review of 40 consecutive patients with 41 cranial dural arteriovenous fistulas
treated between March 2006 and June 2012 by using transarterial Onyx embolization with intent to cure. The mean age was 57 years;
one-third presented with intracranial hemorrhage. Most (85%) had cortical venous drainage. Once angiographic cure was achieved,
long-term treatment effectiveness was assessed with DSA and clinical follow-up.

RESULTS: Forty-nine embolization sessions were performed; 85% of cranial dural arteriovenous fistulas were treated in a single session.
The immediate angiographic cure rate was 95%. The permanent neurologic complication rate was 2% (mild facial palsy). Thirty-five of the
38 patients with initial cure underwent short-term follow-up DSA (median, 4 months). The short-term recurrence rate was only 6% (2/35).
All patients with occlusion at short-term DSA undergoing long-term DSA (median, 28 months) had durable occlusion. No patient with
long-term clinical follow-up (total, 117 patient-years; median, 45 months) experienced hemorrhage.

CONCLUSIONS: Transarterial embolization with Onyx as the single embolic agent results in durable long-term cure of noncavernous
cranial dural arteriovenous fistulas. Recurrence rates are low on short-term follow-up, and all patients with angiographic occlusion on
short-term DSA follow-up have experienced a durable long-term cure. Thus, angiographic cure should be defined at short-term follow-up
angiography instead of at the end of the final embolization session. Finally, long-term DSA follow-up may not be necessary if occlusion is
demonstrated on short-term angiographic follow-up.

ABBREVIATIONS: cDAVF � cranial dural arteriovenous fistula; CVD � cortical venous drainage

Endovascular therapy is commonly used for the treatment of

noncavernous cranial dural arteriovenous fistulas (cDAVFs).

Cyanoacrylates, ethyl alcohol, coils, and particles can be used

alone or in combination via transarterial, transvenous, or occa-

sionally direct percutaneous treatment routes. There is no US

Food and Drug Administration–approved liquid embolic agent

for the treatment of cDAVFs. The ethylene-vinyl alcohol copoly-

mer liquid embolic system (Onyx; Covidien, Irvine, California) is

FDA-approved for the presurgical embolization of brain arterio-

venous malformations. Since Onyx has become available, transar-

terial embolization of cDAVFs by using Onyx as the sole endovas-

cular embolic agent has become our preferred treatment strategy.

This endovascular treatment approach represents an “off-label”

use of the Onyx liquid embolic system.

The immediate occlusion rate in large cohort studies of pa-

tients treated with transarterial Onyx embolization ranges from

62% to 92%, and short-term durable occlusion has been demon-

strated.1-4 We have previously reported our short-term experi-

ence using Onyx in these patients5 and have compared the success

of this technique with embolization using n-butyl cyanoacrylate.6

However, there currently remain no published data on the long-

term effectiveness for embolization of cDAVFs by using Onyx, to
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our knowledge. Here we report our long-term angiographic oc-

clusion rate and clinical follow-up in a cohort of noncavernous

cranial DAVFs that were treated by using transarterial Onyx em-

bolization with the intention of complete cure.

MATERIALS AND METHODS
Patient Cohort
Between March 2006 and June 2012, forty consecutive patients

with 41 noncavernous cDAVFs treated by using transarterial

Onyx embolization as the single embolic agent with the intention

of complete cure were retrospectively identified. Baseline charac-

teristics of the study cohort are described in Table 1. This retro-

spective analysis was approved by the institutional review board

of Massachusetts General Hospital.

Embolization Procedure
All procedures were performed with the patient under general

anesthesia by using biplane angiographic units (Neurostar, Ax-

iom Artis, and Artis zee; Siemens, Erlangen, Germany). Informed

consent included the off-label use of Onyx as the primary embo-

lization agent. All procedures were performed via the transfemo-

ral approach by using coaxial techniques with continuous flush-

ing of the catheters with heparinized saline (4000 U of heparin per

liter). After initial diagnostic angiography, standard guide cathe-

ters were placed into the external carotid artery and dimethyl-

sulfoxide– compatible microcatheters were directed into the tar-

get arterial pedicle. In most cases, a Marathon microcatheter

(Covidien) was placed through a 5F MPC Envoy guide catheter

(Codman & Shurtleff, Raynham, Massachusetts) and navigated

over an X-Pedion-10 (Covidien) or Mirage 0.008 microwire (Co-

vidien) to reach the distal aspect of the target arterial pedicle. After

microcatheter angiography confirmed an optimal position, the

microcatheter was flushed with 5 mL of normal saline. The dead

space of the microcatheter was subsequently filled with dimethyl-

sulfoxide, and Onyx was injected during 90 seconds to fill the

microcatheter and replace the dimethyl-sulfoxide in the dead

space. Under continuous fluoroscopic guidance, Onyx was slowly

infused into the target arterial pedicle by using a “thumb-tapping”

technique to form an initial “plug” at the microcatheter tip. Ex-

cessive reflux was avoided to minimize challenges related to sub-

sequent microcatheter removal and the risk of nontarget emboli-

zation. Once sufficient antegrade flow of Onyx was established,

prolonged injections were performed. Intermittent injection

pauses of between 30 and 120 seconds were used to avoid Onyx

migration into nontarget areas and to facilitate redirection of

newly injected Onyx to desired areas. In general, Onyx-34 was

used for plug formation with subsequent injection of Onyx-18.

Intermittent angiography through the guide catheter was occa-

sionally performed during embolization to assess the extent of

residual flow or areas of nontarget embolization. Angiographic

cure was defined as formation of an attenuated Onyx cast in the

target fistula and the proximal draining venous structures with no

residual arteriovenous shunting. In 2 cases, Gelfoam (Phadia,

Uppsala, Sweden) was injected into the superficial temporal and

occipital arteries to further promote thrombosis of the scalp ar-

teries after Onyx embolization.

Follow-Up
All patients were scheduled for short-term (3-month) follow-up

angiography to confirm persistent occlusion of the cDAVF fol-

lowing the endovascular treatment course. If complete occlusion

of the shunt was not achieved, further treatment (endovascular or

surgical) was planned. No patients underwent radiosurgical treat-

ment. Long-term (�12-month) angiographic follow-up was left

to the discretion of the neurointerventionalist; early in the study

period, 3-year angiography was scheduled.

RESULTS
Patient Cohort
Mean age was 57 years (range, 30 –79 years), and one-third of

patients presented with intracranial hemorrhage. Thirty-five

(85%) had cortical venous drainage (CVD); the classifications of

Cognard et al7 and Borden et al8 are reported in Table 1.

Embolization Safety Results
Forty-nine embolization sessions were performed for 41 cDAVFs

in 40 patients. The procedural characteristics are described in Ta-

ble 2. Although the cDAVFs had multiple arterial feeding pedicles

(mean, 4; range, 1–10), the mean number of embolization ses-

Table 1: Baseline characteristics of study cohort (n � 40 patients
with 41 cDAVFs)

Characteristic No. of Patients
Age (mean; range) 57 (30–79)
Male (%) 21 (53%)
Presentation

Tinnitus 14 (35%)
Hemorrhage 13 (33%)
Incidental/nonspecific headache

syndrome
10 (25%)

Seizure 2 (5%)
Superficial siderosis 1 (2%)

Cognard grade
I 5 (12%)
IIA 3 (7%)
IIB 3 (7%)
IIA�B 4 (10%)
III 15 (37%)
IV 11 (27%)

Borden grade
I 8 (15%)
II 7 (22%)
III 26 (63%)

Table 2: Procedural characteristics of study cohort (n � 41
DAVFs)

Characteristic No.
No. of feeding pedicles (mean, range) 4 (1–10)
Total No. of embolization procedures 49
No. of embolization procedures per patient

(mean; range)
1.2 (1–3)

No. of single-stage embolizations 35 (85%)
Complications (n � 49 embolization procedures)

Technical events 5 (10%)
All clinical events 7 (14%)
Transient neurologic 1 (2%)
Permanent neurologic 1 (2%)
Death 0
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sions per patient was 1.2 (range, 1–3). Thirty-five (85%) cDAVFs

were treated to cure in a single embolization session.

Technical procedural complications without clinical conse-

quence occurred in 5 (10%) of 49 embolization sessions—1 ver-

tebral artery dissection, 1 occipital artery perforation during

Onyx embolization that sealed, 1 microcatheter rupture in the

middle meningeal artery, 1 instance of nontarget nonocclusive

embolization into a superior sagittal sinus leaflet, and a single

episode of intraprocedural thrombosis in the external carotid cir-

culation during a treatment session despite heparinization, which

raised the suspicion of heparin-induced thrombocytopenia. This

particular procedure was aborted, and the cDAVF was cured on

the third embolization session.

Adverse clinical events occurred in 7 (14%) of 49 embolization

sessions: focal alopecia from radiation injury, transient orbital

chemosis of unclear etiology that resolved within 24 hours, 2 cra-

nial nerve palsies (partial facial and maxillary nerve palsies) with

near-complete and complete resolution in these 2 patients, tran-

sient intraprocedural bradycardia progressing to brief self-resolv-

ing asystole without clinical consequence during embolization

through the artery of the falx cerebelli for a Cognard III cDAVF at

the torcula, and an episode of immediate postextubation respira-

tory distress leading to secondary asystolic arrest. The patient was

resuscitated and recovered without clinical consequences. The fi-

nal event was pulmonary embolism occurring 4 days after embo-

lization of a ruptured Cognard IV cDAVF in a 71-year-old man.

The only permanent neurologic complication was in the pa-

tient with partial facial palsy. There were no procedure-related

cerebral ischemic or hemorrhagic complications, nor proce-

dural mortality.

Embolization Effectiveness Results
The effectiveness of the embolization procedure at the end of the

final treatment, and at short- and long-term angiographic follow

up is summarized in Table 3.

Immediate Results. At the end of the final session, angiographic

cure was achieved in 38 of 40 (95%) patients. Two patients were

not cured after transarterial Onyx injection. A 72-year-old man

with an incidental Cognard III cDAVF draining into a single cor-

tical vein had minimal residual arteriovenous shunting at the end

of 2 embolization sessions. His second embolization session was

complicated by partial left maxillary and facial nerve palsies, and

he underwent surgical closure of the shunt. His cranial nerve pal-

sies had recovered by his 6-month clinical follow-up. The second

patient, a 54-year-old woman, presented with pulsatile tinnitus

from an extensive transverse-sigmoid sinus junction Cognard IIa

cDAVF. Although significant reduction in shunting volume was

achieved, her second embolization session was complicated by

partial facial nerve palsy. Her pulsatile tinnitus became tolerable;

thus, no further treatment was performed. Her facial nerve func-

tion recovered to almost normal, with only minimal residual

palsy.

Short-Term Follow-Up. Thirty-five (92%) of the 38 patients with

immediate angiographic occlusion underwent short-term fol-

low-up DSA at a median of 4.2 months (range, 2–12 months).

Two patients (6%) had recurrence of their cDAVF. One patient

with recurrence of his Cognard IV cDAVF located at the torcula

underwent an additional uncomplicated embolization session to

angiographic cure, which was durable at repeat angiography at 10

months posttreatment. The second recurrence occurred in a pa-

tient with a Cognard IV cDAVF supplied by the right superficial

temporal artery, which was treated with surgical occlusion.

Long-Term Follow-Up. Twenty-four (73%) of the 33 patients

with short-term angiographic occlusion underwent long-term

(�12-month) DSA at a median of 28.2 months (range, 12–63

months). All patients (100%) had durable occlusion of their cDAVF

at 59 patient-years of follow-up. Long-term clinical (�12-month)

follow-up was available for 32 patients at a median of 44.8 months

(12–80 months). No patient experienced intracranial hemorrhage

during 117 patient-years of long-term follow-up.

DISCUSSION
Our results demonstrate the effectiveness of transarterial Onyx

embolization as the single embolic agent for achieving long-term

durable cure of noncavernous cDAVFs. In addition, in a cohort of

patients in which one-third presented with intracranial hemor-

rhage and 85% demonstrated CVD, clinical outcomes were favor-

able, with minimal permanent complications and no patient ex-

periencing intracranial hemorrhage during 117 patient-years of

long-term follow-up.

Transarterial Onyx embolization has provided a new treat-

ment paradigm for the care of patients with cDAVFs. The charac-

teristics of the compound allow it to penetrate the multiple arte-

rial branches that supply these lesions and occlude vascular

passages into the proximal venous component, the ultimate treat-

ment goal. Several large cohort studies by using transarterial Onyx

as the primary embolization method have reported high initial

cure rates and durable short-term angiographic occlusion. Imme-

diate postembolization or short-term DSA cure rates range from

62% to 92%.1-4 Angiographic follow-up varied per series, with a

median of 3– 6 months. In 2 large cohort series, the short-term

DSA occlusion rate was 100%.1,2 Therefore, these data provide

satisfactory evidence that effective short-term occlusion with

Onyx is readily achievable.

However, longer term angiographic and clinical follow-up

data have not been published to validate the long-term effective-

ness of this treatment strategy. In addition, there have been re-

ports of recurrence of cured cDAVFs after transarterial treat-

ment.9 Our data demonstrate that angiographic cure is only

definitively confirmed after interval short-term angiography

demonstrates cDAVF occlusion. In our cohort, 2 of 35 patients

with immediate posttreatment angiographic occlusion had recur-

rence at short-term (median, 4.2 months) DSA. These recurrences

Table 3: Procedural effectiveness at time of treatment, short-
and long-term follow-up

Procedural Effectiveness
(No. of patients)

Angiographic
Cure (No.)

At end of final treatment (40) 35 (95%)
Short-term angiographic follow-upa (35) 33 (94%)
Long-term angiographic follow-upb (24) 24 (100%)

a Short-term follow-up occurred at a median of 4.2 months (2–12 months).
b Long-term angiographic follow-up occurred at a median of 28.2 months (12– 63
months).
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could be potentially related to intraprocedural vasospasm, which

could obscure residual areas of arteriovenous shunting, persistent

microfistulas not visible immediately following the initial treatment,

or insufficient penetration of Onyx into the proximal draining ve-

nous structures. However, once occlusion is demonstrated on short-

term DSA, all patients had durable angiographic occlusion at a me-

dian of 28.2 months (range, 12–63 months).

The ultimate clinical goal of treatment of cDAVFs is to alter

the natural history, particularly with regard to the risk of intracra-

nial hemorrhage. Large population studies reveal that approxi-

mately 30% of patients with cDAVF with CVD present with hem-

orrhage.10 The risks of early rebleeding can be high—in an earlier

cohort of 20 patients with intracranial hemorrhage from cDAVFs,

7 patients (35%) had radiologically confirmed rebleeding within

the first 2 weeks after presentation.11 Long-term morbidity and

mortality rates are elevated in patients with persistent CVD. In a

cohort of 20 patients with persistent long-term CVD followed for

a mean of 4.3 years, 7 patients (35%) bled and 9 patients (45%)

died.12 Five of the 20 patients initially presented with intracranial

hemorrhage—3 of these 5 patients rebled; 5 of 15 remaining pa-

tients developed hemorrhage. The hemorrhages during follow-up

occurred at a median of 2.3 years (range, 0.3–5.4) after the initial

presentation. Despite treatment, cDAVFs with CVD are associ-

ated with excessive long-term mortality,13 making long-term

clinical follow-up prudent. In our treated cohort, one-third pre-

sented with intracranial hemorrhage and 9 of these 13 patients

had long-term (�12-month) clinical follow-up (median, 44.5

months; range, 12.3– 81.3 months; total, 34 patient-years). All are

alive, and none experienced rebleeding.

It has been reported that patients presenting with benign (in-

cidental/pulsatile tinnitus/orbital phenomena) symptoms from

cDAVFs with CVD may be at lower annual risk for intracranial

hemorrhage (approximately 1.5%) compared with those present-

ing with aggressive neurologic symptoms.14-16 However, these es-

timates are based on small patient numbers or short follow-up

periods. In the series by Strom et al,15 1 of 17 patients presenting

with benign symptoms from persistent CVD bled 13 years later. In

another series by Söderman et al,14 a complicated “time-at-risk”

period was calculated by combining the time between symptom

onset/nonangiographic diagnosis, the time between diagnostic

angiography and treatment, and clinical follow-up. In the cohort

of 53 patients who did not present with intracranial hemorrhage,

1 patient bled during a time-at-risk period of 67.1 patient-years,

conferring an annual 1.5% risk for intracranial hemorrhage. De-

spite the complex methodology and limitations,17 the per-patient

follow-up period of 1.3 years is relatively short. In the most recent

publication evaluating this patient cohort, 1 in 24 cDAVFs with

benign presentation bled during a total of 23 patient-years of un-

treated follow-up, leading to an annual hemorrhage rate of

4.3%.18 Of note, the range of follow-up for the entire cohort of 70

patients was 1 day to 13 years.

Most (24 of 40) of the patients in our cohort had benign pre-

sentation— pulsatile tinnitus, nonspecific headache syndrome, or

incidental. Eighteen of 24 patients with benign presentation had

CVD. In this cohort, the long-term risks of intracranial hemor-

rhage need to be balanced against the treatment risks. In the entire

cohort, only 1 permanent neurologic complication (partial facial

palsy) occurred in 40 patients who underwent 49 embolization

sessions. This is within the (0%–7.5%) permanent complication

rate in the larger published cohorts treated with transarterial

Onyx.1,3,4,19 While the natural history of patients with benign

symptoms from cDAVFs with CVD remains unclear, we think

that the high success rate coupled with a low morbidity rate from

transarterial Onyx embolization mandates treatment to angio-

graphic cure once CVD is discovered, for long-term hemorrhage

protection.

Our study adds unique and important long-term effectiveness

data supporting the use of transarterial Onyx for the embolization

of cDAVFs. The strengths of our study include the long-term

angiographic and clinical follow-up, the use of DSA to confirm

durable occlusion, and the homogeneous and relatively large co-

hort of noncavernous cDAVFs treated with transarterial Onyx.

The limitations are the retrospective study design and the 9 pa-

tients with cure on short-term follow-up DSA who did not un-

dergo long-term DSA. This limitation reflected a change in our

practice as we gathered experience during the study period. The

presence of long-term durable angiographic occlusion in all pa-

tients with occlusion on short-term DSA follow-up during the

study period led some of our neurointerventionists to perform

MR angiography after short-term DSA follow-up.

CONCLUSIONS
Transarterial embolization with Onyx as the sole embolic agent

results in durable long-term cure of noncavernous cranial

DAVFs. Recurrence rates are low on short-term follow-up, and all

patients with angiographic occlusion on short-term DSA fol-

low-up have durable long-term cure. Thus, angiographic cure

should be defined at short-term follow-up angiography instead of

at the end of the final embolization session. Finally, long-term

DSA follow-up may not be necessary if occlusion is demonstrated

on short-term angiographic follow-up.
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Preoperative Embolization of Intracranial Meningiomas:
Efficacy, Technical Considerations, and Complications

D.M.S. Raper, R.M. Starke, F. Henderson Jr, D. Ding, S. Simon, A.J. Evans, J.A. Jane Sr, and K.C. Liu

ABSTRACT

BACKGROUND AND PURPOSE: Preoperative embolization for intracranial meningiomas offers potential advantages for safer and more
effective surgery. However, this treatment strategy has not been examined in a large comparative series. The purpose of this study was to
review our experience using preoperative embolization to understand the efficacy, technical considerations and complications of this
technique.

MATERIALS AND METHODS: We performed a retrospective review of patients undergoing intracranial meningioma resection at our
institution (March 2001 to December 2012). Comparisons were made between embolized and nonembolized patients, including patient and
tumor characteristics, embolization method, operative blood loss, complications, and extent of resection. Logistic regression analyses
were used to identify factors predictive of operative blood loss and extent of resection.

RESULTS: Preoperatively, 224 patients were referred for embolization, of which 177 received embolization. No complications were seen
in 97.1%. There were no significant differences in operative duration, extent of resection, or complications. Estimated blood loss was higher
in the embolized group (410 versus 315 mL, P � .0074), but history of embolization was not a predictor of blood loss in multivariate analysis.
Independent predictors of blood loss included decreasing degree of tumor embolization (P � .037), skull base location (P � .005), and male
sex (P � .034). Embolization was not an independent predictor of gross total resection.

CONCLUSIONS: Preoperative embolization is a safe option for selected meningiomas. In our series, embolization did not alter the
operative duration, complications, or degree of resection, but the degree of embolization was an independent predictor of decreased
operative blood loss.

ABBREVIATIONS: ACT � activated clotting time; ECA � external carotid artery; PVA � polyvinyl alcohol

Preoperative embolization has been an option for adjunctive

treatment of intracranial meningiomas for almost 4 decades,

but it remains used in only a minority of cases.1 Meningiomas are

commonly supplied by the middle meningeal, accessory menin-

geal, ascending pharyngeal, or occipital branches of the external

carotid artery (ECA), which are easily accessible by selective mi-

crocatheterization.2 Branches of the internal carotid artery and

pial feeders supplying the tumor may also be embolized,3-6

though these vessels are typically more difficult to access and are

associated with a higher risk of parenchymal infarct. In an attempt

to change the tumor characteristics to increase the likelihood

of a gross total resection and minimize operative morbidity, a

variety of embolization materials have been used, including poly-

vinyl alcohol (PVA) particles,7,8 large-caliber microspheres,8,9

ethylene-vinyl alcohol (Onyx; Covidien, Irvine, California),10,11

detachable coils,12 fibrin glue13 and hyperosmolar mannitol.14

The potential advantages of preoperative embolization include

decreased operative duration, reduced operative blood loss, and

alteration of tumor consistency, all of which decrease the techni-

cal difficulty of surgical resection and increase the likelihood of

achieving a more complete resection. Embolization likely causes

histopathologic changes within the meningioma, including ne-

crosis, ischemic changes, and microvascular fibrinoid changes.15

Hypoxia caused by disruption of tumoral blood supply also
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causes changes in protein expression consistent with angiogenesis

and promotion of growth,16 along with cytologic changes, includ-

ing infiltration of macrophages.17 The combination of these

changes may make histologic examination of embolized me-

ningiomas more difficult because they may histopathologically

resemble higher grade tumors.15,18-20 Embolization also car-

ries with it the risk of procedural complications, including

large-vessel dissection, microcatheter fracture, and unin-

tended arterial or venous occlusion resulting in hemorrhagic

or ischemic infarct.1,7,21-28

Series of meningiomas that were preoperatively embolized

have been recently published,7 but the operative findings and

postoperative course for embolized tumors have not been com-

pared with nonembolized tumors in a large modern series. In this

study, we sought to review our outcomes following preoperative

angiography, embolization when possible, and resection of intra-

cranial meningiomas for the following objectives: 1) to assess the

effect of preoperative embolization on operative time, surgical

blood loss, and extent of resection; 2) to compare outcomes and

complications between resection of embolized and nonembolized

meningiomas; and 3) to determine predictors of objective utility

of meningioma embolization.

MATERIALS AND METHODS
We performed a retrospective review of all patients treated at the

University of Virginia Hospital between March 2001 and Decem-

ber 2012. All patients who underwent craniotomy for resection of

meningiomas were included in the study. Five patients were ex-

cluded due to incomplete records (n � 2), treatment with radio-

surgery only (n � 1), or final pathology other than meningioma

(n � 2). Inpatient and outpatient medical charts and imaging

were reviewed for patient characteristics, pathologic details, in-

traprocedural and intraoperative findings, complications, and

outcomes. Operative notes were reviewed for any comments

made by the surgeon as to the ease or difficulty of the resection.

The study was approved by the local institutional review board.

Maximal tumor diameter was measured on preoperative im-

aging studies and taken as the largest measurement in either the

coronal, axial, or sagittal plane. Tumors were categorized accord-

ing to location, and previous treatments were noted. Emboliza-

tion characteristics, including embolized vessel, method of embo-

lization, estimated percentage of tumor devascularization, and

procedure-related complications, were noted. The extent of sur-

gical resection, operative blood loss, and operative time were re-

corded. In most cases, the extent of tumor resection was recorded

in the operative notes, based on the operating surgeon’s estimate

at the time of surgery. In cases in which no estimate was made, the

extent of resection was estimated by the primary author based on

review of operative reports and pre- and postoperative imaging.

“Gross total” resection was defined as excision without visual re-

sidual tumor and lack of residual tumor on postoperative imag-

ing; “sub-total” resection was defined as either residual tumor at

operation �10% of the total tumor volume or signs of residual

tumor on postoperative imaging; “partial” resection included re-

section of �90% of tumor by report or postoperative imaging.

Postoperative treatments and perioperative complications were

also analyzed by the treatment group.

Patient Selection
Selection of patients for preoperative angiography was made on

an individualized patient basis based on the treating neurosur-

geon’s preference and practice. Embolization was performed after

assessment of diagnostic images by the treating interventional ra-

diologist. Selection of patients for preoperative embolization was

not formalized as an institutional protocol. Nevertheless, the fol-

lowing principles were generally followed in selection of patients

for preoperative embolization: patients with meningiomas lo-

cated at the sphenoid wing, convexity, or parasagittal locations; or

those with meningiomas with imaging characteristics indicative

of hypervascularization.

Embolization Procedure
All imaging was performed by using high-resolution biplane dig-

ital subtraction angiography, with steroid coverage. Using a 5F

micropuncture set, we punctured and cannulated the right

common femoral artery and placed a 5F arterial sheath over a

guidewire. The sheath was attached to a continuous heparinized

saline flush. Intravenous heparin was intermittently administered

throughout the procedure, monitored with serial activated clot-

ting time (ACT) measurements, with the ACT maintained at

250 –300. The heparin was not reversed following the procedure.

