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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.

EDITORIALS
PERSPECTIVES

Trainees in Peer Review: Our Experience M. Castillo

EDITORIALS
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Human Neuroimaging and the BRAIN Initiative: A Joint Statement from
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ASNR 52N0 ANNUAL MEETING &
THE FOUNDATION OF THE ASNR SYMPOSIUM 2014

MAY 17-22 | Montreal = Palais des congrés de Montreal

ASNR 2014 PROGRAM CHAIR/PRESIDENT-ELECT - Gordon K. Sze, MD, FACR

THE FOUNDATION OF THE ASNR

The Foundation of the ASNR Symposium 2014:
Inflammatory and Infectious Diseases of the CNS

SYMPOSIUM 2014:
= The Role of Inflammation and Infections in Stroke, Seizures, White Matter Diseases, etc.
m Advanced Imaging Techniques in the Evaluation of Inflammatory CNS Diseases

= Infectious Agents for Human Good: Oncolytic Viruses, Viral Vector Gene Therapy
and Advanced Imaging

ADDITIONAL NEW EDUCATIONAL COURSE PROGRAM IN 2014 (concurrent program with the Symposium 2014):
Inflammatory and Infectious Diseases

EDUCATIONAL COURSE 2014: with world class speakers including

= Anne G. Osborn, MD, Thomas P. Naidich, MD, Donald Resnick, MD, James G. Smirniotopoulos, MD, Jeffrey S. Ross, MD,
Kelly K. Koeller, MD, FACR, David M. Yousem, MD, MBA, Laurie A. Loevner, MD, Peter M. Som, MD, Patricia A. Hudgins, MD,
Robert D. Zimmerman MD, FACR, Hugh D. Curtin, MD, M. Judith Donovan Post, MD, FACR, and More...

ZASNR
ANNUAL MEETING: l

m One-day MINI SYMPOSIUM on STROKE - Organized by MONTREAL §2014
Pina C. Sanelli, MD, MPH and Max Wintermark, MD ASFNR ASHNR ASPNR ASSR SNIS

m  One-day MINI SYMPOSIUM on TUMORS - Organized by
Girish M. Fatterpekar, MD, MBBS, DNB, Whitney B. Pope, MD, PhD and Gordon K. Sze, MD, FACR

m Nobel Prize Laureate, Stanley Prusiner, MD, Keynote Speaker,
on Prions and Alzheimer's Disease, Parkinson's Disease, and Other Neurodegenerative Disorders

m  More “Hands-On” Experience Applicable to Your Practices
Young Professionals Programming
Expanded Self-Assessment Module (SAM) Session Programming Throughout the Week

PROGRAMMING DEVELOPED IN COOPERATION WITH THE...

m  American Society of Functional Neuroradiology (ASFNR) David J. Mikulis, MD
American Society of Head and Neck Radiology (ASHNR) Yoshimi Anzai, MD, MPH

American Society of Pediatric Neuroradiology (ASPNR) Richard L. Robertson, MD
American Society of Spine Radiology (ASSR) Meng Law, MD, MBBS, FRACR
Society of Neurolnterventional Surgery (SNIS) Peter A. Rasmussen, MD

TO REQUEST PROGRAMMING AND REGISTRATION MATERIALS FOR THE ASNR 52"° ANNUAL MEETING, CONTACT:

ASNR 52"° ANNUAL MEETING Phone: 630-574-0220 = O
¢/0 American Society of Neuroradiology Fax: 630-574-0661 % ; Scan Now
800 Enterprise Drive, Suite 205 Email: meetings@asnr.org ] to visit our website

Oak Brook, lllinois 60523-4216 Website: www.asnr.org/2014 E
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Perfusion Measurement in Brain Gliomas with Intravoxel Incoherent
Motion MRI  C Federau, R. Meuli, K. O'Brien, P. Maeder, and P. Hagmann

Assessment of Angiographic Vascularity of Meningiomas with Dynamic
Susceptibility Contrast-Enhanced Perfusion-Weighted Imaging and
Diffusion Tensor Imaging CH. Toh, K-C. Wei, CN. Chang, Y.-W. Peng, S.-H. Ng,
H.-F. Wong, and C.-P. Lin

Utility of Proton MR Spectroscopy for Differentiating Typical and Atypical
Primary Central Nervous System Lymphomas from Tumefactive
Demyelinating Lesions  S.-S. Lu, SJ. Kim, H.S. Kim, C.G. Choi, Y.-M. Lim, EJ. Kim,

D.Y. Kim, and S.H. Cho

2Cu-Diacetyl-Bis (N*-Methylthiosemicarbazone) PET in Human Gliomas:
Comparative Study with [®F]Fluorodeoxyglucose and L-Methyl-
["C]Methionine PET k. Tateishi, U. Tateishi, S. Nakanowatari, M. Ohtake,

R. Minamimoto, J. Suenaga, H. Murata, K. Kubota, T. Inoue, and N. Kawahara

Diffusion Measures Indicate Fight Exposure—Related Damage to Cerebral
White Matter in Boxers and Mixed Martial Arts Fighters . Shin,
S.Y. Mahmoud, K. Sakaie, S.J. Banks, M.J. Lowe, M. Phillips, M.T. Modic, and C. Bernick

Local and Global Fiber Tractography in Patients with Epilepsy
C. Anastasopoulos, M. Reisert, V.G. Kiselev, T. Nguyen-Thanh, A. Schulze-Bonhage,
J. Zentner, and I. Mader

Tumor Consistency of Pituitary Macroadenomas: Predictive Analysis on
the Basis of Imaging Features with Contrast-Enhanced 3D FIESTA at 3T
J. Yamamoto, S. Kakeda, S. Shimajiri, M. Takahashi, K. Watanabe, Y. Kai, J. Moriya,

Y. Korogi, and S. Nishizawa

Frontotemporal Cortical Thinning in Amyotrophic Lateral Sclerosis
A. d’Ambrosio, A. Gallo, F. Trojsi, D. Corbo, F. Esposito, M. Cirillo, M.R. Monsurro,
and G. Tedeschi

Use of FLAIR Imaging to Identify Onset Time of Cerebral Ischemia in a
Canine Model X-Q Xu, Q-Q. Zu, S.-S. Lu, Q.-G. Cheng, J. Yu, Y. Sheng, H.-B. Shi,
and S. Liu

Subcortical Cystic Lesions within the Anterior Superior Temporal Gyrus: A
Newly Recognized Characteristic Location for Dilated Perivascular Spaces
S. Rawal, S.E. Croul, RA. Willinsky, M. Tymianski, and T. Krings

Preferential Location for Arterial Dissection Presenting as Golf-Related
Stroke M.H. Choi, JM. Hong, J.S. Lee, D.H. Shin, HA. Choi, and K. Lee

INTERVENTIONAL Published in collaboration with
Interventional Neuroradiology

When Is Carotid Angioplasty and Stenting the Cost-Effective Alternative
for Revascularization of Symptomatic Carotid Stenosis? A Canadian
Health System Perspective M.A. Aimekhlafi, M.D. Hill, S. Wiebe, M. Goyal,

D. Yavin, J.H. Wong, and F.M. Clement

Quantifying the Large-Scale Hemodynamics of Intracranial Aneurysms
G. Byrne, F. Mut, and ). Cebral

Analysis of Complications and Recurrences of Aneurysm Coiling with
Special Emphasis on the Stent-Assisted Technique H. Nishido, M. Piotin,
B. Bartolini, S. Pistocchi, H. Redjem, and R. Blanc

Hyperattenuated Intracerebral Lesions after Mechanical Recanalization in
Acute Stroke N. Lummel G. Schulte-Altedorneburg, C. Bernau, T. Pfefferkorn,
M. Patzig, H. Janssen, C. Opherk, H. Briickmann, and J. Linn

COMMENTARY

Hyperattenuated Intracerebral Lesions after Mechanical Recanalization in
Acute Stroke: Contrast and Compare T. Tomsick



Letter from the President-Elect — Search for New AJNR Editor

In June, 2015, Mauricio Castillo, MD, FACR, will complete an eight-year term as the Editor-in-Chief of the
AJNR. He follows a short list of illustrious neuroradiologists, from Dr. Juan Taveras to Dr. Michael Huckman
to Dr. Robert Quencer to Dr. Robert Grossman.

One only has to pick up any random issue of the AJNR to realize what a tremendous mark Mauricio has
made on the journal. His imprint starts on the first page of content with his column, Perspectives. Probing,
erudite, at times very witty, and always brilliant, Mauricio turns out a monthly commentary on the state of
neuroradiology, the state of our profession, and, at times, the state of the world. His references and quotations
demonstrate a mind not only scientific and exacting but also knowledgeable in realms far beyond medicine.

Having worked with Mauricio very closely at the ASNR for the past two years, I can also attest to the fact that
Mauricio is totally dedicated to the journal. At times, it seemed his reason for being. And the journal has
benefitted immensely, in turn. From its look to its organization to the quality of the articles, Mauricio has
brought the journal into the forefront of all radiology journals and it now ranks #2 in Impact Factor of all
radiology journals. AJNR is the premier clinical neuroimaging journal with the highest circulation among all
imaging-related subspecialty journals, publishing about 350 articles in 12 issues per year. It receives over 1400
original submissions annually and its Web site is accessed over 10 million times a year. In addition to the print
version of the Journal, Mauricio also initiated its biannual Special Collections and monthly AJNR Digest.
Other electronic activities which he began include its popular Case Collection (Case of the Week, Case of the
Month, Classic Case, and Clinical Correlation), podcasts (editor’s and fellows’ journal club selections, travel-
ling journal club, and Special Collections), and Fellows” Portal. With his international background, Mauricio
has also been the ideal person to spread the word of the AJNR across the world. Finally, he has done all this and
kept the journal in sound financial health through a period of difficult economic times.

Mauricio took over leadership of the journal at a time when the concept of the journal was beginning to
enter a state of flux. One only has to look at your neighborhood newsstand to realize that this has been a time
when many publications have been unable to adjust and have disappeared. In the past eight years, the demands
on the journal have changed. Our current expectations are for instant gratification, not a lag time before
publication. We require our information in more bite-size pieces, directed at us and easily accessible.

The new editor will face an even more rapidly evolving world. What is the future of radiology journals? We
know that the AJNR will survive but in what form? What will be the best digital format? There will be an
increased demand for electronic access and a further migration to tablets and smartphones. Preserving the
brand of the AJNR will become more challenging. While in the past, publication was the end point, increas-
ingly, publication today is the starting point, the beginning of an interactive discussion. How will this impact
on the financial state of the journal, with decreasing print advertising? How will the AJNR respond to the
demands of social media?

To assist the Executive Committee in the search for a new editor in these changing times, I will chair a search
committee comprised, in part, of Tina Young-Poussaint, Chair of the Publications Committee, Laurie Lo-
evner, Vice-President, Howard Rowley, Robert Quencer, Robert D. Zimmerman, James Barkovich, Tabbas-
sum Kennedy, and some of the Senior Editors of the AJNR, Harry J. Cloft, Nancy Fischbein, Pamela W.
Schaefer, Jody Tanabe, and Charles M. Strother, as well as James Gantenberg, Karen Halm, and Angelo
Artemakis from the ASNR headquarters. The appointment of the new Editor-in-Chief will be announced in
the spring of 2015.

Allinterested physicians are invited to send their curriculum vitae and an introductory letter of intent to Dr.
Gordon Sze, American Society of Neuroradiology, 800 Enterprise Drive, Suite 205, Oak Brook, IL, 60523 and
via email to gordon.sze@yale.edu and jgantenberg@asnr.org. In addition, we welcome nominations of candi-
dates from the ASNR membership. The deadline for receipt of submissions is August 1, 2014 but earlier
submissions are welcome. A position description for the AJNR Editor and basic qualifications are posted at:
www.ajnr.org/site/misc/eic-search-2015.xhtml.

Gordon Sze, MD, FACR

Chair, Editor-in-Chief Search Committee
President-Elect

American Society of Neuroradiology



354

360

367

373

379

386

390

395

402

407

Angioarchitectural Characteristics Associated with Complications of
Embolization in Supratentorial Brain Arteriovenous Malformation
J. Pan, H. He, L. Feng, F. Vifiuela, Z. Wu, and R. Zhan

Acute Bleeding in the Head and Neck: Angiographic Findings and
Endovascular Management L.-8. Zhao, H.B. Shi, S. Park, D.g. Lee, J.H. Shim, D.H. Lee,
and D.C. Suh

Recanalization of Symptomatic Vertebral Ostial Occlusion in Patients with
Acute or Subacute Stroke s. Park, D.-G. Lee, J.H. Shim, D.H. Lee, and D.C. Suh

HEAD & NECK

Imaging Findings of Head and Neck Dermatofibrosarcoma Protuberans
G.G. Millare, N. Guha-Thakurta, EM. Sturgis, A.K. El-Naggar, and J.M. Debnam
Fractional Change in Apparent Diffusion Coefficient as an Imaging
Biomarker for Predicting Treatment Response in Head and Neck Cancer
Treated with Chemoradiotherapy M. Matoba, H. Tuji, Y. Shimode, I. Toyoda,
Y. Kuginuki, K. Miwa, and H. Tonami

Yield of Neck CT and Barium Esophagram in Patients with Globus
Sensation L. Alhilali, S--h. Seo, B.F. Branstetter IV, and S. Fakhran

Actinomycosis in the Mandible: CT and MR Findings Y. Sasaki, T. Kaneda,
J.W. Uyeda, H. Okada, K. Sekiya, M. Suemitsu, and O. Sakai

PEDIATRICS
Arterial Spin-Labeled Perfusion of Pediatric Brain Tumors K.W. Yeom,
L.A. Mitchell, RM. Lober, P.D. Barnes, H. Vogel, P.G. Fisher, and M.S. Edwards

Bannayan-Riley-Ruvalcaba Syndrome: MRI Neuroimaging Features in a
Series of 7 Patients R Bhargava, KJ. Au Yong, and N. Leonard

SPINE

Comparison of Dynamic Contrast-Enhanced 3T MR and 64-Row
Multidetector CT Angiography for the Localization of Spinal Dural
Arteriovenous Fistulas 5. Oda, D. Utsunomiya, T. Hirai, Y. Kai, Y. Ohmori,
Y. Shigematsu, Y. Iryo, H. Uetani, M. Azuma, and Y. Yamashita

BOOK REVIEWS RM. Quencer, Section Editor
Please visit www.ajnrblog.org to read and comment on Book Reviews.
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Call for AJNR Editorial Fellowship Candidates

ASNR and AJNR are pleased once again in 2014 to join efforts with other imaging-related journals that have training
programs on editorial aspects of publishing for trainees or junior staff (35 years after training) such as Radiology (Olmsted
fellowship), AJR (Figley and Rogers fellowships [USA and international respectively]), and Radiologia (from Spain).

Goals:

1.
2.
3.

4.
5.
6.

Increase interest in “editorial” and publication-related activities in younger individuals.

Increase understanding and participation in the AJNR review process.

Incorporate into AJNR’s Editorial Board younger individuals who have previous experience in the review and publi-
cation process.

Fill a specific need in neuroradiology not offered by other similar fellowships.

Increase the relationship between “newer” generations of neuroradiologists and more established individuals.
Increase visibility of AJNR among younger neuroradiologists.

Activities of the Fellowship:

1. Serve as “Editorial Fellow” for one year. This individual will be listed on the masthead as such and will receive a
certificate stating his/her activities at the end of the service period.

2. Review atleast one manuscript per month for 12 months. Evaluate all review articles submitted to AJNR. Access to our
electronic manuscript review system will be granted so that the candidate can learn how these systems work.

3. Be involved in the final decision of selected manuscripts together with the EIC.

4. Participate in all monthly telephone Senior Editor conference calls.

5. Participate in all meetings of the Editors and Publications Committee during the annual meetings of ASNR and RSNA
as per candidate’s availability. AJNR/ASNR will not provide funding for this activity but may offer a discounted fee for
its annual meeting.

6. Evaluate progress and adjust program to specific needs in biannual meeting or telephone conference with the EIC.

7. Write at least one editorial for AJNR.

8. Embark on an editorial scientific or bibliometric project that will lead to the submission of an article to AJNR or
another appropriate journal as determined by AJNR’s EIC. This project can be done in conjunction with the EIC or one
of the Senior Editors.

9. Serve as liaison between AJNR and ASNR’s Young Professionals Network and the 3 YPs appointed to AJNR as special
consultants. Participate in meetings and telephone calls with this group. Design one electronic survey/year polling the
group regarding readership attitudes and wishes.

10. Recruit trainees as reviewers as determined by the EIC.

11. Participate in Web improvement projects.

12. Potentially become a member of AJNR’s Editorial Board at the end of the fellowship.

13. Invite Guest Editors for AJTNR’s News Digest to cover a variety of timely topics.
Qualifications:

1. Be a fellow in neuroradiology from North America, including Canada (this may be extended to include other
countries).

2. Be ajunior faculty neuroradiology member (<3 years) in either an academic and private environment.

3. Provide an “end” of fellowship report to AJNR’s EIC and ASNR’s Publications Committee.

4. Be an “in-training” or member of ASNR in any other category.

Application:

1. Include a short letter of intent with statement of goals and desired research project. CV must be included.

2. Include aletter of reccommendation from the Division Chief or fellowship program director. A statement of protected
time to perform the functions outlined is desirable.

3. Applications will be evaluated by AJNR’s Senior Editors and the Chair of the Publications Committee prior to the
ASNR meeting. The name of the selected individual will be announced at the meeting.

4. Applications should be received by March 3, 2014 and sent to Ms. Karen Halm, AJNR Managing Editor, electronically

at khalm@asnr.org.