Selective catheterization of cerebral arteries, including internal

carotids, external carotids, and posterior circulation, was per-

formed. After we selected appropriate vessels for embolization, a

microcatheter (most commonly, Echelon 10; Covidien) was ad-

vanced to the target vessel and embolization was performed. Em-

bolization materials included PVA, 150- to 250-�m particles; Gel-

foam (Pfizer, New York, New York); and/or coil embolization by

using a variety of detachable coils. Closure was achieved with An-

gio-Seal (St. Jude Medical, Minnetonka, Minnesota), when pos-

sible, or manual compression. In most cases, an estimate of the

percentage devascularization was included in the procedure re-

port from the embolization, as estimated by the treating interven-

tionalist. In cases in which the report did not clearly delineate a

percentage devascularization, angiographic images and reports

were reviewed and a percentage devascularization was assigned

retrospectively by the primary author. In all cases, postprocedure

angiographic images were examined and an estimate of the per-

centage devascularization of the tumor was made.

Statistical Analysis
Data are presented as mean and range for continuous variables

and as frequency for categoric variables. Analysis was performed

by using an unpaired t test, �2, or Fisher exact test as appropriate.

Comparison of means among �3 groups was performed with

analysis of variance with Bonferroni post hoc analysis. Univariate

analysis was used to test covariates predictive of the following

dependent variables: greater than the median estimated surgical

blood loss (250 mL) and gross total resection. Interaction and

confounding was assessed through stratification and relevant ex-

pansion covariates. Factors predictive in univariate analysis (P �

.20) were entered into a multivariate logistic regression analysis.29

P values� .05 were considered statistically significant. Statistical

analysis was performed with STATA 10.0 (StataCorp, College Sta-

tion, Texas).
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RESULTS
Patient and Tumor Characteristics
During the study period, surgical resection of intracranial menin-

giomas was performed in 470 patients (336 female, 134 male;

Table 1). The mean age was 57 years (range, 17–90 years). There

were 504 meningiomas treated; 25 patients had multiple opera-

tions. Two hundred twenty-four patients were referred for preop-

erative embolization; in 47 cases, tumor anatomy was not suitable

for embolization— either there was no tumor blush or the supply

was primarily intradural with concern for en passage blood sup-

ply. Patient and tumor details are reported in Table 1. The most

common anatomic locations were convexity (38.2%), parasagittal

(18.0%), sphenoid wing (13.5%), and planum sphenoidale/tu-

berculum sella (8.6%). The mean maximal tumor diameter was

38.7 mm (range, 5– 89 mm). Prior resection had been performed

in 59 cases (11.9%); prior radiosurgery, in 35 cases (7.0%); and

prior radiation therapy, in 12 cases (2.4%). There was a significant

difference in baseline characteristics between tumors that did and

did not receive embolization, including overall location, skull

base location, tumor size, and history of resection (Table 1).

Embolization Outcomes
Patients were referred for preoperative embolization in 224 cases.

Details of embolization in 177 patients who received preoperative

angiography are shown in Table 2. PVA particles were used alone

in 67 patients (39%), together with Gelfoam pledgets in 75 pa-

tients (43.6%), with coil embolization of the feeding vessel in 26

patients (15.1%), with both Gelfoam and coiling in 1 patient

(0.6%), 8 cases of embolization were not recorded. Coiling alone

was used in 3 patients. Among the 177

embolized cases, the middle meningeal

artery or branches were used most com-

monly for access (157 cases), followed by

the occipital artery (21 cases), superficial

temporal artery (14 cases), and internal

maxillary artery (14 cases). Following em-

bolization, �75% tumor devascularization

was achieved in 107 cases, with 50%–74%

embolization achieved in 27 cases, 25%–

49% in 12 cases, and �25% in 10 cases. The

mean time from embolization to surgery

was 1.6 days (median, 1 day; range, 0–31

days).

Embolization-Related Complications
Embolization-related complications oc-

curred in 6 cases (2.9%): There were 2 cases

of dissection (1.1%) and 1 case each of

stroke, facial nerve palsy, scalp infarction,

and iodine allergy. There were no hemor-

rhages related to preoperative embolization

in our series. Due to the low number of

complications from embolization, no statis-

tical analysis of predictors of embolization-

related complications was possible.

Determinants of Operative
Blood Loss

Preoperative variables predictive of more than median blood loss

(estimated blood loss of �250 mL) in univariate analysis included

male sex (P � .001), increasing tumor diameter (P � .001), skull

base location (P � .001), increasing number of embolized vessels

(P � .001), decreasing percentage of tumor embolized (P � .007),

and history of embolization (P � .046). Estimated blood loss at

surgery was larger in the embolized group (410 mL) than in the

nonembolized group (315 mL, P � .0074) but was attributable to

differences in baseline patient and tumor characteristics because a

history of embolization was not a predictor of operative blood

loss in multivariate analysis. Independent preoperative vari-

ables predictive in multivariate analysis included male sex

(OR � 3.22; 95% CI, 1.09 –9.47; P � .034), skull base location

(OR � 5.37; 95% CI, 1.67–17.28; P � .005), and decreasing

percentage embolization (OR � 1.02; 95% CI, 1.01–1.04; P �

.037). These were unchanged when controlling for other vari-

ables, including history of embolization, increasing diameter,

increasing number of vessels embolized, and World Health

Organization grade.

Surgical Outcomes
Operative findings and outcomes are reported in Table 3. The

mean operative time was 3 hours 53 minutes in the embolized

group and 3 hours 39 minutes in the nonembolized group (P �

.23). There were no significant differences in operative complica-

tions between tumors that did and did not receive embolization

and no significant differences in the extent of resection (P � .249).

There was no significant difference in the proportion of patients

Table 1: Patient and tumor characteristics
Total Cohort Embo No Embo P Value

Total patients 470 174 307 –
Total treated meningiomas 504 177 327 –
Mean age (range) (yr) 57 (17–90) 56 (17–82) 58 (18–90) .2988
Female (%) 336 (71.5) 116 (66.7) 223 (72.6) .185
Tumor location �.001a

Olfactory groove (%) 27 (5.5) 5 (2.9) 22 (6.9)
Planum sphenoidale/tuberculum (%) 42 (8.6) 5 (2.9) 37 (11.6)
Cavernous sinus (%) 5 (1.0) 0 5 (1.6)
Sphenoid wing (%) 66 (13.5) 31 (18.0) 35 (11.0)
Suprasellar (%) 2 (0.4) 0 2 (0.6)
Convexity (%) 187 (38.2) 65 (37.8) 122 (38.2)
Parasagittal (%) 88 (18.0) 41 (23.8) 47 (14.7)
Middle cranial fossa (%) 12 (2.4) 2 (1.2) 10 (3.1)
Posterior fossa (%) 41 (8.4) 18 (10.5) 24 (7.5)
Intraosseous (%) 1 (0.2) 1 (0.6) 0
Intraventricular (%) 9 (1.8) 0 9 (2.8)
Cerebellopontine angle (%) 10 (2.0) 4 (2.3) 6 (1.9)

Skull base location (%) 164 (33.4) 47 (27.3) 117 (36.7) .036a

Max. tumor diameter (mm) (range) 38.7 (5–89) 45.6 (16–89) 34.9 (5–89) �.001a

Prior resection (%) 59 (11.9) 11 (6.4) 48 (15.0) .005a

Prior radiosurgery (%) 35 (7.0) 11 (6.3) 24 (7.5) .626
Prior radiotherapy (%) 12 (2.4) 5 (2.9) 7 (2.2) .633
WHO grade .807

I 344 (74.8) 121 (75.2) 223 (74.6)
II 98 (21.3) 35 (21.7) 63 (21.1)
III 18 (3.9) 5 (3.1) 13 (4.3)

Brain invasion 108 (21.4) 42 (23.7) 56 (17.1) .773

Note:—Embo indicates embolized group; –, not significant; No Embo, non-embolized group; Max., maximum; WHO,
World Health Organization.
a Significant difference.
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who received postoperative radiation therapy between the

groups, but the nonembolized group had a lower rate of postop-

erative radiosurgery (8.6% versus 14.1%, P � .042). Tumor char-

acteristics and operative outcomes were also analyzed by emboli-

zation method, the details of which are shown in On-line Tables 1

and 2. There were no significant differences in any parameters

between embolization techniques, except for a trend toward a

greater percentage of postoperative radiosurgery in the PVA and

coil group compared with PVA alone or PVA and Gelfoam groups

(P � .051).

Predictors of Gross Total Resection
Variables predictive of gross total resection in univariate analysis

included smaller diameter (P � .001), location other than skull

base (P � .001), no prior gamma knife radiosurgery (P � .001),

lower estimated blood loss (P � .001), and lower pathologic grade

(P � .001). Preoperative variables predictive in multivariate anal-

ysis included location other than the skull base (OR � 2.50; 95%

CI, 1.51– 4.17; P � .005), no prior gamma knife radiosurgery

(OR � 3.33; 95% CI, 1.49 –7.14; P � .003), and decreasing diam-

eter (OR � 1.03; 95% CI, 1.02–1.04; P � .005). These were un-

changed when controlling for other variables, including preoper-

ative embolization, percentage embolization, prior resection, and

brain invasion.

DISCUSSION
Preoperative embolization is a well-established adjuvant tech-

nique in the management of intracranial meningiomas. The

theoretic advantages of embolization include devasculariza-

tion of the tumor with subsequent decreased operative blood

loss, increased ease of tumor visualization, improved safety es-

pecially when resecting tumors in eloquent areas, and poten-

tially improved ability to gain Simpson grade I or II resec-

tion.1,2,7,30-34 However, these have not been evaluated in a com-

parative cohort series. The present report is a large comparative

series reporting outcomes of surgery for intracranial meningio-

mas, evaluating the efficacy and complications of preoperative

embolization, and identifying multivariate predictors of operative

blood loss and gross total resection. In a cohort of 504 consecutive

meningiomas treated at our institution during an 11-year period,

preoperative embolization was performed in 44% of cases. Extent

of resection and operative time were not significantly different

between cases that received preoperative embolization and those

that did not. The estimated blood loss was higher in those receiv-

ing embolization; this difference was primarily due to variances in

patient and tumor characteristics. However, when other impor-

tant factors were controlled for in multivariate analysis, increas-

ing degree of tumor embolization was associated with decreased

operative blood loss. This implies that tumors referred for embo-

lization in our series were more likely to have a greater degree of

operative blood loss, and a larger extent of preoperative devascu-

larization resulted in decreased operative blood loss.

Embolization-related complications occurred in 6 cases (2.9%) in

our series. There were 2 cases of dissection, 1 of thromboembolic

stroke, 1 of facial nerve palsy, 1 of scalp infarction, and 1 of iodine

allergy requiring abortion of the procedure. This overall compli-

cation rate is comparable with that in other series in the litera-

ture.1,7,24,35 In a recent systematic review, the overall complica-

tion rate of preoperative embolization was 4.6%.1 Ischemic

complications are more likely when the intracranial tumor supply

Table 2: Embolization characteristics
No.

Referred for embolization 224
Successful embolization (%) 177 (79.0)
Method of embolization

PVA (%) 67 (39.0)
PVA and Gelfoam (%) 75 (43.6)
PVA and coil (%) 26 (15.1)
Coil (%) 3 (1.7)
PVA and Gelfoam and coil (%) 1 (0.6)

Embolized vessel
Middle meningeal 157 (67.4)
Occipital 21 (9.0)
Internal maxillary 14 (6.0)
Superficial temporal 14 (6.0)
Deep temporal branch 13 (5.6)
Ascending pharyngeal 6 (2.6)
Posterior auricular 1 (0.4)
Sphenopalatine 3 (1.3)
Meningohypophyseal trunk 1 (0.4)
Anterior cerebral artery branch 1 (0.4)
Middle cerebral artery branch 1 (0.4)
Vertebral artery branch 1 (0.4)

Tumor devascularization
�75% 107 (68.6)
50%–74% 27 (17.3)
25%–49% 12 (7.7)
�25% 10 (6.4)

Mean time from embolization to surgery
(days) (range)

1.6 (0–31)

Complications
Dissection 2 (1.1)
Facial nerve palsy 1 (0.6)
Stroke 1 (0.6)
Scalp infarction 1 (0.6)
Iodine allergy 1 (0.6)

Table 3: Operative outcomes

Embolized Nonembolized
P

Value
Operative time (min) 3:53 (0:55–10:39) 3:39 (0:37–13:35) .2348
Estimated blood loss (mL) 410 (0–2700) 315 (0–2200) .0074a

Extent of resection .249
Gross total 116 (69.5) 228 (75.2)
Subtotal 33 (19.8) 42 (13.8)
Partial 18 (10.8) 33 (10.9)

Operative complications
Subdural hematoma 3 (1.7) 4 (1.2) .6455
Cerebral infarction 3 (1.7) 3 (0.9) .4274
ICH/IVH 0 5 (1.5) .1015
CSF leak 1 (0.6) 3 (0.9) .7173
Pseudomeningocele 2 (1.1) 1 (0.3) .2593
Hydrocephalus 1 (0.6) 1 (0.3) .6129
Seizure 0 6 (1.8) .0726
Infection 4 (2.2) 6 (1.8) .7560
Cranial nerve deficit 2 (1.1) 4 (1.2) .9204
DVT/PE 4 (2.2) 6 (1.8) .7560
Perioperative mortality 2 (1.1) 2 (0.6) .5413
Other 1 (0.5) 1 (0.3) .7242
Total complications 23 (12.9) 43 (13.1) .960

Postoperative radiotherapy (%) 8 (4.8) 20 (6.3) .500
Postoperative radiosurgery (%) 23 (14.1) 27 (8.6) .042a

Note:—ICH/IVH indicates intracerebral hemorrhage/intraventricular hemorrhage;
DVT/PE, deep vein thrombosis/pulmonary embolism.
a Significant difference.
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is targeted.21,23 For this reason, we do not routinely pursue em-

bolization of the pial supply, which is often composed of fine

branches from the middle or anterior cerebral arteries. There were

no occurrences of hemorrhage in our series, which may be due to

a relatively conservative embolization policy in which safety is

prioritized over complete tumor devascularization in all cases.

Hemorrhage is a potentially devastating complication of preop-

erative embolization and has been reported in up to 3%– 6% of

patients in some series.21,22,25,26,28 Hemorrhage may be more

common after glue than particle embolization,1 secondary to re-

flux or distal embolization of liquid embolic material into physi-

ologically important draining veins. Postembolization hemor-

rhage may also be related to alternation of pressure dynamics in

highly vascular tumors or ischemic necrosis within the tumor.28

As a result, an increase in swelling may be observed following

embolization, and care must be taken in tumors with significant

pre-existing peritumoral edema or brain shift.36 Other important

complications of embolization are related to the anatomic loca-

tion of the target. Monocular blindness may occur as a result of

inadvertent occlusion of ECA-to-ophthalmic artery anastomoses

during embolization of anterior skull base tumors supplied by

ethmoidal branches of the ophthalmic artery.27 Transient neuro-

logic deficit has been reported in up to 12.6% of embolization

procedures for skull base meningiomas, with up to 9% of patients

experiencing a permanent deficit.27

Despite these limitations, there is evidence that preoperative

embolization may be helpful in certain circumstances. Preopera-

tive embolization has been associated with lower intraoperative

blood loss and lower transfusion requirements, in previous small

single-institution studies.32,33 Tumor shrinkage and apparent sta-

bilization of growth has been reported after embolization, even

without subsequent surgical resection.22,30,31 The technique has

been used for lesions in all intracranial locations, including the

skull base (Fig 1).5 Although embolization often makes a subjec-

tive difference to the presumed difficulty and duration of a case to

the operating surgeon, it may be difficult to demonstrate objective

differences in surgical outcomes and operative duration.32 For

example, embolization that leads to a bloodless field during sur-

gery for a tumor in an eloquent location may provide a subjective

difference in tumor removal but may not have a significant overall

effect on the surgical complications and outcomes. Additionally,

difference may be difficult to quantify because particular cases

that are selected for embolization are often larger and more

complex lesions. Conventional angiography, with or without em-

bolization, is not an absolute requirement for achieving Simpson

grade I or II resections but may be helpful in mapping the intra-

cranial vessels that are involved with or displaced by the tumor,

thus assisting in surgical planning. Angiography may also reveal

the presence of dural sinus occlusion.2 A meticulous surgical tech-

nique may allow early identification and devascularization

of the meningioma, but tumor vessels on the far side of the lesion

that are not immediately apparent can be delineated with

angiography.

On the basis of our analysis of 470 patients with meningiomas

treated at our institution during the past decade, we recommend

consideration for preoperative angiography and embolization in

the following situations:

1) Tumors �3– 4 cm in diameter, with at least 50% of the supply

to the tumor originating from accessible branches of the

ECA37

2) Tumors that appear hypervascular or appear to have a deep-

seated vascular supply difficult to surgically access based on

noninvasive neuroimaging

FIG 1. Right frontal meningioma, pre- and postembolization and resection. Pre-embolization right ECA injection demonstrates tumor blush
from the middle meningeal artery (A, lateral view; B, frontal view). Embolization was achieved with 150- to 250-�m PVA particles. Postemboli-
zation right ECA injection reveals complete obliteration of tumor blush (C, lateral view; D, frontal view). T1-weighted MR imaging with gadolinium
before embolization (E, axial view; F, coronal view). T1-weighted MR imaging with gadolinium postresection (G, axial view; H, coronal view).
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3) Tumors in eloquent areas

4) Tumors without extensive calcification, except in certain cir-

cumstances (see below).

Any protocol for preoperative embolization should consider

safety more highly than attempting to achieve a complete tumor

devascularization. We routinely use the following strategies to

minimize complications and ensure the safety of embolization

procedures. Each embolization is preceded by selective angiogra-

phy of the ECA and ICAs bilaterally, as well as the vertebral arter-

ies when appropriate. In particular, careful study of the middle

meningeal artery drainage is performed before embolization to

exclude meningolacrimal artery connection to the ophthalmic ar-

tery.5 Particles of �150 �m should be used with great caution,

especially in branches of the middle meningeal artery that may

contribute supply to the cranial nerves. Although there are no

definitive anatomic-location criteria for selecting candidates for

embolization, convexity meningiomas that have multidirectional

blood supply and appear hypervascular are optimal embolization

candidates.1 Tuberculum or olfactory groove meningiomas are

less optimal candidates for embolization because these tumors are

often fed by ethmoidal vessels, which are difficult to embolize

without jeopardizing the vascular supply of the eye.5 Some tu-

mors with extensive calcification are difficult to completely resect

due to problems in stemming intraoperative bleeding, and embo-

lization may be helpful in these cases even though calcification can

also make successful preoperative exclusion of tumor blood sup-

ply more challenging.

The mean time from embolization to surgery was 1.6 days in

our series, with most patients being embolized the day before

resection. Although this is a common and practical application of

preoperative embolization, because patients who have been

treated in this manner usually require overnight observation in

the hospital, some studies have suggested that delaying surgery for

up to 7–9 days after embolization may allow time for maximal

tumor softening and minimize blood loss.33,34,37,38 Other series

have reported no difference in transfusion requirements between

patients treated before or after 24 hours from embolization,39 and

still others report a trend toward increasing operative transfusion

requirements with longer delay between embolization and resec-

tion.7 The histopathologic findings of necrosis and enlarged nu-

clei, commonly found in meningiomas that have been embolized,

may be confused with more aggressive and higher grade lesions.18

Most important, these findings increase with increasing time be-

tween embolization and surgery and may confound definitive his-

tologic diagnosis in those institutions that routinely delay surgery

after embolization for 5 days or longer.

There are some important limitations in our study that should

be recognized. There were significant differences between the co-

horts in our study. Patients in the embolized group had a higher

proportion of sphenoid wing, parasagittal, and posterior fossa

meningiomas; had a higher mean maximal tumor diameter; and

were less likely to have undergone prior resection. Both skull base

location and tumor diameter were found to be multivariate pre-

dictors of a more limited extent of resection, and skull base loca-

tion was found to be a predictor of larger estimated blood loss in

multivariate analysis. These differences likely reflect selection bias

among the treated population as outlined above. The proportion

of patients in whom embolization was not possible is consistent

with other series. Reasons for failure to embolize a meningioma

include dangerous intracranial supply with en passage supply to

eloquent brain, inaccessible tumoral feeders, and reflux of embo-

lization material from the superselective microcatheter into phys-

iologic branches.24

CONCLUSIONS
Preoperative embolization continues to be a valuable adjunct to

surgical resection for selected intracranial meningiomas. In our

series, embolization did not alter the operative duration, compli-

cations, or degree of resection, but the degree of embolization was

an independent predictor of decreased operative blood loss. The

benefits of preoperative embolization appear to be similar to pre-

viously reported series, despite a shorter interval between embo-

lization and surgery. Embolization should be considered on a

case-by-case basis depending on imaging characteristics, ana-

tomic location, and patient-specific factors.
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ORIGINAL RESEARCH
INTERVENTIONAL

Complex Hemodynamic Insult in Combination with Wall
Degeneration at the Apex of an Arterial Bifurcation

Contributes to Generation of Nascent Aneurysms in a
Canine Model

J. Wang, H.-Q. Tan, Y.-Q. Zhu, M.-H. Li, Z.-Z. Li, L. Yan, and Y.-S. Cheng

ABSTRACT

BACKGROUND AND PURPOSE: The detailed mechanisms of cerebral aneurysm generation remain unclear. Our aim was to investigate
whether specific hemodynamic insult in combination with arterial wall degeneration leads to the development of aneurysms in a canine model.

MATERIALS AND METHODS: New branch points in the common carotid artery were created in 18 dogs. Nine animals subsequently received
elastase insult at the arterial bifurcation apex (elastase-treated bifurcation group); the control bifurcation group (n � 9) received saline, and 3 dogs
received an elastase insult to both straight common carotid arteries (elastase-treated straight group). Angiographic and hemodynamic analysis
was performed immediately and 12 and 24 weeks’ postsurgery; histologic response was evaluated at 12 and 24 weeks.

RESULTS: Angiography revealed nascent aneurysms (mean, 3.2 � 0.4 mm) at the arterial bifurcation apices in 5/9 models of the elastase-
treated bifurcation group (versus 0 in the control bifurcation group and elastase-treated straight group) without any observed aneurysm
rupture. Histologic analysis revealed internal elastic lamina discontinuity, elastic fiber disruption, a thinner muscular layer, reduced
smooth-muscle cell proliferation, increased inflammatory cell (macrophage) infiltration, and expression of matrix metalloproteinase-2 and
matrix metalloproteinase-9 in the media of the elastase-treated bifurcation group compared with that in either the control bifurcation
group or the elastase-treated straight group (P � .001). Hemodynamic analysis after surgery indicated that the apex experienced extremely
low wall shear stress and flow velocity and the highest relative and total pressure in the elastase-treated bifurcation group, while the values
returned to normal after arterial wall remodelling.

CONCLUSIONS: In our study, combined hemodynamic insult and arterial wall degeneration at arterial bifurcations are required for the
generation of aneurysms in a canine model.

ABBREVIATIONS: CBG � control bifurcation group; CCA � common carotid artery; EBG � elastase-treated bifurcation group; ESG � elastase-treated straight
group; MAC387 � antimacrophage antibody; MMP � matrix metalloproteinase; SMC � smooth-muscle cell; WSS � wall shear stress; WSSG � wall shear stress gradient

Bifurcation aneurysms such as cerebral aneurysms have a high

prevalence and can cause lethal hemorrhages1; however, the

detailed mechanisms of aneurysm generation, growth, and rup-

ture remain unclear.2

Advances in vascular biology, biomechanics, medical imaging,

and computational methods provide an unprecedented opportu-

nity to develop mathematic models to better understand aneu-

rysm generation. Hemodynamic insult and arterial wall defi-

ciency are both thought to play important roles in the generation

of cerebral aneurysms because the muscular layer is absent within

almost 80% of main cerebral arterial bifurcations,3,4 and cellular

and molecular changes due to complicated wall shear stress

(WSS) or wall shear stress gradient (WSSG) have been demon-

strated in the bifurcated arterial wall at the aneurysmal zone.5

However, only a few satisfactory specific animal models that

simulate the generation or growth of bifurcation aneurysms

exist.6-8 We hypothesized that a combination of internal elastic

lamina and media elastic fiber disruption and specific hemo-

dynamic flow action may promote the generation and devel-

opment of aneurysms. Therefore, we designed a canine com-

mon carotid artery (CCA) Y-type bifurcation model, with and

without internal elastic lamina and media elastic fiber insult, to
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dynamically observe aneurysm growth at the angiographic and

histopathologic levels.

MATERIALS AND METHODS
Animals
All protocols used in this study were approved by the Animal

Research Committee of our institution and were conducted in

accordance with the guidelines of the International Council on

Animal Care. Twenty-four 8-month-old beagles of both sexes,

weighing 12–20 kg, were used (Agronomic School of Shanghai

Jiaotong University, License: SCXK2007– 0004).

Animal Surgery Model
Arterial bifurcations with a new branch point were surgically cre-

ated in the CCA of 18 dogs by using the method described by

Meng et al7 and then were divided into an elastase-treated bifur-

cation group (EBG, n � 9) and a control bifurcation group (CBG,

n � 9), with 6 female and 3 male dogs in each group. Elastase (3.0

U/�L) was applied for 15 minutes to the apex of the reconstructed

arterial bifurcation (approximately 4 � 4 mm2) in 9 animals in

the EBG by dripping it from a curved blunt syringe needle into a

trapezoidal plastic tube, to prevent its flowing onto other portions

of the arteries; the same volume of saline was applied in 9 animals

as controls by using the method identical to that in the elastase

model in the CBG. Before elastase or saline was applied, as much

of the tunica adventitia at the apex as possible was removed to

facilitate the penetration. Meanwhile, 3 dogs with both straight

CCAs surgically exposed received elastase insult as an elastase-

treated straight group (ESG). The peak velocity of blood flow

in the feeding artery at the systolic phase was measured before

and after reconstruction surgery by using Doppler ultrasound.