Trainees in Peer Review:
Our Experience

M. Castillo, Editor-in-Chief

he American Journal of Neuroradiology (AJNR) receives more

than 1400 article submissions every year. When more than 2
years ago, we eliminated case reports, which accounted for be-
tween 25% and 35% of all submitted articles, we did not anticipate
that this difference would be made up, almost instantly, by an
increasing number of original, full-length investigations (we are
very happy this happened). Today, nearly 1250 of the total sub-
missions (89%) are full-length, original articles, and the rest are
reviews, editorials, letters to the editor, and other types of articles.
These have obviously resulted in increasing work for our Senior
Editors and reviewers. Our reviewer data base contains the names
of more than 2400 clinicians and scientists from all over the world,
but in reality, only a relatively small number of them do most of
our reviews. Why? Because they never say no, they are excellent
reviewers, and neuroradiology has become so subspecialized that
it is difficult to find reviewers for a growing number of sophisti-
cated topics such as computer modeling of intra-aneurysm fluid-
flow dynamics, kurtosis, and so forth. In this “Perspectives,” my
aim is to inform our readers about how we are trying to improve
and expand our reviewer data base, especially as it pertains to
using neuroradiology trainees in the peer-review process. This
information was partially presented at the Radiology Editors Fo-
rum in 2012 (this group of editors from imaging-related journals
meets once per year).

One can easily improve and increase the number of reviewers
by recruiting fellows and residents, using the names of individuals
found in the references of submitted articles, accepting personal
references from other reviewers, asking the authors of previously
submitted articles to contribute, and accepting those individuals
who offer unsolicited help (AJNR uses all of these strategies). I
have tried to recruit my own fellows who have left for private
practice after their training but have found this disappointing
because they soon become very busy and reviewing articles turns
into a low priority. Once every 2 years, we look at Editorial Board
performance in the reviewer data base and purge those individu-
als who have very low scores and often decline to review articles
(you can ask for your scores, and we will be glad to send them).
Using only our best reviewers is often problematic because it leads
to fast burnout rates. Remember that each review generally takes
anywhere from 3 to 8 hours to complete. Because our reviewers do
not work exclusively for us, demanding more work from them
only leads to their declining requests from other journals that may
also need their expertise (there are currently 116 imaging-related
journals).

The ever-increasing demands placed on these exceptional in-
dividuals requires constant positive feedback and encouragement
from editors in the form of awards and “best of” lists published in
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journals and on Web sites, reviewer scoring feedback, and per-
sonal encouragement in the form of praise and letters (we at AJNR
do all of these). Unfortunately the intellectual rewards of review-
ing may soon lose their initial importance, and we must try other
forms of encouragement: payments, discounted subscriptions,
discounted fees to annual meetings, discounted or free continuing
medical education (CME) activities, and CME credit for review-
ing (currently I am aware of 5 imaging journals that use this latter
strategy; AJNR will start doing this sometime in the second semes-
ter of 2013)." Unfortunately, none of these strategies work well in
the long run.

The reality is that all journals are facing a reviewer shortage.
The total number of scientific articles submitted increases at a rate
of 3.3% per year and doubles every 20 years.” More than 1.3 mil-
lion articles undergo peer review every year. These may even be
underestimated if one takes into account the growing number of
“International” journals published in China, India, and Eastern
Europe. Because less than 45% of all published articles will ever be
cited, it seems that most of the reviewing and editing process is
being spent on lesser quality science that will never be recognized
as important. Reviewers not only contribute to journals but are
asked to do similar jobs when they serve as experts on panels of
foundations and government agencies. Junior and midlevel indi-
viduals end up with no time for activities needed for promotions,
and peer review of articles is not one of these. We have found that
as the number of review requests has increased, the percentage of
individuals who do not respond or decline these requests has re-
mained at about 50% for the past 3 years (Fig 1). Thus, although
we have a larger number of reviewers, our success rate at getting
them to accept review requests remains static.

Because of all of the aforementioned situations, it seems nat-
ural to tap into our trainees and younger members of our profes-
sion to review articles. In 2004, the United Nations Educational,
Scientific and Cultural Organization created the International Fo-
rum of Young Scientists, and peer review has been addressed re-
peatedly there.” The World Academy of Young Scientists agrees
that junior members of different specialties should be involved
in peer review of the scientific literature and considers it a critical
activity in their education process, but medical schools and radiol-
ogy departments do not give credit for it (at least in the United
States).

At our annual meeting of the American Society of Neuroradi-
ology (ASNR), during the luncheon for the Young Professionals
Network, I usually ask these individuals for help with the peer-
review process. These young volunteers are generally asked to
serve as third (or fourth) reviewers; that is, they never review
unless an article is being evaluated by 2 or 3 other senior reviewers.
During 2010 and 2011, we were able to recruit 36 such collabora-
tors (in 2012 their number was up to 41, but I will not include
them here because we still do not have all of the information
pertaining to their activities). All except 1 of these young reviewers
lived in the United States. Each individual was assigned to 1 Edi-
tor, and I had 29 (83%) of them. Two Senior Editors who deal
with brain and head and neck issues were responsible for the rest.
No trainees volunteered to review articles related to neurointer-
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FIG 1. Response to request to review AJNR manuscripts, January 2009 —June 2012.

ventional, spine, or advanced imaging techniques. Six of the 36
trainees declined all invitations to review articles. The remaining
30 did 261 total reviews (221 original research, 22 clinical reports,
14 case reports, 3 technical notes, and 1 review article), account-
ing for 9.3% of all submissions (n = 2826) during the same 2-year
period. The time it took for these reviews to be completed was
5-17 days, below our allowed maximum of 21 days and perhaps
less than it takes many of our more senior reviewers to complete
their tasks. All reviews received by AJNR are scored by using a
simple and subjective scale by the editor in charge of the article
(1 = review was below average, 2 = review was sufficient,and 3 =
review was highly relevant). The average score of reviews
done by trainees was 2.3; but as is seen with those assigned to
senior reviewers, scores varied significantly from individual to
individual.

As with senior reviewers, we do not expect structured evalua-
tions from trainees. It is the philosophy of the editors of AJNR that
free-form review allows individuals to better express their opin-
ions and thoughts. However, we do not deny that structured re-
views may be useful to more neophyte reviewers. For guidance, we
generally refer reviewers to the well-known articles on this topic
by Proto® and Provenzale and Stanley,” which are posted on our
peer-review Web site. We believe that adequate and continuous
feedback leads to the development of well-defined and useful in-
dividual styles and results in reviews of high quality; however, this
is controversial. In 1 study, neither reviewers with low nor high
scores improved their evaluations when feedback was given to
them, leading to the conclusion that feedback in this situation is
ineffective.®

For purposes of assessing the quality of trainee reviewers with
respect to more senior ones, it is helpful to compare their deci-
sions. Trainee reviewers gave a “hard” rejection to 114 manu-
scripts, while senior reviewers gave these same articles the same
“hard” rejection in 69 instances and a “reject/resubmit” disposi-
tion in 45 cases. Trainees gave 156 articles a decision of “revision
needed” (either major or minor revision), and these matched the
dispositions given by senior reviewers. One article was accepted
without revision per both trainee and senior reviewers. Therefore,
there were no significantly discordant decisions between the 2
groups of reviewers, and mild discordances in dispositions were
seen in 17% of reviews. [ was surprised by this because published
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studies seem to indicate that there is no reproducibility of peer
review in the neurosciences.”

After becoming reviewers, 25/36 trainees submitted articles to
AJNR either as a principal or coauthor (82 total articles including 59
original research articles, 4 clinical reports, and 4 review articles). Of
these, 39 were ultimately accepted, and 43, rejected (which is better
than our usual 75% rejection rate). It is thus possible that reviewing
made these young individuals better authors. One excellent trainee
reviewer was asked to join our Editorial Board at the end of her fel-
lowship. After 2 years, all of our trainee reviewers migrated to the
pool of senior reviewers.

How can we improve trainee participation in our review pro-
cess? Certainly, structured reports are a consideration. Structured
review forms tell less-experienced reviewers not only what to look
for but also (more important) what to ignore. Some journals that
use this type of process have considered eliminating “false cues of
quality” from their forms. “Significance tests ” are one such cue
because they are generally interpreted as reflecting “quality” in
research when this is not always the case.® Currently, the American
Journal of Roentgenology and Radiographics are in the process of
studying this issue and crafting structured guidelines for their
reviewers. Greater communication with neuroradiology program
directors could lead to further reviewer recruitment as well as
granting young reviewers the time needed for the activity, credit
for their work, and encouragement.

In addition, increasing the pool of international trainee reviewers
would be desirable. From my experience, it seems that article review-
ing is still an important and honorable activity in other countries,
especially reviewing for an American journal. Asking members-in-
training about their interest in reviewing articles at the time that they
are filling out their society applications would simplify the process
of identifying interested individuals (ASNR started doing this
in 2012). One difficulty that we editors face when assigning
articles to trainee reviewers is finding which ones are appro-
priate for them. In the past when we accepted case reports,
these provided us with simple articles that served as a starting
point for junior individuals. As the complexity of articles in-
creases, assigning them is more difficult (but maybe I am un-
derestimating the capacity of our trainee reviewers).

Special training programs for individuals may produce fewer,
but highly qualified, reviewers and future editors. Currently, there



are 3 societies offering such programs. The oldest is the Figley
Fellowship from the American Roentgen Ray Society, which is
now geared to young individuals practicing in the United States;
and the newer Rogers International Editorial Fellowship, which,
as its name implies, is available to those residing outside the
United States. Fifty-seven individuals (including myself) have
participated in one of these fellowships, and 7 have become jour-
nal editors (S. Cappitelli, personal communication; December
2012). The Radiological Society of North America (RSNA) and
Radiology have offered their Olmsted Fellowship to 7 individuals,
but none serve on its Editorial Board (R. Arnold, personal com-
munication; December 2012). The Eyler Fellowship from the
RSNA is designed for midcareer individuals, and I have not in-
cluded it in this discussion. In the Spanish-speaking world, the
Spanish Society of Medical Radiology and its journal, Radiologia,
are the only ones to offer an editorial fellowship. ASNR and AJNR
have recently started a similar endeavor, and information about
this can be found on our blog (www.ajnrblog.org) or Web site.

In conclusion, I think that we have had some degree of early,
but encouraging, success by using trainees in the peer-review pro-
cess of AJNR. Their participation has been limited, but the results
of their timely reviews do not differ significantly from those of our
more senior reviewers. We hope to start implementing new mea-
sures that will increase the number of trainee reviewers, standard-
ize their contributions, and recognize their effort.
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EDITORIAL

Editorial Transition
M. Castillo, Editor-in-Chief
As many of our readers may know by now, we are terribly

saddened by the passing of our colleague and Senior Editor,
Dr Lucien Levy. Lucien brought with him considerable enthusi-

asm and knowledge regarding advanced neuroimaging and was a
true gentleman. An obituary with details about his life is also
published in this issue of the American Journal of Neuroradiology
(AJNR).

We welcome Dr Jody Tanabe as our new Senior Editor in
charge of advanced imaging. She is currently Professor of Radiol-
ogy, Psychiatry, and Neurology at the University of Colorado,
where she is also Chief of Neuroradiology. She was a radiology
resident at Cornell Medical School, a neuroradiology fellow at the
University of California, San Francisco, and, before moving to
Denver, a neuroradiologist at New York University. Dr Tanabe’s
main areas of interest are neuroimaging of psychiatric and per-
sonality disorders and drug addiction, for which she has been
awarded 7 NIH and foundation grants as principal investigator.
She is a regular member of an NIH study section. Please join us
here at AJNR in welcoming her; we are indeed lucky to have such
a respected researcher to help us make our journal even better.

EDITORIAL

Human Neuroimaging and the
BRAIN Initiative:

A Joint Statement from the ASNR
and ASFNR, with the support of the
RSNA, ACR, ARR, and ISMRM

G. Sze, M. Wintermark, M. Law, P. Mukherjee, and C. Hess

he BRAIN Initiative (Brain Research through Advancing In-

novative Neurotechnologies), launched by President Obama
on April 1, 2013, and developed by the National Institutes of
Health, is the much publicized potentially multidecade Presiden-
tial focus, seeking to “revolutionize our understanding of the hu-
man brain.” Its official charge is “to accelerate the development
and application of innovative new technologies to construct a
dynamic picture of brain function that integrates neuronal and
circuit activity over time and space. The goal is to build on the
growing scientific foundation of neuroscience, genetics, physics,
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engineering, informatics, nanoscience, chemistry, mathematics,
and other advances of the past few decades, to catalyze an inter-
disciplinary effort of unprecedented scope.” This exciting multi-
agency initiative will span the next decade and include funding
commitments from the National Science Foundation ($20 mil-
lion per year) and the Defense Advanced Research Programs
Agency ($50 million per year). It is important that it demonstrates
early successes to convince the public that the funds committed to
this project are well-spent tax dollars. Also, and perhaps more
important, it is crucial to demonstrate to the public that this ini-
tiative will truly impact patient care and ultimately improve the
well-being of the American people.

The American Society of Neuroradiology (ASNR), represent-
ing more than 5000 neuroradiologists and brain imaging scien-
tists, with the support of the Radiological Society of North Amer-
ica (RSNA), representing over 51,000 members; the American
College of Radiology (ACR), representing more than 36,000
members; the International Society of Magnetic Resonance in
Medicine (ISMRM), representing more than 8000 members; and
the Academy of Radiology Research (ARR), which serves as the
overall science policy and advocacy voice for the academic imag-
ing research community, believes that to achieve these goals, a
number of approaches need to be pursued concurrently. One ap-
proach needs to focus on cellular models and neural circuits to
better understand the functioning of the brain from the bottom
up. This approach will require molecular studies; large-scale re-
cording technologies; the use of nonhuman models, such as the
connectome of Drosophila; and viral tracer or microbial tech-
niques to look at neurons in animal models.

A simultaneous, parallel approach is necessary to study the
brain from the top down, including brain mapping and circuits.
Human neuroimaging is well poised to tackle this task. We, as
human brain imagers, have developed a wealth of information
concerning systems integration that can be used to effectively
probe the complexities of brain structure. Keep in mind that the
human brain is a system that contains 100 billion neurons, each
with an average of 7000 connections or synapses to other ele-
ments, regulated by more than 100 excitatory and inhibitory sets
of modulators or neurotransmitters. The magnitude of this ana-
tomic complexity is difficult to even contemplate and will surely
defy attempts for accurate characterization unless the problem
can be simplified by using evidence derived from functional and
anatomic pathways that the brain imaging community has accu-
mulated through decades of research.

Neuroimaging is essential for the treatment of most diseases of
the brain, from acute traumatic brain injury to stroke to brain tumors
to multiple sclerosis, epilepsy, and so forth. Indeed, the developers of
CT and MR imaging have been awarded separate Nobel Prizes, and
these tools have become indispensable for neurologic and neurosur-
gical care. Recently, new advances in microstructural, functional, and
molecular human brain imaging have opened the way for a revolu-
tion in terms of diagnosis, outcome prediction, and treatment mon-
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itoring in even more disorders. These disorders cause great morbidity
and mortality, from neurodevelopmental conditions, such as autism,
to the psychiatric diseases of schizophrenia, depression, substance
abuse, and so forth, to the neurodegenerative diseases, such as Alz-
heimer disease and Parkinson disease. These new advances include
imaging human brain structural and functional connectivity as well
as the development of new methods of visualizing pathology at the
molecular level, such as chemical exchange saturation transfer, hy-
perpolarized '*C MR imaging, PET with novel amyloid and 7agents,
and so forth.

Both the bottom up and top down approaches will converge in
the sense that both involve big data and will require specific de-
velopments in terms of computing, which has been defined as the
third axis of the Initiative.

The community of brain imagers, encompassing ASNR,
RSNA, ACR, ISMRM, and ARR, would like to volunteer its help
and support for the human brain imaging component of the Ini-
tiative. We have the advantage that as physicians taking care of
patients, we can garner public support for this multidecade fund-
ing push by demonstrating the advantages to the public of short-
term health benefits, while at the same time developing longer
term research goals. We have the resources and the structures
necessary to facilitate large-scale collaborative efforts in terms of
human brain imaging.

Once our understanding of healthy brain organization and
function has advanced through this process, we as imagers and
“brain health care providers” can apply this knowledge to fur-
ther generate major breakthroughs in the medical manage-
ment of patients with a wide variety of disorders that can afflict
the human brain. We are also fortunate to have principal in-
vestigators of the Human Connectome Project and the
ENIGMA consortium, a worldwide network of more than 200
imaging and genetic scientists at 125 institutions, leading
translation of brain imaging and genomics into the clinic. Fi-
nally, our participation may alleviate the concerns of groups
who monitor animal experiments closely.

In conclusion, as physicians and scientists taking care of patients
and experts in brain imaging, we would like to pledge our support to
the BRAIN Initiative and hope that we will be able to contribute to
new programs that will both revolutionize our understanding of the
brain and fundamentally impact the care of patients with neurologic
disease.

CONTRIBUTORS

Bibb Allen, Kimberly Applegate, Ronald Arenson, Daniel Barbo-
riak, Michael Brant-Zawadzki, Kenneth Cammarata, Renee
Cruea, Burton Drayer, Richard Ehman, Paul Ellenbogen, Scott
Faro, Christopher Filippi, Gary Glover, Clifford Jack, Peter Jez-
zard, Michael Kalutkiewicz, Lucien Levy, Jonathan Lewin, David
Mikulis, Carolyn Meltzer, Jeff Neil, Harvey Neiman, Alex Nor-
bash, Todd Parish, Vijay Rao, Bruce Rosen, Donald Rosen, Kamil
Ugurbil, Mark Watson, Kirk Welker, Ona Wu.



Lucien Maurice Levy

r Lucien Levy passed away December 19, 2013, peacefully at

his home in Columbia, Maryland. News spread within hours
to the entire George Washington University family, and the
abruptness and shock of it quickly moved from the nation’s cap-
ital to the world of neuroradiology, which mourns the loss of an
exceptional colleague and friend.

Lucien completed his undergraduate studies at McGill Uni-
versity in 1967, after earning his electrical engineering degree
with honors and continued at the Massachusetts Institute of
Technology, studying under Dr William Daggett in the cardio-
vascular unit and earning a doctorate in biomedical and elec-
trical engineering in 1973. Lucien completed a Doctor of Med-
icine degree at Johns Hopkins University in 1981 and a
neuroimaging fellowship under Dr Giovanni DiChiro at the
National Institutes of Health and became an attending radiol-
ogist at Hopkins under Dr Nick Bryan. Lucien’s academic ca-
reer continued in Washington, DC, as an attending radiologist
at Georgetown University for 5 years and thereafter as Profes-
sor of Radiology at The George Washington University since
1999. Lucien’s final publications “MR Imaging of Papilledema
and Visual Pathways: Effects of Increased Intracranial Pressure
and Pathophysiologic Mechanisms” (2013;34:919-24) and
“Pseudotumor Cerebri: Brief Review of Clinical Syndrome and
Imaging Findings” (2013;34:919-24) appeared in the Ameri-
can Journal of Neuroradiology (AJNR). He served as a Senior
Editor of AJNR since 2007 and was an Associate Editor of Ra-
diology since 2009. During his tenure with AJNR, he proved to
be a conscientious, acute, and fair editor. He took pride in his
work and always offered new ideas. His breadth of knowledge
was spectacular, and as Editor Emeritus of AJNR, Dr Robert
Quencer once said, “One could learn more from reading
Lucien’s evaluations than from the actual articles he was
reviewing.”

Lucien loved teaching, and this attracted neuroradiology
fellows who sought his mentorship to The George Washington
University from as far away as India, Iraq, and Israel. Lucien
continued to teach residents, fellows, and students during his
brave fight with colon cancer. Last year, the George Washing-
ton radiology residents honored him with the Golden Apple

MEMORIAL

Award for teaching excellence, an award that he treasured. A
few days before his passing, he was happy to hear the good news
that all of his senior residents had passed the recent American
Board of Radiology resident examination. Lucien will be re-
membered for his wit and humor. He had the knack of engen-
dering smiles from all of those whom he mentored, even on the
most mundane of subjects. All of us who knew Lucien had a
rare opportunity to work with such a special, unassuming,
quiet, and private man. He will be missed immensely in the
reading room and by his AJNR colleagues, his family, his train-
ees, and all those who encountered him.

RK.Tu

R. Bhojwani

R. Taheri

M. Monteferrante

A. Ahmad

Neuroradiology Section

The George Washington University
Washington, DC
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ABSTRACT

REVIEW ARTICLE

Imaging Features of Rhinoplasty

C)J. Schatz and D.T. Ginat
O=

SUMMARY: Cosmetic rhinoplasty encompasses a diverse group of procedures, including alteration of the radix, nasal dorsum, nasal tip,

and nasal base; premaxillary augmentation; septoplasty; and combinations thereof. Similarly, many different types of grafts and alloplastic

materials can be used in cosmetic rhinoplasty, such as cartilage, bone, silicone, porous polyethylene, expanded polytetrafluoroethylene,

and calcium hydroxylapatite. Complications of rhinoplasty that can be observed on imaging include retained metallic surgical instrument

fragments, infection, implant extrusion, nerve impingement by implants, nasal valve collapse, and implant deformity. Knowledge of the

basic surgical procedures and potential complications of cosmetic rhinoplasty is important for adequately interpreting postoperative

radiologic imaging studies.

ABBREVIATION: K-wires = Kirschner wires

Cosmetic rhinoplasty consists of surgically modifying por-
tions of the nose to ameliorate its appearance, while main-
taining its function. The procedure is the second most com-
monly performed cosmetic surgery, with 243,772 cases
recorded in 2011 in the United States.! Thus, it is not uncom-
mon to encounter the sequelae of rhinoplasty on head and
neck imaging. The imaging characteristics of the different
types of rhinoplasty, augmentation materials, and associated
complications are reviewed.

Types of Surgery

Rhinoplasty can be performed for cosmetic or functional pur-
poses. The surgery can be classified as primary (performed for the
first time) or secondary (revision), in which patients return for
additional surgery to address over-resection, under-resection, de-
layed effects of shrink-wrapping, functional problems, and other
complications.> Furthermore, rhinoplasty can be performed via
external (open) or endonasal (closed) approaches. Ultimately,
rhinoplasty encompasses a diverse group of procedures, including
the following types of techniques:

From the Department of Radiology (C.).S.), Beverly Tower Wilshire Advanced Imag-
ing, University of Southern California Keck School of Medicine, Los Angeles, Cali-
fornia; and Department of Radiology (D.T.G.), Massachusetts General Hospital,
Harvard Medical School. Boston, Massachusetts.

Please address correspondence to Daniel T. Ginat, MD, MS, Massachusetts General
Hospital, 55 Fruit St, Boston, MA 02114; e-mail: ginatd01@gmail.com

O Indicates open access to non-subscribers at www.ajnr.org
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e Radix modification consists of reduction versus augmentation
(Fig 1). The radix is typically altered in harmony with the
nasal dorsum and tip. A rasp or osteotome can be used for
reduction, while various implants and grafts can be used for
augmentation.>®

e Nasal dorsum surgery consists of dorsal hump reduction versus
augmentation. Reduction surgery consists of excising excess
osteocartilaginous septum by using a rasp or chisel.>” The re-
sected tissue can sometimes then be used as a columella strut,
tip graft, or for radix augmentation.” On the other hand, aug-
mentation can be performed with autografts or alloplastic im-
plants (Fig 2).

e Tip modification procedures include elevation by using a col-
umellar strut, shield or tip grafts, volume reduction via cartilage
trimming, and altering the definition and projection (Fig 3).”

e Nasal base surgery includes narrowing the wide columella,
wedge resection, nostril sill resection, rim excision, alar reshap-
ing with a graft, and columella excision or grafting.” Augmen-
tation of the columella is often performed in conjunction with
nasal dorsum augmentation and can be accomplished by using
L-strut implants (Fig. 4)

e Lateral osteotomy consists of creating fractures of the nasal
processes of the maxillae and shifting the lateral nasal walls to
narrow a wide nose, widen a narrow bony pyramid, straighten a
deviated nose, and close an open roof deformity.8 The osteot-
omy sites are initially visible on CT as radiolucent defects and
perhaps mild displacement of the nasal processes (Fig 5). Os-
teotomies are sometimes performed as a greenstick-type frac-



FIG 1. Radix implant. Axial CT image shows a bone graft positioned at
the level of the nasal radix, secured by a metal plate and screws
(arrow).

FIG 2. Dorsal nasal implant. Sagittal CT image shows a hyperattenu-
ated expanded polytetrafluoroethylene nasal dorsum implant
(arrow).

ture, resulting in stable bone stumps.” The osteotomies gener-
ally heal by 6 months, and remodeling can be observed on CT."°

e Premaxillary augmentation can be performed as an adjunct to
rhinoplasty to treat an excessively deep infranasal sulcus (pre-
maxillary underprojection) and acute nasolabial angle. This
can be accomplished by using autografts of implants positioned
in the midline just inferior to the anterior nasal spine of the
maxilla (Fig 6).''? The implants can have a linear or bat-wing
configuration.'?

Rhinoplasty can also be performed in conjunction with septo-
plasty for correcting concurrent nasal septal deviation (septorhi-
noplasty) and other cosmetic facial interventions to optimize es-
thetic balance.'? Septoplasty usually appears as a straight and thin
septum without spurs on imaging (Fig 7).

Types of Graft and Implant Materials
A variety of materials are available for rhinoplasty, including au-
tografts and alloplastic materials. Graft materials include bone
and cartilage, which can be harvested from septal cartilage, auric-
ular conchal cartilage, costal cartilage, calvarial bone, iliac crest
bone, and costal bone and acellular dermal graft (AlloDerm; Bio-
Horizons, Birmingham Alabama).'*"'” “Turkish Delight ” is a
unique graft composed of diced cartilage mixed with a small
amount of blood and wrapped in Surgicel (Ethicon, Raleigh
North Carolina).'® Overgrafting is often intentionally performed
with certain graft materials, especially AlloDerm, to compensate
for eventual resorption and atrophy.'* However, cartilage trans-
planted with perichondrium has been shown to induce growth of
new cartilage or bone.'” On CT, cartilage appears as soft-tissue
attenuation, though calcification or ossification may form,
rendering the graft hyperattenuated.”® The cortex of bone
grafts is hyperattenuated on CT, though the size and attenua-
tion can diminish with time with resorption of the graft.*
Bone grafts may contain marrow elements, which have soft-
tissue attenuation on CT and can display fat signal character-
istics on MR imaging.*°

Alloplastic implants used in facial cosmetic surgery include
silicone (Silastic; Dow Corning, Auburn, Michigan), polyamide
mesh (Supramid; S. Jackson, Alexandria, Virginia), polyethylene
tetraphthalate mesh (Mersilene; Ethicon), expanded polytetra-
fluoroethylene (Gore-Tex; W.L. Gore & Associates, Newark,
Delaware), and high-attenuation porous polyethylene (Med-

FIG 3. Tip augmentation with a columellar strut graft. Axial (A) and sagittal (B) CT images show hyperattenuated grafts within the infratip lobule

and columella (arrows).
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FIG 4. Silicone L-strut implant. Sagittal CT image shows the hyperat-
tenuated L-shaped Silicone implant extending from the nasal dorsum
to the columella.

por; Stryker, Mahwah, New Jersey).'*?'"** Silicone and expanded
polytetrafluoroethylene are similarly hyperattenuating, interme-
diate in attenuation between soft tissue and bone.”® On the other
hand, high-attenuation porous polyethylene is hypoattenuating
with attenuation intermediate between soft tissue and fat, and it
has intermediate signal on T1 and T2 MR imaging sequences.*’
The material can appear to enhance due to fibrovascular
in-growth.

Filler agents, such as calcium hydroxylapatite (Radiesse; Merz
Aesthetics, San Mateo, California), can be used for minimally
invasive cosmetic rhinoplasty or to modify prior rhinoplasty.>**”
The fillers can be injected by using a linear, threading, fanning, or
cross-hatching technique.”” Calcium hydroxylapatite displays
high attenuation on CT (Fig 8).*®

Metallic Kirschner wires can be used for restoration of an im-

FIG 5. Lateral osteotomy. Axial CT image shows defects in the bilat-
eral nasal processes of the maxillae (arrows). The lateral nasal walls are
displaced medially (in-fractures).

pacted nasal pyramid, fixation of intraoperative nasal septum
fractures, and stabilization of costal cartilage grafts.>*~"' K-wires
can be implanted in the nasal dorsum, columella, or both because
in an L-strut configuration, a wire is positioned along the dorsum
(Fig 9). The columellar K-wires are typically inserted into a max-
illary drill hole in the area of the nasal spine, adjacent to the inci-
sive canal.

Complications
Complications of rhinoplasty that can be found on imaging in-
clude retained metallic surgical instrument fragments, infection,
implant extrusion, cranial nerve impingement by implants, nasal
valve collapse, and implant deformity.”’

Surgical paraphernalia used in rhinoplasty are rarely retained
during surgery. This can occur, for instance, as a result of os-

FIG 6. Premaxillary implant. Axial (A) and coronal (B) CT images show a hyperattenuated strip of silicone (arrows) positioned in the midline

anterior to the nasal spine of the maxilla.
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FIG 7. Septorhinoplasty. Axial CT image shows a very straight and
thin nasal septum (arrowheads). A bone graft is present within the
nasal dorsum (arrow).

teotome breakage during nasal osteotomy, leaving behind a frag-
ment that can be difficult to find intraoperatively. However, ra-

diographs can readily confirm and localize retained metallic
foreign bodies (Fig 10).

Infection is the most common objective complication of rhi-
noplasty and can occur early or late postoperatively.** This com-
plication is more common with alloplastic implants than au-
tografts.'* The postoperative infections most often remain
localized to the skin and subcutaneous tissues of the nose but
occasionally extend intracranially or result in generalized septice-
mia.”> MR imaging or CT can be used to delineate the extent of
infections, which can appear as fluid collections, sclerosis and
enhancement of osseous structures, and soft-tissue inflammatory
changes (Fig 11). Infection predisposes to skin ulceration and
implant extrusion (Fig 12).%*2*

Lip dysesthesia can occur after certain types of rhinoplasty, but
this is expected to resolve within 6 weeks without functional se-
quelae.”® However, inadvertent drilling and insertion of columel-
lar K-wires into the incisive canal can lead to dysesthesia in the
distribution of the nasopalatine nerve. This complication can be
observed on CT (Fig 13).

Various types of deformities have been described following
cosmetic rhinoplasty, including nasal valve collapse, inverted-V
deformity, saddle nose deformity, open roof, stairstep deformity,

FIG 8. Rhinoplasty with filler. Axial (A) and coronal (B) CT images show hyperattenuated hydroxylapatite filler (arrows) to the right of the Silastic

nasal dorsum implant. Note the deviated nasal septum.

FIG 9. Kirschner wire strut. Axial (A) and coronal (B) CT images show a metallic wire (arrow) extending along the nasal dorsum and nasal base,

where it inserts into the maxilla, lateral to the incisive canal.
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FIG 10. Retained osteotome fragment. Frontal (A) and lateral (B) radiographs show the retained metallic fragment (arrows) at the left lateral
osteotomy site. Note the nasal-tip bone graft.

FIG13. Nerveimpingement. The patient presented with dysesthesias
in the maxillary nerve distribution after rhinoplasty. Sagittal CT image
shows that the K-wire traverses the incisive canal at the expected
location of the nasopalatine nerve (arrow).

FIG 1. Implant infection. Sagittal postcontrast CT image shows a
small fluid collection and associated inflammatory changes (arrow) in
the nasal dorsum surrounding the implant.

FIG14. Deformed K-wire. The patient presented with trauma to the
FIG 12. Implant extrusion. Sagittal CT image shows a porous polyethyl- nose. Submentovertex radiograph shows a bend in the K-wire
ene dorsal nasal implant (arrow) projecting through a cutaneous defect.  (arrow).
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FIG 15. Nasal valve collapse. Coronal CT image shows stenosis of the
right nasal valve (arrow). The left nasal valve remains patent.
hourglass deformity following dorsal hump surgery, and shrink-
wrap effect of the soft tissues after nasal tip surgery.'>?°® Post-
operative deformity can also result from warping of grafts, partic-
ularly undiced cartilage grafts.>® Furthermore, trauma can
compromise the structural integrity and alignment of grafts and
implants (Fig 14).

Postoperative nasal valve collapse can lead to dynamic or static
obstruction and is evidenced by a decreased nasal valve angle,
which is normally 10°-15°.>%%%° The nasal valve angle can be
more reliably determined on CT than via endoscopic methods
(Fig 15).*! Furthermore, nasal-base-view reformatted CT images
obtained in a plane perpendicular to the anterior aspect of the
estimated acoustic axis are more accurate than traditional coronal
CT images for measuring nasal valve angles.*® Spreader grafts and
suture techniques, splay grafts, alar batten grafts, lateral crural
extension grafts, and lateral alar suspension can be used to correct
this deformity.'>*?

CONCLUSIONS

A wide variety of techniques and augmentation materials are used
for cosmetic rhinoplasty. Familiarity with the expected altera-
tions, and complications from rhinoplasty is essential for satisfac-
tory interpretation of postoperative imaging.

Disclosures: Charles Schatz—UNRELATED: Expert Testimony: various attorneys,
Comments: 2-3 times per year, no conflict of interest, Stock/Stock Options: unre-
lated investments/retirement plan.
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REVIEW ARTICLE

Illustrated Review of the Embryology and Development of the
Facial Region, Part 3: An Overview of the Molecular
Interactions Responsible for Facial Development

ABSTRACT

P.M. Som, A. Streit, and T.P. Naidich
O

SUMMARY: Parts 1and 2 of this review discussed the complex morphogenesis of the face. However, the molecular processes that drive

the morphology of the face were not addressed. Part 3 of this review will present an overview of the genes and their products that have

been implicated in the developing face.

ABBREVIATIONS: BMP = bone morphogenic protein; Fgf = fibroblast growth factor; PDGF = platelet-derived growth factor; Shh = sonic hedgehog; TGFf =

transforming growth factor 8

P arts 1 and 2 of this review discussed the complex morphogen-
esis of the face from the earliest closure of the anterior neuro-
pore through the embryologic and fetal facial development to the
changes that occur in the facial structure from the neonate to the
adult. However, the topic of molecular processes that drive
the morphology of the face is ever-emerging in complexity and is
mostly foreign to our understanding. Yet, this molecular biology
is the basis of vertebrate facial embryology. Part 3 of this review
will present an overview of the genes and their products that have
been implicated in the developing face. The major source of in-
formation regarding these genes comes from experiments that
knockout or reduce or, in some cases, increase their presence in
specific cell populations at differing times in early embryogenesis.
The resulting morphologic changes are then observed. Although
these genes can be implicated in facial development, their precise
activation pathways and interactions remain mostly unclear. One
of the most intriguing aspects of the present research in this field
is that it is changing the traditional concepts of early craniofacial
embryogenesis.

Complex Multistep Process

The dynamics of facial development is a multistep process that
initiates with the creation of neural crest cells and prechordal
mesenchyme, the migration of these cells, their epithelial-mesen-
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chymal interactions that control growth, their patterning as they
are allocated different cell fates while existing in a field of equiva-
lent cells, the appearance of the facial primordia, and finally the
subsequent development of the face. It is the presence of specific
genes and the signaling of their gene products that coordinate this
growth of the face.