Angiographic Analysis
Angiography was performed immediately and 12 and 24 weeks

after surgery. Immediate angiography, including 2D-DSA (an-

teroposterior and lateral positions) and 3D-DSA reconstructions,

was performed to assess morphologic alterations at the apex of the

reconstructed arterial bifurcation. If an aneurysm-like bubble was

observed, its neck and maximum body width were measured by

using the best 3D-DSA projection, and parent artery diameter and

the angulation between the parent arteries were determined. We

defined an aneurysm formation only if its maximum body width

exceeded half of the diameter of the adjacent artery. Ultra-

sonography was used as a convenient method to monitor the

status of the aneurysms at 4 and 8 weeks, check whether aneu-

rysms were generated, determine the size of the aneurysms,

and confirm whether the reconstructed arterial bifurcations

were patent.

Computational Fluid Dynamics Analysis
Computational fluid dynamics analysis was performed immedi-

ately and 12 and 24 weeks after surgery. With in vivo 3D-DSA

rotational angiography (syngo Axiom-Artis; Siemens, Erlangen,

Germany), the 3D lumen of the bifurcation was reconstructed

and, together with the measured flow rates in the vessel branches,

served as the boundary conditions for computational fluid dy-

namics simulations (Mimics 10.0; Materialise, Leuven, Belgium)

to generate an advanced tetrahedral mesh inside the converted 3D

surface. The average mesh size was approximately 153,565 U. The

3D computational fluid dynamics solutions were defined under

steady-state (average peak Reynolds number � 625), assuming a

Newtonian fluid (0.0035 Pa�s) and incompressible flow by using

a rigid-wall model (CFDesign AVL-Fire, Version 2008, AVL List

GmbH, Graz, Austria). WSS, velocity field, streamline, surface

relative pressure field, and total pressure field were analyzed. The

total pressure was defined as the total flow pressure during isen-

tropic stagnation heating, while the relative pressure was defined

as the pressure calculated on the basis of the local atmospheric

pressure. In this study, the local atmospheric pressure was chosen

as 105 Pa. The WSSG was calculated. The gradient normal to the

streamline was negligible in comparison. Meanwhile, a quantita-

tive analysis on the WSS and WSSG of the bifurcation models in

the EBG was also performed.

Histologic Examination
Reconstructed arterial bifurcations were harvested at 12 (n � 6)

and 24 weeks (n � 3) in the EBG and CBG, while straight-vessel

samples (n � 6) were harvested at 24 weeks after surgery. CCA

samples from the pilot study and surgical models were stained

with hematoxylin-eosin, Masson trichrome, and elastic fiber

stains (Verhoeff van Gieson/Orcein methods). Serial longitudinal

sections of the reconstructed arterial bifurcations were obtained

to assess tissue changes in relationship to the consistent hemody-

namic action. CCA samples were immunostained by using prolif-

erating cell nuclear antigen, smooth-muscle �-actin, CD45,

antimacrophage antibody (MAC387), and matrix metalloprotei-

nase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9) anti-

bodies. Double immunofluorescent staining was performed by

using anti-CD45 for pan-leukocytes and anti-MAC387 for mac-

rophages to assess whether macrophages were included in leuko-

cytes. The smooth-muscle cell (SMC) proliferation rate (percent-

age of proliferating cell nuclear antigen–positive SMCs in the

media) and elastic layer and �-actin–positive SMC layer thickness

were measured. The inflammatory cell infiltration index was de-

fined as the percentage of CD45-positive cells in the media of the

arterial bifurcation apices. The MMP-2 and MMP-9 expression

indexes were defined as the percentage of MMP-2/9 –positive area

in the media of the arterial bifurcation apices.

Statistical analysis of the histopathologic images was per-

formed with Image-Pro Plus, Version 6.0 software (Media Cyber-

netics, Rockville, Maryland) in at least 20 randomly selected high-

power (�400) tubulointerstitial fields from each section.

Statistical Analysis
GraphPad Prism 5.0 software (GraphPad Software, San Diego,

California) was used for statistical analysis. Data were expressed as

the mean � SD for continuous variables and as counts or propor-

tions (percentage) for categoric variables. The Fisher exact test

was used to compare categoric data. Grouped t tests were used to

compare the proliferating cell nuclear antigen proliferation index,

elastic layer and media �-actin–positive layer thickness, inflam-

matory cell infiltration index, and MMP-2 and MMP-9 indexes.

All tests were 2-tailed, and statistical significance was defined as

P � .05.
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RESULTS
Animal Surgery Model and Angiographic Findings
The arterial bifurcation model was successfully reconstructed in

all animals. Ultrasonography or angiography revealed no stenosis

at the anastomoses or arterial occlusion postsurgery or during

follow-up in any animal. Angiography indicated that the vessel

lumen at the arterial bifurcation apex herniated to form an aneu-

rysm in 5/9 animals, with 4 aneurysms in female dogs (66.7%) and

1 aneurysm in a male dog (33.3%; P � .05) from the elastase-

treated group, and 2D-DSA and 3D-DSA revealed that bubbles

were located at the apices, with a tent shape (mean sac diameter,

3.2 � 0.4 mm; mean neck diameter, 6.7 � 2.3 mm; Fig 1). How-

ever, the aneurysms were still at their unruptured stage until 24

weeks’ follow-up, with only slight saccular enlargement, com-

pared with 12 weeks in the EBG (3.5 � 0.3 mm versus 3.0 � 0.2

mm; P � .076). Ultrasonography monitoring revealed that all of

the aneurysms were detectable at 4 weeks. No animal in the con-

trol group displayed any morphologic changes on angiography at

12 weeks. The mean parent artery diameter and angulation were

4.3 � 0.4 mm and 112.9 � 36.1° in the CBG and 4.3 � 0.4 mm and

120.3 � 44.2° in the EBG, respectively (Table). However, the av-

erage parent artery angulation of the 5/9 animals with aneurysms

in the EBG was 146.8 � 40.84° compared with 87.25 � 18.87° in

models with no aneurysms (P � .032).

Arterial Wall Remodelling in Histology
In the 5 arterial bifurcation samples with aneurysms on angiogra-

phy, biopsy confirmed that the entire vessel wall was thinned with

a semitransparent appearance and visible blood flow underneath,

which enabled herniation and aneurysm formation at the arterial

bifurcation apices (On-line Video).

Hematoxylin-eosin and Masson trichrome staining revealed

thinning of media at the bifurcation, a reduced numbers of SMCs,

and loss of fibronectin in the elastase-treated group. Elastic fiber

staining revealed internal elastic lamina discontinuity and elastic

fiber disruption/insult in all elastase-treated animals in the ESG

FIG 1. 2D-DSA and 3D-DSA images from immediately after surgery. 3D-DSA follow-up and gross dissection in the ESG (A), CBG (B), and EBG (C
and D). Yellow and blue arrows indicate nascent aneurysms.

Summary of the information of dog models in the ESG, CBG, and EBGa

Group
(No.)

Sex
(F) Weight (Kg)

Surgical
Results

Blood Flow Velocity
(cm/s) PA Diameter

(mm)
PA Angulation

(Degrees)

Aneurysm Status

Sex
(No./Female)

Neck
(mm)

Body
(mm)Before After

ESG (3) 2 14.8 � 1.4 Success 82.4 � 6.3 – 4.1 � 0.2 – 0 – –
CBG (9) 6 14.7 � 2.4 Success 84.9 � 6.5 126.2 � 12.5b 4.3 � 0.4 112.9 � 36.1 0 – –
EBG (9) 6 14.9 � 1.7 Success 85.7 � 8.7 131.4 � 13.9b 4.3 � 0.4 120.3 � 44.2 5/4 6.7 � 2.3 3.2 � 0.4

Note:—F indicates female; PA, parent artery.
a Data are expressed as the mean � SD for continuous variables and as counts for categoric variables.
b Statistical significance before and after surgery within each group (P � .05).
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and EBG; only 3 animals from the CBG displayed intima layer

disruption with mild internal elastic lamina discontinuity at the

arterial bifurcation apices. Elastase treatment reduced the media

elastic layer thickness in the EBG (21.2 � 15.3 �m) and ESG

(71.28 � 19.47 �m) compared with that in the CBG (119.4 � 29.9

�m; P � .001; Fig 2).

Immunohistochemical staining revealed increased numbers

of proliferating cell nuclear antigen–positive SMCs in the media

of elastase-treated arterial bifurcation apices in the EBG (42.0 �

15.7% versus 7.3 � 3.8% in ESG and 8.0 � 6.3% in the CBG; P �

.001; Fig 2) The number of smooth-muscle �-actin–positive

SMCs also decreased, and the SMC layer was thinner at elastase-

treated arterial bifurcation apices in the EBG (31.3 � 16.7 �m

versus 136.5 � 25.5 �m in the ESG and 133.9 � 26.1 �m in the

CBG; P � .001; Fig 2). The inflammatory cell infiltration index in

the media of the aneurysm wall was 38.4 � 10.6% in the EBG

(versus 5.1 � 2.1% in the ESG and 2.9 � 2.4% in the CBG; P �

.001). Macrophage staining showed macrophage infiltration into

the aneurysmal wall with a distribution similar to that of leuko-

cytes. Furthermore, double staining with anti-CD45 and anti-

MAC387 revealed that some leukocytes in the media of the aneu-

rysm wall in this model were macrophages. The MMP-2 and

MMP-9 expression indexes in the media of the aneurysm wall

were 21.0 � 8.7% (versus 1.2 � 1.4% in the ESG and 0.8 � 1.2%

in the CBG; P � .001) and 13.6 � 5.6% (versus 0.9 � 0.8% in the

ESG and 0.4 � 0.6% in the CBG; P � .001), respectively (Fig 3).

Computational Fluid Dynamics Analysis
Flow rates in the feeding artery of the de novo bifurcation in-

creased from 85.3 � 7.5 cm/s to 128.8 � 13.1 cm/s (approxi-

mately 51%) due to ligation of the contralateral CCA. Computa-

tional fluid dynamics analysis immediately after surgery revealed

that the feeding artery wall experienced increased WSS in the CBG

and EBG, whereas the bifurcation periapical regions were exposed

to a more complex hemodynamic environment. The arterial bi-

furcation apex had extremely low WSS and flow velocity, and

from the apex to the bilateral vessel wall, the WSS and flow veloc-

ity increased to a maximum and then decreased further down-

stream to a level similar to that of the feeding artery. This acceler-

ation and deceleration created a WSSG-positive region (before

maximum WSS) and -negative region (after maximum WSS).

The apex also experienced the highest relative pressure and total

pressure, which decreased to normal values toward both branch

arms.

FIG 2. A, Specific elastic fiber staining, which shows the thickness of the media (white lines; � 100), indicated significant thinner of the media in
the ESG than in the CBG and EBG.). Internal elastic lamina discontinuity is indicated by white arrows. B, Immunostaining of smooth-muscle
�-actin (yellow arrows; smooth-muscle actin layer, yellow lines; �100) and proliferating cell nuclear antigen (C, blue arrows) in the media of the
straight artery and arterial bifurcation apices in the ESG, CBG, and EBG (P � .001 versus ESG and CBG; �400). The asterisk indicates P � .05 when
the ESG, CBG, and EBG were compared. The flag indicates P � .05 when the ESG and CBG were compared. VL indicates vessel lumen; TA, tunica
adventitia.
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Hemodynamic parameters including WSS, blood velocity,

streamline field, surface relative pressure field, and total pressure

field were similar immediately after surgery and 24 weeks after

surgery in the ESG, CBG, and the 4/9 animals in the EBG without

morphologic changes, as illustrated in Fig 4A. In the 5/9 elastase-

treated animals with aneurysms in the EBG, quantitative analysis

of the WSS and WSSG values, including at the apex and equidis-

tant points (1, 2, and 3 mm) on one of the affected sides, indicated

FIG 3. Immunohistochemical staining and quantification analysis (A) of infiltrating inflammatory cells (CD45�/MAC387�) and MMP-2 and -9
expression in the media of straight vessels and at the arterial bifurcation apices (�400) in the ESG (B), CBG (C), and EBG (D). The asterisk indicates
P � .05 when the ESG, CBG, and EBG were compared.

FIG 4. Computational fluid dynamics analysis at 12 weeks of follow-up in the CBG (A) and EBG (B). A comparison of the changes of WSS and
WSSG values before and after aneurysm formation in models with an aneurysm in the EBG (C) and the WSS and WSSG values immediately after
surgery in models with large and small bifurcation angles in the EBG (D). A dotted line indicates the varying trends of WSS and WSSG in each
subgroup.
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an obvious decrease from immediately after surgery to 24 weeks

after surgery (WSS: 13.74 � 2.82 versus 5.48 � 1.14 Pa at the

2-mm point, P � .01; WSSG: 7.19 � 3.87 versus 0.85 � 1.12

Pa/mm at the 1-mm point, P � .01), in a manner similar to that in

the distal outflow vessel, due to arterial remodeling leading to the

formation of an aneurysm sac (Fig 4B, -C). In these animals, the

flow velocity, relative pressure, and total pressure at the apex also

decreased during follow-up. Further quantitative analysis of the

WSS and WSSG values immediately after surgery in the EBG also

indicated a higher WSS (often 2 mm besides the apex) and WSSG

(often 0 –2 mm besides the apex) insult to the arterial wall in

models with an aneurysm than in those without one (Fig 4D). The

arterial walls subjected to high WSS and WSSG values were con-

firmed to show remodeling by both angiographic and histo-

logic observations. Considering that models that developed an

aneurysm often had larger bifurcation angles, the arterial wall

adjacent to the apex would be subjected to higher WSS and

WSSG values.

DISCUSSION
Further knowledge of the pathologic mechanisms underlying an-

eurysm generation or growth may provide the opportunity to

develop mathematic models to better understand the progression

of vascular diseases. Until recently, animal models have aimed to

evaluate the underlying mechanisms of aneurysm formation by

simulating possible aneurysm-inducing factors, such as altered

hemodynamics, and have compared the morphologic or histo-

pathologic changes with those in humans.6-8,9 In 2007, Meng et

al7 surgically created a new bifurcation site in the canine carotid

artery and reported a correlation between high WSS or WSSG and

histologic insult; however, arterial wall aneurysms did not de-

velop, and further study is required to confirm whether the ob-

served histologic changes induced aneurysm formation. In 2008,

Gao et al6 induced nascent cerebral aneurysms by increasing he-

modynamic stress via bilateral ligation of rabbit carotid arteries.

Increased hemodynamic stress triggered nascent aneurysm for-

mation and correlated with increased blood flow in the basilar

artery; however, the histologic changes could not be confirmed by

traditional intra-arterial angiograms or other radiologic methods

due to the tenuous blood vessel of the rabbit. Subsequent studies

have reported that complex hemodynamics at bifurcation sites

can induce molecular changes in a manner similar to those in

human aneurysmal wall changes, including decreased expres-

sion of endothelial nitric oxide synthase, CD68 deficiency, and

up-regulation of MMP-2, MMP-9, inducible NO synthase, and

interleukin-1�, which is restricted to the high WSS and high

WSSG areas,5,10,11 suggesting that altered hemodynamics act

at a molecular level to promote aneurysm formation.

Besides constant blood flow action, many studies have sup-

ported the suggestion that factors leading to deterioration of the

arterial wall structure are the most important step in cerebral

aneurysm development.12 The apex of cerebral vasculature bifur-

cations differs from that in most large arteries because the median

muscular layer is usually absent. In addition, cerebral vessels ex-

hibit a fragile and/or absent external elastic lamina and are sur-

rounded by CSF, thus rendering them susceptible to injury from

mechanical forces.3,4,12 These observations have led to the hy-

pothesis that structural wall abnormalities and defective collagen

and elastin are the major culprits in aneurysm initiation.13 In

2009, Nuki et al8 reported a novel cerebral aneurysm model by

inducing hypertension and the degeneration of elastic lamina in

mice and found that cerebral aneurysm generation was closely

related to MMP activation8; however, the aneurysm site was not

controllable.

In this study, we investigated the role of arterial bifurcation

hemodynamic simulation combined with arterial wall degen-

eration and blood flow acceleration in a canine model of an-

eurysm generation. Specifically, we induced arterial wall de-

generation via internal elastic lamina and media elastic fiber

insult by using elastase to induce muscular layer degeneration

after blood flow action. Using the method of Meng et al,7 we

reconstructed bilateral CCA bifurcation apices to simulate the

hemodynamic conditions and increased blood flow by unilat-

eral CCA ligation. Because inner arterial wall elastase incuba-

tion led to a high rate of intra-arterial thrombus occurrence in

preliminary experiments, we used an external wall incubation

method, which selectively disrupted the internal elastic lamina

and elastic fibers to simulate arterial wall degeneration. The

removal of as much tunica adventitia as possible to facilitate

elastase penetration was key.

Despite the fact that the blood flow pressure and velocity are

similar in small animals and humans, the vessel wall structures,

especially the arterial muscle layer, are very different. Conse-

quently, aneurysms induced in small animals may not be repro-

ducible in large animals. Here, we used a canine model because

canine vessels behave more like human vessels.14 The long canine

CCA (10 –12 cm) provides sufficient length to construct an arte-

rial bifurcation model. The caliber of the canine CCA and human

ICA are comparable, with a constant diameter of approximately 4

mm. Moreover, the cerebral blood supply in dogs is delivered

almost entirely through the vertebrobasilar system, with anasto-

moses between each network of the ICA,15 which helps prevent

death when the bilateral CCA is temporarily occluded. Addition-

ally, the number of cells, their composition, and the accompany-

ing proteoglycan matrices in the canine CCA are essentially the

same as in the human CCA,16 indicating that canine models may

accurately predict the human biologic response to aneurysm-in-

ducing factors.

During 24-weeks’ follow-up, aneurysms were successfully in-

duced in 5/9 elastase-treated animals in the EBG and were con-

firmed by both angiography and histopathology. We hypothesize

that arterial wall deterioration, combined with distinct hemody-

namics, effectively results in aneurysm initiation. The weak-

ened arterial wall at the apex may adapt or respond to sustained

alterations in blood flow, blood pressure, or axial stretch. An-

eurysm generation or enlargement is a type of arterial wall

remodelling, which may potentially involve increased inflam-

matory cell infiltration, increased MMP activity, extracellular

matrix protein synthesis, and SMC apoptosis, to counteract the

mechanical forces induced by altered blood flow.17 Inflamma-

tory cell infiltration was detected in the media of the aneurysm

walls by pan-leukocyte staining by using an anti-CD45 and

MAC387 antibody, consistent with observations in animal and

human intracranial aneurysms,2,18 indicating that macro-
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phage infiltration plays a critical role in the formation of the

aneurysms observed in this model, especially during the early

stages of aneurysmal formation. MMP-2 and MMP-9 were also

expressed in the walls of the aneurysms, both of which possess

gelatinase and collagenase activity and can degenerate the im-

portant extracellular matrix components in the walls of aneu-

rysms, such as elastin and collagen type IV.19 Taken together,

these results indicate that MMP may be released from the in-

filtrating macrophages and may play an important role in the

progression of aneurysms.

The aneurysms had a wide neck, mainly determined by the size

of the elastase-incubated area, and a small body; therefore, they

can only be termed “nascent aneurysms.” However, these nascent

aneurysms had histologic characteristics similar to those in hu-

man aneurysms including the following: 1) internal elastic lamina

discontinuity with a reduced media elastic layer and SMC layer

thickness; 2) degeneration, thinning, or interruption of the media

SMC layer; and 3) significantly reduced SMC proliferation. An-

other feature of this model was that no thrombus formation was

revealed in the aneurysm sac at angiography or during the

histologic examination. This suggests that the elastase insult to

the adventitia of the bifurcation apex kept the endothelial cell

layer intact, to prevent thrombosis and platelet aggregation in

response to expression of CD39 and secretion of nitric oxide

and prostacyclin.20

Blood flow is generally considered an important modulator of

normal artery enlargement in response to increased flow to main-

tain normal shear stress.21 In this study, despite all models having

simulated elastic fiber insults (arterial wall deterioration), nascent

aneurysms were generated in only 5 of 9 models. We hypothesize

that the bifurcation angle is an important factor because T-shaped

bifurcations (146.8 � 40.84°) were more likely to induce the

generation of aneurysms than Y-shaped bifurcations (87.25 �

18.87°).22 Small bifurcation angles are associated with high blood

flow velocities and dispersed vortex intensities, while increased

bifurcation angles result in more concentrated vortex intensities

next to the apex and turbulent/disturbed laminar flow, which

generates various mechanical stimuli, such as WSS and

WSSG.23,24 The quantitative analysis of the WSS and WSSG val-

ues at the bifurcation sites in our study proved that the arterial

wall next to the apex was subjected to higher WSS and WSSG

values before the generation of aneurysms in models with large

bifurcation angles. Elevated WSS or WSSG levels disrupt the nor-

mal function of endothelial cells, stimulate gene transcription,

and activate ion channels and the consequent reorganization of

the cellular cytoskeleton.5,21 The more substantial structural

changes, which occur after 6 months, appear to involve the up-

regulation of MMP-2 and -9, both of which are implicated in

aneurysmal disease.25

However, this model of the carotid artery bifurcation aneu-

rysm still does not completely represent a true cerebral aneurysm

model because compared with extracranial arteries, intracranial

arteries have their own specific anatomic and biologic character-

istics, which could not be simulated in our model: a well-devel-

oped internal elastic lamina; a weakened tunica media and tunica

adventitia, or even the absence of the tunica adventitia; reduced

elastic fibers; increased proportions of SMCs; and, most impor-

tant, a CSF environment.

CONCLUSIONS
We established a new canine model to simulate human arterial

bifurcation morphology, including hemodynamic action with ac-

celerated blood velocity and arterial wall degeneration at the bi-

furcation apex. Aneurysms, confirmed by angiography and his-

tology, formed under persistent low WSS/WSSG and high

pressure action in elastase-treated animals, but not in control an-

imals. This canine model has the potential for the identification

and study of the genes, proteins, or conduction channels respon-

sible for aneurysm generation, development, and rupture.
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ORIGINAL RESEARCH
HEAD & NECK

Lymphoepithelial Carcinoma of the Salivary Gland:
Morphologic Patterns and Imaging Features on CT and MRI

X. Ban, J. Wu, Y. Mo, Q. Yang, X. Liu, C. Xie, and R. Zhang

ABSTRACT

BACKGROUND AND PURPOSE: Lymphoepithelial carcinoma is a rare salivary gland lesion. We retrospectively reviewed CT and MR
imaging features of salivary gland lymphoepithelial carcinoma to determine their imaging features and morphologic patterns.

MATERIALS AND METHODS: The clinical data, CT, and MR imaging findings of 28 patients with histologically proved lymphoepithelial
carcinoma of the salivary gland were retrospectively reviewed. Morphologic patterns of the lesions were categorized into 3 types on the
basis of margin and shape.

RESULTS: There were 17 men and 11 women with a mean age of 39.3 years; 96.4% of patients were positive for Epstein-Barr virus both on
histologic staining and Epstein-Barr virus serology. Tumors were parotid in 18 patients, submandibular in 8 patients, sublingual in 1 patient,
and palatal in 1 patient. Most tumors (57.1%) manifested as a partially or ill-defined mass with a lobulated or plaque-like shape. Homoge-
neous enhancement was found in 16 patients, while heterogeneous enhancement was found in 12, including 4 patients with intratumoral
necrosis. Invasion into adjacent structures was found in 5 patients; 60.7% of patients exhibited abnormal lymph nodes, with nodal necrosis
in 3 patients.

CONCLUSIONS: The characteristic lobulated or plaque-like shape, with a partially or ill-defined margin, of a salivary gland mass associated
with ipsilateral lymphadenopathy may suggest a preoperative diagnosis of lymphoepithelial carcinoma.

ABBREVIATIONS: EBER � Epstein-Barr virus-encoded small RNA; LEC � lymphoepithelial carcinoma

Lymphoepithelial carcinoma (LEC) is an uncommon malig-

nant neoplasm characterized by undifferentiated malignant

epithelial cells with marked infiltration of lymphoid cells in the

stroma.1,2 LEC most frequently occurs in the nasopharynx, but it

also has been reported arising in various organs such as salivary

glands, lungs, thymus, stomach, larynx, soft palate, uterus,

bladder, and skin.1,3-5 LEC of the salivary gland, first described by

Hilderman et al in 1962,6 is very rare and accounts for

0.3%�5.9% of malignant tumors of the salivary gland; it also has

a striking geographic and ethnic distribution.1,7,8 Most LECs of

the salivary glands have been reported in Inuit-Yupik and Chinese

populations, with a strong association with the Epstein-Barr vi-

rus.5 The clinical and pathologic features, treatment, and progno-

sis of LEC of the salivary gland have been extensively re-

ported.1,2,5,9 Limited literature exists, however, describing the

imaging features of LEC of the salivary gland.

We retrospectively analyzed CT and MR imaging features in a

series of 28 patients with pathologically proved salivary gland LEC

to identify any distinct morphologic patterns and imaging fea-

tures that could be useful for their diagnosis and differential

diagnosis.

MATERIALS AND METHODS
Patients
Twenty-eight patients with pathologically confirmed LEC of a

major or minor salivary gland were enrolled retrospectively be-

tween February 2001 and June 2012. This study was approved by

our institutional review board, and patient informed consent

was not required in accordance with the requirements of a

retrospective study. Clinical data, including age, sex, clinical

presentation, laboratory examinations, treatments, and out-

comes, were reviewed.
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Imaging Techniques
All patients had cross-sectional imaging before therapy. Of 28

patients, 22 had CT examinations, 5 had MR imaging, and the

remaining patient had both CT and MR imaging. Unenhanced

and contrast-enhanced CT and MR imaging were performed in all

patients.