The craniofacial development is unique from the rest of the
body. First, the cranial neural crest cells give rise to skeletal struc-
tures unlike neural crest cells in the rest of the body. Second, with
the exception of the tongue, which is formed from segmented
somites as are the remaining muscles in the body, the craniofacial
muscles are formed from prechordal mesenchyme and unseg-
mented paraxial mesoderm."? The prechordal mesenchyme
arises from the prechordal plate immediately anterior to the tip of
the anterior notochord. Francis-West et al" in their detailed re-
view of craniofacial development said, “The prechordal plate is
the head organizer region. It lies directly under the developing
forebrain and is essential for normal dorsal-ventral patterning of
the brain and the subsequent appropriate development of the
midline face” (Fig 1). Last, the craniofacial region has neurogenic
placodes that are present only in the craniofacial region. These
placodes give rise to the lens; inner ears; the olfactory epithelium;
and neurons in the trigeminal, facial, glossopharyngeal, and vagal
ganglia (epibranchial placodes).

Early Development of the Craniofacial Region

In the early second embryonic week, the embryoblast begins to
differentiate into 2 different cell layers. The epiblast layer develops
first, and most of these cells will remain in this layer to become the
embryo proper. In the late second to early third embryonic week,
anew layer of cells begins to emerge underneath the epiblast (Fig
2), the hypoblast (or primitive endoderm). The hypoblast will
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FIG 1. Sagittal diagram shows the craniofacial region and the relationship of the prechordal
plate to the ventral notochord. Also shown is some of the signaling that originates in the
prechordal plate to influence the optic field division and some of the signaling for normal
midfacial development. (Modified from Fig 3, Francis-West PH, Robson L, Evans D). Craniofacial
development: the tissue and molecular interactions that control development of the head. Adv
Anat Embryol Cell Biol 2003;169:111-V1, 1-138. With permisison from Springer Science+Business

Media.)

FIG 2. Sagittal drawing of a late 2-week-old embryo showing the
embryonic disk with an epiblast layer and a the hypoblast below it.
This is the bilaminar embryo just before gastrulation. (Modified with
permission from Netter lIllustration from www.netterimages.com.
Elsevier Inc. ® All rights reserved.'®")

generate extraembryonic tissues, and one of its initial roles is to
inhibit primitive streak formation. This early inhibition prevents
future mesendodermal cells (cells that can give rise to both endo-
derm and mesoderm) from premature ingression (migration) be-
low the epiblast layer, while ensuring that future ectodermal cells
remain in the epiblast and do not ingress at all. In addition, this
early inhibition helps to separate mesendodermal and neuroecto-
dermal cells (cells that will eventually give rise to the central and
peripheral nervous systems); the hypoblast also transiently in-
duces expression of preneural markers in the epiblast. Next, in the
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early third week, the hypoblast controls
epiblast cell movement that leads to the
formation of the primitive streak, the first
obvious morphologic feature that devel-
ops in the embryonic disk.* The presence
of the primitive streak establishes bilateral
symmetry in the embryo and marks the
site of gastrulation, which is the process
by which the hypoblast forms only extra-
embryonic tissues and the epiblast layer is
converted into a trilaminar disk with all 3
germ layers. Shortly after the primitive
streak is first visible, the primitive groove
appears along its midline (Fig 3A).

Soon after primitive streak formation,
the primitive node arises at its anterior
end along with the primitive pit, a depres-
sion developing along the dorsal aspect of
the node, which is continuous posteriorly
with the primitive groove (Fig 3B). “In-
gression” is the movement of cells
through the primitive streak: Starting in
the mid-third week, epiblast cells move
into the streak and fan outward to become
mesoderm or endoderm under the epi-
blast. Cells ingressing at different positions along the anteropos-
terior length of the streak contribute to different mesodermal tis-
sues. Those cells that migrate anteriorly via the primitive pit in the
midline will form the axial mesoderm, the prechordal plate, and
notochord (Fig 4). Precursors for both structures are initially in-
termixed but segregate eventually. Cells that ingress in the lateral
node also participate in notochord formation and contribute to
the medial portions of the somites (the paraxial mesoderm), while
cells ingressing just posterior to the node form the lateral somites.
Cells that move through the more posterior parts of the streak
form the intermediate, lateral plate, and extraembryonic meso-
derm, respectively. Thus, mesodermal cells with different ulti-
mate fates are organized along the anteroposterior axis of the
primitive streak: Axial precursors lie at its most rostral end, and
lateral precursors, caudally. Once the primitive streak has reached
its full length, it begins to regress posteriorly while ingression
continues, and in its wake, it lays down the body axis. The prim-
itive node is eventually absorbed into the tail bud.

As gastrulation occurs, the neural plate is induced by signals
from the primitive node. Its appearance is the first morphologic
manifestation of the forming central nervous system, and during
neurulation, it will eventually form the neural tube and give rise to
the brain and spinal cord.

In summary, during gastrulation, a trilaminar disk is formed
with the epiblast cells that remain at the surface becoming the
ectoderm, cells that ingress and replace the hypoblast becoming
the endoderm, and the cells between these layers becoming the
mesoderm. Table 1 gives an overview of events that lead to the
formation of the trilaminar embryo. However, most of these pro-
cesses are fluid and merge into each other, and some happen at the
same time. After gastrulation, the remains of the hypoblast may
protect some prospective forebrain cells from caudalizing signals,



FIG 3. A, Oblique view from above of an early 3-week embryo shows the appearance of the
primitive streak. Within the center of the primitive streak, a groove develops. Modified with
permission from Cochard” and Netter et al."® B, Oblique view from above of an embryo a few
days older than that in Fig 3A shows the development of the primitive node and the primitive pit
at the ventral margin of the primitive streak. (Modified with permission from Netter Illustration

from www.netterimages.com. Elsevier Inc. © All rights reserved."®")

FIG 4. Oblique view from above of an embryo slightly older than that
in Fig 3B showing the relative relationship of the neural plate,
prechordal plate and notochord, primitive streak, and primitive node.
Also shown is the mesoderm spreading out under the epiblast. (Mod-
ified with permission from Netter Illustration from www.netterimag-
es.com. Elsevier Inc. © All rights reserved.'®"”)

Table 1: Summary of the order of development of the trilaminar
embryonic disk

Order

Epiblast

Hyoblast (future extraembryonic tissue develops under epiblast)
4

Primitive streak: marks beginning of gastrulation
4

Primitive groove
4

Primitive node with primitive pit

Neural plate forms (induced by primitive node)

Ing%’ession of epiblast cells to form endoderm and mesoderm
Trigllaminar embryonic disk formed

Pri%nitive streak starts to regress

4
Primitive node absorbed into tail bud

which would otherwise confer a posterior
identity to neural tissue to generate mid-
brain or hindbrain.

Formation of the Placodes

The placode precursors are induced at the
edge of the anterior neural plate and then
segregate into the cells with individual pla-
code identities. By early gastrulation, this
ectodermal border zone expresses both
neural and non-neural markers. Within this
zone, precursors for 4 cell populations—
neural, neural crest, epidermal, and placode
cells—are initially intermingled but segre-
gate later through patterning events (Fig 5).
With respect to placode formation, mem-
bers of the Six and Eya families of nuclear
factors are key players and become expressed in this border zone,
where the precursors for all placodes become concentrated. This re-
gion is now called the “preplacodal territory” or “zone.” Although
the cells in the preplacodal zone are initially competent to form any
placode, soon the placode precursors seem to acquire different re-
gional characteristics as evidenced by differential gene expression.
For example, Pax6, Six3, and Otx2 are confined to anterior placode
cells, while Irx1/2/3 and Gbx2 are found posteriorly. By the early
somite stage, Pax6 is concentrated in the cells that will give rise to the
olfactory and lens placodes, while Pax3 and Pax2/8 are located in cells
that will develop into the trigeminal, otic, and epibranchial placodes,
respectively.’

In the early border zone, the decision of the multipotential
cells to evolve into either neural crest cells or preplacodal cells is
controlled by modulation of signals from the surrounding tissues.
As discussed in the next paragraphs, signals from the head meso-
derm provide antagonists to both BMP and Wnt that protect pla-
code precursors from inhibitory influences, allowing them to de-
velop. However, signals from the neural folds trigger neural crest
development, and unlike the preplacodal zone, interaction be-
tween the neural plate and the ectoderm is sufficient to induce
neural crest cells.®

During gastrulation, BMPs induce a set of factors that make
the ectoderm competent to become placode precursors. In this
context, competence means that a tissue can respond to an induc-
ing signal from outside the cell, causing it to change its fate. These
competence factors are important for the expression of Six and
Eya genes as discussed above. Shortly thereafter BMP signaling
must be completely blocked (during the late second and early third
weeks) by antagonists to induce preplacodal rather than neural crest
identity in cells bordering the neural plate.® This blocking is impor-
tant because the preplacodal zone is surrounded by inhibitory signals
from the ectoderm laterally (BMP) and posteriorly (Wnt), from the
neural folds medially (Wnt and BMP), and from the lateral and pos-
terior mesoderm (Wnt). Both Wnt and BMP antagonists from the
mesoderm underlying the preplacodal region protect the overlying
ectoderm from these inhibitory signals, allowing the formation of the
placodal precursors.” Once placode precursors have formed, mem-
bers of the fibroblast growth factor family of signaling molecules to-
gether with other signals play an important role, causing the emer-
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FIG 5. A, Location of the preplacodal territory and (B) the region around the anterior neural plate. The optic field develops to eventually be
divided by signals from the prechordal plate. C, The placodes have separated from the preplacodal territory. (Modified with permission from
Netter Illustration from www.netterimages.com. Elsevier Inc. © All rights reserved.'®")

Table 2: Summary of the order of development of the placodes

time, these precursors are exposed to dif-

Order

ferent signals and they acquire distinct

Early in gastrulation, ectodermal cells around the future neural plate express both neural

and  non-neural markers

Six and Eya nuclear markers begin to be expressed after neural plate formation at its
precursors for all placodes concentrate in the Six- and Eya-expressing territory

border;
i

Paxé, Six3, Otx2 expression is concentrated anteriorly

Irx1/2/3, Gbx2 expression is concentrated posteriorly

Signaling molecules (including Fgfs) from surrounding tissue induce the formation of the

individual placodes

characteristics. Thus, the embryonic de-
velopment of the craniofacial region is de-
pendent on normal neural development.
Thus, rostral-caudal patterning abnor-
malities of the neural crest will cause fa-
cial abnormalities because this neural
crest gives rise to facial skeletal struc-
tures and the connective tissues of the
face. Signaling from the prechordal
plate mesoderm is required for normal

Table 3: Factor and receptor families known to play roles in placode induction

development of the ventral diencepha-
lon, which divides the eye (retinal) field

Placode Inducer Families into 2 components’—that s,
FGF PDGF RA Shh TGFB family Wnt? . .
rechordal plate signalin omotes
Adenohypophysis Shh Nodal, BMP4 P . Il)1 . 'gnaing  pr .

Lens FGFR BMP4, BMP7 Pax2 and inhibits Pax6 expression to
Olfactory FGF promote division of the single optic
Otic FGFR Wnt field. One of the key signals mediating
‘ ' FGF this process is Shh, which is expressed in
Epibranchial FGFR the axial mesoderm and the prechordal

(VI 1X, X) FGF 1 I Pax2 d inhibi
Trigeminal FGF PDGF Wat plate. It promotes Pax2 and inhibits
PDGFR Pax6 expression (Fig 1).® If prechordal

Note:—RA indicates retinoic acid; PDGFR, platelet-derived growth factor receptor; FGFR, fibroblast growth factor

receptor; PDGF, platelet-derived growth factor.

2 Modified from Table 2 in McCabe KL, Bronner-Fraser M. Molecular and tissue interactions governing induction of
cranial ectodermal placodes. Dev Biol 2009;332:189-95, Elsevier Inc. © All rights reserved.?

gence of the individual placodes. Different members of the family are
responsible for inducing unique characteristics of each placode from
the preplacodal territory.> Table 2 summarizes the events that lead to
the formation of the placodes, and Table 3 shows the current under-
standing of the factors and receptors that are implicated in induction
of the placodes.

Craniofacial Development and Normal Neural
Development

Current thinking is that initially there are common precursors for
the central nervous system, neural crest, and the placodes. With
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signaling is interrupted, a single midline
eye is formed and there is a resulting cy-
clops (Fig 5). The neural crest and its
related gene products are also essential
for normal patterning of the craniofacial region.

Initially the developing face consists of the medial and lateral
maxillary processes that together will form the upper jaw and the
mandibular processes that will give rise to the lower jaw. The
mesenchymal cells that form these processes are of neural crest
origin. It is the coordinated outgrowth of these primordia and
their ultimate fusion that is essential for the development of a
normal face. In the beginning, these primordia consist of undif-
ferentiated neural crest—derived mesenchyme covered by a layer
of ectoderm. The control of these outgrowths is by epithelial-



FIG 6. Sagittal drawing illustrating the Hox gene family signaling in the hindbrain and the
pharyngeal arches. The solid bars represent the Hox gene expression in the neural crest cells
and the neural tube. The downregulation of the Hoxa-2 gene in the first arch of neural crest
cells is necessary for normal first arch development. (Modified with permission from Netter
lllustration from www.netterimages.com. Elsevier Inc. © All rights reserved.'®")

Table 4: Summary of factors related to facial abnormalities discussed in the text

Factor

Some Observed Abnormalities

RA

Fgf

TGF

BMP

Shh protein

Wnts

ET-1

Jagged 1and 2

Platelet-derived
growth factors
Homeobox-

containing genes

Excess leads to fusion of Ist and 2nd branchial arches and acoustic-
facial ganglia, small jaws, cleft palate, deformed pinna (Treacher-
Collins syndrome); RA controls Shh and Fgf8 levels

Controls outgrowth of facial primordia and migration of neural (Fgf)
crest cells to facial processes; a decrease in FBGFRI leads to midline
clefting and Kallmann syndrome, small face and skull, achondroplasia,
Crouzon syndrome, Apert syndrome

TGFp required for fusion of lateral palatal processes; a decrease leads
to defects in maxillary and mandibular development

A decrease leads to short frontal and nasal bones and small pterygoid
processes, short stature, ear defects, odontogenic patterning
defects, slower neural tube closure, small branchial arches, loss
of incisor teeth

A decrease leads to holoprosencephaly, hypotelorism; an increase leads
to a wide forehead, frontonasal dysplasia, Gorlin syndrome, Grieg
cephalopolysyndactyly, Smith-Lemli-Opitz syndrome

A decrease leads to loss of teeth, truncation of jaw, mesencephalic
nucleus, and trigeminal nerve

A decrease leads to aplasia of 1st and 2nd arches, defects in maxilla and
cleft palate, malformations of middle and external ear; 22q11.2
deletion syndrome (CATCH22 syndrome)

A decrease leads to Alagille syndrome, failure of palatal shelves to
elevate, and fusion of shelves with tongue

A decrease leads to loss of some facial bones

A decrease leads to primitive facial morphology, cleft palate, short
maxilla and mandible, loss of maxillary molar teeth, ankyloglossia

Note:—RA indicates retinoic acid; FGFR, fibroblast growth factor receptor; PDGFR, platelet-derived growth factor

receptor.

mesenchymal interactions, and it is primarily the mesenchy-
mal signaling that controls the outgrowth.® In addition to reti-
noic acid, 5 key families of secreted growth factors have been
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identified that control facial outgrowth
via regulation of cell proliferation and
survival. These factors include fibroblast
growth factors, transforming growth fac-
tor B and bone morphogenetic proteins,
sonic hedgehog, Wnts, and endothelin-1
(ET-1). Last, there are the contributions
of jagged I and 2, platelet-derived growth
factors, and homeobox-containing genes
(Fig 6). Table 4 summarizes the effect
of these factors on facial development.
It may be that each region of the head
can be viewed as a distinct module
with its own unique set of signaling

interactions.'?

Coordinated Growth-Factor
Signaling

As can be surmised from the preceding
paragraphs, these gene and gene products
do notactalone. For normal facial growth
and patterning, signaling of multiple
growth factors must be highly coordi-
nated. Thus as an example, expression of
ET-1 is dependent on Fgf8 function in
some regions of the facial primordial. On
the other hand, antagonistic signaling in-
teractions between Fgf8 and BMP4 out-
line the boundaries of gene expression for
a number of homeobox-containing genes,
and this can determine the position of the
odontogenic field and odontogenic pat-
terning.® In addition, retinoic acid, Fgf,
and BMP are responsible for controlling
Shh and overall facial outgrowth.'' In
general, signaling is subject to precise spa-
tial and temporal control: Too much or
too little genetic input or input out of the
regulated normal temporal sequence re-
sults in abnormalities.'?

As an example of the multivariant sig-
naling and its temporal organization
needed for normal development, the fol-
lowing are some of the genetic factors re-
quired for correct palatal shelf formation
and fusion. For initial budding of the pal-
atal shelf, Fgf-Shh signaling needs to be co-
ordinated. Jagged-2, the paired box gene 9,
serotonin, and hyaluronan are required
for palatal shelf formation and elevation.
Poliovirus receptor—related 1 and TGFf33
are expressed in the palatal shelf medial edge
epithelium, while the homeobox proteins
Lhx-8 and Msx-1 are expressed in the under-
lying mesenchyme. TGFB3, TGF-«, and

epidermal growth factor are required for the breakdown of the medial
edge epithelium. In addition, derivatives of y-aminobutyric acid sig-
naling are critical to palatal formation, and loss of y-aminobutyric
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FIG 7. Serial coronal drawings showing the development of the palate and the genes associated with the stages of this development. A, The
lateral palatal shelves emerge. B, The palatal shelves have elevated. C, The shelves have met in the midline, the medial edge epithelium dissolves,

and the shelves eventually fuse.