CT was performed by using either 16-section CT (Brilliance

TM16; Philips Healthcare, Best, the Netherlands) with an axial

collimation of 16 � 0.75 mm and a 1.2 pitch (n � 17) or by using

dual-section CT (Twin FLASH; Philips Heathcare) with an axial

collimation of 2 � 1 mm and a 1.0 pitch (n � 6). Other parame-

ters included the following: section thickness/gap, 3/3 mm (n �

17) or 5/5 mm (n � 6); current, 250 mA; and voltage, 125 kV.

Contrast-enhanced CT was performed after intravenous injection

of iopromide at a dosage of 1.5 mL/kg of body weight (Ultravist

300; Schering, Berlin, Germany).

MR imaging was performed on a 1.5T system (Signa Hori-

zon LX, HighSpeed; GE Healthcare, Milwaukee, Wisconsin).

The sequences included fast spin-echo T2-weighted images

(TR/TE � 2000/120 ms) in the axial plane; and spin-echo T1-

weighted images (TR/TE � 450/15 ms) in the axial, coronal,

and sagittal planes. Others parameters included a matrix of

256 � 256, FOV of 300�380 mm, and a section thickness/gap

of 5/0.5 mm for the axial plane and 4/0.4 mm for the coronal

and sagittal planes. Contrast-enhanced sagittal and transverse

T1-weighted images and contrast-enhanced coronal T1-

weighted images with fat suppression were obtained after in-

travenous injection of gadopentetate dimeglumine (Magnev-

ist; Schering, Berlin, Germany) at a dosage of 0.2 mmol/kg of

body weight. The main parameters were the same as those used

preinjection.

Imaging Analysis
All images were reviewed by 2 experienced radiologists (Y.M.

and C.X.) by consensus. Tumors were evaluated with regard to

the location, size, margin, shape, attenuation or signal inten-

sity (compared with adjacent muscle on CT or T1WI and com-

pared with the contralateral normal salivary gland on T2WI),

lesion texture (homogeneous or heterogeneous; with or with-

out calcification, cystic areas, and necrosis), pattern and degree

of contrast enhancement, and involvement of adjacent struc-

tures. Tumor size was measured in maximal dimensions on the

transverse plane. The margin of the lesion was considered well-

defined if more than two-thirds of the margin was sharply

demarcated from the surrounding tissue and ill-defined if less

than one-third of the margin was sharply defined, while inter-

mediate cases were considered partially defined. The shape of

FIG 1. Morphologic patterns of salivary gland LECs. Type 1: Axial contrast-enhanced CT (A) and axial gadolinium-enhanced T1-weighted imaging
(B) show round masses with well-defined margins located in the left parotid glands (arrows). Type 2: Axial contrast-enhanced CT (C) and axial
gadolinium-enhanced T1-weighted imaging (D) show masses with plaque-like (C) and lobulated (D) shapes and partially defined margins located
in the right parotid glands (arrows). Type 3: Axial contrast-enhanced CT shows masses with irregular shapes, ill-defined margins, and diffuse
invasive growth (arrow) located in the left parotid (E) and right submandibular (F) glands, respectively. Normal submandibular gland tissue is
displaced posteriorly and medially (arrowhead).
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the lesion was classified as round/oval, lobulated, and/or irreg-

ular. Patterns of enhancement were categorized as homoge-

neous or heterogeneous. Cystic areas were defined as having

relatively homogeneous low attenuation (�20 HU) without

enhancement and with a relatively clear boundary, while ne-

crotic areas were defined as having heterogeneous low attenu-

ation without enhancement and with an unclear boundary.

The degree of enhancement was graded as poor, moderate, and

intense, with “poor” defined as attenuation or signal intensity

lower than or similar to that of the adjacent muscle, “moder-

ate” as greater than that of the muscle but lower than or similar

to that of the contralateral normal submandibular gland, and

“intense” as greater than that of the contralateral normal sub-

mandibular gland.

The morphologic patterns of tumors were categorized into 3

types according to the margin and shape of the lesions: In type 1,

masses were round/ovoid with a well-defined margin (Fig 1A, -B);

in type 2, masses showed a lobulated or plaque-like shape with a

partially or ill-defined margin (Fig 1C, -D); and in type 3, masses

showed an irregular shape with an ill-defined margin and diffuse

invasive growth (Fig 1E, -F).

The size, distribution, and attenuation or signal-intensity fea-

tures of cervical lymphadenopathy were also evaluated. Cervical

nodes were subdivided according to the specific anatomic subsites

involved, and the assignment of level was predicated on imaging-

based delineation of the cervical lymph nodes.10 The diagnosis of

node involvement was defined on the basis of central necrosis and

size criteria.11

RESULTS
Clinical Features
The clinical profiles of 28 patients with LEC of the salivary gland are

summarized in Table 1. All patients were southern Chinese, with 17

males and 11 females, 12–60 years of age, with a mean of 39.3 years.

Of 28 patients, 20 presented with a slowly growing, palpable mass and

8 experienced a recent, rapidly growing mass. Four patients (3 with

rapidly growing tumors and 1 with a slowly growing tumor) had pain

or tenderness. One patient with a rapidly growing tumor had pro-

gressive facial palsy. The duration of symptoms ranged from 0.2

months to 10 years (mean, 25 months), with 42.9% (12/28) of pa-

tients having symptoms for �2 years. Tumors were parotid in 18

patients, submandibular in 8 patients, sublingual in 1 patient, and

arising from the upper palate in 1 patient. One patient had a history

of non-Hodgkin lymphoma 8 years prior. Twenty-seven cases were

positive for Epstein-Barr virus on EBER (Epstein-Barr virus-encoded

small RNA) in situ hybridization. The possibility of a metastasis from

primary nasopharyngeal carcinoma was excluded in all cases by di-

Table 1: Clinical profiles of 28 patients with LEC of the salivary
gland

Characteristics
No. of Patients/

Values
Sex

Female 11 (39.3%)
Male 17 (60.7%)

Age (mean) (yr) 12�60 (39.3)
�20 4 (14.3%)
�20 � �30 4 (14.3%)
�30 � �40 6 (21.4%)
�40 � �50 4 (14.3%)
�50 � �60 8 (28.6%)
�60 2 (7.1%)

Symptom duration (mean) (mo) 0.�120 (25)
�24 16 (57.1%)
�24 12 (42.9%)

Epstein-Barr virus
Positive 27 (96.4%)
Negative 1 (3.6%)

Clinical staging
I 1 (3.6%)
II 7 (25.0%)
III 8 (28.5%)
IV 12 (42.9%)

Treatment
Surgery 7 (25%)
Surgery and radiotherapy 18 (64.2%)
Surgery, radiotherapy, and chemotherapy 2 (7.2%)
Radiotherapy and chemotherapy 1 (3.6%)

Local recurrence 3 (10.7%)
Distant metastasis 4 (14.3%)

Table 2: Imaging characteristics of 28 patients with LEC of the
salivary gland

Characteristics
No. of Patients/

Values
Tumor location

Parotid 18 (64.3%)
Submandibular gland 8 (28.5%)
Palate 1 (3.6%)
Sublingual gland 1 (3.6%)

Tumor size (cm) 1.6�7 (3.5)
Tumor margin

Partially defined 13 (46.4%)
Well-defined 5 (17.9%)
Ill-defined 10 (35.7%)

Morphologic patterns
Type 1 5 (17.9%)
Type 2 16 (57.1%)
Type 3 7 (25.0%)

Inner nature
Necrosis 4 (14.3%)
Calcification 0 (0%)

Density on unenhanced CT (n � 23)
Slightly hypodense 19 (82.6%)
Isodensity 4 (17.4%)

Enhancement degree on CT (n � 23)
Poor 6 (26.1%)
Moderate 14 (56.5%)
Intense 3 (17.4%)

Signal intensity on MR imaging (n � 6)
T1WI

Hyperintense 1 (16.7%)
Isointense 5 (83.3%)

T2WI
Hypointense 4 (66.7%)
Hyperintense 2 (33.3%)

Enhancement degree on MR imaging (n � 6)
Poor 1 (16.7%)
Moderate 4 (66.6%)
Intense 1 (16.7%)

Inner nature after contrast enhancement
Homogeneous 16 (57.1%)
Heterogeneous 12 (42.9%)

Adjacent structure invasion 5 (17.9%)
Bone destroyed 2 (7.1%)

Pathologic lymph nodes 17 (60.7%)
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rect examination (n � 28) and biopsy of the nasopharynx (n � 8) by

using fiberoptic nasopharyngoscopy. Of our patients, 42.9% were

classified as having stage IV, followed by stage III (28.5%), stage II

(25.0%), and stage I (3.6%).

Preoperative fine-needle aspiration cytology was performed in

7 patients. Two patients were correctly diagnosed as having LEC,

1 patient was suspicious for having a lymphoepithelial lesion with

malignancy, 1 patient was diagnosed as having benign reactive

lymphoproliferation, and the other 3 patients were diagnosed as

having metastatic poorly differentiated squamous carcinoma.

Twenty-seven of 28 patients underwent surgical resection to con-

firm the definitive diagnosis. After surgery, 18 of 27 patients re-

ceived postoperative radiation therapy to the gland area and the

ipsilateral upper neck with a dose range from 50 to 65 Gy, while 2

patients received postoperative radiation therapy (50 Gy) and

chemotherapy. Only 1 patient underwent radiation therapy (50

Gy) and chemotherapy without surgery.

Patient follow-up ranged from 5 to 123 months (mean, 41

months). Local recurrence was found in 3 patients from 12 to 28

months after surgery. Four patients, including 2 patients with

local recurrence, developed distant metastases to the brain (n �

1), lung (n � 1), and liver (n � 2) from 7

to 77 months after surgery.

Imaging Findings
The imaging characteristics of 28 patients

are summarized in Table 2. Twenty-eight

primary tumor masses were found in 28

patients. Lesions were solitary and unilat-

eral in all 28 patients. The parotid gland

was the most frequent location (18 of 28

patients, 64.3%) with lesions in the super-

ficial lobe in 11 patients, in the deep lobe

in 1 patient, and in the superficial and

deep lobes in 6 patients. Other less com-

monly involved locations were the sub-

mandibular gland (28.5%, n � 8) (Fig 2),

the sublingual gland (3.6%, n � 1) (Fig 3),

and the palate (3.6%, n � 1) (Fig 4). The

size of the lesions ranged from 1.6 to 7.0

cm, with a mean of 3.5 cm.

The margin was partially defined in 13

patients (46.4%), ill-defined in 10 pa-

tients (35.7%), and well-defined in 5 pa-

tients (17.9%). Of the 13 partially defined

masses, 7 were lobulated, 3 were plaque-

like, and 3 were irregular. Of the 10 ill-

defined masses, 5 were lobulated, 1 was

plaque-like, and 4 were irregular. All 5

well-defined masses were round/ovoid.

Invasion of adjacent soft tissue was found

in 5 patients, including 2 patients with

bone erosion. According to the shape and

margin of the masses, the morphology of

tumors could be classified into 3 patterns.

The most common pattern was type 2

(n � 16, 57.1%), then type 3 (n � 7,

25.0%) and type 1 (n � 5, 17.9%). Nota-

bly, the shape and size of the lesion in the parotid glands may

depend predominantly on the location of the lesion. All masses

involving the superficial and deep lobes of the parotid gland were

irregular (n � 5) or lobulated (n � 1). Additionally, almost half of

the masses (n � 5) located in the superficial lobe of the parotid

gland were round-ovoid, and all masses (n � 11) in the superficial

lobe of the parotid gland were �5 cm.

On CT, 23 masses were detected in 23 patients. Compared

with the adjacent muscle, lesions showed slight hypoattenuation

in 19 patients and isoattenuation in 4 patients. Necrosis was dem-

onstrated in 14.3% of (n � 4) of patients on enhanced CT, and no

calcification was found in any patient. After the administration of

contrast, lesions showed poor enhancement in 6 patients, moder-

ate enhancement in 13 patients, and intense enhancement in 4

patients. Homogeneous enhancement was found in 14 patients,

while heterogeneous enhancement was found in the other 9

patients.

Six patients with 6 masses (parotid glands in 4 patients, sub-

mandibular gland in 1, sublingual gland in 1) underwent MR

imaging. On T1-weighted imaging, 1 patient had a lesion with a

slight hyperintense signal and 5 patients had isointense signal. On

FIG 2. LEC of the right submandibular gland in a 53-year-old woman with a painless mass in the
right neck for 1 year. Axial contrast-enhanced CT (A) shows an ill-defined mass in the right
submandibular gland with heterogeneous moderate enhancement (arrow). An enlarged lymph
node in level IIa is also noted and shows a homogeneous enhancement (arrowhead). Axial
T2-weighted image (B) shows a heterogeneous slight hyperintensity mass with curvilinear and
linear hypointensity within it (arrow) and an enlarged lymph node in level IIa (arrowhead).
Gadolinium-enhanced axial T1-weighted image (C) and coronal T1-weighted image with fat
saturation (D) show the mass with a heterogeneous enhancement with hypoenhanced strands
within it. An enlarged region of the lymph node in level IIa is also noted and shows homoge-
neous enhancement (arrowhead).
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T2-weighted imaging, 4 patients had hypointense signal (Fig 3A)

and 2 patients had slightly hyperintense signal. After the admin-

istration of contrast, imaging of 1 patient showed poor enhance-

ment, that of 4 patients showed moderate enhancement, and that

in 1 patient showed intense enhancement. Homogeneous en-

hancement was found in 3 patients, and heterogeneous enhance-

ment was found in 3 patients. Cystic/necrotic areas were not

found in any of the 6 patients.

Cervical Lymphadenopathy
The incidence of neck node involvement

was found in 60.7% (17/28) of patients,

including 10 patients (56%, 10/18) with

primary lesions in the parotid glands; 6

patients (75%, 6/8), in the submandibular

gland; and 1 patient (100%, 1/1), in the

palate. Cervical lymphadenopathy was

unilateral in all patients. The locations

of pathologic lymph nodes were consis-

tent with anatomic drainage without

skip metastasis. The intraparotid region

and level IIb were involved in 8 patients,

respectively; level IIa was involved in 7

patients; level Ib was involved in 3 pa-

tients; and level III was involved in 1

patient. Necrosis of the lymph nodes was

found in 3 patients (Fig 5B).

Histopathologic Results
The diagnosis of LEC was confirmed his-

topathologically in all patients by using

either surgical resection (n � 27) or fine-

needle aspiration cytology (n � 1).

Grossly, all 27 resected tumors were gen-

erally grayish or reddish and firm. Calci-

fication was not found in any case, while

necrosis was found in 5 cases in these 27

gross specimens. Infiltration into adja-

cent muscle was found in 3 patients, and

bone erosion, in 2 patients. Histopatho-

logic examinations commonly showed

infiltrative sheets, nests, and cords of neo-

plastic epithelial cells separated by lym-

phoid stroma (Fig 3C). Immunohisto-

chemically, cytokeratin and p63 were

positive in 28 and 16 patients, respec-

tively. Twenty-seven tumors showed pos-

itive EBER in epithelial neoplastic cells

and negative EBER in stromal lymphoid

cells and surrounding normal salivary

gland tissue (Fig 3D). The remaining tu-

mor showed negative EBER in epithelial

neoplastic cells, stromal lymphoid cells,

and surrounding normal salivary gland

tissue.

DISCUSSION
LEC of the salivary gland, which has been

referred to as undifferentiated carcinoma

with lymphoid stroma, malignant lymphoepithelial lesion, ma-

lignant lymphoepithelioma, and lymphoepithelial-like carci-

noma,1,7 is a rare undifferentiated carcinoma with prominent

lymphoid stroma and ultrastructural features of squamous cell

carcinoma. Increasingly investigators have demonstrated that

LEC of the salivary gland is strongly associated with Epstein-Barr

virus in endemic areas such as Greenland, Southeast Asia, and

Alaska.12 In our study, all 28 patients were southern Chinese, and

FIG 3. LEC of the left sublingual gland in a 44-year-old woman with a painful mass in the mouth
for 8 years. Axial T2-weighted imaging (A) shows a homogeneous slightly hypointensity mass
with a partially defined margin in the left sublingual gland (arrow). Axial gadolinium-enhanced
T1-weighted image (B) shows the mass with homogeneous moderate enhancement (arrow).
Histopathologic examination (C) shows nests of neoplastic epithelial cells separated by abun-
dant lymphoid stroma (hematoxylin-eosin, original magnification � 100). In situ hybridization
by using a digoxigenin-labeled EBER probe (D) shows the nuclei of the malignant epithelial
cells strongly positive but negative in the surrounding lymphocytes (original magnifica-
tion � 100).

FIG 4. LEC of the right upper palate in a 38-year-old man with a rapidly growing mass in the
upper palate for approximately 8 months. Axial contrast-enhanced CT (A) shows the mass with
a heterogeneous moderate enhancement (arrow). Sagittal (B) contrast-enhanced CT shows the
mass with heterogeneous moderate enhancement (arrow) and bone destruction.
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96.4% of tumors were positive for Epstein-Barr virus by using

EBER in situ hybridization. Our results support the association of

Epstein-Barr virus with salivary gland LEC. In our series, LEC of

the salivary gland predominantly occurred in the parotid gland

(64.3%), followed by the submandibular gland (28.5%). The mean

age was 39.3 years, with a male predominance (1.5:1). A slowly grow-

ing, palpable mass was present in 71.4% of patients, and 28.6% pre-

sented with a recent, rapidly growing mass. Almost half of our pa-

tients (42.9%) experienced a duration of symptoms of �2 years,

indicating that LECs of the salivary glands had a relatively long dura-

tion of symptoms compared with other malignant tumors in the

salivary glands, consistent with prior reports.1,2,7

Treatment for LEC of the salivary gland includes surgical ex-

cision, radiation therapy, and chemotherapy. At present, surgical

excision followed by postoperative radiation therapy is consid-

ered the treatment of choice for LEC of the salivary gland, and the

5-year survival rate is reported to range from 50% to 90%.2,7 The

prognosis of salivary gland LEC is reported as better than that in

other types of undifferentiated carcinoma of the salivary gland.13

The incidence of local recurrence and distant metastasis has var-

ied in previous studies. The reported local recurrence rate

ranged from 0% to 28.9%.5,7 In our cases, 27 patients under-

went a surgical excision and 18 patients underwent postoper-

ative radiation therapy. The local recurrence rate in this group

was 10.7%. Of our patients, 14.3% developed distant metasta-

sis to the lung, liver, and brain from 7 to 77 months after

diagnosis, comparable with a distant metastasis rate of

2.9%�33.3% in previous studies.5,7,9

Fine-needle aspiration cytology is a primary diagnostic tool

for salivary gland tumors,14,15 but the diagnostic accuracy, sensi-

tivity, and specificity of fine-needle aspiration cytology in the di-

agnosis of salivary gland lesions are varied owing to diverse mor-

phologic patterns and overlapping features between benign and

malignant lesions. In a recent review, the diagnostic accuracy of

fine-needle aspiration cytology was 78.6% in 14 patients with LEC

of salivary gland.15 Thus, CT and MR imaging are still valuable

tools for the diagnosis, preoperative evaluation, and biopsy guid-

ance for patients with LEC. To our knowledge, however, only

Ahuja et al16 reported imaging findings of

LECs in minor salivary glands in 4 cases in

1999.

LECs of the salivary glands in our se-

ries tended to involve the parotid gland

with an ill-defined or partially ill-defined

margin. Most LECs in the salivary glands

showed slight hypoattenuation on CT,

isointense signal on T1WI, and hypoin-

tense signal on T2-weighted imaging,

with moderate enhancement. Unfortu-

nately, these CT and MR imaging charac-

teristics are nonspecific and do not allow a

definitive discrimination from other ma-

lignant tumors of the salivary glands.

However, most of the lesions had homo-

geneous attenuation/signal intensity on

unenhanced CT and MR imaging; no le-

sions exhibited cystic degeneration or cal-

cification, even in a large mass; and most of our lesions (85.7%)

lacked necrotic regions. These features are, in aggregate, different

from those in other common primary malignant tumors of the

salivary glands, including mucoepidermoid carcinoma and ade-

noid cystic carcinoma because these more common malignant

tumors typically show heterogeneous attenuation or signal inten-

sity with cystic change and necrosis.17-19 Thus, an ill-defined or

partially ill-defined mass without cystic regions or calcification

and lacking necrosis is typically seen in salivary gland LEC.

In our cases, salivary gland LECs could be classified into 3

morphologic types on the basis of the margin and shape. Morpho-

logic patterns of salivary gland LECs are useful for the differential

diagnosis along with other salivary gland tumors. Types 1 (17.9%)

and 3 (25.0%) in our series showed typical morphologic features

of benign and malignant tumors in the salivary glands, respec-

tively. Type 2 represented a mass with a lobulated/plaque-like

shape and a partially or ill-defined margin. In this study, most

tumors belonged to this type. Because most LECs in the salivary

glands are less aggressive malignant tumors,7 this pattern might

be a relatively morphologic characteristic of salivary gland LEC. In

addition, previous studies had reported an incidence of lymph

node metastases in salivary gland LEC ranging from 10% to

50%.2,7,20 In our study, the incidence of lymph node metastases

was up to 60.7%, which was higher than that in previous stud-

ies.2,7,20 Lymphadenopathy in our cases was unilateral, with the

intraparotid region and level IIa the most commonly involved

regions. Lymph node metastasis was found to spread along with

anatomic drainage. No skip metastasis was present. Lymph node

necrosis occurred sometimes, as demonstrated in a previous

study.16

There are several limitations to our study. First, as a retrospec-

tive study, most of our patients underwent CT and only 6 patients

underwent MR imaging with conventional T1 and T2 sequences.

Because MR imaging, particularly MR imaging with diffusion-

weighted imaging or dynamic contrast-enhanced sequences, is

regarded as a better technique for characterizing and delineating

salivary gland lesions,21 a study using these new techniques may

be needed for further determining the imaging features of salivary

FIG 5. LEC of the right parotid gland in a 38-year-old man with painless masses in the right
parotid regions for approximately 3 years. Axial contrast-enhanced CT (A) shows an ill-defined
mass located in the right parotid gland (arrow) with heterogeneous enhancement and much
intratumoral necrosis (arrowhead). Axial contrast-enhanced CT (B) shows multiple enlarged
nodes (arrow) in the intraparotid region and level IIa, with obvious necrosis (arrowhead).
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gland LEC. Second, our patients had a follow-up from 5 to 123

months. Four patients had follow-up at �12 months, which was

less than the time to recurrence or distant metastasis in some

other patients. Therefore, it was difficult to conclude the exact

long-term recurrence and metastasis rates just on the basis of our

data.

CONCLUSIONS
LEC of the salivary gland displays nonspecific attenuation or sig-

nal intensity on CT or MR imaging. It is difficult to make a reliable

diagnosis of it on the basis of CT and MR images. However, clin-

ically, it predominantly occurs in Inuit-Yupik and southern Chi-

nese with a strong association with Epstein-Barr virus and a rela-

tively long history. Imaging features, including an intraglandular

mass with a lobulated/plaque-like shape and ill- or partially ill-

defined margins but without calcification and necrosis, accompa-

nied by ipsilateral lymphadenopathy, suggest the diagnosis of sal-

ivary gland LEC.
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Use of Non-Echo-Planar Diffusion-Weighted MR Imaging for
the Detection of Cholesteatomas in High-Risk Tympanic

Retraction Pockets
A. Alvo, C. Garrido, Á. Salas, G. Miranda, C.E. Stott, and P.H. Delano

ABSTRACT

BACKGROUND AND PURPOSE: Non-echo-planar DWI MR imaging (including the HASTE sequence) has been shown to be highly sensitive
and specific for large cholesteatomas. The purpose of this study was to determine the diagnostic accuracy of HASTE DWI for the detection
of incipient cholesteatoma in high-risk retraction pockets.

MATERIALS AND METHODS: This was a prospective study of 16 patients who underwent MR imaging with HASTE DWI before surgery.
Surgeons were not informed of the results, and intraoperative findings were compared against the radiologic diagnosis. Sensitivity,
specificity, and positive and negative predictive values were calculated.

RESULTS: Among the 16 retraction pockets, 10 cholesteatomas were diagnosed intraoperatively (62.5%). HASTE showed 90% sensitivity,
100% specificity, 100% positive predictive value, and 85.7% negative predictive value in this group of patients. We found only 1 false-
negative finding in an infected cholesteatoma.

CONCLUSIONS: We demonstrate a high correlation between HASTE and surgical findings, suggesting that this technique could be useful
for the early detection of primary acquired cholesteatomas arising from retraction pockets and could help to avoid unnecessary surgery.

ABBREVIATION: EP � echo-planar

Middle ear cholesteatomas are benign but locally aggressive

nonneoplastic lesions composed of a keratinizing stratified

squamous epithelial matrix, an inflammatory perimatrix, and

desquamated keratin content.1 Pathophysiologically, cholestea-

tomas are divided into congenital (epithelium trapped within the

middle ear during fetal development) and acquired. Acquired

cholesteatomas are further divided into primary (arising from a

tympanic membrane retraction) and secondary (epithelium

reaching the middle ear through a tympanic perforation, fracture,

or iatrogenic procedure).2,3 Cholesteatomas progressively erode

the bony structures surrounding the middle ear (ossicles, facial

nerve canal, bony labyrinth, and skull base), predisposing to a

wide range of complications, including potentially severe infec-

tions such as meningitis and intracranial abscesses.4 Surgery is the

only known curative treatment and should be performed early

because less destruction allows more conservative and hearing-

preserving procedures with a reduced risk of complications.

Tympanic retraction pockets are invaginations of the tym-

panic membrane into the middle ear cleft caused by Eustachian

tube dysfunction, which interferes with proper middle ear venti-

lation.5 The diagnosis of a “dangerous” or high-risk retraction

pocket is proposed when the bottom of the pocket becomes hidden

to the otomicroscope and/or starts retaining skin, because this may

lead to primary acquired cholesteatoma.1 Given that there is a con-

tinuum from tympanic retraction pockets to small cholesteatomas,

the distinction between retraction pockets that have already devel-

oped a cholesteatoma and those that have not remains a problem in

otologic surgery because conventional clinical and radiologic meth-

ods are often insufficient. In addition, dangerous retraction pockets

and small cholesteatomas share similar clinical signs and symptoms,

and it is often impossible to differentiate them via otomicroscopy. A

substantial number of such patients undergo surgical procedures

such as mastoidectomies or atticotomies, but only a subset actually

have cholesteatomas.

CT is the most widely used imaging technique for the detec-

tion of a middle ear mass and assessing tympanomastoid anatomy
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and the extent of bone erosion.6 However, it is nonspecific for

cholesteatoma and relies on indirect signs for its diagnosis.7,8

More recently, MR imaging techniques have been used to differ-

entiate cholesteatoma from other middle ear masses, especially

T1-weighted delayed postcontrast imaging and DWI.9,10

DWI techniques are based on the restriction of movement of

water molecules, such as that caused by keratin-filled cholestea-

tomas, producing a hyperintense signal.11 Conventional EPI has

been displaced by non-EPI techniques when the temporal bone is

the focus, because these sequences have fewer artifacts and thin-

ner sections, allowing the detection of cholesteatomas as small as

2 mm.12 Several studies of non-echo-planar (EP) DWI have pro-

vided excellent sensitivity and specificity for the detection of cho-

lesteatomas. Currently, MR imaging is suggested when the diag-

nosis of cholesteatoma cannot be established by other means,

often in the setting of congenital and residual/recurrent disease.10

The purpose of this study was to evaluate the sensitivity and

specificity of non-EP DWI for the detection of cholesteatomas in

skin-retaining and/or otomicroscopically inaccessible tympanic

retraction pockets.

MATERIALS AND METHODS
Research Design
A prospective study was conducted at the Department of Otorhi-

nolaryngology in our institution. HASTE non-EP DWI MR im-

aging was performed within 2 months before surgery, in addition

to standard examinations, including audiometry and temporal

bone CT. HASTE images were blindly interpreted by an experi-

enced neuroradiologist, and radiologic diagnosis of cholestea-

toma was considered when a marked hyperintensity in compari-

son with brain tissue was noted on DWI. After all patients had

been recruited, a second neuroradiologist revised all HASTE im-

ages to evaluate the interobserver agreement of the test.

Patients with tympanic membrane retraction pockets in which

a cholesteatoma could not be ruled out or confirmed were in-

cluded. Exclusion criteria included previously operated ears, clin-

ically evident cholesteatomas, contraindications for MR imaging,

and refusal by the patient. Staff otologists with at least 5 years of

experience in middle ear surgery performed all operations. Sur-

geons were blind to the results of the MR imaging and indepen-

dently determined the presence or absence of cholesteatoma in

the middle ear. The study was approved by the ethics committee

of our hospital (approval No. 68, 2011).

Patients
Sixteen consecutive patients clinically diagnosed with tympanic

retraction pockets were recruited and evaluated by an expert otol-

ogy committee. When a high-risk pocket was scheduled for sur-

gery, the patient was considered a possible candidate and offered

an informed consent form. Anonymity was preserved throughout

the study.

Imaging Technique
All MRI was performed by using a 1.5T superconducting MR

imaging scanner (Magnetom Symphony Maestro Class; Siemens,

Erlangen, Germany) with 20-mT/m maximum amplitude gradi-

ents. All images were acquired by using a 4-channel circularly

polarized head-array coil. To obtain the imaging planes, we per-

formed the following protocol: sagittal T1 turbo inversion recov-

ery magnitude dark fluid sequence (TR, 1710 ms; TE, 12 ms; TI,

860 ms; flip angle, 150°; matrix, 202 � 256; FOV, 219 � 250;

section thickness, 5 mm; NEX, 1; twenty sections; acquisition time, 1

minute 44 seconds); axial and coronal T2 TSE imaging with a restore

pulse (TR, 5350 ms; TE, 110 ms; flip angle, 180°; matrix, 220 � 384;

FOV, 172 � 180; section thickness, 3 mm; NEX, 2; twenty sections;

acquisition time, 2 minutes 26 seconds); axial T2 CISS sequence,�64

partitions in 1 slab, 0.8 mm in the axial plane (TR, 10.86 ms; TE, 5.43

ms; flip angle, 70°; matrix, 208 � 256; FOV, 146 � 180; NEX, 1;

acquisition time, 4 minutes 16 seconds); and axial and coronal

HASTE sequences (TR, 2700 ms; TE, 132 ms; flip angle, 180°; turbo

factor, 256; matrix, 256 � 256; FOV, 200 � 200; section thickness, 3

mm; intersection gap, 0 mm; NEX, 4; b factor, 800 s/mm2; 14 sec-

tions; acquisition time, 2 minutes 33 seconds). Unless dural involve-

ment secondary to middle fossa bone erosion was suspected, all se-

quences were performed without intravenous injection of

gadolinium-based contrast media.

Statistical Analysis
Patients were dichotomically classified as positive or negative for

cholesteatoma. Dubious cases were considered as positive, given

that a cholesteatoma could not be ruled out. Data were tabulated

in a spreadsheet application (Excel for Mac 2011; Microsoft,

Bothell, Washington). Diagnostic tests were evaluated by

comparing HASTE results against the intraoperative findings.

Statistical measures, including sensitivity, specificity, positive pre-

dictive value, and negative predictive value, were calculated. In-

terobserver agreement was calculated by using the � coefficient.

RESULTS
Sixteen patients (6 males [37.5%] and 10 females [62.5%]) with

ages ranging from 9 to 60 years (mean, 38.8 � 14.1 years) were

included during 2 years (November 2011 to November 2013).

There was no difference in the laterality of the disease (8 left- and

8 right-sided).

Intraoperatively, we found cholesteatomas in 10 of 16 retrac-

tion pockets (62.5%). Using HASTE resulted in 9 true-positives,

Patient characteristics and MRI and surgical findings
Patient

No. Sex
Age
(yr) Side HASTE

Size
(mm) Surgery

1 F 27 L � 3 �
2 M 21 R – 0 –
3 F 39 R – 0 –
4 F 35 L – 0 –
5 M 29 R � 13 �
6 M 43 R � 6 �
7 F 39 L � 5 �
8 F 55 L � 6 �
9 M 49 R – 0 �
10 F 42 R � 5 �
11 F 60 L � 10 �
12 M 9 L � 15 �
13 F 58 R – 0 –
14 F 48 L � 4 �
15 M 24 L – 0 –
16 F 43 R – 0 –

Note:—L indicates left; R, right; �, positive finding; —, negative finding.
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zero false-positives, 1 false-negative, and 6 true-negatives (Table).

Radiologically, the size of the cholesteatomas ranged between 3

and 15 mm (mean, 7.4 mm). Calculated statistical measures for

HASTE with their respective 95% confidence intervals were as

follows: 90% sensitivity (55.5%–99.8%), 100% specificity

(54.1%–100%), 100% positive predictive value (66.4%–100%),

and 85.7% negative predictive value (42.1%–99.6%).

Further analysis included a second neuroradiologist to evaluate

the interobserver agreement; the calculated � coefficient was 0.875

(0.640–1.000). There was an additional false-negative in this retro-

spective analysis, which had been classed as “faintly positive” (a small,

weak, hyperintense signal, different from the surrounding tissues) by

the first neuroradiologist. Sample images that are representative of

different clinical situations are shown in Figs 1–3.

DISCUSSION
Our results show that HASTE can predict the presence of cho-

lesteatomas in cases of retraction pockets that retain skin or can-

not be fully evaluated by direct otomicroscopy and in which the

diagnosis is uncertain. The presence of keratin in the cholestea-

toma leads to a restrictive pattern with characteristic hyperinten-

sity on DWI, and the use of non-EPI enabled the avoidance of

susceptibility artifacts at the skull base, which can be mistaken for

or hide a cholesteatoma.12

Common diagnostic techniques for cholesteatoma, including

otomicroscopy and CT, are useful but, in many cases, insufficient.

Ganaha et al13 reported sensitivities, specificities, positive predic-

tive values, and negative predictive values of 77.9%, 92.8%,

97.8%, and 50.0% for otoscopy and 71.1%, 78.5%, 93.3%, and

39.2% for CT, respectively. Although the diagnosis of large cho-

lesteatomas can be adequately accomplished by these methods,

detection rates as low as 50%– 60% have been described in diffi-

cult cases such as residual, recurrent, and congenital cholesteato-

mas.13 In addition, the low negative predictive value for CT and

otomicroscopy suggests that in questionable cases, like differen-

tiating a small cholesteatoma and a noncholesteatomatous tym-

panic retraction pocket, further diagnostic tools are needed to

rule out the presence of a middle ear cholesteatoma. For these

reasons, MR imaging techniques have been proposed for the eval-

uation of middle ear disease.

Conventional MR Imaging Sequences for the
Diagnosis of Cholesteatoma
Cholesteatomas can be difficult to detect and/or appear as non-

specific lesions on standard MR images,11,14,15 but keratin shows

a restrictive pattern on DWI. Conventional EP DWI, however, has

not yielded sufficiently precise results, especially for cholesteato-

mas smaller than 5 mm. Jindal et al11 reported a sensitivity of 83%

FIG 1. Case 3. A 39-year-old woman with no prior otologic diagnosis.
A, Coronal CT scan shows right tympanic membrane thickening with
occupation of Prussak space. B, Coronal HASTE shows no hyperinten-
sity. In surgery, a granulomatous mass was identified without evi-
dence of cholesteatoma (not shown).

FIG 2. Case 5. A 29-year-old man with a history of chronic bilateral
otitis media with effusion with a tympanic ventilation T-tube on the
left side. A, Coronal CT scan shows bilateral tympanic thickening and
middle ear opacities, with erosion of the scutum; a T-tube can be
observed on the left side. B, Coronal HASTE shows a 13-mm right-
sided hyperintensity in relation to the epitympanum. The cholestea-
toma was found intraoperatively (not shown).
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and a specificity of 82%, while Vercruysse et al16 reported values

of 81% and 100% for primary cholesteatomas and 12.5% and

100% for residual/recurrent cholesteatomas. In EP DWI, the rel-

atively thick sections and presence of air-bone susceptibility arti-

facts account for these problems.17

The Role of Non-Echo-Planar Diffusion-Weighted MR
Imaging in the Diagnosis of Cholesteatomas
Non-EP DWI (including HASTE and PROPELLER sequences)

has shown increased sensitivity and specificity, with fewer arti-

facts and thinner sections, allowing the detection of cholesteato-

mas measuring 2–3 mm.12 Several studies have been published

since 2006 showing promising results for this technique.18-28 Re-

cently, Li et al29 summarized these findings in a meta-analysis

including 10 articles (342 patients), reporting an overall sensitiv-

ity of 94% and specificity of 94%. False-negatives are rare, often

caused by motion artifacts or self-evacuating “mural” cholestea-

tomas, and false-positives are very infrequent.10,12,15,30 Other ad-

vantages to DWI are its short acquisition times (2–5 minutes) and

avoidance of intravenous contrast.22,31

One of the most studied uses for non-EP DWI in middle ear

disease is as an alternative to second-look surgery in canal wall-up

mastoidectomies,32 in which the posterior wall of the external ear

canal is preserved. This makes postoperative care easier but im-

pedes direct observation of the mastoidectomy during otomicros-

copy, making it impossible to clinically detect residual and recur-

rent cholesteatomas.33

Current indications for DWI in cholesteatomas have focused

on congenital and residual/recurrent disease,10 because they can

be hidden or difficult to evaluate via otoscopy and postsurgical

inflammation may lead to confusion on CT and standard MR

imaging. DWI is also helpful in distinguishing differential diag-

noses of middle ear masses, especially when combined with de-

layed postcontrast T1WI.

The usefulness of non-EP DWI for detecting patients with

incipient disease has been less well-studied. Although excellent

previous reports by Pizzini et al,23 De Foer et al,26 Profant et al,27

and Ilıca et al34 have included primary cholesteatomas among

their cases, our research differs in that this was a prospective study

that included only retraction pockets with suspicion of choleste-

atoma after evaluation by an expert otologic committee. All pa-

tients had surgical confirmation, and the data did not include

other groups such as recurrent disease. Our aim was to specifically

evaluate the diagnostic accuracy of non-EP DWI in difficult cases

in which the presence of a middle ear cholesteatoma behind a

tympanic retraction pocket was unclear.

The pathogenesis of primary acquired cholesteatomas is com-

plicated and multifactorial, but retraction pockets seem to play an

important role35; however, it remains a matter of debate as to

whether this pocket can be considered a cholesteatoma. To our

knowledge, there are few MR imaging– based articles in the liter-

ature assessing the presence of clinically occult cholesteatomas

behind tympanic retraction pockets.

Use of Non-EP DW on Tympanic Retraction Pockets
On the basis of our results, we propose that HASTE is a highly

sensitive and specific test in the evaluation of high-risk tympanic

retraction pockets, where otomicroscopy alone cannot evaluate

the extension of skin into the middle ear by direct observation

through the external ear canal. CT showing a middle ear mass

and/or bone erosion is not specific for cholesteatoma, nor is stan-

dard MR imaging. Because DWI gives poor anatomic informa-

tion, does not evaluate bone erosion, and is not exempt from

false-positives and negatives, all of these imaging techniques

should be considered as complementary.

In agreement with the literature, we were able to detect cho-

lesteatomas as small as 3 mm. Furthermore, 40% of all HASTE-

positive patients in our study had cholesteatomas of �5 mm,

which could have been missed if EP DWI had been used

instead.12,24

There was only 1 false-negative in an infected, “wet” choleste-

atoma with otorrhea larger than 2–3 mm. We believe that this

could be explained by an alteration in the restriction pattern of the

suppurated cholesteatoma, but further studies are needed to con-

firm or refute this hypothesis.

Although the number of subjects is limited because of the spe-

cific subset of patients included, this study might broaden the

clinical applicability of non-EP DWI, especially in cases in which

the diagnosis is uncertain and a more conservative approach is

FIG 3. Case 13. A 58-year-old woman with bilateral chronic ear disease
(right tympanic retraction pocket and left external ear canal stenosis). A,
Coronal CT shows a right-sided tympanic retraction pocket with partial
thickening of the tympanic membrane and erosion of the scutum, with
an epitympanic middle ear mass. On the left side, there is external ear
canal occupation by a soft-tissue attenuation mass, with epitympanic
opacity. B, Coronal HASTE image negative for cholesteatoma. Surgery
confirmed the presence of a retraction pocket without invasion of skin
into the middle ear on the right side (not shown).
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desirable (dangerous tympanic retraction on the better/only hear-

ing ear, high anesthetic risk). Because most cases of cholesteatoma

can be adequately diagnosed with otoscopy and CT, judicious use

of HASTE MR imaging is important and should be considered

only when clinical benefit is expected.

CONCLUSIONS
We have demonstrated that preoperative HASTE MR imaging is

highly accurate with regard to detecting the presence or absence of

cholesteatoma in tympanic retraction pockets. Early diagnosis of

cholesteatomas arising from tympanic retraction pockets could

help to better select patients requiring surgery, thus avoiding un-

necessary and aggressive procedures.
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ORIGINAL RESEARCH
HEAD & NECK

Clinical Significance of an Increased Cochlear 3D Fluid-
Attenuated Inversion Recovery Signal Intensity on an MR
Imaging Examination in Patients with Acoustic Neuroma

D.Y. Kim, J.H. Lee, M.J. Goh, Y.S. Sung, Y.J. Choi, R.G. Yoon, S.H. Cho, J.H. Ahn, H.J. Park, and J.H. Baek

ABSTRACT

BACKGROUND AND PURPOSE: The increased cochlear signal on FLAIR images in patients with acoustic neuroma is explained by an
increased concentration of protein in the perilymphatic space. However, there is still debate whether there is a correlation between the
increased cochlear FLAIR signal and the degree of hearing disturbance in patients with acoustic neuroma. Our aim was to investigate the
clinical significance of an increased cochlear 3D FLAIR signal in patients with acoustic neuroma according to acoustic neuroma extent in a
large patient cohort.

MATERIALS AND METHODS: This retrospective study enrolled 102 patients with acoustic neuroma, who were divided into 2 groups based
on tumor location; 22 tumors were confined to the internal auditory canal and 80 extended to the cerebellopontine angle cistern. Pure
tone audiometry results and hearing symptoms were obtained from medical records. The relative signal intensity of the entire cochlea to
the corresponding brain stem was calculated by placing regions of interest on 3D FLAIR images. Statistical analysis was performed to
compare the cochlear relative signal intensity between the internal auditory canal acoustic neuroma and the cerebellopontine angle
acoustic neuroma. The correlation between the cochlear relative signal intensity and the presence of hearing symptoms or the pure tone
audiometry results was investigated.

RESULTS: The internal auditory canal acoustic neuroma cochlea had a significantly lower relative signal intensity than the cerebellopon-
tine angle acoustic neuroma cochlea (0.42 � 0.15 versus 0.60 � 0.17, P � .001). The relative signal intensity correlated with the audiometric
findings in patients with internal auditory canal acoustic neuroma (r � 0.471, P � .027) but not in patients with cerebellopontine angle
acoustic neuroma (P � .427). Neither internal auditory canal acoustic neuroma nor cerebellopontine angle acoustic neuroma showed
significant relative signal intensity differences, regardless of the presence of hearing symptoms (P � .5).

CONCLUSIONS: The cochlear signal on FLAIR images may be an additional parameter to use when monitoring the degree of functional
impairment during follow-up of patients with small acoustic neuromas confined to the internal auditory canals.

ABBREVIATIONS: AN � acoustic neuroma; CPA � cerebellopontine angle; IAC � internal auditory canal; PTA � pure tone audiometry; rSI � relative signal
intensity

The fluid of the inner ear is normally suppressed on 3D fluid-

attenuated inversion recovery MR images. Increased signal

intensity of the fluid on FLAIR MR images has been reported in

various diseases, including sudden sensorineural hearing loss,

labyrinthine hemorrhage, otosclerosis, Ramsay Hunt syndrome,

and acoustic neuromas (ANs).1-6 The increased cochlear signal on

FLAIR images in patients with ANs is explained by an increased

concentration of protein in the perilymphatic space.7-12

FLAIR MR imaging is sensitive to fluids with a high protein

content.13-17 Furthermore, 3D-FLAIR imaging can minimize the

undesired inflow artifacts of CSF flow, has a higher signal-to-

noise ratio and spatial resolution, and allows recognition of subtle

compositional changes of the inner ear fluid.18-21 Therefore, one

can assume that the increased protein content in the cochlear

perilymph of patients with ANs can be detected on 3D FLAIR

imaging with a high sensitivity and good spatial resolution.

Several researchers recently investigated whether there was a

correlation between the increased cochlear FLAIR signal in pa-

tients with ANs and the degree of their hearing disturbance.2,5
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However, no such correlation was found, nor was there any dif-

ference in the cochlear FLAIR signal according to AN extent.

Accordingly, the purpose of this study was to investigate the

clinical significance of an increased cochlear 3D FLAIR signal in a

large number patients with ANs by correlating imaging results

with audiometric findings and hearing symptoms according to

the extent of ANs after dividing the auditory neuromas into 2

groups: those confined to the internal auditory canal (ANIAC) and

those extending into the cerebellopontine cistern (ANCPA).

MATERIALS AND METHODS
Study Participants
This retrospective study was approved by the institutional review

board of our hospital.

Between 2008 and 2012, one hundred twenty-two patients

with AN who had been admitted to our hospital were identified

according to the radiology report data base. Twenty patients were

excluded for one of the following reasons: 1) no pretreatment 3D

FLAIR MR imaging or pure tone audiometry (PTA) data (n �

13); 2) any other causes of hearing problems such as chronic oto-

mastoiditis (n � 6) based on conventional T1- and T2-weighted

images; or 3) intralabyrinthine schwannoma (n � 1). Finally, 102

patients were enrolled in the study, including 64 patients with patho-

logic confirmation of AN after surgery and 38 patients diagnosed

according to the typical MR imaging appearance of AN and who

underwent gamma knife radiosurgery. ANs were divided into 2

groups: those confined to the internal auditory canal (22 cases) and

those involving the cerebellopontine angle cistern and the internal

auditory canal (IAC) (80 cases) (Table 1). The results of the preop-

erative PTA—conducted within 3 months of the pretreatment MR

imaging—were obtained (mean intervals: 23.1 � 28.1 days for

ANIAC; 26.4 � 32.0 days for ANCPA). We also investigated whether

patients had hearing symptoms such as a hearing disturbance or tin-

nitus according to a review of the electronic medical records.

MR Imaging
All MR imaging examinations, including coronal T1- and T2-

weighted, turbo spin-echo, and axial 3D T2 and FLAIR imaging,

were performed on a 3T MR imaging unit (Achieva; Philips

Healthcare, Best, the Netherlands) with an 8-channel head coil.

We used a variable refocusing flip angle technique to obtain iso-

tropic 3D T2-weighted and FLAIR MR images. Axial 3D FLAIR

MR imaging was performed with the following parameters: TR �

8000 ms; TEeff � 280 ms; inversion time � 2400 ms; fat satura-

tion � spectral adiabatic inversion recovery; flip angle � 90°;

number of signal averages � 1; echo-train length � 80; number of

encoding steps � 300; FOV � 180 � 180 mm; matrix � 300 �

300 (reconstruction matrix � 512 � 512);

voxel size � 0.6 � 0.6 � 0.6 mm3; slab

number � 1; slab thickness � 40 mm;

section thickness � 1.2 mm; spacing be-

tween sections � 0.6 mm; acquisition

time � 8 minutes 48 seconds; and sensi-

tivity encoding factor � 2.

Axial 3D T2-weighted imaging was

performed with the following parameters:

TR � 2000 ms; TEeff � 250 ms; flip an-

gle � 90°; number of signal averages � 2;

echo-train length � 70; number of encoding steps � 300; FOV �

180 � 180 mm; matrix � 300 � 300 (reconstruction matrix �

512 � 512); voxel size � 0.6 � 0.6 � 0.6 mm3; slab number � 1;

slab thickness � 40 mm; section thickness � 1.2 mm; spacing

between sections � 0.6 mm; acquisition time � 4 minutes 58

seconds; and sensitivity encoding factor � 2.

Image Analysis
Image analysis was performed with ImageJ, a public domain, Ja-

va-based image processing program developed at the National

Institutes of Health (Bethesda, Maryland; http://rsbweb.nih.gov/

ij/). Axial 3D FLAIR and conventional T2-weighted images were

reviewed to determine the presence of any coexisting abnormali-

ties in the pons, where a reference region-of-interest was to be

placed. Our review revealed no patient with a pontine signal-

intensity abnormality. After importing the DICOM files of the

axial 3D FLAIR and 3D T2-weighted MR images into ImageJ, a

neuroradiologist with 5 years of clinical experience placed

ROIs on the cochlea on the affected side of the AN and the

corresponding brain stem (Fig 1). ROIs were placed directly on

the entire cochlea on each section of the 3D FLAIR images by

using the Wand tool of ImageJ, which allowed reliable defini-

tion of the boundary of the cochlea with increased signal in-

tensity. When the cochlear signal intensity was insufficient to

define the boundary, the region-of-interest placements were

checked by reference to 3D T2 MR images at the same level.

Circular ROIs of the same size (20 pixels, 7.2 mm2) were care-

fully placed at the center of the brain stem on the same level as

every measured cochlea section. We obtained the mean value

of the signal intensities within the ROIs of the cochlea and the

brain stem, respectively, and calculated the relative signal in-

tensity (rSI) of the entire cochlea to the brain stem. Another

neuroradiologist with 4 years of clinical experience indepen-

dently measured the signal intensities of the cochlea and the

brain stem in the same way. These results were compared to

determine the interobserver agreement.

Pure Tone Audiometry
Hearing levels were evaluated with an audiometer (Orbiter-

922; Madsen, Taastrup, Denmark) in a sound-insulated cham-

ber. The average hearing levels of bone and air conduction

were calculated in ANs as the mean of the hearing levels mea-

sured at 250, 500, 1000, 2000, and 4000 Hz based on the Amer-

ican Academy of Otolaryngology Head and Neck Surgery

guidelines for AN.22

Table 1: Clinical findings in the study patients

Total

Tumor Location

IAC (ANIAC)
IAC and CPA

Cistern (ANCPA)
No. of patients 102 22 80
Male/female 58:44 10:12 48:32
Mean age (yr) 49.9 � 12.4a 50.1 � 12.6a 49.8 � 12.4a

Time interval between PTA and MRI (days) 25.7 � 31.2a 23.1 � 28.1a 26.4 � 32.0a

No. of patients with hearing disturbance 70 (69%) 11 (50%) 59 (74%)
No. of patients with tinnitus 45 (44%) 9 (41%) 36 (45%)

a Mean � SD.
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Statistical Analysis
Independent t tests were performed to compare the rSIs of the co-

chlea and the PTA results between the ANIAC and ANCPA groups.

Pearson correlation tests for ANALL, ANCPA, and ANIAC were used to

investigate the correlation between the PTA and rSI results. Indepen-

dent t tests for ANCPA and Mann-Whitney U tests for ANIAC were

used to compare the rSIs according to the existence of hearing symp-

toms. All statistical analyses were performed with the Statistical Pack-

age for the Social Sciences (Version 18 for Windows; IBM, Armonk,

New York). Interobserver agreement for the rSI of the entire cochlea

to the brain stem between 2 observers was investigated by using an

intraclass correlation coefficient.