Table 5: Gene mutations associated with cleft palate in humans®

Genes

Associated Conditions

Collagen genes, COL Il and X/

Otospondylomegaepiphyseal dysplasia,
achondrogenesis type Il
Stickler syndrome types I-lI

Diastrophic dysplasia sulfate Diastrophic dysplasia
transporter
FGFR2 Apert syndrome
Homeobox MSX1 Cleft palate and hypodontia
TGFB Rl or TGFPR2 Aortic aneurysm, arterial tortuosity, hypertelorism,
cleft palate, bifid uvula, craniosynostosis
T-Box 1 (BXT) DiGeorge/Velo cardiofacial syndrome
T-Box 22 (TBX22) X-linked cleft palate and ankyloglossia
TCOFI Treacher Collins syndrome
TWIST Saethre-Chotzen syndrome

palate can occur either as an isolated en-
tity or in combination with a cleft lip, and
there are >300 syndromes in which such
clefts are associated—that is, clefts occur
when there are abnormalities in the nor-
mal process of development.

From the above discussion, it is clear
that multiple genes and precise temporal
occurrence are necessary for normal pal-
atal development. Additional consider-
ations are anteroposterior gradients and
medial-lateral spacial gradients of gene

products. This is especially evident

Note:—FGFR2 indicates fibroblast growth factor receptor 2.

2 Other genes and proteins associated with normal palatal formation include the following: Fgf-Shh signaling, Tbx22,

along the fusion line of the lateral pala-
tal shelves. Thus, Osrl and Ors2 are ex-

BMPs, Jagged-2, Pax-9, serotonin, hyaluronan, PVRL], TGF-B3, TGF-o, EGF, Lhx-8, Msx-1, and GABA (Fig 1). Table

modified from Rice DP. Craniofacial anomalies: from development to molecular pathogenesis. Curr Mol Med 2005;

5:699-722, Table 2, © Bentham Science Publishers.'®

Table 6: Gene mutations associated with cleft lip/cleft palate in
humans®

Gene Condition

DHCR7 Smith-Lemli-Opitz syndrome

EFNBIT Craniofrontonasal syndrome

FGFRI Kallmann syndrome

IRF6 van der Woude syndrome

OFDI Oral-facial-digital syndrome type |

MIDI1 Opitz syndrome

MSX1 Cleft lip/palate with hypodontia

PVRL] Margarita Island ectodermal dysplasia (part of cleft
lip/palate-ectodermal dysplasia syndrome)

TP73 L (p63)  Ectrodactyly, ectodermal dysplasia, and cleft
lip/palate, ankyloblepharon-ectodermal
dysplasia-clefting syndrome

SIX3 HPE2

TGIF HPE4

PTCHI HPE7

GLI2 HPE-like features

Note:—HPE indicates holoprosencephaly.

2 Table modified from Rice DP. Craniofacial anomalies: from development to molec-
ular pathogenesis. Curr Mol Med 2005;5:699-722, Table 1, ® Bentham Science Pub-
lishers.'®

acid signaling increases the risk of a cleft palate. Both excess and loss
of retinoids also may result in a cleft palate. The formation of the
palate is summarized in Fig 7. Tables 5 and 6 list some of the gene
mutations associated with a cleft palate with and without a cleft lip in
humans."’

If any of the above normal signaling does not occur, a cleft
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pressed in a medial-lateral gradient in
the palatal shelves, and loss of Ors2 re-
tards shelf elevation. Similarly, fibro-
blast growth factor receptor 2 (Fgfr2) is concentrated in the me-
dial aspect of the palatal shelf, suggesting that it plays a role in
palatal elevation. Genetic heterogeneity is also noted along the
anteroposterior axis with, as an example, Fgf8 signaling selectively
inducing expression of Pax9 in the posterior palatal mesenchyme.

Ossification of the palate is also under genetic control. As an
example, Sox9 controls cartilage development and blocks the ex-
pression of Runx2, a transcription factor essential for normal osteo-
blast differentiation and bone formation. If Sox9 is mutant, Runx2
expression is not repressed and ossification of the palatal shelves oc-
curs too early. Because they are prematurely ossified, they cannot
grow together in the midline and a cleft palate results.

Similar rostral/caudal and medial/lateral segregation of ge-
netic products occurs in almost all facial developmental regions.
This is also especially noted in the development of the mandible
primordia where ET-1, BMP4, FGF-8, and Dix3 are rostral, while
Gsc, Msx1, Msx2, Barx1, Pax9, and Lhx6 are caudal.'

How Does Signaling Affect the Cell?

The various signaling mentioned above needs a means of affecting
specific cells to accomplish their programmed mission, and there
is a variety of methods of cell communication that can occur.
These proteins can be considered as external signals in the envi-
ronment of the cells, and the signals may come from a number of
sources, which include the following: a cell signaling to itself (au-

tocrine), a nearby cell in the microenvironment (paracrine), from



a distant cell (hormones), or interactions of surface-specific sig-
naling molecules. When one considers signaling molecules, there
are 2 main types: those that diffuse into the cell and bind directly
to internal receptors (steroids, retinoids [vitamin A]) and those
signaling molecules that are called ligands and bind to the extra-
cellular receptor component of a transmembrane protein. While
the extracellular component of the transmembrane protein binds
a specific signaling molecule, the intracellular portion in the cy-
tosol of the cell activates proteins that eventually, via a variety of
pathways, regulate gene transcription in the nucleus.'>'*
CONCLUSIONS

The purpose of this review was to give some insight into the com-
plex world of molecular products and their interactions as they
participate in the embryogenesis of the face. There is rarely only 1
gene that is responsible for a morphologic change. What is start-
ing to be defined is a complex regulatory network that controls
these events; and within this network, each step in the temporal
hierarchy can be identified by a specific set of transcription factors
that cross-regulate each other and that, in turn, are controlled by
defined signaling inputs.' Thus, facial patterning is controlled by
complex and coordinated signaling between the mesenchyme and
epithelium. However, the precise roles of these tissues remain
incompletely understood. How neural crest cells influence gene
expression in the epithelium once they have reached the facial
primordia is just beginning to be understood. How patterning
between different neural crest cell populations is coordinated and
how patterning is related to cell differentiation are presently being
intensely studied. Although many of the genes that control facial
development are known, how these genes interact and how their
malfunction influences cellular behavior are mostly unclear.
Once these and other remaining questions are answered and there
is a more complete understanding of the molecular changes in-
volved in normal facial development, how and why facial malfor-
mations occur and how they may possibly be prevented will be
better understood."*'°
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METHODOLOGIC PERSPECTIVES

Toward an Endovascular Internal Carotid Artery
Classification System

M. Shapiro, T. Becske, H.A. Riina, E. Raz, D. Zumofen, JJ. Jafar, P.P. Huang, and P.K. Nelson

ABSTRACT

SUMMARY: Does the world need another ICA classification scheme? We believe so. The purpose of proposed angiography-driven
classification is to optimize description of the carotid artery from the endovascular perspective. A review of existing, predominantly
surgically-driven classifications is performed, and a new scheme, based on the study of NYU aneurysm angiographic and cross-sectional
databases is proposed. Seven segments — cervical, petrous, cavernous, paraophthlamic, posterior communicating, choroidal, and termi-
nus —are named. This nomenclature recognizes intrinsic uncertainty in precise angiographic and cross-sectional localization of aneurysms
adjacent to the dural rings, regarding all lesions distal to the cavernous segment as potentially intradural. Rather than subdividing various
transitional, ophthalmic, and hypophyseal aneurysm subtypes, as necessitated by their varied surgical approaches and risks, the proposed
classification emphasizes their common endovascular treatment features, while recognizing that many complex, trans-segmental, and
fusiform aneurysms not readily classifiable into presently available, saccular aneurysm-driven schemes, are being increasingly addressed by
endovascular means. We believe this classification may find utility in standardizing nomenclature for outcome tracking, treatment trials

and physician communication.

ntil now, the ICA was subdivided into various segments, pri-

marily on the basis of surgical considerations. Fischer’s orig-
inal classification (Fig 1)," with C1-C5 segments, in retrograde
fashion, addressed the then-existing need for localization of re-
gional pathology on the basis of mass effect on the ICA, as assessed
by early angiographic imaging. It remained in widespread use
until 1981, when Gibo et al,” in a report detailing superb dissec-
tions of the supraclinoid ICA designed to specifically address an-
eurysm considerations, introduced an antegrade alphanumeric
system from C1-C4 (Fig 2). The extracranial ICA was recognized
as the C1 segment, and extradural ICA was subdivided into pe-
trous (C2) and cavernous (C3) segments, terminating at the distal
dural ring. The entire intradural ICA was classified as supracli-
noid (C4), with ophthalmic, communicating, and choroidal sub-
segments (Fig 2). Subsequently, a modified Fischer classification
was proposed by Bouthillier et al® in 1996, which became known
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as the Bouthillier classification (Fig 3). Although substantially dif-
ferent from Fischer’s, it also retained an antegrade alphanumeric
designation of C1-C6 segments. Bouthillier introduced the new
lacerum and, most importantly, clinoid segments, thereby for-
mally recognizing a particularly complex region of carotid anat-
omy as it transitions from intracavernous to intradural spaces.
Anatomic interest in this area was driven by refinement in micro-
surgical techniques, which allowed for the possibility of access to
aneurysms of this paraophthalmic-paracliniod region, albeit with
mixed results. While Bouthillier’s classification gained wide and
enduring acceptance, new systems were proposed to address its
perceived shortcomings. Ziyal et al* advocated a classification (Fig
4) that dispensed with Bouthillier’s lacerum segment, arguing on
the basis of detailed microsurgical dissections that relationships
between the carotid artery, foramen lacerum, petrolingual liga-
ment, and proximal cavernous sinus left no room for a distinct
lacerum segment.” The ophthalmic segment was also discarded in
favor of the cisternal segment because of variability in the index
artery origin.* Additional, surgically driven, subsegmental classi-
fications, addressing primarily the paraclinoid and ophthalmic
regions, were proposed, incorporating evolving surgical ap-
proaches in this challenging area. > !

A radically different approach was taken by Lasjaunias et
al**>"? (Fig 5), emphasizing embryologic origins of various ICA
segments. The system was part of an all-encompassing, con-
ceptually brilliant embryologic framework, addressing all



FIG 1. Frontal and lateral projection views of left ICA injection, de-
picting Fischer ICA nomenclature, including relevant osseous and
branch relationships.

FIG 2. Gibo classification. The C4 supraclinoid segment is subdivided
into ophthalmic, communicating, and choroidal subsegments.

manner of cerebrovascular development and variation, such as
segmental ICA agenesis and reconstitution, the aberrant ICA,
dorsal and ventral ophthalmic origin, and the primitive max-
illary artery, to name a few. This unique view was derived from
neither surgical nor endovascular experience and as such was
not specifically designed for existing microsurgical or then-
emerging endovascular considerations. Although the authors
introduced a correlation between the embryologic segments
and external anatomic landmarks, illustrated in Fig 5, the sys-
tem did not achieve widespread use.

Our own view of the ICA, crystallized in the currently pro-
posed scheme (Fig 6), emerged as a product of decades-long
experience in angiographic and cross-sectional study of vari-

FIG 3. Bouthillier classification.

FIG 4. Ziyal classification.

ous ICA aneurysms and subsequent treatment-centered dis-
cussions. During this process, we have naturally gravitated to-
ward certain descriptive terms, which seem to transmit most
succinctly both anatomic information and subjective implica-
tions related to treatment considerations in a multidisciplinary
forum, recognizing intrinsic uncertainties between angio-
graphic and microsurgical landmarks. Concurrent refinement
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FIG 5. Lasjaunias and Santoyo-Vazquez, embryology-based classification.

FIG 6. Proposed classification.

in endovascular techniques, most recently exemplified by de-
velopment of endoluminal (flow diversion) methods, has
meanwhile transformed cerebrovascular approaches to carotid
siphon aneurysms, placing increasing emphasis on develop-
ment of an ICA classification system particularly relevant to
endovascular factors."* The improved capability to definitively
treat larger and increasingly complex ICA aneurysms and fusi-
form segments of the artery highlights the need for a concep-
tually flexible classification that suitably describes the trans-
segmental nature of many such formidable lesions, which
frequently extend across various embryologically neutral,
landmark-based segmental boundaries.

MATERIALS AND METHODS

A literature review of existing ICA classification systems and
related works was conducted. Cerebral angiograms and cross-
sectional studies performed at the New York University Lan-
gone Medical Center and Bellevue Health and Hospitals Cen-
ter and outside studies forwarded for consultation were
continuously reviewed and discussed at our multidisciplinary
conference. Patterns of aneurysm formation and growth were
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studied as a pathophysiologic guide to
a clinically useful classification system.

RESULTS

The proposed system is presented in
Fig 6. In this nomenclature, 7 seg-
ments are described—cervical, pe-
trous, cavernous, paraophthalmic,
posterior communicating, anterior cho-
roidal, and terminus—without alpha-
numeric correspondence.

The cervical segment is identical to
that of Bouthillier and Ziyal, extending
from cervical carotid bifurcation to the
proximal margin of the carotid canal.
Variations such as aberrant carotid ar-
tery (ie, ascending pharyngeal artery re-
constitution of petrous carotid artery)
can be described on their own terms.

The petrous segment is analogous to
that of Ziyal, and, combining Bouthilli-
er’s petrous and lacerum segments,
spans the ICA within the temporal bone
and partially above the foramen lace-
rum, terminating at the petrolingual lig-
ament. It contains the rarely visible
(probably caused by temporal bone
thickness rather than actual absence)
caroticotympanic branch and the more
consistently  demonstrated  vidian

branches. The precise location of the

petrolingual ligament is not angio-

graphically determinable, and the ante-

rior aspect of the petrous ridge can be

used as a landmark. We chose to dis-

pense with a distinct lacerum segment,
in agreement with Ziyal, for 2 reasons. First, the preponderance of
anatomic information argues against its unique character,>'?
whereas the petrolingual ligament best defines carotid transition
into the cavernous segment. Second, from a pathophysiologic
standpoint, among the nontraumatic temporal bone aneurysms
evaluated by our group that involved the lacerum portion of the
ICA, none were focal; all were fusiform lesions extending into the
adjacent petrous or cavernous segments, rendering the distinc-
tion between Bouthillier’s petrous and lacerum segments clini-
cally neutral (Fig 7).

The cavernous segment extends from the estimated location of
distal margin of the petrolingual ligament to the estimated loca-
tion of the proximal dural ring. We recognize that neither proxi-
mal nor, more importantly, distal cavernous segment boundaries,
can be reliably established on an angiographic or transaxial ba-
sis—a recurrent theme with regard to segmentation on the basis
of external anatomic landmarks. Additionally, the morphology of
both cavernous sinus and cavernous ICA are highly variable, with
important endovascular implications. Broadly speaking, a proxi-
mal ascending segment, proximal (posterior) genu, horizontal

segment, distal (anterior) genu, and distal ascending segment can



FIG 7. Frontal, transorbital (upper left image), and lateral views of 3
petrous segment aneurysms, demonstrating their extension into the
vertical segment above the foramen lacerum, terminating adjacent to
the superior margin of the petrous apex (white lines), corresponding
to estimated location of the petrolingual ligament.

be described. The meningohypophyseal trunk or its component
branches originate from the posterior genu, whereas the infero-
lateral trunk is most commonly found arising from the horizontal
segment. It is interesting to note that aneurysms of the cavernous
segment, regardless of size and morphology, appear to spare the
proximal vertical portion, which extends from the petrolingual
ligament to the proximal genu, even though this subsegment is
anatomically located within the posterior compartment of the
cavernous sinus (Fig 8). The reasons for this are unclear: an em-
bryologic mechanism could be suggested from the Lasjaunias sys-
tem, corresponding to segment 4 in Fig 5. The uncertainty in
localizing the distal boundary of the cavernous segment is for-
mally recognized in the next, encompassing paraophthalmic
segment.

The paraophthalmic segment extends from the estimated dis-
tal border of the cavernous segment to the ostium of the posterior
communicating artery, with all of its aneurysms regarded as
clearly or potentially intradural. Our choice of this generalized
term follows from 2 primary considerations. First, we formally
accept the intrinsic uncertainly in angiographic or cross-sectional
definition of traditional segmental boundaries (particularly rele-
vant to delineation of the clinoid segment). Second, we propose
that endovascular methods, in contrast to surgical ones, increas-

FIG 8. Four fusiform cavernous segment aneurysms, all sparing the
proximal vertical subsegment of the cavernous ICA.

ingly tend to unite rather than divide treatment considerations of
the various aneurysms arising from traditionally defined clinoid,
ophthalmic, and superior hypophyseal segments.

Proximally, the paraophthalmic segment incorporates
Bouthillier’s clinoid segment, which can be microsurgically local-
ized between the proximal and distal dural rings.>'® This assimi-
lation formally recognizes that neither location nor status of ei-
ther ring is reliably demonstrable with presently available
angiographic or transaxial imaging modalities. Attempts to define
the position of a distal dural ring, by use of CT, MR imaging, or

6,17-21

angiography, are limited by 2 key considerations. First,
none of the clinically available imaging modalities can actually
depict the distal dural ring itself; attempts to define its location
instead rely on indirect morphometric and landmark relation-
ships. As such, these methods become quite vulnerable to a high
degree of local anatomic variation. No attempt has been made, so
far as we know, to demonstrate the more nebulous and less clin-
ically significant proximal ring. Second, and more importantly,
regional anatomy is extensively modified by disease (aneurysm
growth), which distorts landmarks by destroying or distorting
adjacent tissues (dural ring dehiscence). For these reasons, short
of surgical exposure, the exact state of affairs in this region cannot
be determined by any currently available imaging technique. Fi-
nally, the subpopulation of larger and more complex aneurysms,
which are increasingly addressed by endovascular methods, fre-
quently transcend established segmental boundaries, leading to
uncertainty as to whether a given lesion is partially or fully, pri-
marily or secondarily, intradural (Fig 9). Our position is to con-
sider all aneurysms distal to the anterior cavernous carotid artery
genu as potentially intradural.