RESULTS
Table 1 summarizes the clinical findings, including the demographic

data and the frequency of hearing disturbance or tinnitus, obtained

in this study. Statistical analysis revealed no significant differences in

the age, sex, or time interval from PTA to MR imaging examination

between those patients with ANIAC and those with ANCPA. Figures 1

and 2 show representative ANCPA and ANIAC cases.

The PTA results and the mean values of the cochlear rSIs in the

3D FLAIR MR images are summarized in Table 2. The PTA results

demonstrated that hearing ability was significantly more impaired in

patients with ANCPA than in those with ANIAC (46.2 � 21.4 dB ver-

sus 30.3 � 17.3 dB; P � .001). The mean rSI was also significantly

higher in patients with ANCPA than in those with ANIAC (0.60 � 0.17

versus 0.42 � 0.15; P � .001). The correlation test revealed that the

hearing impairment measured by PTA and the rSI of the cochlea on

3D FLAIR MR images was moderately correlated in patients with

ANIAC (r�0.471; P� .027) and weakly correlated in all patients (r�

0.277; P � .005). There was no significant correlation between the

hearing impairment measured by PTA and the cochlear rSI on 3D

FIG 1. ANCPA with markedly increased cochlear signal intensity in a 71-year-old man. A, On 3D T2-weighted image (TR � 2000 ms, TE � 250 ms,
flip angle � 90°), a large acoustic neuroma (arrowhead) is visible in the widened internal auditory canal and the cerebellopontine angle cistern
that compresses the brain stem. High signal intensity in the cochlea (arrow) is also observed. B, On 3D FLAIR image (TR � 8000 ms, TE � 280 ms,
inversion time � 2400 ms, flip angle � 90°), the signal intensity of the affected cochlea is markedly increased (arrow) in contrast to the
suppressed CSF signal. C, To measure the signal intensity of the cochlea, a region inside the cochlea was selected by using the Wand tool, which
resulted in automatic growing of the region of interest by comparing the signal intensities of all unallocated neighboring pixels with that of the
selected region with a predetermined threshold (yellow circle). A circular region of interest (red circle) was placed on the 3D FLAIR image to
measure the signal intensity of the pons. These were repeated for each section showing the cochlear turns. The relative signal intensity of the
cochlea is 0.690. The PTA result of this patient was a 42-dB hearing level.

FIG 2. ANIAC with a slightly increased cochlear signal intensity in a 39-year-old woman. A, On 3D T2-weighted image (TR � 2000 ms, TE � 250 ms, flip
angle � 90°), there is a small acoustic neuroma (arrowhead) that is confined to the internal auditory canal. High signal intensity of the cochlear fluid
(arrow) is also observed. B, On 3D FLAIR image (TR � 8000 ms, TE � 280 ms, inversion time � 2400 ms, flip angle � 90°), the signal intensity of the
affected cochlea is slightly increased (arrow). C, Two ROIs are placed on the 3D FLAIR image to measure the signal intensities of the cochlea (yellow
circle) and the pons (red circle) in the same way as described in Fig 1. The relative signal intensity of the cochlea is calculated as 0.294 from the
region-of-interest measurement. The PTA result of this patient was an 11-dB hearing level.
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FLAIR MR images in patients with ANCPA (r � 0.090; P � .427).

There was no significant difference in the rSI of the cochlea on 3D

FLAIR images according to the presence of subjective hearing symp-

toms, such as hearing disturbance or tinnitus, in patients with ANIAC

and ANCPA (Table 3).

Interobserver agreement for the rSI of the entire cochlea to the

pons between 2 observers was excellent, with an intraclass corre-

lation coefficient score of 0.928 (P � .001).

DISCUSSION
Our study results can be summarized as follows: 1) The increased

cochlear signal of intracanalicular ANs on 3D FLAIR images corre-

lated with the degree of hearing impairment measured by PTA; and

2) the degree of correlation was stronger with tumors confined to the

IAC compared with the result of all patients, though there was no

correlation with tumors extending to the CPA cistern. In addition,

the cochlear signal intensity on 3D FLAIR images was significantly

higher in patients with ANCPA than in those with ANIAC.

Previous studies have reported results that contrast with those

of our present study. They found no correlation between the au-

diometric results and the degree of the signal increase of the co-

chlea2,5 or no difference in the rSI of the cochlea on FLAIR images

according to tumor extent.1,2,5

Our study has several advantages over previous studies. First, we

measured the average signal intensity of the entire cochlea, including

all 3 turns on each section of the MR images. In our analyses, the

mean rSI of the affected cochlea on 3D FLAIR images was 0.57 �0.18

in all patients. A literature review revealed 3 articles that reported

increased rSIs of the cochlea on FLAIR images in patients with ANs,

ranging from 0.59 to 0.99.1,2,5 The wide range in the reported values

may be due to the methods used to measure

the cochlear signal. Two of these previous

studies used small ROIs at the basal/middle

turn (ROIs ranging from 2 to 3 mm2) or at

the most hyperintense area (ROIs ranging

from 1.2 to 1.5 mm2) of the cochlea,1,2 thus

resulting in higher mean values such as

0.89 � 0.18 and 0.99 � 0.29, respectively. In

the study of Yamazaki et al,5 the authors

drew a region of interest encompassing the

3 turns of each cochlea at the level of the

modiolus on a single image, and the result

was 0.59 � 0.18, which is similar to ours. In

contrast to these previous studies, we mea-

sured the average signal intensity of the entire cochlea in our current

study, including all 3 turns on each section of the MR images, to

obtain the most representative value of the cochlear signal change.

The reliability of our method is also supported by the almost perfect

interobserver agreement for the rSI of the entire cochlea to the brain

stem. This interobserver reliability probably results from the objec-

tivity of the analytic method, which used the seeded region-growing

method with a constant threshold for the ROIs to determine the

boundary between the small cochlea and the adjacent petrous bone.

Another advantage of our study is that it contains the largest series of

any of the studies to date investigating the correlation between in-

creased cochlear FLAIR signal and the audiometric results in patients

with ANs. We, therefore, determined that the degree of signal in-

crease of the cochlea on 3D FLAIR MR images is significantly corre-

lated not only with the tumor extent but also with hearing impair-

ment, contrary to the conclusions of previous reports.

Although an increase in perilymph protein in the affected cochlea

is well-established in patients with ANs, the exact pathophysiologic

mechanism remains unknown.7,10-12 The most plausible mecha-

nisms include blockage of the neuroaxonal transport of pro-

teins caused by compression of the vestibulocochlear nerve,

cochlear membrane damage caused by arterial stasis and a con-

sequent increased permeability, and a cell-mediated immune

reaction to the inner ear caused by the antigenic properties of

AN.7-12,23 Among the 3 hypotheses, protein blockage from com-

pression of the corresponding nerve is considered to be the dom-

inant mechanism, with the others being minor in their contribu-

tion. Given that the cochlear signal reflecting the protein

concentration correlates well with the degree of hearing loss rep-

resented by PTA in ANIAC but not in ANCPA, we could hypothe-

size that the degree of nerve compression is a major contribution

to increasing the protein concentration while the tumor is con-

fined to the internal auditory canal. However, the compression

effect on nerve bundles would not be proportional to tumor

growth when the tumor begins to grow into or originate within

the CPA cistern because the CPA cistern is a relatively open space

as opposed to the internal auditory canal. This problem should be

investigated further with future studies.

The results of our study could be important when following

patients before definitive treatment. Many patients are followed

with MR imaging examinations before surgery or radiation ther-

apy to see if the tumor is growing. The cochlear signal on FLAIR

images may be an additional parameter to use when monitoring

Table 2: Pure tone audiometry and rSI results of the cochlea on 3D FLAIR MR images
according to tumor location

Total

Tumor Location

IAC (ANIAC)
IAC and CPA

Cistern (ANCPA) Pa

Measured cochlear volume (mm3) 181.98 � 26.5 177.5 � 26.0 183.1 � 25.8 .637
PTA (dB)b 43.4 � 21.5 30.3 � 17.3 46.2 � 21.4 �.001
rSI of the cochlea on 3D FLAIRb 0.57 � 0.18 0.42 � 0.15 0.60 � 0.17 �.001
Correlation coefficientc r � 0.277 r � 0.471 r � 0.090
Pc .005 .027 .427

Note:—rSI indicates relative signal intensity divided by the mean of the signal intensities of the corresponding brain
stem.
a P between the results of ANIAC and ANCPA.
b The results are expressed as the mean � SD.
c Correlation coefficient and P between the results of PTA and the rSI of the cochlea on 3D FLAIR images.

Table 3: Cochlear rSI results as determined by the presence of
symptoms in patients with ANIAC and ANCPA

Symptoms

Cochlear rSIs

ANIAC ANCPA

Hearing disturbance
Noa 0.418 � 0.150 0.609 � 0.164
Yesa 0.419 � 0.127 0.615 � 0.185
Pb .870 .600

Tinnitus
Noa 0.388 � 0.139 0.590 � 0.139
Yesa 0.464 � 0.124 0.628 � 0.189
Pb .443 .506

a The results are expressed as mean � SD.
b P according to the presence of symptoms in patients with ANIAC and ANCPA.
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the degree of functional impairment during the follow-up of pa-

tients with small ANs confined to the internal auditory canals.

Finally, we selected the brain stem as a reference when calculating

the rSI of the cochlea instead of the contralateral cochlea because we

believed that the baseline audiometric finding of the contralateral

cochlea could vary from individual to individual; this difference

might affect the cochlear signal on the 3D FLAIR images and, thus,

the fidelity of the method. In contrast, it is easy to rule out any abnor-

mality of the brain stem with both MR imaging and clinical history,

and no patient had a brain stem abnormality in our current series.

Therefore, we selected the brain stem to calculate the rSI of the co-

chlea instead of the contralateral cochlea.

Our study has several limitations. Because of its retrospective na-

ture, there may be potential biases related to the heterogeneous par-

ticipants and the various time intervals between the PTA and MR

imaging examinations. However, we strictly applied exclusion crite-

ria and enrolled a large number of patients within a relatively short

time interval to minimize any possible influence related to this limi-

tation. Second, to measure cochlear signal intensity, we imported

image data to ImageJ and used the Wand tool, which uses a threshold

to determine the boundary of the small cochlea showing signal alter-

ation. Although this is a reproducible and reliable method compared

with the placement of a hand-drawn region of interest on the small

cochlea, it may inaccurately define the cochlear boundaries when the

cochlea shows a subtle or no signal increase. To overcome this limi-

tation, we created 3D T2-weighted MR images with the same section

thickness as a reference and copied and pasted the ROIs drawn on the

3D T2-weighted MR images onto the same 3D FLAIR images. The

interobserver agreement, which was almost perfect, also validated the

reliability of our analytic method. Finally, we did not attempt to cor-

relate tumor volume with the cochlear signal intensities on 3D FLAIR

images or the results of PTA, especially in patients with tumors con-

fined to the IAC. We believe that further studies could clarify the

relationship between them with a larger number of patients with

ANIAC in the near future.

CONCLUSIONS
The increased cochlear signal on 3D FLAIR images was proved to

correlate with the degree of hearing impairment measured by

PTA for small tumors confined to the internal auditory canal. The

cochlear signal on FLAIR images may be an additional parameter

to use when monitoring the degree of functional impairment dur-

ing the follow-up of patients with small ANs confined to the in-

ternal auditory canals.
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Imaging Appearance of the Lateral Rectus–Superior Rectus
Band in 100 Consecutive Patients without Strabismus

S.H. Patel, M.E. Cunnane, A.F. Juliano, M.G. Vangel, M.A. Kazlas, and G. Moonis

ABSTRACT

BACKGROUND AND PURPOSE: The lateral rectus–superior rectus band is an orbital connective tissue structure that has been implicated
in a form of strabismus termed sagging eye syndrome. Our purpose was to define the normal MR imaging and CT appearance of this band
in patients without strabismus.

MATERIALS AND METHODS: Orbital MR imaging and CT examinations in 100 consecutive patients without strabismus were evaluated.
Readers graded the visibility of the lateral rectus–superior rectus band on coronal T1WI, coronal STIR, and coronal CT images. Readers
determined whether the band demonstrated superotemporal bowing or any discontinuities and whether a distinct lateral levator apo-
neurosis was seen. Reader agreement was assessed by � coefficients. Association between imaging metrics and patient age/sex was
calculated by using the Fisher exact test.

RESULTS: The lateral rectus–superior rectus band was visible in 95% of coronal T1WI, 68% of coronal STIR sequences, and 70% of coronal
CT scans. Ninety-five percent of these bands were seen as a continuous, arc-like structure extending from the superior rectus/levator
palpebrae muscle complex to the lateral rectus muscle; 24% demonstrated superotemporal bowing; and in 82% of orbits, a distinct lateral
levator aponeurosis was visible. Increasing patient age was negatively associated with lateral rectus–superior rectus band visibility (P � .03),
positively associated with lateral rectus–superior rectus band superotemporal bowing (P � .03), and positively associated with lateral
levator aponeurosis visibility (P � .01).

CONCLUSIONS: The lateral rectus–superior rectus band is visible in most patients without strabismus on coronal T1WI. The age effect
with respect to its visibility and superotemporal bowing could represent age-related connective tissue degeneration.

ABBREVIATIONS: LR-SR band � lateral rectus–superior rectus band

The presence of stereotypic connective tissue structures within

the orbit has been recognized on histologic studies for de-

cades.1,2 More recent investigations have refined the anatomy and

revealed the role these structures play in normal eye motility.3-7

Critical among these structures are the rectus muscle pulleys.8,9

The pulleys are collagenous rings within the Tenon fascia that

encircle the rectus muscles near the globe equator. They inflect

rectus muscle paths in a manner analogous to the trochlea with

respect to the tendon of the superior oblique muscle.

The rectus muscle pulleys are themselves interconnected by

suspensory connective tissue bands that extend between each ad-

jacent rectus muscle pulley. These connective tissue bands vari-

ably comprise collagen, elastin, smooth muscle, and fat.4

One connective tissue band that has garnered recent clinical

interest is the lateral rectus–superior rectus band (LR-SR band).

The LR-SR band is an arc-like collagenous band that connects the

lateral rectus muscle to the superior muscle complex at the level of

their respective pulleys (schematically represented in Fig 1). De-

generation of this band has been implicated in the development of

2 related forms of strabismus: heavy eye syndrome and sagging

eye syndrome.10,11 Heavy eye syndrome affects elderly patients

with high axial myopia. Patients present with esotropia (inward

eye deviation) and hypotropia (downward eye deviation) due, in

part, to inferior displacement of the lateral rectus muscle and

nasal displacement of the superior rectus muscle. The staphylo-
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matous globes seen in these patients appear to produce this char-

acteristic extraocular muscle displacement by mass effect.12 On

the other hand, patients with sagging eye syndrome do not have

high axial myopia (or staphylomas), yet they have a strabismus

pattern similar to that of patients with heavy eye syndrome. In

sagging eye syndrome, it is speculated that degeneration of the

LR-SR band allows inferior displacement of the lateral rectus

muscle and pulley. Evidence for this theory comes from 2 recent

reports demonstrating LR-SR band degeneration in elderly pa-

tients with strabismus, using an experimental MR imaging tech-

nique in which a quasicoronal imaging plane was used and gaze

direction was controlled.10,11

No prior studies have focused on defining the normal MR

imaging appearance of the LR-SR band in a large cohort of pa-

tients without strabismus, to our knowledge. Moreover, no re-

ports exist on the 3T MR imaging or CT appearance of the LR-SR

band in clinical orbital imaging examinations. The purpose of this

study was to define the normal appearance of the LR-SR band in

patients without strabismus on clinical 3T MR imaging scans of

the orbits. When available, the CT appearance of the band is also

characterized.

MATERIALS AND METHODS
Patient Selection
Institutional review board approval for this Health Insurance

Portability and Accountability Act–compliant retrospective re-

view of patient data was obtained.

Patients who underwent orbital MR imaging examinations at

our institution from June 2012 to October 2012 were candidates

for inclusion in this study. The medical records and imaging ex-

aminations of these patients were reviewed. Patients were ex-

cluded from the study for any of the following: 1) strabismus, 2)

high axial myopia (worse than �4.5 diopters), 3) staphyloma, 4)

pathology affecting the location of the LR-SR band, and 5) lack of

coronal nonfat suppressed T1 and/or coronal STIR images of the

orbits. One hundred patients who underwent orbital MR imaging

examinations from June 2012 to October 2012 met the study cri-

teria and were included in this study. There were 60 women and

40 men. Patient ages ranged between 9 and 81 years (mean, 50 �

16 years). Patients underwent orbital imaging examinations for

the following indications: mass/tumor (n � 27), unexplained vi-

sion loss or optic neuropathy (n � 25), suspected optic neuritis

(n � 13), orbital infection/inflammation (n � 10), suspected

ischemic optic neuropathy (n � 5), elevated intraocular pressure

(n � 5), elevated intracranial pressure (n � 4), cranial nerve palsy

(n � 3), and other (n � 8).

Imaging Technique
MR imaging examinations were performed on a 3T Achieva

(Philips Healthcare, Best, the Netherlands) MR imaging scanner

using an 8-channel phased array coil. Coronal T1-weighted imag-

ing of the orbits was performed with the following parameters:

TR/TE � 659/11 ms, FOV � 165 cm2, section thickness � 3 mm,

gap � 0.3 mm, matrix � 472 � 469, NEX � 2. Coronal STIR

imaging of the orbits was performed with the following parame-

ters: TR/TE � 3800/30 ms, FOV � 160 cm2, section thickness �

3 mm, gap � 0.6 mm, matrix � 268 � 259, NEX � 2.

CT examinations were performed on a Somatom Sensation

(Siemens, Erlangen, Germany) multidetector row CT scanner, at

120 kV(peak) and 200 mA, by using a pitch of 0.8 mm, collima-

tion of 0.6 mm, reconstructed with 2-mm coronal section

thickness.

Image Analysis
The MR imaging examinations were evaluated by 2 independent

reviewers: a fifth-year neuroradiology attending and a first-year

neuroradiology fellow. The reviewers characterized the appear-

ance of the LR-SR band on coronal non-fat-suppressed T1-

weighted images and coronal STIR sequences (the LR-SR band

was not clearly visible in the axial and sagittal imaging planes).

Each reader independently determined the following metrics (yes

or no): 1) Is the LR-SR band visible on coronal non-fat-sup-

pressed T1-weighted images? 2) Is the LR-SR band visible on cor-

onal STIR images? 3) When visible, is the LR-SR band seen as a

continuous, uninterrupted structure from the superior muscle

complex to the lateral rectus? 4) When visible, does the LR-SR

band demonstrate superotemporal bowing (indicated by exten-

sion of any component of the LR-SR band lateral to the lateral

rectus muscle and/or superior to the superior muscle complex)?

5) Is a distinct lateral levator aponeurosis visible? If a CT scan

through the orbits was available in any patient, LR-SR band visi-

bility on CT was determined on the basis of coronal reformations.

After independent collection of the data, the readers reviewed, in

consensus, any case over which they disagreed on the T1WI visi-

bility of the band and identified potential factors that led to dis-

crepancies. To familiarize themselves with the appearance of the

LR-SR band, the readers reviewed the available literature depict-

ing the LR-SR band on imaging studies and consulted with an

experienced strabismus surgeon (M.A.K.) to ensure correct iden-

tification of the band.

FIG 1. Schematic representation of orbital connective tissues within
the superotemporal orbit. LG indicates lacrimal gland; LLA, lateral
levator aponeurosis; LPS, levator palpebrae superioris; LR, lateral rec-
tus muscle; SR, superior rectus muscle.

AJNR Am J Neuroradiol 35:1830 –35 Sep 2014 www.ajnr.org 1831



Statistical Analysis
The imaging metrics determined by each reader were tabulated.

Reader agreement was assessed by � coefficients. The Fisher exact test

was used to determine correlation between age and sex with each of the

imaging metrics. P value � .05 was considered statistically signifi-

cant. Statistical analysis was performed with

R software (http://www.r-project.org/).13

RESULTS
The LR-SR band was visible in 95% of or-

bits on coronal non-fat-suppressed T1-

weighted sequences and 68% of orbits on

coronal STIR sequences (Fig 2). A CT

scan through the orbits was available in 23

patients. The LR-SR band was visible in

70% of orbits on coronal CT reforma-

tions (Fig 3). For both readers, in every

case in which the LR-SR band was visible

on the STIR sequence or CT, it was also

visible on the T1-weighted sequence.

In 95% of cases, the LR-SR band was

seen as an uninterrupted structure ex-

tending from the lateral margin of the su-

perior rectus/levator palpebrae muscle complex to the superior

margin of the lateral rectus muscle (no discontinuities within the

band). Twenty-four percent of visible LR-SR bands demonstrated

superotemporal bowing (Fig 4). In most cases of superotemporal

bowing, it was the posterior segment of the LR-SR band that was

bowed. In 82% of orbits, a distinct lateral levator aponeurosis was

visible (Fig 5).

Data per reader are displayed in Table 1. The calculated �

coefficients between readers were 0.38 for T1 visibility, 0.26 for

STIR visibility, 0.60 for CT visibility, 0.22 for continuous/discon-

tinuous scores, 0.33 for superotemporal bowing scores, and 0.59

for lateral levator aponeurosis visibility scores. With respect to T1

visibility, of 200 cases, there were 12 disagreements between the

readers; in all 12 cases, reader 1 detected the LR-SR band and

reader 2 did not. With respect to STIR visibility, there were 74

disagreements between the readers; in 73 of these cases, reader 1

detected the LR-SR band and reader 2 did not. In 184 of 200 cases

(92%), the readers independently agreed that the LR-SR band was

visible on T1WI. In 173 of the 200 cases (87%), the readers inde-

pendently agreed that the LR-SR band was both visible on T1WI

and continuous.

After independent collection of the data, the readers reviewed,

in consensus, the 12 cases over which they disagreed on T1WI

visibility of the band. In consensus, the readers deemed the LR-SR

band visible in 9 of the 12 cases and not visible in 3 of the 12 cases.

The readers identified potential factors that led to discrepancies in

these 12 cases. These included the following: close apposition of

the LR-SR band to globe surface (5 cases); inhomogeneous orbital

fat (4 cases); patient motion (2 cases); and a very thin band (1

case).

Data were further analyzed by using the Fisher exact test. A

negative association was demonstrated between increasing quar-

tiles of age and T1 visibility of the LR-SR band (P � .03). A posi-

tive association was demonstrated between increasing quartiles of

age and superotemporal bowing of the LR-SR band (P � .03). A

positive association was demonstrated between increasing quar-

tiles of age and visibility of a distinct lateral levator aponeurosis

(P � .01). No significant correlation was demonstrated between

age and the remaining imaging metrics. Table 2 displays imaging

FIG 2. MR imaging appearance of the LR-SR band in a 44-year-old woman. Coronal T1-weighted
image (A) and coronal STIR image (B) of the left orbit demonstrate the LR-SR band (arrows) as a
curvilinear structure extending from the superior margin of the lateral rectus muscle to the
lateral margin of the superior rectus/levator palpebrae superioris muscle complex.

FIG 3. CT appearance of the LR-SR band in a 54-year-old woman.
Coronal image of the left orbit demonstrates the LR-SR band (arrow).

FIG 4. LR-SR band bowing in a 54-year-old woman. Coronal T1-
weighted image of the left orbit shows superior bowing of the LR-SR
band (arrow), higher than the upper margin of the superior muscle
complex.
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metrics per age quartile. There was no sex correlation with any of

the imaging metrics.

DISCUSSION
We describe the normal appearance of the LR-SR band on clinical

imaging examinations in a large cohort of patients without stra-

bismus, both on 3T MR imaging and CT. Our results indicate that

the LR-SR band is a readily visible structure on coronal T1-

weighted images obtained without fat suppression. Visibility of

the band is much less reliable with coronal STIR sequences and

coronal CT. When visible on MR imaging, the band appears as a

hypointense, arc-like structure extending from the superior mar-

gin of the lateral rectus muscle to the lateral margin of the superior

rectus/levator palpebrae muscle complex. On CT, the band ap-

pears as a soft-tissue attenuation structure conforming to its

shape on the corresponding MR imaging. Of note, it has previ-

ously been stated that the LR-SR band is not visible on CT11; our

results indicate that CT does, in fact, dis-

play the band in a substantial majority of

orbits.

Both LR-SR band discontinuity (or

“rupture”) and superotemporal displace-

ment have been reported as features of

band degeneration in patients with stra-

bismus.10,11 In our cohort of patients

without strabismus, we report the appear-

ance of a noncontinuous LR-SR band in

5% of cases and superotemporal bowing

of the LR-SR band in 24% of cases. These

results indicate that band discontinuity

may represent a more specific sign of

pathologic band degeneration than su-

perotemporal bowing. LR-SR band “thin-

ning” has also been described as a feature

of band degeneration.10,11 We found no

reliable criteria with which to distinguish

“thick” and “thin” LR-SR bands, so we

did not assess LR-SR bands for this

feature.

Our results demonstrate a negative age

effect with respect to LR-SR band visibil-

ity and a positive age effect with respect to superotemporal bow-

ing of the LR-SR band. These findings may represent normal age-

related connective tissue degeneration and laxity of the LR-SR

band. Supportive evidence for this phenomenon comes from his-

tologic investigations by Rutar and Demer,11 demonstrating pro-

gressive attenuation and superotemporal displacement of the

LR-SR band in specimens of progressively older individuals.