The endovascular considerations involved in treatment of
proximal paraophthalmic segment aneurysms are separate and
distinct from well-established microsurgical concerns of exposing
the clinoid segment and cave aneurysms,”'® which are different
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FIG 9. Three-dimensional DSA, frontal, and lateral projection views
of 3 proximal paraophthalmic aneurysms, which would traditionally
be considered in the clinoid (1, 2) and cave (3) families. An oblique
indentation (arrow) of aneurysm 2 probably defines the dural ring,
suggesting intradural extension.

from surgical approaches to various ophthalmic or superior hy-
pophyseal region aneurysms. No such critical distinctions are rel-
evant in the endovascular arena, in which the most important
point is to decide whether a given aneurysm is extradural or in-
tradural. In consequence, all intradural ICA subsegments proxi-
mal to the posterior communicating artery are consolidated into
the paraophthalmic segment. This area is home to particularly
varied and complex aneurysms, in which our experience suggests
alower baseline interobserver agreement as to their classification,
becoming progressively more difficult with larger and frankly
trans-segmental lesions (Fig 10). The proposed nomenclature
also reflects the angiographic limitations of identifying the supe-
rior hypophyseal arteries, which serve to define their aneurysms
in microsurgical dissections. These arteries are small and have a
variable, typically medial origin along a comparatively long
segment of the ICA. They tend to be superimposed on the
parent ICA in lateral projections and therefore are rarely de-
monstrable on angiography. Furthermore, the amalgamation
of all aneurysms proximal to the posterior communicating ar-
tery into the paraophthalmic segment encompasses infrequent
but important aneurysms not necessarily associated with the
superior hypophyseal arteries (such as treacherous ventral or
dorsal blister lesions).

An awkward situation for use of the “paraophthalmic” term is
created when the ophthalmic artery does not arise from its “clas-
sic” location in the very proximal intradural ICA. On the other
hand, greater flexibility is now afforded for the location of oph-
thalmic artery ostium, with its intradural (traditional clinoid seg-
ment) variants remaining within the paraophthalmic segment.
Our feeling is that other potential sites of orbital supply, which
include the dorsal ophthalmic artery arising in the adult from the
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FIG 10. Various 3D DSA examples of segmental ICA dysplasia. In tra-
ditional classifications, case 1 may be described as 3 separate aneu-
rysms—distal cavernous (or transitional) and superior- and inferior-
pointing superior hypophyseal aneurysms. We consider all of these as
focal expressions of disease affecting the entire paraophthalmic seg-
ment. Case 2 may be considered as a discrete carotid-ophthalmic
aneurysm; notice, however, the irregular, expanded morphology of
the parent vessel below the “neck.” Case 3—apparently separate cli-
noid and ophthalmic aneurysms—can also be viewed as segmental
dysplasia with a single aneurysm separated by the anterior clinoid
process. Case 4 is a giant fusiform aneurysm spanning the entire ca-
rotid artery from cavernous to terminus segments.

inferolateral trunk, external carotid origin particularly from the
middle meningeal artery (meningo-ophthalmic variant), and
ventral ophthalmic variants arising from the anterior cerebral ar-
tery are sufficiently uncommon that descriptions of ICA pathol-
ogy in this region may be customized accordingly, with minimal
detriment to the system as a whole. The issue may be addressed by
adoption of another term that makes no mention of the ophthal-
mic artery—as reflected in the Ziyal classification through the
“cisternal” segment®; our preference is to emphasize the more
common anatomic arrangement, made further flexible by exten-
sion of the paraophthalmic segment into the traditional clinoid
region.

The posterior communicating segment extends from the
proximal ostium of the posterior communicating artery to the
anterior choroidal artery. A separate category for the posterior
communicating segment recognizes the unique epidemiologic
characteristics of its aneurysms.>* Furthermore, in contrast to
preceding segments, the angiographic boundaries of this segment
can be adequately defined under most circumstances. Continued
vernacular description of aneurysms arising from the posterior
communicating segment of the ICA as simply “posterior commu-
nicating” is fully acceptable because there is no uncertainty about
what is meant by either name. Finally, both endosaccular and
endoluminal treatment considerations—related to preservation,
sacrifice, or jailing of the posterior communicating artery, as well



as issues of posttreatment recurrence and its management—are
distinct from those of the subsequent choroidal segment.

The anterior choroidal segment consists of the ICA adjacent to
the choroidal ostium and includes aneurysms recognized in the
vernacular description as anterior choroidal. The distinct issues of
maintaining anterior choroidal patency and risk stratification in
cases of its compromise (intentional or not) are germane to both
surgical and endovascular modalities.

The terminus segment extends from beyond the choroidal os-
tium to the carotid bifurcation and incorporates aneurysms aris-
ing from the carotid bifurcation. It contains a variable number of
perforator vessels to the anterior perforated substance,?® which,
along with anterior choroidal branches, participate extensively in
Moyamoya-type collateral reconstitution of the MCA and ante-
rior cerebral artery. We believe that both clinical and manage-
ment considerations of terminus aneurysms are sufficiently dif-
ferent from the choroidal type and thus merit placement in a
separate category.

DISCUSSION

The proposed angiographic classification seeks to define each vas-
cular segment in terms of its distinct angiographic and endovas-
cular considerations. This leads to both amalgamation of com-
monly defined segments (clinoid, ophthalmic, and hypophyseal)
and subdivision in the postcommunicating region. Cervical seg-
ment pathology is widely recognized as separate from cranial le-
sions. Petrous segment aneurysms, both traumatic and nontrau-
matic, likewise represent a unique set of pathology, as do
various cavernous aneurysms. The full spectrum of paraoph-
thalmic aneurysms, inclusive of the large and complex lesions
that remained on the fringes of surgical classifications driven
by more discrete saccular aneurysms, are thought to represent
a sufficiently unified group from an endovascular perspective.
The posterior communicating, anterior choroidal, and termi-
nus segment aneurysms are all associated with their particular
clinical and technical issues.

Our improving ability to definitively treat the increasingly
complex and trans-segmental aneurysms requires adoption of a
more flexible system, capable of comfortably accommodating
these lesions within a descriptive framework. We hope that the
proposed nomenclature will increase interobserver agreement in
classification of ICA lesions, particularly desirable in epidemio-
logic and other research settings in addition to the clinical setting.
Finally, we formally dispensed with numeric classification in favor
of purely descriptive terms to minimize confusion with various
already-existing schemes.

We remain acutely cognizant that despite our sincere effort, all
landmark-based classification systems, including ours, remain in-
trinsically suboptimal when applied to description of increasingly
complex, trans-segmental aneurysms. Therefore, in closing, we
wish to re-emphasize that all classifications have a priori limita-
tions and are most useful when they strike a balance between
utility, accuracy, and flexibility—particularly stressing the latter
quality—as demanded by the varied nature of the pathologies
these systems are designed to address.

CONCLUSIONS

We propose a new, angiographically based classification system of
the ICA, from cervical to intracranial bifurcations, to better serve
the needs of present-day endovascular clinical and research
efforts.
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ORIGINAL RESEARCH
PATIENT SAFETY

Carotid CTA: Radiation Exposure and Image Quality with the
Use of Attenuation-Based, Automated Kilovolt Selection

A. Eller, W. Wuest, M. Kramer, M. May, A. Schmid, M. Uder, and M.M. Lell
O=

ABSTRACT

BACKGROUND AND PURPOSE: CTA is considered the imaging modality of choice in evaluating the supraaortic vessels in many institu-
tions, but radiation exposure remains a matter of concern. The objective of the study was to evaluate a fully automated, attenuation-
based kilovolt selection algorithm in carotid CTA in respect to radiation dose and image quality compared with a standard 120-kV protocol.

MATERIALS AND METHODS: Ninety-eight patients were included: 53 examinations (patient age, 66 =+ 12 years) were performed by use of
automated adaption of tube potential (80140 kV) on the basis of the attenuation profile of the scout scan (study group), and 45
examinations (patient age, 67 = 11 years) were performed by use of a standard 120-kV protocol (control group). CT dose index volume and
dose-length product were recorded from the examination protocol. Image quality was assessed by ROl measurements and calculations of
SNR and contrast-to-noise ratio. Subjective image quality was evaluated by 2 observers with the use of a 4-point scale (3, excellent; 0, not
diagnostic).

RESULTS: Subjective image quality was rated as “excellent” or “good” in all examinations (study group, 2.8; control group, 2.8). The
algorithm automatically selected 100 kV in 47% and 80 kV in 34%;120 kV was retained in 19%. An elevation to 140 kV did not occur. Compared
with the control group, overall CT dose index volume reduction was 33.7%; overall dose-length product reduction was 31.5%. In the
low-kilovolt scans, image noise and mean attenuation of ROlIs inside the carotid arteries were significantly higher than in 120-kV scans,
resulting in a constant or increased (80-kV group) contrast-to-noise ratio.

CONCLUSIONS: The attenuation-based, kilovolt selection algorithm enables a dose reduction of >30% in carotid artery CTA while
maintaining contrast-to-noise ratio and subjective image quality at adequate levels.

ABBREVIATIONS: CTDIvol = CT dose index volume; DLP = dose-length product; HU = Hounsfield unit; CNR = contrast-to-noise ratio; BMI = body mass index

number of DNA double-strand breaks is closely related to the

C T angiography is recommended as a second-line imaging
applied dose.>”

technique in patients with extracranial carotid artery disease

after screening with Doppler sonography.' As the result of rapid
technological evolution, the number of CT examinations is still
rising,” even with the significant medical x-ray exposure>> and
the increasing awareness of the potential risks of even relatively
low radiation doses>*— especially in usage as a screening tool” or
in serial use.® Biologic experiments have demonstrated that the
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Several techniques for CT dose reduction, maintaining image
quality on a diagnostic level, became a hot topic in clinical re-
search.®'" Automated attenuation-based tube current modula-
tion or so-called automatic exposure control techniques are
widely used.'*'* All major manufacturers provide iterative recon-
struction algorithms, which are fast enough to be used in clinical
practice and aim to compensate the increased image noise of low-
dose CTA scans.'*'?

Besides minimizing tube current, the reduction of the tube
voltage is a potent option to reduce radiation dose. Such low-
kilovolt protocols are used in cerebral perfusion CT in the evalu-
ation of patients with stroke'® and in pediatric CT.'” In phan-
tom'® as well as in clinical studies, it has been demonstrated that
this technique can also be used in chest and abdominal imaging in
adults.'**

Lower tube voltage in CTA results in higher noise levels on one
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d?>2° on the other

hand, but the attenuation of iodine is increase
hand. This relationship must be considered when trying to reduce
radiation exposure by use of low-kilovolt scanning and to main-
tain image quality.>>*” The higher noise level in low-kilovolt
scans will not be completely compensated by the higher iodine
attenuation; therefore, additional adjustments of the tube current
(milliampere setting) are necessary. Optimal manual adjustment
of these parameters is complex, which prevented low-kilovolt
scanning from general use until now. New software solutions that
automatically adjust the kilovolt and milliampere setting to the
individual patient anatomy by the attenuation profile of the scout
scan may overcome this limitation.°

In a previous study, significant dose reduction and higher at-
tenuation profiles of the carotid arteries were reported but were
limited in image quality at the level of the common carotid
artery.”®

In the present study, we aimed to evaluate the effects on radi-
ation exposure and image quality in CTA of the carotid arteries by
use of a commercially available automated tube voltage and tube
current adaption software tool.

MATERIALS AND METHODS

Ninety-eight patients were prospectively enrolled in this institu-
tional review board—approved study and scheduled for CTA of
the carotid arteries. All examinations were performed on a 128-
section CT scanner (Somatom Definition AS+, Siemens, Erlan-
gen, Germany) equipped with an automated attenuation-based
kilovolt selection and milliampere adaption algorithm (CAREkV,
Siemens). Fifty-three examinations (mean patient age, 66 * 12
years; range, 25— 83 years; 36 male and 17 female patients) were
performed by use of automated kilovolt and milliampere adap-
tion (study group); 45 examinations (mean patient age, 67 = 11;
range, 40—88 years; 30 male and 15 female patients) were per-
formed by use of a standard 120-kV protocol (control group).
Automated exposure control was used in both groups.

The scan range included the lateral ventricles to the aortic
arch. Collimation was 128 X 0.6 mm and pitch, 0.6. The image
quality level of the attenuation-based tube current modulation
algorithm (CAREdose 4D) corresponded to 140 Ref. mA at 120
kV for all scans.

After the lateral scout scan, the individual kilovolt setting was
calculated on the basis of the attenuation profile. Different set-
tings of the algorithm can be selected; we chose a setting that aims
to maintain the SNR constant and allows more aggressive dose
reduction.

Circulation time was individually calculated by use of a test
bolus injection with 10 mL of iodinated contrast medium
(Imeron 350; Bracco, Milan, Italy) at a flow rate of 5 mL/s, chased
by a 50-mL saline bolus at the same flow rate. The ROI to measure
the TTP was placed in the aortic arch. The delay of the diagnostic
scan was calculated by use of the formula TTP + 2 seconds. For
the diagnostic scan, 50 mL of iodinated contrast medium and a
50-mL saline chaser were used at the same flow rate of 5 mL/s.

Radiation Dose
Values for milliamperes, the CT dose index volume (CTDIvol,
milligray), and the dose-length product (DLP, milligray centime-
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ters) were recorded from the patient protocol for the diagnostic
scans, allowing a direct comparison of radiation dose exposure in
the study group and the control group.

Image Quality

The objective assessment of the image quality was performed on a
standard PACS workstation (Syngo Plaza, Siemens) in 3-mm im-
ages in the axial plane by use of a soft-tissue kernel. For each
examination, 2 ROIs were bilaterally placed in the carotid arteries,
in the musculature of the neck, and in the air right and left ante-
rior to the neck. Calcifications of the carotid walls were carefully
excluded in the ROI. ROIs were not placed in sections with severe
artifacts (ie, caused by dental hardware or motion).

ROI size (cm?), mean attenuation (Hounsfield Unit [HU]),
and the standard deviation (HU) were obtained for each measure-
ment. Standard deviation (HU) was considered as a measure of
image noise. SNR (mean attenuation [HU] carotid artery/stan-
dard deviation [HU]) and contrast-to-noise ratio (CNR) (mean
attenuation [HU] carotid artery—mean attenuation [HU] mus-
cle)/standard deviation [HU]) for the carotid artery were
calculated.

Subjective image quality assessment of all examinations was
evaluated by means of a 4-grade scale (3, excellent; 2, good; 1,
moderate; 0, not diagnostic). Artifacts (beam-hardening, wind-
mill artifacts, etc) were grouped into 4 classes (3, no artifacts; 2,
mild artifacts not affecting diagnostic value; 1, artifacts affecting
diagnostic value; 0, strong artifacts, not diagnostic). Metal arti-
facts (caused by dental hardware) were not considered. The same
evaluation system was used for the control group.

Image quality and the presence of artifacts were independently
evaluated by 2 observers (both with more than 4 years of experi-
ence in CTA).

Statistical Analyses
Descriptive statistics were performed (SPSS 15.0, IBM, Armonk,
New York). A Student ¢ test was performed for dose assessment
after testing for normal distribution of the data, and the Mann-
Whitney U rank test was performed to evaluate the subjective
image quality scores. A P value of <.05 was considered to be
statistically significant.

Cohen k was used to assess interobserver agreement in rating
image quality and artifacts.

RESULTS

Automated kilovolt selection was successfully applied in all exam-
inations without any user interaction or delay, thus not interfer-
ing with the clinical workflow. In the study group, in 10 (18.8%)
patients, 120 kV was maintained; in 25 (47.2%) cases, 100 kV was
used; and in 18 (34%) cases, 80 kV was used. No case was elevated
to 140 kV.

Overall CTDI reduction was 33.7%: 55.8% in 80-kV and
31.6% in 100-kV examinations. In the 10 examinations of the
study group scanned at 120 kV, the CTDI was 2.1% higher than in
the control group.

Overall DLP reduction was 31.5%: 54% in the 80-kV group
and 29.7% in the 100-kV group. In the 120-kV group, the DLP
was 0.6% higher than in the control group.



Table 1: Dose parameters

In the control group, diagnostic find-

Control ings included 37 with >70% stenosis or

Group 80 kv 100 kv 120kV  Study Group Group (120 kV) occlusion (41.1%; 19 right, 18 left) of the

n 18 25 10 53 45 internal carotid arteries; 10 (11.1%; 3
ll;\éference mAs 2?8 ]12(5) Lzlg 122?1342 Lzlg right, 7 left) with stenosis between 50—
Effective mAs 224 + 14 165+22 1447 181+ 37 =9 70%; and in 43 cases (47.8%; 23 right, 20
CTDIvol, mGy®  42*03*  65+09* 97*07 63+ 21 95+ 06 left), <50% stenosis or no stenosis. Severe
DLP, mGy cm® 1345 +19.6% 2087 +40* 299.5+ 549 200.6 + 69.4*  292.8 = 462 calcified plaques of the carotid bifurca-

Note:—The Reference mAs are automatically adapted to match the image quality level of 140 mA at 120 kV.

P < .05
® CTDIvol and DLP referenced to 32-cm phantom.

Table 2: Results of ROl measurements

tion occurred in 53.3%.