The lateral levator aponeurosis is a slip of connective tissue

extending from the lateral aspect of the levator palpebrae superio-

ris, through the lacrimal gland, to the orbital wall near the lateral

canthus.4 This structure is normally located superior and tempo-

ral to the LR-SR band. The study by Rutar and Demer11 reported

the finding that the LR-SR band was indistinguishable from the

overlying lateral levator aponeurosis in the specimen of the oldest

patient examined histologically but it was distinct from the lateral

levator aponeurosis in the other specimens. Thus, we expected the

FIG 5. MR imaging appearance of the LR-SR band and the lateral levator aponeurosis in a 50-year-old man. Consecutive coronal T1-weighted
images of the right orbit, from posterior (A) to anterior (C), show that the lateral levator aponeurosis (white arrows) lies superior and temporal
to the LR-SR band (gray arrows) and traverses the lacrimal gland.

Table 1: Data per reader
LR-SR Visible

on T1W1a
LR-SR Visible

on STIRa
LR-SR Visible

on CTa
LR-SR

Continuousb
LR-SR

Bowingc
LLA

Visibled

Reader 1 98% 86% 63% 97% 22% 79%
Reader 2 92% 50% 76% 93% 26% 85%

Note:—LLA indicates lateral levator aponeurosis.
a The percentage of cases in which the LR-SR band was visible on the given imaging modality/sequence.
b When visible, the percentage of cases in which the LR-SR band formed a continuous structure extending from the
superior muscle complex to the lateral rectus muscle (ie, no gaps or discontinuities).
c When visible, the percentage of cases in which the LR-SR band demonstrated superotemporal bowing.
d The percentage of cases in which the lateral levator aponeurosis was visible, distinct from the LR-SR band.

Table 2: Imaging metrics per patient age quartilea

Quartile 1 Quartile 2 Quartile 3 Quartile 4 P Value
LR-SR visible on T1W1b 96% 99% 95% 90% .03
LR-SR continuousc 95% 96% 95% 91% .40
LR-SR bowingd 19% 17% 28% 34% .03
LLA visiblee 73% 77% 89% 87% .01

Note:—LLA indicates lateral levator aponeurosis.
a Quartile 1: 9 –39 years of age; quartile 2: 40 – 49 years of age; quartile 3: 50 – 61 years of age; quartile 4: 62– 81 years of
age.
b The percentage of cases in which the LR-SR band was visible on T1WI.
c The percentage of cases in which the LR-SR band was visible as a continuous structure extending from the superior
muscle complex to the lateral rectus muscle (ie, no gaps or discontinuities).
d The percentage of cases in which the LR-SR band demonstrated superotemporal bowing.
e The percentage of cases in which the lateral levator aponeurosis was visible, distinct from the LR-SR band.

AJNR Am J Neuroradiol 35:1830 –35 Sep 2014 www.ajnr.org 1833



lateral levator aponeurosis to be more difficult to visualize in older

patients than in younger patients. Our findings showed the oppo-

site result: The lateral levator aponeurosis is easier to see in older

individuals. We hypothesize that this is due to increased fat con-

tent within the lacrimal gland. On non-fat-suppressed T1-

weighted images, this provides higher contrast between the hy-

pointense aponeurosis and the surrounding hyperintense

lacrimal gland.

Our reported � values are mixed, with some imaging metrics

showing low levels of interreader agreement. This finding is not

unexpected in the evaluation of a structure not previously char-

acterized in the radiology literature. Moreover, we evaluated a

group of nominally healthy (ie, without strabismus) patients.

Therefore, abnormalities of the LR-SR band (nonvisibility, bow-

ing, discontinuity) are de-emphasized by design. When present in

our patient cohort, these abnormalities are expected to be more

subtle and infrequent than those seen in patients with strabismus,

also predicting that � values might be negatively affected. How-

ever, despite the relatively low � values, the readers independently

showed agreement in identifying a continuous LR-SR band in

most orbits on T1WI.

In the course of their consensus review, the readers identi-

fied several factors that potentially led to the discrepancies

(and which, in general, may complicate the confident identifi-

cation of the LR-SR band). These factors included the follow-

ing: the close apposition of the LR-SR band to the globe sur-

face, inhomogeneous orbital fat, patient motion, and very thin

bands.

There are limitations to our study. No histologic correlate was

provided for the structures determined to represent the LR-SR

band and the lateral levator aponeurosis. Thus, in cases in which

the LR-SR band was not visible, it is unclear whether the band was

not present or whether the lack of visibility represented a limita-

tion in the sensitivity of our imaging technique. It is also possible

that orbital connective tissues are better imaged with MR imaging

sequences other than those evaluated in this study. For instance,

in our limited experience, we have found that steady-state high-

resolution T2-weighted sequences (eg, CISS or FIESTA) can pro-

vide excellent delineation of the LR-SR band and the lateral leva-

tor aponeurosis, with thin-section reconstructions and no

interection gap (Fig 6). Finally, CT scans were available in only a

minority of our patients. Nonetheless, it seems clear from our

experience that CT is far less reliable in imaging orbital connective

tissues than MR imaging, mainly due to worse contrast

resolution.

The role of imaging the LR-SR band in clinical practice re-

mains unclear. While heavy eye syndrome and sagging eye syn-

drome are diagnosed mainly on clinical grounds, early reports

indicate that orbital MR imaging may add diagnostic specificity in

the work-up of these disorders. In particular, it can readily

clinch the diagnosis of heavy eye syndrome (Fig 7). Imaging is

also useful in excluding other causes of strabismus (mass le-

sions, infarcts, and so forth). It is conceivable that imaging

findings might help stratify patients with strabismus in whom

the outcomes of surgical therapies differ. Further studies will

be required to answer such questions and confirm the clinical

use of imaging in the management of heavy eye and sagging eye

syndromes.

Other questions of potential clinical import relate to the sig-

nificance of the LR-SR band beyond its physiologic role as a sus-

pensory ligament. For instance, it is possible that the LR-SR band

constrains the spread of orbital pathology in a manner analogous

to the orbital septum.14,15 Anecdotally, we have observed several

cases of extraconal orbital tumors that

seem to displace, but not clearly trans-

gress, the LR-SR band (Fig 8). Perhaps

some pathologies more frequently dis-

place and/or transgress the LR-SR band

than others. If so, these distinctions might

improve diagnostic specificity when eval-

uating orbital lesions on imaging studies

and affect surgical approaches to orbital

lesions.

CONCLUSIONS
The LR-SR band is readily visible in clin-

ical orbital imaging studies of patients

without strabismus. The LR-SR band is

seen in 95% of orbits on coronal T1-

weighted images obtained without fat

FIG 6. Coronal image of the right orbit from a CISS sequence in a
5-year-old boy displays the LR-SR band (gray arrow) and the lateral
levator aponeurosis (white arrow).

FIG 7. A 65-year-old woman with heavy eye syndrome who presented with high myopia and
extreme esotropia (inward eye deviation), resulting in poor peripheral vision. Axial T2WI (A)
shows large bilateral staphylomas and esotropia. Coronal T1WI (B) shows thinned/incomplete
LR-SR bands (white dashed arrows) stretched over the enlarged globes and nasal displacement
of the superior muscle complexes (gray arrows) and inferior displacement of the lateral rectus
muscles (white solid arrows).
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suppression. It nearly always appears as an uninterrupted, arc-like

structure extending from the lateral rectus to the superior rectus/

levator palpebrae muscle complex. There is an age effect with

respect to visibility and superotemporal bowing of the LR-SR

band, possibly representing normal age-related connective tis-

sue degeneration of the band. The lateral levator aponeurosis is

more easily visible with increasing age, possibly due to in-

creased fat content within the lacrimal glands of older

individuals.
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ORIGINAL RESEARCH
PEDIATRICS

Screening CT Angiography for Pediatric Blunt Cerebrovascular
Injury with Emphasis on the Cervical “Seatbelt Sign”

N.K. Desai, J. Kang, and F.H. Chokshi

ABSTRACT

BACKGROUND AND PURPOSE: There are no standard screening guidelines to evaluate blunt cerebrovascular injury in children. The
purpose of this retrospective study was to understand the clinical and radiologic risk factors associated with pediatric blunt cerebrovas-
cular injury on CTA of the neck with primary attention to the cervical “seatbelt sign.”

MATERIALS AND METHODS: Radiology reports from 2002 to 2012 were queried for the examination “CTA neck.” The electronic medical
record was reviewed for mechanism of injury, Glasgow Coma Scale score, and physical examination findings. Radiology reports from
adjunct radiographic studies were reviewed. CTA neck examinations with reported blunt cerebrovascular injury were reviewed to confirm
imaging findings. Patients with penetrating injury or those without a history of trauma were excluded.

RESULTS: Four hundred sixty-three patients underwent CTA of the neck; 137 had blunt trauma. Forty-two of 85 patients involved in a
motor vehicle collision had a cervical seatbelt sign; none had blunt cerebrovascular injury. Nine vessels (4 vertebral arteries, 4 ICAs, 1
common carotid artery) in 8 patients ultimately were diagnosed with various grades (I–IV) of blunt cerebrovascular injury, representing
5.8% (8/137) of the population screened for blunt neck trauma. The mean Glasgow Coma Scale score was significantly lower (P � .02) in the
blunt cerebrovascular injury group versus the non-blunt cerebrovascular injury group. Although not statistically significant, patients with
blunt cerebrovascular injury had a higher tendency to have additional traumatic injuries, primarily basilar skull fractures (P � .05) and
intracranial hemorrhage (P � .13).

CONCLUSIONS: A common indication for neck CTA, the cervical seatbelt sign, was not associated with blunt cerebrovascular injury. With
the exception of Glasgow Coma Scale score, no single risk factor was statistically significant in predicting vascular injury in this series.

ABBREVIATIONS: BCVI � blunt cerebrovascular injury; EAST � Eastern Association for the Surgery of Trauma; GCS � Glasgow Coma Scale; MVC � motor vehicle
collision; NPTR � National Pediatric Trauma Registry

The incidence of blunt cerebrovascular injury (BCVI) in adult-

predominant series is estimated at approximately 1% and as

high as 2.7% in patients with polytrauma.1,2 Despite its fairly low

incidence, BCVI has potentially catastrophic neurologic sequelae,

including serious morbidity with dense neurologic deficits neces-

sitating costly long-term medical care and even death.3 Most cur-

rent literature supports fairly liberal screening of adult patients

based on these studies, especially with the advent of noninvasive

CTA having replaced conventional catheter-based angiogra-

phy.4,5 Although screening criteria for adults seem to be well-

established,6,7 there are currently no standard screening guide-

lines to evaluate BCVI in children. Moreover, the current

recommendations of the Eastern Association for the Surgery of

Trauma (EAST), the organization that has published screening

guidelines based on the most extensive review of the available

literature on this topic, including 68 references from the Na-

tional Library of Medicine/National Institutes of Health

MEDLINE data base, state that pediatric patients should be eval-

uated by using the same criteria as those used in the adult popu-

lation.8 This recommendation is based on limited case series data,

however, for which prospective scientific evidence is lacking.8

Two recent retrospective studies have evaluated the applica-

bility of adult criteria set forth by EAST to the pediatric popula-

tion.9,10 While one study supported the notion that risk factors for

Received November 17, 2013; accepted after revision February 1, 2014.

From the Division of Neuroradiology (N.K.D.), Department of Radiology and Imag-
ing Sciences, Emory University School of Medicine, Children’s Healthcare of At-
lanta, Atlanta, Georgia; Department of Biostatistics and Bioinformatics (J.K.), De-
partment of Radiology and Imaging Sciences, Emory University School of Medicine
and Rollins School of Public Health, Atlanta, Georgia; and Division of Neuroradiol-
ogy (F.H.C.), Department of Radiology and Imaging Sciences, Emory University
School of Medicine, Atlanta, Georgia.

Please address correspondence to Nilesh K. Desai, MD, Department of Radiology
and Imaging Sciences, Division of Neuroradiology, Emory University School of
Medicine, Children’s Healthcare of Atlanta, 1364 Clifton Rd. NE, EUH B115, Atlanta,
GA 30322; e-mail: nilesh.k.desai@emory.edu

Indicates article with supplemental on-line table.

http://dx.doi.org/10.3174/ajnr.A3916

1836 Desai Sep 2014 www.ajnr.org



BCVI in children parallel those of adults, the other, in contradis-

tinction, demonstrated that as many as two-thirds of patients ex-

periencing stroke from BCVI did not meet screening criteria ac-

cording to those used for adults.9,10

At our institution, adult criteria seem to be generally followed

by our trauma team colleagues. One criterion contained within

the criteria proposed for the general population by authors such

as Biffl et al6 is that of seatbelt abrasion or seatbelt injury to the

anterior neck, the so-called cervical “seatbelt sign” (Fig 1).8 While

the EAST recommends that the seatbelt sign not be used as an

independent criterion without additional risk factors and physical

examination findings to stratify patients for screening,8 it remains

a physical sign that even in isolation, often prompts clinicians to

pursue CTA of the neck at our institution and perhaps at many

others.

The purpose of this retrospective study was to further under-

stand the risk factors associated with BCVI in children by exam-

ining various clinical and radiologic findings on CTA of the neck

and adjunct imaging studies, with a primary regard for the pre-

dictive value of the cervical seatbelt sign for BCVI.

MATERIALS AND METHODS
This retrospective study was approved by our local institutional

review board and is in compliance with the Health Insurance Por-

tability and Accountability Act. From the PACS at 2 pediatric

trauma centers within our institution (a level I and a level II), CTA

neck radiology reports between March 2002 and November 2012

were retrieved. The electronic medical record was reviewed for the

following: 1) pertinent clinical history; 2) mechanism of injury; 3)

Glasgow Coma Scale (GCS) score; and 4) physical examination

findings, including the designation by the clinician of cervical

seatbelt sign. To consider it a seatbelt injury, the attending pedi-

atric surgeon or pediatric emergency medicine physician must

have used terminology explicitly mentioning the presence of seat-

belt injury either independently or in cosignature with a trainee

note. “Soft-tissue injury of the neck,” if so stated, for example,

would therefore not qualify as a cervical seatbelt sign for the pur-

pose of this study, even if, in reality, the findings were consistent

with a seatbelt injury. Reports from adjunct radiographic, CT,

and MR imaging studies performed during the initial trauma en-

counter were reviewed specifically for internal carotid, common

carotid, and vertebral artery injury; intracranial hemorrhage; and

fractures of the cervical spine, skull base, maxillofacial region,

ribs, and clavicle. Imaging findings of arterial injury were con-

firmed by independent review of the CTA by 1 of 2 neuroradiolo-

gists with Certificates of Added Qualification, (N.K.D. or F.H.C.)

for patients with reported BCVIs. In addition, vascular injury se-

verity was graded according to the injury scale proposed by Biffl et

al11: grade I injury indicating intimal irregularity with �25% nar-

rowing, grade II injury indicating dissection or intramural hema-

toma with �25% narrowing, grade III indicating pseudoaneu-

rysm, grade IV indicating vessel occlusion, and grade V indicating

transection with extravasation. All other findings were recorded

on the basis of the radiology report alone. Neuroradiologic studies

at our institution are interpreted by Certificate of Added Qualifi-

cation neuroradiologists. Patients with penetrating injury or

without history of trauma were excluded.

Neck CTA was performed on 1 of 2 CT scanners: between

March 2002 and May 2006, each CTA was performed on a 16-slice

unit (Lightspeed VCT; GE Healthcare, Milwaukee, Wisconsin);

this was subsequently replaced with a 64-slice unit (Lightspeed

VCT; GE Healthcare) in June 2006. Standard helical CTA neck-

scanning protocol was used from the aortic arch to the cranial

margin of the sella turcica with the technique tailored to each

patient with 120 kV(peak) for all patients and a variable manual

technique based on weight with predesignated milliampere-sec-

ond ranging from 200 to 500 and adaptive statistical iterative re-

construction at 10%. Table speed ranged from 19.37 to 39.37

mm/s with a rotation time of 0.4 seconds and a pitch at 0.984.

Images were acquired at 0.625-mm section thickness in soft-tissue

algorithm. Injection rates and technique, either via central or pe-

ripheral intravenous lines, would have varied with age and the

caliber of the venous line, with the youngest of children below 15

kg requiring manual injection and all others requiring power in-

jection at 3– 4 mL/s (Medrad, Pittsburgh, Pennsylvania). Our pol-

icy for CTA is that the patient either already has or that all reason-

able attempts are made to establish a 20-ga or larger intravenous

line, especially for older children. Power injection is only per-

formed in patients with at least a 22-ga intravenous line. For chil-

dren under 20 kg, we typically perform a timing delay based on

data we have collected at our institution. This includes an 8- to

9-second delay for patients up to 14 kg and a 9- to 10-second delay

for patients 15–19 kg. In children �20 kg, a monitoring scan was

used, with a small test bolus to calculate the delay time for the

actual examination. Optiray 320 (ioversol; Mallinckrodt, St.

Louis, Missouri) was administered at a dosage of 2.0 mL/kg with a

maximum dosage of 150 mL for all patients.

Statistical Analysis
Contingency tables were created for the presence of BCVI by the

CTA and each of the other examinations (CT of the cervical spine,

which was performed by default in all patients as a result of the

CTA neck coverage, cervical spine radiographs, noncontrast head

CT, maxillofacial CT, chest radiographs, and chest CT). Sensitiv-

ity, specificity, positive predictive value, and negative predictive

value were calculated for the outcome of the CTA and the pres-

ence of cervical spine, basilar skull, maxillofacial, rib, and clavicle

fractures and intracranial hemorrhage. Descriptive statistics

(mean, SD, and frequency) were summarized for GCS score and

FIG 1. Cervical seatbelt sign. Dermal bruising at the base of the neck,
just cephalad to the clavicle indicating injury by a seatbelt. Courtesy
of Matthew Clifton, MD, Children’s Healthcare of Atlanta, Atlanta,
Georgia.
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demographic variables. Also, a Fisher exact test was used to check

the independence between the CTA and each of the other exam-

inations. A Wilcox test was used to compare GCS scores between

BCVI and non-BCVI groups. A logistic regression model by using

age to predict BCVI or lack of BCVI was performed.

RESULTS
During the nearly 10-year period, 463 patients underwent CTA of

the neck for various indications, of whom, 152 had blunt neck

trauma. Fifteen patients were excluded due to incomplete medical

charts and documentation of mechanism of injury or because a

physical examination could not be obtained. Incomplete medical

charts were, in all cases, physician notes that had failed to become

available during the transition from paper to electronic medical

records, primarily between 2002 and 2004. The average age of

patients was 9.60 � 4.32 years, including 74 male and 63 female

patients ranging between 0.67 and 17 years of age, with 18 patients

younger than 5 years. The average age of patients involved in a

motor vehicle collision (MVC) (n � 85) was 9.5 � 4.39 years,

ranging from 1.33 to 17 years of age.

Nine vessels (4 vertebral arteries, 4 ICAs, 1 common carotid

artery) in 8 patients ultimately were diagnosed with various

grades (I–IV) of BCVI, representing 5.8% (8/137) of the blunt

neck trauma population (On-line Table and Figs 2 and 3). The

mean age of patients with BCVI was 8.19 � 6.14 years, ranging

from 1.17 to 16 years of age, whereas those without BCVI had a

mean age of 9.65� 4.20 years, ranging from 0.67 to 17 years of age.

Five patients with vascular injury were not involved in an MVC

(On-line Table).

All patients with BCVI had at least 1 nonvascular injury such as

cervical spine fracture (Table 1). Nearly statistically significant,

patients with BCVI had a higher tendency to have additional trau-

matic injuries, primarily basilar skull fractures (P � .05) and in-

tracranial hemorrhage (P � .13) (Table 2). Of the 4 patients with

vertebral artery injury, 2/4 had cervical spine fracture, whereas

both cervical spine fractures and vertebral artery injuries were

found in 2 additional patients. Additionally, 6 of 8 patients with

BCVI and 107 of 129 without BCVI had documented GCS scores.

In patients with BCVI, the mean GCS score was 8.67 � 6.22 versus

12.92 � 3.90 in patients without BCVI. This difference was statis-

tically significant (P � .02). Age was not a statistically significant

predictive factor for BCVI or a lack of BCVI (logistic regression

coefficient � �.04, P � .64).

Of the patients with BCVI, 3 had neurologic sequelae. One

patient, patient 3, an unrestrained ejected motor vehicle passen-

ger, developed cerebral infarction (total MCA distribution) with

eventual death secondary to severe closed-head injury with ma-

lignant cerebral edema and multicompartmental hemorrhage re-

sulting in transtentorial herniation. Large MCA distribution in-

farct may have been contributory but not primary to this patient’s

death (On-line Table). Patient 4 presented with right hemiparesis

with MR imaging– confirmed foci of an embolic-type infarction

in the left frontal and temporal lobes after an MVC. Another

patient, patient 8, presented with head and neck pain, tingling in

the hands, facial paresthesias, and subjective oral motor difficulty

several days after a dirt bike accident (On-line Table).

Of eighty-five patients involved in an MVC, 42 had a docu-

mented cervical seatbelt sign with an average age of 8.5 � 3.84

years, none of whom had BCVI (positive predictive value � 0).

None of the 3 patients with BCVI involved in an MVC had a

documented cervical seatbelt sign. Twenty-two additional pa-

tients in an MVC had some form of soft-tissue injury to the neck

that was not specifically listed as a seatbelt sign. Of these 22 pa-

tients, patient 7 demonstrated BCVI with a grade IV right cervical

vertebral artery injury. This patient, who later died from severe

cerebral edema and hemorrhage with probable upper cervical

cord transection, met multiple criteria (EAST criteria) for screen-

ing, including a GCS score of 3 and a C4 –C5 fracture dislocation

injury.

DISCUSSION
The Eastern Association for the Surgery of Trauma has put forth

recommendations for screening criteria for BCVI in the adult

population based on the most extensive review of references on

this topic.8 The EAST recommends screening for BCVI in adult

patients with any neurologic abnormality that is not explained by

a diagnosed traumatic injury and in trauma patients with epistaxis

from a suspected arterial source. For asymptomatic, adult blunt

trauma patients with the following risk factors screening is also

recommended: Glasgow Coma Scale (GCS) score �8; petrous

temporal bone fracture, diffuse axonal injury (DAI), cervical

spine fracture especially those from C1 to C3, fracture through the

foramen transversarium, and those with a rotational component

or subluxation and Le Fort II or III facial fractures. While the

FIG 2. Internal carotid artery injury in patient 6. CTA of the neck
demonstrating occlusion of the left internal carotid artery (grade IV
injury) at the level of C1 vertebral body in a 1.17-year-old boy who
presented neurologically intact after experiencing a witnessed low-
speed motor-pedestrian collision.

FIG 3. Internal carotid artery injury in patient 3. Sagittal reformat of a
neck CTA image showing �25% ICA narrowing related to grade II
injury in a 9.92-year-old girl, status post MVC with ejection, who was
found unconscious in the field with fixed and dilated pupils.
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EAST practice guidelines offer a level III recommendation that

pediatric patients be screened by using these same adult criteria,

prospective trials evaluating risk factors and therefore screening

criteria for children are lacking in the current literature.8

Furthermore, the EAST recommends that an isolated cervical

seatbelt sign should not be used as a screening reason without

other risk factors in the presence of normal physical examination

findings; however, the cervical seatbelt sign has been endorsed in

retrospective series, including Biffl et al,6 as a single criterion for

screening for BCVI.8 One retrospective review by Rozycki et al12

addressed the possible clinical relevance of the cervical seatbelt

sign. In 131 patients with seatbelt sign, 4 patients (3% of the

screened population) were found to have carotid artery injuries

using CTA or conventional angiography with the presence of

BCVI strongly associated with a GCS score of �14, Injury Severity

Score � 16, and clavicle and/or first rib fracture in a statistically

significant manner.12 While the authors in this study concluded

that the cervicothoracic seatbelt sign and abnormal neurovascular

physical examination findings are an effective combination in

screening for BCVI for both adult and pediatric patients,12 we

believe that there is insufficient evidence based on the small num-

ber of pediatric patients (n � 16) and the relatively mild or even

absent additional injuries to definitively recommend such criteria

in children.12 Most interesting, on the basis of the available infor-

mation in the series by Rozycki et al, the EAST guidelines would

not have called for screening in 3 of 4 patients with seatbelt signs

and BCVI. Therefore, the recommendation by the EAST regard-

ing the cervical seatbelt sign warrants further investigation in both

adults and children.

Our study was performed to address the unresolved issues

regarding BCVI screening related to cervical seatbelt injury in

children; this criterion is still used at our 2 children’s hospitals. Of

the 85 children in an MVC, 42 demonstrated a cervical seatbelt

injury, but none had BCVI. While there was a higher tendency for

patients with BCVI to have polytrauma including basilar skull

fracture and intracranial hemorrhage, no single risk factor for

BCVI met statistical significance in our series with the exception

of GCS score (Table 2). Although GCS score �8 is used as part of

the adult criteria for BCVI screening, our study may offer some

initial information about the importance of the GCS score as a

screening marker in the pediatric population.

The incidence of BCVI in children is rare. We found that de-

spite nearly 150 patients undergoing CTA screening for blunt in-

jury, the incidence of BCVI was unsurprisingly small, though we

did not calculate an incidence due to the unavailability of the

number of admissions for blunt trauma to the emergency depart-

ment. In a recent retrospective case series of nearly 15,000 patients

from the general population by Jones et al9 during a 15-year pe-

riod, only 45 patients were diagnosed by either CTA or conven-

tional angiography with BCVI, representing 0.3% of the admitted

population.13 Another similar recent pediatric retrospective

study by Kopelman et al10 demonstrated an incidence of 0.9%.

Last, in a review of the National Pediatric Trauma Registry

(NPTR) in a more remote study between December 1987 and July

1997, only 15 of 57,659 registered patients with blunt trauma were

diagnosed with BCVI, representing an incidence of 0.03%.13 Ad-

mittedly, the relative increase in the incidence found in more

recent reviews compared with the NPTR is likely due to increasing

physician awareness and use of noninvasive CTA screening.