Examples of the different kilovolt
groups, comparing examinations by use
of 80, 100, and 120 kV in the axial plane

Study Group Control and sagittal maximum intension projec-
Group 80 kv 100 kV 120 kV Complete  Group (120 kV) . P
tions are shown in Fig 1.
n 18 24 10 45
ROl carotid Mean 4884 =933 3409 * 73.8* 243+ 832°  3725*1221F 2939 +58
SD 127 +28° 21272 79 +31 n5+33° 88+18 DISCUSSION
SNR 401+123 299+94 33713 34118 352+ 117 CTA is frequently used in the evaluation
CNR 349 =115 244 +89 25+ 127 281+115 283 +10.9 ¢ d 2% andi
ROImuscle Mean  614+78 62212 614+ 98 618 +97 589 + 63 of carotidartery stenosis™ and is meant to
SD 97 +27° 9.6 +2.8° 65+24 91+29° 67 =14 be the reference standard.’® Anzidei et
RO air Mean —10002 +18% —9991+22 —9992+13  —9995+2 —9987 * 22 al®' reported that CTA was the most accu-
SD 62+19° 6.5+ 2.2° 41%13 59+ 21 46=*1

rate technique for evaluating carotid ste-

Note:—Values correspond to Hounsfield units.
2p <.05.

Table 3: Results of the subjective image quality assessment

Control
Study Group
Group 80 kv 100kv 120kV Group (120 kV)
n 18 25 10 53 45
Grade 3, excellent /15 1715 10/9  41/39  37/38
Grade 2, good 4/3  8/10 0/1  12/14 8/7
Grade 1, diagnostic 0 0 0 0 0
Grade 0, not diagnostic 0 0 0 0 0
Average 2.8 2.6% 29 2.8 2.8

Note:—Counts are given for both observers (observer 1/observer 2).
ap < .05

Dose Evaluation
Dose evaluations specified for the different kilovolt groups are
given in Table 1.

All CTA examinations were of high quality and fully diagnos-
tic; no examination of the study group or control group was clas-
sified as “moderate” or “not diagnostic.” Mild beam-hardening
artifacts, none of which affected diagnostic values, were found in
all examinations in some sections (usually at the shoulder level)
independent of the kilovolt setting, but all artifacts were classified
as mild (grade 2) and were not exaggerated by use of the low-
kilovolt technique.

CTA studies performed at 80 kV had quality scores similar to
those in studies from the control group (120 kV). Interobserver
agreement was substantial in the study group (k = 0.695) and
moderate in the control group (k = 0.6).

The results for the objective image quality assessment by use of
ROI measurements are given in Table 2; those for subjective im-
age quality are given in Table 3.

In the study group, diagnostic findings included 24 with >70%
stenosis or occlusion (22.6%; 13 right, 11 left) of the internal carotid
arteries; 16 (15.1%; 9 right, 7 left) with stenosis between 50—70%; and
in 66 (62.3%; 31 right, 35 left), stenosis <<50% or no stenosis. Severe
calcified plaques of the carotid bifurcation occurred in 52.8%.

nosis in a large study group (n = 170 pa-

tients), with a slightly better performance
than MRA (97% versus 95% for steady-state MRA and 92% for
first-pass MRA) and a greater accuracy than color Doppler ultra-
sonography (97% versus 76%). Although patients scheduled for
carotid artery imaging are predominantly in the higher age group
and radiation exposure is thought to be less critical, the ALARA
(as low as reasonably achievable) concept should still be followed,
and a variety of dose-reduction techniques in CT imaging have
become available in recent years.”** There are abundant data
that the low-kilovolt technique can significantly reduce radiation
exposure and maintain image quality; however, until now, it is
still not often used in clinical routine.

The main reason that most CT examinations including CTA
are still performed with the 120-KkV setting is that many users are
not familiar with the required tube current adaption when scan-
ningat low kilovolts. This adaption is important to keep the image
noise level within an appropriate range. Elevating the tube cur-
rent, on the other hand, limits or reverses the dose-reduction
potential; therefore, scanning at 80 or 100 kV in every patient is
not reasonable.

The software under evaluation is fully integrated in the scan
protocols, tailoring the kilovolt and milliampere settings to the
respective examination situation and individual patient anatomy.
No further user interaction is required. In most (81.2%), adap-
tions allowed overall dose reduction. The predefined image qual-
itylevel (120 kV, 140 mA) was kept constant throughout the study
and the control group. Objective image quality was comparably
high, with no significant differences between the study group and
the control group, though a significant reduction in dose (overall
CTDIvol reduction in the study group, 33.7%) was achieved.
CTDIvol reduction was 55.8% in the examinations at 80 kV and
31.6% at 100 kV.

The noise measurements revealed significantly increased im-
age noise levels in the 80-kV and 100-kV examinations but also
significantly higher iodine contrast. The CNR in the study group
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FIG 1. Examples of the different kilovolt groups. Comparison of examinations by use of 80, 100, and 120 kV in the axial plane and sagittal

maximum intension projections.

and the control group was comparable; in the 80-kV group, CNR
increased. To compensate for the different image contrasts, the
window-level setting also must be adapted. This is of special im-
portance to differentiate calcified plaque from luminal contrast
and to restore the familiar image aspect in low-kilovolt images,
but this step can also be performed automatically by the software.

Subjective image quality was high in all CTA examinations, with-
out any equivocal or nondiagnostic results. Image noise in the
100-kV group was similar to that at 80 kV on average, resulting in
higher SNR and CNR and higher subjective scores for 80-kV
examinations.

The fact that the HU values in the carotid arteries were signif-
icantly lower in the study group scanned at 120 kV as compared
with the control group, in which all scans were performed at 120
kV, may be attributed to the small sample size (n = 10) and pa-
tient-specific factors.*

The algorithm is designed to provide optimal parameter adjust-
ment by the attenuation profile of the scout scan; thus, patient size is
supposed to be one of the main influencing factors. In imaging the
trunk, the body mass index (BMI) influences the kilovolt setting.*
BMI does not play that role in carotid CTA or CT of the neck, because
a short neck or elevated, muscular shoulders influence attenuation
more profoundly and do not correlate well with the BMI. In our
study cohort, patients up to a BMI of 42 (height, 185 cm; weight, 145
kg) were scanned successfully at 100 kV.

Low-kilovolt scanning is limited by tube output. If higher
pitch values are applied, the high attenuation at the level of the
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shoulders in larger persons may preclude the application of 80 kV.
Iterative reconstruction has been demonstrated to compensate
image noise in low-kilovolt scanning, maintaining high image
quality.**?” Adding iterative reconstruction techniques to
100-kV scanning may further improve dose reduction by com-
pensation of the higher image noise. We did not investigate this
option because we wanted to exclude all confounding effects from
the different techniques. Another limitation may be that we used
an aggressive setting of the algorithm, which balances image noise
and vascular enhancement but leads to decreased CNR and SNR
of tissue with less or no contrast material uptake. This makes the
success of the approach also dependent on optimal contrast tim-
ing, which can be achieved with the use of either a test bolus or a
bolus-tracking technique.

CONCLUSIONS

We demonstrated that an attenuation-based kilovolt selection
with automated milliampere adaption in CTA of the carotid ar-
teries results in a significant dose reduction while preserving im-
age quality. The significantly increased noise level of the images is
compensated by increased iodine contrast, resulting in a compa-
rably high or improved CNR. Further dose reduction might be
achieved by combining the algorithm with other dose-saving
techniques such as iterative reconstruction algorithms.
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HEALTH CARE REFORM VIGNETTE

The Medicare Conversion Factor

D.). Seidenwurm and J.H. Burleson

ABBREVIATIONS: RVU = Relative Value Unit; CF = Conversion Factor; GPCl = Geographic Practice Cost Index; CMS = Centers for Medicare and Medicaid
Services; MP = malpractice; RBRVS = Resource-Based Relative Value Scale; CPT = Current Procedural Terminology; SGR = Sustainable Growth Rate

To understand the Medicare compensation system for physi-
cian services, it is necessary to understand how the relative
values of medical services are translated into fee schedule payment
amounts. Basically, the relative value of a procedure multiplied by
the number of dollars per Relative Value Unit (RVU) is the fee
paid by Medicare for the procedure (RVU,, = physician work,
RVU,y, = practice expense, RVU,,, = malpractice). The Conver-
sion Factor (CF) is the number of dollars assigned to an RVU. It is
calculated by use of a complex formula (Fig 1) that takes into
account the overall state of the economy of the United States, the
number of Medicare beneficiaries, the amount of money spent in
prior years, and changes in the regulations governing covered
services. Medicare fees are set according to a relative value scale
rather than a free market, payments are made by third parties
rather than consumers, and the labor market for physicians is
illiquid, so the pricing mechanisms that regulate markets in other
parts of the economy are not effective in rationalizing prices. The
factors that influence the CF calculation are similar to those that
are used in calculating global health care budgets; therefore the
principles are durable, even if the precise formula might be altered
in the future.

Annually, the CF is based on the previous year’s CF and ad-
justed for the Medical Economic Index, the Update Adjustment
Factor, Legislative Change, and Budget Neutrality. The Medical
Economic Index is a calculation of the inflation rate for medical
services, which is generally higher than inflation in consumer
prices overall. The Update Adjustment Factor encompasses the
Sustainable Growth Rate (SGR) that takes into account growth or
decline in the Gross Domestic Product, changes in the number of
beneficiaries, and certain regulatory adjustments that may affect
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the demand for and costs of providing Medicare services. This is
the mechanism through which the relative proportion of Part B
Medicare spending is maintained at an acceptable level with re-
spect to overall government spending and the size of the economy
as a whole. The process of setting the CF each year balances in-
creases in demand for medical services and the finite productive
capacity of the economy. The calculation is then subject to Budget
Neutrality, requiring any increase in the relative expenditures in
one area of the Medicare program to be offset by cuts in other
areas. The calculation must result in a budget for Medicare that is
within $20 million of the target.’

What Is the CF?

The monetary CF is 1 of 3 key elements that determine physician
payment under the Medicare Physician Fee Schedule, along with
the Resource-Based Relative Value Scale and Geographic Practice
Cost Indices (GPClIs) (GPCI,, = physician work, GPCI,,;; = prac-
tice expense).

With the Resource-Based Relative Value Scale (RBRVS), an
RVU is assigned for each Current Procedural Terminology (CPT)
code on the basis of resource costs associated with 1) physician
work, 2) practice expense, and 3) professional liability insurance.
As determined by Congress at the inception of the RBRVS, all of
the CPT codes on the Medicare Fee Schedule are subject to review
on an annual basis.'

Each Current Procedural Terminology code RVU is adjusted
on the basis of the GPCI associated with each geographic area,
adjusting for different medical costs and wage differentials. GPCIs
are reviewed every 3 years.

The CF, a national dollar multiplier, is used to “convert” the
geographically adjusted RVU to determine the Medicare-allowed
payment amount for a particular physician service.

The CF is used separately to price facility and nonfacility pay-
ment amounts. Facility pricing typically covers services provided
to inpatients or in a hospital outpatient clinic setting or other
off-site hospital facilities. Nonfacility pricing covers services gen-



FIG 1. Role of the conversion factor in the Medicare fee schedule.

erally provided in a physician office or other freestanding setting
such as an Independent Diagnostic Testing Facility.”

How Is the CF Calculated? Why Is the Calculation So
Complex?

The CF is updated annually according to a complex formula set by
statute. Every year, by use of the formula, the Centers for Medi-
care and Medicaid Services (CMS) must publish an estimated
SGR and estimated CF applicable to Medicare payments for phy-
sician services for the following year, as well as the data underlying
these estimates. CMS cannot change its overall budget by more
than $20 million. The use of this SGR target is intended to control
growth of aggregate Medicare spending. The targets are not ex-
penditure limits, but an update to the Physician Fee Schedule to
reflect a comparison of actual to target expenditures. If RVU ad-
justment causes a differential greater than that $20 million or
exceeds the target, CMS uses the Budget Neutrality factor to bring
overall payments down to an acceptable level.

Under statute, the update for each year is determined by com-
paring cumulative actual expenditures with cumulative target ex-
penditures since April 1, 1996, through the end of the year before
the year in question. As an example, the update for 2013 compares
the cumulative actual with cumulative target expenditures from
April 1, 1996, through December 31, 2012. The calculation is as
follows for 2013:

2013 Non-Facility Pricing Amount = [(Work RVU * Work
GPCI) + (Transitioned Non-Facility PE RVU * PE GPCI) + (mal-
practice expense [MP] RVU * MP GPCI)] * CF 2013 Facility Pricing
Amount = [(Work RVU * Work GPCI) + (Transitioned Facility PE
RVU * PE GPCI) + (MP RVU * MP GPCI)] * CE.

The CF for calendar year 2013 is $34.0230.

If the Formula Were Followed, What Would the CF Be for
Next Year?

Under current law, the CF for 2014 would be similar to 2013,
reduced by approximately 26.5% to $25.0069 (compared with the
current $34.0230). This reduction would be effective January 1,
2014, unless Congress passes a legislative fix. The latest estimates
of the cost of the so called “doc fix” are between $150 and $300
billion, depending on assumptions regarding economic perfor-
mance, policy changes, and physician behavior.

What Happens Next?

Annually, the Sustainable Growth Rate—-mandated cuts in the CF
have been overridden by Congress, usually through last-minute
negotiations that cover numerous contentious issues. Many inter-
ested in health policy recognize the need for a reform of this pro-
cess to improve clarity and remove uncertainty from the annual
determination of the CF. Because of the large and growing dis-
crepancy between the statutory CF and the established CF, the
budgetary need for a more permanent solution is also considered
important, going forward. Recently, the magnitude of the adjust-
ment required in the CF to maintain Budget Neutrality has been
revised downward. It is likely that this is a temporary consequence
of the disparate timing of effects on the various components of the
Sustainable Growth Rate formula related to recent economic con-
ditions. As the economy returns to more normal levels of growth,
we can expect these short-term trends to revert to their prior
patterns and continue to increase.

Some of the proposals on the table include cuts in the overall
level of Medicare fees weighted heavily toward cuts in specialist
services such as imaging and relatively sparing primary care. Oth-
ers reduce costs by changing the calculation of Medicare premi-
ums and/or means testing them. Another approach is to adjust the
relationship between the CF and the rate of inflation and the rate
of economic growth. Other proposals seek a more fundamental
overhaul of the program, through premium support models sim-
ilar to those already being used in Medicare Part D. Others seek to
preserve the status quo. Regardless of the fate of the current CF
formula and the precise relationships among the components, the
ingredients of the CF are combined in recipes for global health
care budgets under discussion in health care policy circles.
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Visual-Statistical Interpretation of '®F-FDG-PET Images for
Characteristic Alzheimer Patterns in a Multicenter Study:
Inter-Rater Concordance and Relationship to Automated

Quantitative Evaluation

T. Yamane, Y. Ikari, T. Nishio, K. Ishii, K. Ishii, T. Kato, K. Ito, D.H.S. Silverman, M. Senda, T. Asada, H. Arai, M. Sugishita, T. Iwatsubo, and

the J-ADNI Study Group
o=l
ABSTRACT

BACKGROUND AND PURPOSE: The role of "®F-FDG-PET in the diagnosis of Alzheimer disease is increasing and should be validated. The
aim of this study was to assess the inter-rater variability in the interpretation of "*F-FDG-PET images obtained in the Japanese Alzheimer’s
Disease Neuroimaging Initiative, a multicenter clinical research project.

MATERIALS AND METHODS: This study analyzed 274 "®F-FDG-PET scans (67 mild Alzheimer disease, 100 mild cognitive impairment, and
107 normal cognitive) as baseline scans for the Japanese Alzheimer’s Disease Neuroimaging Initiative, which were acquired with various
types of PET or PET/CT scanners in 23 facilities. Three independent raters interpreted all PET images by using a combined visual-statistical
method. The images were classified into 7 (FDG-7) patterns by the criteria of Silverman et al and further into 2 (FDG-2) patterns.

RESULTS: Agreement among the 7 visual-statistical categories by at least 2 of the 3 readers occurred in >94% of cases for all groups:
Alzheimer disease, mild cognitive impairment, and normal cognitive. Perfect matches by all 3 raters were observed for 62% of the cases by
FDG-7 and 76 by FDG-2. Inter-rater concordance was moderate by FDG-7 (k = 0.57) and substantial in FDG-2 (k = 0.67) on average. The
FDG-PET score, an automated quantitative index developed by Herholz et al, increased as the number of raters who voted for the AD
pattern increased (p = 0.59, P < .0001), and the FDG-PET score decreased as those for normal pattern increased (p = —0.64, P < .000]).

CONCLUSIONS: Inter-rater agreement was moderate to substantial for the combined visual-statistical interpretation of '"®F-FDG-PET and
was also significantly associated with automated quantitative assessment.

ABBREVIATIONS: AD = Alzheimer disease; ]-ADNI = Japanese Alzheimer’s Disease Neuroimaging Initiative; MCI = mild cognitive impairment; NC = cognitively

normal subject

ET can visualize regional glucose metabolism by using '*F-
FDG; and hypometabolism in the posterior cingulate/precu-
neus and temporoparietal cortices is regarded as a typical uptake
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pattern of Alzheimer disease (AD)." These findings are considered
useful for differentiating AD from other disorders presenting with
dementia as well as for predicting conversion from mild cognitive
impairment (MCI) to AD.>?

Three approaches for evaluating brain PET images are visual
interpretation alone, visual interpretation with adjunctive statis-
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tical tools (visual-statistical), and automated quantitative analy-
sis, but the relationship between the latter 2 of these approaches
has been little explored, to our knowledge. Visual interpretation
features comprehensive and flexible assessment of the qualitative
radioactivity distribution by the reader, who may look into all
features across the brain. This approach appears effective because
patients with AD typically present with characteristic temporopa-
rietal hypometabolism known as the “AD pattern.” However, in-
ter-rater variability inevitably occurs because each rater has his or
her own experience and criteria, especially for borderline cases,
and this variability can potentially be increased or decreased when
the reader also takes into account statistical information provided
by various software display tools.