While it was not our primary goal to directly investigate or

propose complete screening criteria for the pediatric population,

it is clear that most patients with BCVI in our series met screening

criteria as suggested by the EAST recommendations, with the ex-

ception of patients 5, 6, and 8, representing a not insignificant

37.5% of the BCVI population. Patient 6 experienced a motor-

pedestrian collision with skull base fractures, including temporal

bone fractures but without involvement of the petrous portion.

Two patients did have evidence of high-force thoracic injuries not

only by history (all-terrain vehicle and dirt bike crash) but also by

coincident injury as evidenced by first-rib fracture in patient 5

and T4 compression fracture in patient 8, which the EAST recom-

mendations do recognize, along with severe head injury, as pedi-

atric risk factors for BCVI, given the findings from the NPTR.8,13

Our results are, thus, generally in agreement with that of Jones et

al,9 in that adult criteria may not direct clinicians to screen for

BCVI in all cases. The inclusion of mechanism, specifically those

involving high forces, and significant thoracic injuries may im-

prove such criteria for children. For those patients without BCVI,

89 patients did not meet the EAST screening criteria, whereas 40

did.

There are inherent limitations to our study, many of which

originate from the retrospective nature of our series. The primary

objective being evaluated, the cervical seatbelt sign, was deemed

present on the basis of the clinician specifically recording the exact

term in the medical chart. Therefore, while a patient may have had

a true cervical seatbelt sign, if the physician only recorded “neck

abrasion” or “bruising of the neck,” such a patient would not be

Table 1: Associated injuries in patients with and without blunt cerebrovascular injury
Cervical Spine

Fracture
Basilar Skull

Fracture
Intracranial
Hemorrhage

Maxillofacial
Fracture Rib Fracture

Clavicle
Fracture

BCVI No Yes No Yes No Yes No Yes No Yes No Yes
No 108 21 79 24 55 27 9 20 84 11 89 6
Yes 6 2 4 4 3 5 1 2 6 1 6 1

Percentage
No 83.7 16.2 76.7 23.3 67.1 32.9 31.0 69.0 88.4 11.6 88.4 11.6
Yes 75.0 25.0 50.0 50.0 37.5 62.5 33.3 66.7 85.7 14.3 85.7 14.3

Table 2: Risk factor analysis for blunt cerebrovascular injury
based on associated injuries

PPV NPV Sensitivity Specificity P Value
Cervical spine fracture 0.09 0.95 0.25 0.84 .62
Basilar skull fracture 0.14 0.96 0.50 0.81 .05
Intracranial hemorrhage 0.16 0.95 0.63 0.67 .13
Maxillofacial fracture 0.09 0.9 0.67 0.31 1
Rib fracture 0.08 0.93 0.14 0.88 1
Clavicle fracture 0.14 0.94 0.14 0.94 .4

Note:—PPV indicates positive predictive value; NPV, negative predictive value.
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deemed to have the sign by our criteria. While we admit that there

may have been a subset of patients missed, we considered it im-

portant also to ensure that those who were included as having

such a clinical sign were with certainty truly positive. Patient 7, in

fact, did have recorded “anterior neck swelling” without a re-

corded seatbelt injury. However, this child was noted to have a

GCS score of 3 and severe cervical spine injury, including fracture

dislocation at C4 –C5 with severe distraction, findings that would

warrant screening for BCVI. Another uncorrectable issue is the

lack of standardization and agreed-upon clinical findings that

qualify as a seatbelt injury. It is conceivable that a light abrasion on

the low neck may be entirely dismissed by one clinician, but yet

another may have recorded the finding as a cervical seatbelt sign.

Further, it is possible that recording such a finding may have been

forgotten altogether or not properly assessed due to a variety of

factors.

In this series, we chose to include patients by searching a radi-

ology data base of all CTA neck examinations performed since

early 2002 followed by an electronic medical chart search for all

other information. It is, therefore, possible and certainly likely

that a child with a cervical seatbelt injury may have not received a

screening CTA, depending on physician judgment and lack or

presence of coexisting injuries. While we would assume that this

patient population would ultimately not be diagnosed with BCVI,

this study did not attempt to evaluate all children presenting to

the emergency department with a cervical seatbelt sign but rather

investigated a CTA-screened population. Finally, we purposely

chose to evaluate children with CTA because this remains the

standard for noninvasive screening of adults and children at our

institution. For �10 years, since the presence of our 16-slice and

now 64-slice CT scanners, CTA has entirely replaced conven-

tional angiography for BCVI screening. We believe it is possible,

however, that a small number of patients very early in our retro-

spective series may have undergone digital subtraction angiogra-

phy for possible BCVI.

And finally, our series did not include analysis of the presence

or type of restraint because such data were often not recorded in

the medical records. Car seats and booster seats generally prevent

cervical seatbelt injuries by improving the position of the shoulder

strap from over the neck to over the shoulder. The seatbelt sign,

therefore, should occur less frequently in young patients who are

properly restrained in such devices. In fact, car seats with 5-point

harnesses seldom cause seatbelt injury because the straps do not

cross over the cervicothoracic region. We believe that restraint

history and protective effects should be considered in future pro-

spective trials assessing pediatric risk factors for BCVI.

CONCLUSIONS
BCVI is an uncommon occurrence in the pediatric trauma pop-

ulation. A common indication for neck CTA, the cervical seatbelt

sign, was not associated with BCVI. These findings suggest that

especially when found in isolation, the seatbelt sign in children

may not be an appropriate reason to perform neck CTA, consis-

tent with EAST recommendations. With the exception of GCS

score, no single risk factor was statistically significant in predict-

ing vascular injury in this series, though there was a tendency for

those with vascular injury to have multiple risk factors, especially

basilar skull fractures and intracranial hemorrhage. Larger, mul-

ticenter prospective trials evaluating BCVI in children should be

undertaken.
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ORIGINAL RESEARCH
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Large-Volume Blood Patch to Multiple Sites in the Epidural
Space through a Single-Catheter Access Site for Treatment of

Spontaneous Intracranial Hypotension
J. Griauzde, J.J. Gemmete, N. Chaudhary, T.J. Wilson, and A.S. Pandey

ABSTRACT

BACKGROUND AND PURPOSE: Spontaneous intracranial hypotension can be a therapeutic challenge to the treating physician. In this
study, we present our experience with the administration of a large-volume blood patch to multiple sites in the epidural space through a
single-catheter access site.

MATERIALS AND METHODS: A retrospective review was conducted of patients with spontaneous intracranial hypotension who under-
went a large-volume blood patch to multiple sites in the epidural space through a single-catheter access site from 2010 to 2012. Patient
demographic data, clinical charts, indications for treatment, radiographic images, procedure notes, and postprocedure hospital course
were reviewed.

RESULTS: Overall, 9 patients were identified who underwent 20 blood patch procedures. Patients were selected to undergo the large-
volume procedure either because they had a failed site-directed epidural blood patch or if imaging demonstrated multiple possible leak
sites. There were 6 women and 3 men, with an average age of 33.5 years. The mean volume of blood injected per procedure was 54.1 mL
(median � 55 mL; range � 38 –70 mL). All patients had an orthostatic headache as one of their presenting symptoms; 22% also presented
with neurocognitive decline and behavioral changes; 89% of patients had improvement or resolution of their symptoms; and 80% of
patients who had a previously failed site-directed epidural blood or fibrin glue patch improved with a large volume catheter-directed
blood patch.

CONCLUSIONS: Our experience supports the use of a large-volume blood patch to multiple sites in the epidural space through a
single-catheter access site for the treatment of spontaneous intracranial hypotension. Additionally, our results indicate a role for this
procedure in refractory cases of spontaneous intracranial hypotension.

ABBREVIATION: SIH � spontaneous intracranial hypotension

Spontaneous intracranial hypotension (SIH) is a well-recog-

nized entity associated with a CSF leak. The characteristic clin-

ical presentation is a positional headache, which is often severe.

CSF leak can occur spontaneously or can be the result of trauma

or an iatrogenic cause. Epidural blood patch has long been con-

sidered the procedure of choice for treatment of a CSF leak. In

cases of SIH or idiopathic intracranial hypotension, the CSF leak

site may not be identified or multiple areas of leak may be present.

Additionally in iatrogenic cases, the leakage may be refractory to

small-volume single-site injection of epidural blood. Treatment

in these cases presents a unique challenge. Administration of a

large-volume blood patch at multiple sites in the epidural space is

a recently reported novel technique for the treatment of SIH.1

Direct injection of blood to multiple sites allows directed therapy

at suspected leak sites and treatment of occult sites. Additionally,

this treatment avoids puncture of the epidural space in the

thoracic and cervical spine, making it theoretically less chal-

lenging for the operator. We present our experience with the

use of a large-volume blood patch to multiple sites in the epi-

dural space through a single-catheter access site for the treat-

ment of SIH.

MATERIALS AND METHODS
This study was approved by the institutional review board at the

University of Michigan. We retrospectively reviewed cases of

spontaneous or refractory intracranial hypotension that were
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treated with a large-volume epidural blood patch to multiple sites

in the epidural space through a single-catheter access site at our

institution from 2010 to 2012 for the treatment of SIH. Pertinent

medical records including operative notes, laboratory values, and

clinical notes were reviewed and correlated with imaging (Table

1). Radiologic imaging, including CT, MR imaging, myelography,

CT myelography, and MRI myelography, was reviewed. Prepro-

cedural imaging was reviewed by attending neuroradiologists and

by the procedural operators to assess possible sites of leakage be-

fore the procedure. Patient outcomes were graded on the basis of

symptom response to therapy and symptom recurrence. Our

grading system is further defined in Table 2.

Procedure
Patients were brought to the angiography suite and placed prone.

The access site was prepped and draped in a sterile fashion. Local

anesthesia was achieved by using a 2% lidocaine injection. Under

fluoroscopic guidance, a 19-ga Tuohy needle was advanced into

the epidural space at a spinal level (L3 was most commonly used)

(Fig 1). Contrast was injected into the epidural space to confirm

the position. An angled 0.035 Glidewire (Terumo, Tokyo, Japan)

was advanced through the 19-gauge needle into the epidural space

and extended superiorly into the midthoracic region and looped

in the epidural space (Fig 2A, -B). The needle was removed. A 4F

sheath (Terumo) was then placed over the wire into the epidural

space, and a 4F vertebral catheter (Cordis Sheath Terumo, Miami

Lakes, Florida) was advanced over the Glidewire (Terumo). The

wire and catheter were advanced superiorly to the desired level

within the midcervical spine (Fig 2C). The goal was to advance the

catheter in the dorsal epidural space. The wire was removed, and

contrast was injected through the catheter to confirm the position

in the epidural space. DynaCT (Siemens, Erlangen, Germany) was

performed to confirm the catheter position when the catheter was

not definitely determined to be in the epidural space (Fig 2D),

given that we were injecting a large volume of blood. At this time,

an aliquot of autologous blood was obtained from a previously

placed intravenous access site. DuraSeal (Covidien, Irvine, Cali-

fornia) was mixed with autologous blood in cases that had recur-

rent symptoms following a prior large-volume blood patch pro-

cedure. The autologous blood was injected into the epidural space

while we slowly withdrew the catheter to the access site (approx-

imately 1–2.5 mL per vertebral body level). The 4F catheter and

the sheath were removed, and hemostasis was achieved with man-

ual pressure.

An additional access site in the epidural space of the lower

Table 1: Case characteristics
Patient Age (yr) Sex Possible Imaging Leak Sitea Possible Causes Symptoms

1b 39 F Lower thoracic spine; L4–5 Lumbar fixation removed; Chiari s/p
craniotomy; dural patch repair

Orthostatic HA

2b 59 F Mid- or lower thoracic;
no definite site

Chiari s/p craniotomy, prior
traumatic pelvic fracture

Orthostatic HA, cochleovestibular
manifestations, personality
changes, frontotemporal
dementia-like picture

3 21 M Arachnoid cyst L1–L5; L2–3 None Orthostatic HA
4 30 M C6–T2 None Orthostatic HA
5b 32 F L2–3 None Orthostatic HA
6b 37 F Cervical, thoracic, upper lumbar Dural tear during pregnancy Orthostatic HA
7b 53 M Multilevel cervical spine; T6–L1 Remote frontal head injury with LOC Orthostatic HA, cochleovestibular

manifestations, personality
changes, memory decline, change
in level of consciousness

8 22 F Midthoracic; T12–L1 None Orthostatic HA
9 9 F Thoracic, lumbar, sacral Chiari s/p craniotomy; Marfan

syndrome
Orthostatic HA, nausea with

emesis

Note:—s/p indicates status post: LOC, loss of consciousness; HA, headache.
a Determined by the attending diagnostic neuroradiologist or the treating neurointerventionalist using CT or MR myelography.
b Denotes a patient who had failed prior therapy.

Table 2: Multisite epidural blood patch procedures and outcomesa

Patient
No. of

Procedures Access Site Levels Injected

Volume Injected
(Autologous Blood/
DuraSeal) (mL/mL)

Follow-Up
(mo) Outcomeb

1 3 L3; L3; L4 C5–L3; C5–L3; C5–L3 60/2; 55/3; 60 1 2b
2 2 L3; L3 C4–L3; C5–L3 60; 45/2 2 2c
3 1 L3 C4–L3 70 2 1
4 2 L3; L3 C3–L3; C5–L3 50; 65 1 2b
5 2 T12, L4; L4 C6–T12, L4; C3–L4 18, 20; 65 7 2a
6 5 T12, L3; L3; L2; L2; L4 C7–T12, L3; C3–L3; C3–L2; C6–L2; C6–L4 20, 18; 55; 45/0.5; 65/3; 70/3 1 3
7 2 T12, L4; L3 C7–T12, L2; C4–L3 18, 20; 60/1.5 4 2c
8 2 T12, L4; L1, L3 C5–T12, L4; C3–L1, L3 25, 20; 28, 20 2.5 2a
9 1 L4 C5–L4 50 0.25 1

a Data from separate procedures are noted by a semicolon.
b Outcomes: 1 � resolution without recurrence; 2a � improvement, recurrence, followed by resolution with subsequent treatment; 2b � stepwise improvement to resolution;
2c � improvement but not to resolution; 3 � transient improvement with worsening back to baseline; 4 � no improvement; 5 � worsening.
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lumbar spine by using a 19-gauge spinal needle was obtained if

either epidural scarring from a prior patch procedure prevented

catheter advancement or if a blood patch was needed to target the

lower lumbar and/or sacral regions. In these cases, a single-cath-

eter access site was still obtained above the level of scarring to

allow large-volume administration cranial to the scarring site.

RESULTS
Nine patients were identified. Twenty large-volume blood

patches to multiple sites in the epidural space through a single-

catheter access site were performed for the treatment of SIH. The

average patient age at the time of the first procedure was 33.5

years. There were 6 women and 3 men. All patients had an ortho-

static headache as one of their presenting symptoms. Twenty-two

percent (2/9) of patients presented with neurocognitive decline;

56% (5/9) had undergone prior blood patch procedures with a

single-site-directed injection; and all of these had either pro-

FIG 1. Spot fluoroscopic image shows a 19-ga Tuohy needle at the L3
vertebral body with contrast opacifying the epidural space.

FIG 2. A and B, Frontal and lateral spot fluoroscopic images show a needle in the epidural
space at L2 and a Glidewire curled in the epidural space in the lower thoracic spine. C, Frontal
spot fluoroscopic image shows a 4F vertebral catheter that has been advanced over the wire
in the epidural space from the L2 vertebral body to C4, with contrast opacifying the epidural
space. D, Axial DynaCT shows the catheter and contrast opacifying the cervical epidural
space.
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gressed back to baseline or had not improved at all. These patients

were referred for our procedure because of their persistent symp-

toms and their desire for further management. Forty-four percent

(4/9) of patients had not undergone prior traditional therapeutic

measures and were referred because of an ambiguous leak site or

suspicion of multiple leak sites; 78% (7/9) of patients did not have

an identifiable event that caused their intracranial hypotension

and symptoms. Preprocedural data for all patients are presented

in Table 1.

The average number of large-volume multisite blood patch

procedures per patient was 2.2 (range � 1–5). Average follow-up

time after the final procedure was 2.3 months (median � 2

months; range � 0.25–7 months). The mean amount of total

autologous blood injected per procedure was 54.1 mL (median �

55 mL; range � 38 –70 mL). DuraSeal was used in 35% of cases

(8/20). There were no significant procedural complications.

Eighty-nine percent (8/9) of patients had improvement of their

symptoms. One patient improved transiently but then wors-

ened back to her baseline headache. No patients had worsening

of their symptoms after the immediate postprocedural period.

Eighty percent (4/5) of patients who initially did not respond

to a conventional blood patch procedure improved with the

multisite epidural blood patch technique. One hundred per-

cent of patients who had failed conventional therapy required

�1 multisite epidural blood patch procedure (5/5). Patient 7

had improved mental status after 2 procedures but had persis-

tent encephalopathy and elected to undergo experimental

therapy at another institution. Procedural and outcome data

for all patients are presented in Table 2.

Illustrative Case
A 22-year-old woman (patient 8 from Tables 1 and 2) with a

long-standing history of migraines presented with new onset of

disabling orthostatic headaches for 1 month. These headaches

were described as a pressure sensation of severe intensity (10/10)

and located over the entire cranium. The patient also noted nau-

sea and neck stiffness. She denied any trauma or chiropractic ma-

nipulation. She was started on caffeine and theophylline, which

did not alleviate her headaches. She was later prescribed ketorolac

(Toradol) and corticosteroids, which still

did not provide headache relief.

Findings of initial CT of the head were

unremarkable. MR imaging of the head

showed findings consistent with intracra-

nial hypotension (Fig 3A, -B). MR imag-

ing myelography showed multiple areas

of possible CSF leak throughout the tho-

racic spine. The patient underwent a

blood patch procedure with 20 mL of au-

tologous blood injected into the epidural

space at L4. A 4F vertebral catheter was

advanced over a Glidewire from T12 to

C5, and 25 mL of autologous blood was

injected through the catheter via a pull-

back technique from C5–T12. The pa-

tient’s headaches decreased to 2/10 post-

procedure but began to worsen again after

2 weeks. The patient underwent a second blood patch procedure

with injection of 20 mL of autologous blood at L3 (Fig 1), a 4F

vertebral catheter advanced over a Glidewire from L2 to C3, and

28 mL of autologous blood injected through the catheter by using

a pullback method from C3–L2 (Fig 2A–D). In both procedures, a

separate lumbar access site was used to allow increased blood

patch coverage in the more caudal epidural space.

Her headaches completely resolved postprocedure and have

not recurred at 3-month follow-up. MR imaging of the brain

showed complete resolution of the diffuse pachymeningeal en-

hancement, descent (“sagging” or “sinking”) of the brain, en-

largement of the pituitary gland, and engorgement of the cerebral

venous sinuses (Fig 4A, -B).

DISCUSSION
In this study, we evaluated our experience with administration of

a large-volume blood patch to multiple sites in the epidural space

by using a single-catheter access site for the treatment of sponta-

neous intracranial hypotension. SIH is a multifactorial process

associated with CSF leak. The hallmark symptom of SIH is an

orthostatic headache, which was present in all of our patients.2

Additional possible symptoms include nausea, vomiting, dizzi-

ness, tinnitus, neck pain, or radiculopathies.2,3 Two patients in

our series presented with neurocognitive decline and behavioral

changes. This presentation is rarer but has also been reported.4,5

Clinical suspicion for SIH can be confirmed by demonstrating

low opening pressure on lumbar puncture or with imaging.6

Brain MR imaging findings include diffuse pachymeningeal en-

hancement, descent (“sagging” or “sinking”) of the brain, sub-

dural fluid collections, enlargement of the pituitary gland, en-

gorged cerebral venous sinuses, and a decrease in size of the

ventricles.6-8 Spinal imaging with CT or MR imaging can show

extra-arachnoid fluid collections, extradural extravasation of

fluid, meningeal diverticula, spinal dural enhancement, and en-

gorgement of the spinal epidural venous plexus.6-8 In some cases,

however, no definite leak site or other abnormality is identified.

Cases in which a definite leak site is not identified or those in

which multiple sites are found present a therapeutic challenge.

FIG 3. A, Sagittal T1-weighted MR image shows descent (“sagging” or “sinking”) of brain, enlarge-
ment of the pituitary gland, and obliteration of the cisterns. B, Coronal postcontrast T1-
weighted MR image of the same patient shows diffuse pachymeningeal enhancement.
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Most interesting, it is believed that spontaneous CSF leaks occur

most often at the cervicothoracic junction or in the thoracic

spine.9 Prior authors have reported symptomatic improvement

rates ranging from 50% to 100% with site-directed epidural

blood/fibrin patch procedures by using CT or fluoroscopic guid-

ance.10-15 These treatment options, however, often require epidu-

ral punctures in the upper thoracic and cervical spine. Epidural

puncture in these regions is technically more challenging due the

anatomy and the epidural space becoming smaller as you ascend

from the lumbar to the cervical region. Also, in cases with multiple

leak sites, multiple punctures in the thoracic and cervical spine

may be required. To address this shortcoming, Ohtonari et al1

recently reported their experience with multiple-site epidural

blood patch through a single-catheter access site in 5 patients. All

their patients improved, with an average injection of 45 mL of

autologous blood at multiple levels in the epidural space.

In our series, we injected an average of 54 mL of autologous

blood at multiple sites in the epidural space and had an outcome

similar to that of Ohtonari et al.1 Eighty-nine percent of patients

in our series had improvement or resolution of their symptoms.

Furthermore, 80% (4/5) of patients in our series who had previ-

ously failed therapy with a site-directed blood and/or fibrin glue

patch improved with our large-blood-volume catheter-based

procedure, without recurrence to their baseline symptoms. This

outcome suggests a role for this procedure in challenging or re-

fractory cases of SIH. In 35% of our cases, we used DuraSeal in

addition to the blood patch for possible added sealant properties.

DuraSeal was used at the discretion of the operator, mostly in

those cases that had recurred or had severe residual symptoms

after large-volume blood patch. Additionally, it was used in those

deemed to have an extensive CSF leak. In patients improving with

large-volume blood patch and less severe residual symptoms,

DuraSeal was considered unnecessary.

Because our procedure is relatively novel, the risk profile is

unknown. We did not experience any significant complications in

our patient population. Hypothetic complications include persis-

tent epidural hematoma and epidural abscess with or without

neurologic sequela. The authors suspect that the occurrence of

these complications would be low, as evidenced in patients in-

strumented with epidural pain catheters. In these cases, epidu-

ral hematoma is rare, being reported in
approximately 1:150,000.16 Clinically
symptomatic hematoma rates are ex-
pected to be even lower.16 Similarly,
epidural abscesses are rare with epidural
pain catheters, reported in 1:1930
cases.17 Additionally, epidural abscesses
are noted only in patients in whom the
catheter remains for �3 days.17 To
further decrease the rates of these com-
plications, we recommend proper ster-
ile technique, minimizing procedural
length, and avoidance of anticoagulants
in the periprocedural period. Also,
looping the wire and catheter in the epi-
dural space (as displayed in the figures)
before advancing them cranially should

limit epidural vessel injury by avoiding

a relatively sharp leading edge. Similarly, by only placing the

catheter in the dorsal epidural space, more lateral nerve root

sleeves and ventral vascular structures such as the artery of

Adamkiewicz and the epidural venous plexus can be avoided.

An additional risk consideration is damage to suspensory lig-

aments of the dural sac. These play a role in supporting the

spinal cord in the canal. Damage to the dorsal suspensory lig-

aments could cause dural leaks and has been shown to cause

flexion myelopathy in animal models.18 Care should be taken

to gently advance the catheter and wire and to cautiously redi-

rect them if there is any evidence of difficulty advancing the

wire or catheter in the epidural space.

Our results suggest that multisite epidural blood patch

through a single catheter access site is a safe alternative to

traditional site-directed epidural blood patch in patients with

multiple suspected CSF leak sites or in those in whom no def-

inite leak site is identified. In addition, our procedure may

improve outcomes in patients who are refractory to traditional

techniques. Our procedure provides the treating physician

with an additional technique for this challenging pathology

and may be technically less challenging with practice than is

site-directed epidural blood patch in the thoracic and cervical

spine.

Our experience is limited by the small cohort size and retro-

spective nature. In addition, our average follow-up was relatively

short at 2.3 months. Future studies should include larger patient

cohorts and longer follow-up periods.

CONCLUSIONS
Our experience supports the use of a large-volume blood patch

to multiple sites in the epidural space through a single-catheter

access site for the treatment of SIH, where no definite or mul-

tiple CSF leak sites are identified. Additionally, our results in-

dicate a role for this procedure in SIH, which is refractory to

traditional directed epidural patch procedures. Future studies

should evaluate outcomes in larger patient populations with a

particular focus on outcomes in patients who have failed prior

lumbar epidural puncture procedures or leak-site-directed

procedures.

FIG 4. A, Sagittal T1-weighted MR image 6 weeks after treatment shows an image of the brain
with normal findings. B, Coronal postcontrast T1-weighted MR image after treatment shows
resolution of the diffuse pachymeningeal enhancement.
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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.
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Beyond Soft
The softest coil technology* available, combined with Target Coil’s consistently 
smooth deployment and exceptional microcatheter stability, results in an  
experience that is beyond soft. Designed to treat small spaces, the Target Nano 
Coil’s incredible softness delivers increased conformability and shape adjustment.

Target Nano Coils–Smooth and Stable has never been so soft. 

For more information, please visit www.strykerneurovascular.com/Target

* Testing performed by Stryker Neurovascular. n=3. Data are on file at Stryker Neurovascular and will be made 
available upon request. Bench test results may not necessarily be indicative of clinical performance. 
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