On the other hand, quantitative analysis traditionally extracts
radioactivity uptake values of the region of interest, placement of
which is a subjective matter requiring experience. Although a re-
cently developed anatomic standardization technique can define
ROIs automatically and further allows voxelwise statistical analy-
sis to generate Z-maps, standardization may not always be accu-
rate and may require adjustment by a human observer. Although
these region-of-interest values can be processed into a numeric
indicator such as an FDG-PET score*” and a cutoff level can be
determined, a single indicator may not be as accurate as complex
and comprehensive evaluation by expert readers. As a result, a
“combined” approach of visual and quantitative evaluation is of-
ten used during image interpretation, in which the readers exam-
ine both the tomographic PET images and the result of region-of-
interest analysis and/or a Z-map.

Inter-rater variability and comparison between visual reading
and software-based evaluation have been studied by some inves-
tigators on brain '*F-FDG-PET. Ng et al® studied the inter-rater
variability of 15 patients with AD and 25 cognitively normal sub-
jects (NCs) and reported that visual agreement between 2 readers
was good (k = 0.56). Tolboom et al” studied the variability of 20
patients with AD and 20 NCs and reported that agreement be-
tween 2 readers was moderate (k = 0.56). Rabinovici et al® also
reported the inter-rater agreement of '*F-FDG (k = 0.72). How-
ever, the data of these preceding studies were acquired with a
single scanner in a single site and were evaluated by the readers
belonging to the institution who were used to the scanner and its
image quality. In addition, the studied subjects did not include
patients with MCI, in whom PET findings featuring AD, if any,
are mild and may make the discrimination challenging. Further-
more, inter-rater variability for combined interpretation of visual
and statistical analysis has never been reported, to our knowledge.

In the present study, we analyzed the baseline scans of '*F-
FDG in a multicenter clinical project named Japanese Alzheimer’s
Disease Neuroimaging Initiative (J-ADNI)” and evaluated the in-
ter-rater variability among 3 independent expert raters who were
blinded to the clinical information and interpreted the PET im-
ages to evaluate the characteristic AD pattern in '**F-FDG-PET on
the basis of a combined visual-statistical evaluation. The raters
looked at the 3D stereotactic surface projection Z-map of '*F-FDG-
PET visually as well as the '*F-FDG tomographic images because it is
considered the standard means of human interpretation of "*F-FDG-
PET images in Japan and therefore was adopted as the official inter-
pretation method in J-ADNI. Images were also assessed by auto-

mated quantitative analysis by using an FDG-PET score, which was
derived from ADtsum,”” and were compared with the visual-statis-
tical rating by the 3 raters and with their consensus.

MATERIALS AND METHODS
Subjects
Data used in the present study were obtained from J-ADNI.® This
project was approved by the ethics committee of each site in which
J-ADNI data were acquired, and written informed consent was
obtained from each subject before participating in J-ADNI. All
subjects were native Japanese speakers, 60—84 years of age, and
were registered as 1 of 3 clinical groups (mild AD, MCI, or NC).
Subjects of the mild AD group scored 20-26 in Mini-Mental State
Examination-Japanese and 0.5-1.0 in the Clinical Dementia Rating-
Japanese and were compatible with the probable AD criteria in the
National Institute of Neurologic and Communicative Disorders and
Stroke and the Alzheimer Disease and Related Disorders Associa-
tion.'® Subjects of the MCI group scored 2430 in the Mini-Mental
State Examination-Japanese and 0.5 in the Clinical Dementia Rating-
Japanese. Subjects of NC group scored 2430 in the Mini-Mental
State Examination-Japanese and 0 in the Clinical Dementia Rating-
Japanese. The exclusion criteria were depression (Geriatric Depres-
sion Scale-Japan = 6), cerebrovascular disorders (Hachinski Isch-
emic Score = 5), and other neurologic or psychiatric disorders.
Enrollment in each clinical group for J-ADNI was primarily
determined by the referring physician, and 303 consecutive sub-
jects entered the study to undergo '*F-FDG-PET scanning. A
thorough central review of the clinical and behavioral data by
expert psychiatrists and psychologists excluded 29 cases that had
erroneous assessment of the cognitive test results, depression or
cerebrovascular disorders that had been overlooked, prohibited
concomitant medications, or other deviations from the criteria.
As a result, 274 baseline "®F-FDG-PET scans (67 mild AD, 100
MCI, and 107 NC) were analyzed in the present study.

PET Imaging

As a quality assurance measure necessary for the multicenter
study, all PET sites in J-ADNI were qualified for the PET scanner
and other devices, resting-state environment, quality of the on-
site-produced PET drugs, and so forth before scanning of the first
subject. Intersite differences were minimized by standardizing the
imaging protocol, and interscanner differences were addressed
with the Hoffmann 3D phantom data.'* The data used for the
analysis in the present study were acquired with 14 types of PET or
PET/CT scanners in 23 PET centers.

In the '®F-FDG-PET scans, all subjects fasted for at least 4
hours and their preinjection blood glucose levels were confirmed
to be <180 mg/dL. Intravenous administration of '*F-FDG
(185 = 37 MBq) was followed by a resting period of 30 minutes in
a dimly lit and quiet room. Dynamic scans (300 seconds X 6
frames) were obtained starting 30 minutes postinjection in the 3D
mode. Attenuation was corrected for by a transmission scan with
segmentation for dedicated PET and by a CT scan for PET/CT.

All the PET images acquired in each PET site went through the
J-ADNI PET quality control process,'" in which head motion be-
tween frames was corrected for and bad frames were removed to
create sum frame images. Then the images were reoriented to the
anterior/posterior commissure line with the same matrix size and
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FIG 1. Breakdown of the ®F-FDG-PET cases into degree of match by 3 raters in a combined visual-
statistical human classification into 7 (FDG-7) (A) or 2 (FDG-2) (B) categories. A perfect match by the 3
raters is observed for 62% of the cases for FDG-7 and 76% for FDG-2 in total. The AD group shows the
highest concordance followed by the MCl and NC groups, in this order, both for FDG-7 and FDG-2.

voxel size so that all camera models presented images of similar
orientation and appearance to the viewer and were then passed on
to image interpretation.

The "®F-FDG-PET images that had passed through the quality
control process above were also treated with a 3D stereotactic
surface projection technique to generate z score maps (displayed
with upper = 7 and lower = 0) by using iSSP software, Version 3.5
(Nihon Medi-physics, Tokyo, Japan). The normal data base used
for generating the Z-maps was made by a method of leave-one-
out cross-validation based on 25 healthy subjects of J-ADNI (11
men and 14 women; mean age, 66.0 * 4.8 years) who were inter-
preted as having a normal pattern by one of the coauthors of the
study. The Z-maps were used not for the automated quantifica-
tion but for a part of the information for human raters in the
visual-statistical interpretation.

Human Interpretation

Those '"®F-FDG images generated through the quality control
process above were independently interpreted with the combined
visual-statistical method by 3 expert raters blinded to the clinical
group and other clinical and laboratory data. The raters were pro-
vided with the "*F-FDG tomographic images on the viewer as well
as the Z-map images in PDF format. Information about the age
and sex was also provided to the raters. Moreover, T1-weighted
MR images acquired in 3D mode by using MPRAGE or its equiv-
alent and reformatted in axial sections were also provided to-
gether with axial T2WT and proton-attenuation images, in which
the MR imaging sections did not correspond to the PET section
positions. The experience of the 3 raters as physicians specializing
in nuclear neuroimaging was 17, 19, and 19 years, respectively,
when this project started.

After independent interpretation, consensus reads were per-
formed by the 3 raters and 2 other discussants who are experi-
enced nuclear medicine physicians specialized in neuroimaging.
The experience of both discussants as physicians specializing in
nuclear neuroimaging was 20 years. The same images and infor-
mation as that in the independent interpretation were also provided
for the discussants in the consensus reads. The 7 sessions of consen-
sus reads lasted for 1.5 years in the order of subject enrollment in
J-ADNIL. In the consensus reads, the cases in which the evaluations by
the 3 raters did not completely match were discussed, and the unified
visual-statistical interpretation was determined as an official judg-
ment by the J~JADNI PET Core.
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For classification of '*F-FDG-PET,
the criteria of Silverman et al' were ad-
opted for classifying the uptake pattern
in J-ADNI. All 3 expert raters and the 2
discussants had attended a training
course for the criteria organized by Sil-
verman et al before starting the J-ADNI
project. In the criteria of Silverman et al,
""E-FDG uptake patterns were classified
into 7 categories: progressive patterns:
P1,P1+, P2, and P3, in which P1 repre-
sents the characteristic AD pattern and
P1+ represents AD-variant pattern, in-
cluding the characteristic Lewy body de-
mentia pattern; and nonprogressive pat-
terns: N1, N2 and N3, in which N1 represents the characteristic
normal pattern. In addition to these original 7 categories (FDG-
7), the present study defined a binary criteria (FDG-2) in which the 7
categories were dichotomized into posterior-predominant hypome-
tabolism (AD and AD-variant) patterns (P1, P1+) and the other
patterns (N1, N2, N3, P2, and P3).

Automated Quantitative Evaluation

In the automated quantitative analysis, the FDG-PET score, as a
measure of the AD pattern, was calculated from ADtsum* by us-
ing the Alzheimer’s Discrimination Tool in PMOD, Version 3.12
(PMOD Technologies, Zurich, Switzerland)*® by using the fol-
lowing equation: FDG-PET score = log2 {(ADtsum / 11,089) +
1}. The FDG-PET score was not calculated in 1 case because no
significant clusters were determined for the image.* This case was
excluded from the quantitative analysis.

Statistical Analysis
Concordance among the 3 raters was evaluated by Cohen k sta-
tistics. As comparisons between human and automated evalua-
tion, the association between the FDG-PET score and the number
of the raters who interpreted the case as P1 (AD pattern) in FDG-7
was evaluated by the Spearman rank correlation coefficient. Like-
wise, association between the FDG-PET score and the number of
the raters who interpreted the case as N1 (normal pattern) was
evaluated. The association was also examined between the FDG-
PET score and the number of raters in FDG-2 classification (ie,
how many raters judged the case as the AD and AD-variant pat-
terns [P1, P1+] versus the other patterns [N1, N2, N3, P2, and
P3]). A P value < .05 was considered significant. In addition, the
FDG-PET score was compared with the final combined visual-
statistical interpretation determined by the consensus read and
with the clinical group. Receiver operating characteristic analysis
was used to obtain the optimum cutoff level for the quantitative
index for discrimination.

Neither iSSP nor the PMOD Alzheimer’s Discrimination
Tool was approved for clinical use by the US Food and Drug
Administration.

RESULTS

Figure 1 summarizes concordance rates among the 3 raters.
Agreement among the 7 visual-statistical categories by at least 2 of
the 3 readers occurred in >94% of cases for all groups: NC, MCI,



and AD. The « statistic = SE for each pair of the 3 raters was
0.59 * 0.04, 0.54 * 0.04, and 0.58 * 0.04 in FDG-7 (average,
0.57), and 0.73 £ 0.04, 0.65 = 0.0, and 0.64 = 0.05 in FDG-2
(average, 0.67), respectively.

Figure 2 illustrates the relationship between the FDG-PET
score and the number of raters who visually-statistically inter-
preted the '®*F-FDG-PET image as P1 (Fig 2A4) and N1 (Fig 2B). A
significant positive association was observed between the FDG-
PET score and the number of P1 interpretations (p = 0.59, P <
.0001). The mean FDG-PET score was 0.46 * 0.37 (n = 103) for
the scans no raters interpreted as P1, but it increased to 0.723 =+
0.39 (n = 34) for those that 1 rater interpreted as P1, to 0.99 *
0.45 (n = 31) for 2 raters, and to 1.21 £ 0.73 (n = 105) for all 3
raters. Likewise, a significant negative association was observed
between the FDG-PET score and the number of N1 interpreta-
tions (p = —.64, P <.0001). The FDG-PET score was 1.15 = 0.69
(n = 146) for the scans no raters interpreted as N1, but it de-
creased to 0.80 * 0.39 (n = 28) for those 1 rater interpreted as N1,
0.50 = 0.25 (n = 40) for 2 raters, and 0.34 * 0.22 (n = 59) for all
3 raters. A similar association was observed between the FDG-
PET score and the number of raters who interpreted the case as
AD and AD-variant patterns, including the Lewy body dementia
pattern (P1, P1+) or the other patterns (N1, N2, N3, P2, and P3);
and both showed significant positive and negative associations
(p = 0.60, P < .0001; and p = —0.60, P < .0001).

FIG 2. Boxplots of the FDG-PET score against the number of raters who interpreted the "®F-FDG-
PET images as P1(A) and N1 (B) based on the FDG-7 criteria. The FDG-PET score gradually increases
as the number of P1(AD pattern) interpretations increases (Spearman rank correlation coefficient:
p = 0.59, P <.0001). On the other hand, FDG-PET score gradually decreases as the number of NI

(normal pattern) interpretations increases (p = —.64, P < .0001).

Figure 3 illustrates scatterplots of the FDG-PET scores as con-
trasted to the combined visual-statistical interpretation deter-
mined by the consensus read of '*F-FDG-PET for each clinical
group. For each group as well as for all subjects, cases with P1
interpretation showed higher FDG-PET scores than those with
N1. Receiver operating characteristic analysis on P1 and N1 cases
led to a cutoftf FDG-PET score of 0.67 for discrimination between
P1 and N1. As was expected, NC cases with P1 interpretation had
lower FDG-PET scores than MCI and AD cases with P1 interpre-
tation, and the ratio of the cases above-to-below the cutoff level
was also lower. As for the cases with other patterns, a large fraction
of the cases with N2 interpretation had FDG-PET scores above the
cutofflevel, though most were below 1.0. The FDG-PET scores of
the cases with P1+ and P2 were variable.

DISCUSSION
Matches among 7 visual-statistical categories by at least 2 of 3
readers occurred in >94% of cases for each clinical group, and
perfect matches among the 3 raters were observed for 62% of the
cases for FDG-7 and 76% for FDG-2 categorization schemes in
total. The mild AD group showed the highest concordance, fol-
lowed by MCI and NG, in order, for both FDG-7 and FDG-2.
The AD pattern in '"*F-FDG-PET is usually seen in the early
stage of AD and is expected to predict the onset of AD."'?
Because most of the subjects who are clinically diagnosed as
having AD may have had an estab-
lished AD pattern in '®*F-FDG-PET, it
is reasonable for these results that AD
showed the highest concordance.
Based on the classification of k values
described by Landis and Koch,'? agree-
ments were considered to be moderate
for FDG-7 and substantial for FDG-2.
Inter-rater variability is one of the indi-
ces that are often used to evaluate the
validity of methods of image interpreta-
tion, and it facilitates comparison with
the other studies. The k index of FDG-2
(k = 0.67) of the present study showed
values similar to those of the other stud-
ies (k = 0.56-.72) evaluated by the bi-

FIG 3. Scatterplot of the FDG-PET score as contrasted with the combined visual-statistical interpretation determined by the consensus read of
BE_FDG-PET for each clinical group (A, NC; B, MCl; and C, AD). The horizontal line indicates the cutoff level of 0.67 derived by receiver operating

characteristic analysis on P1and N1 cases.
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nary criteria.®® However, the values observed in the other studies
are not the same as those in the present study because we analyzed
the interpretation both visually and statistically. Recent studies
have shown that the diagnostic capability of visual analysis of
'"®E-FDG-PET increases when the raters interpret the images in
combination with 3D stereotactic surface projections.'*'> These
kinds of visual-statistical methods seem to be a standard approach
in clinical settings.

To increase the concordance rate and diagnostic capability, we
need to overcome some problems. We had to degrade the image
quality according to the PET with the lowest quality among the 23
facilities of ]-JADNIL'" Therefore, the quality of the images may be
improved in the future. In addition to the image quality, develop-
ment of new methods or new approaches to image interpretation
may contribute to increasing the concordance.

This study showed a relationship between combined visual-
statistical interpretation and automated quantitative assessment
regarding the characteristic AD pattern in brain '*F-FDG-PET.
Significant association was observed between the quantitative in-
dex (FDG-PET score) and the number of raters who interpreted
the scans accordingly. This correlation may have been something
expected from reports on similar/automated analysis.>® How-
ever, this association was observed in a large-scale multicenter
study by using various camera models on a wide spectrum of
subjects in the present study.

From the standpoint of detecting the AD pattern, cases evalu-
ated as having positive AD findings by complete agreement of all
3 raters tended to show a higher quantitative index than the cases
that fewer than 3 raters interpreted as having positive AD find-
ings. From the standpoint of ruling out the AD pattern, cases
evaluated as having negative AD findings by complete agreement
of all 3 raters also tended to show a lower quantitative index than
the cases that fewer than 3 raters interpreted as having negative
AD findings. Therefore, the results suggest that interpretation by
3 raters may be better than that by 2 or fewer raters. The results
also indicate that cases that only 1 rater interpreted as having
positive (or negative) AD findings presented a different quantita-
tive index from those that no raters interpreted as having positive
(or negative) findings. This outcome suggests that there are cases
in which the “minority opinion” may not be ignored.

Generally, the minority opinion is somewhat important when
a subtle but definite finding is evaluated. However, most of the
""F-FDG-PET images for which the judgment did not agree
among the raters showed ambiguous findings. Ng et al® reported
that experienced raters scored higher accuracy than nonexperi-
enced raters in the interpretation of brain '*F-FDG-PET images
for the diagnosis of AD.® Such subtle findings in brain '*F-FDG-
PET may be difficult to interpret. We need to analyze the differ-
ence in detail and develop new methods for interpretation or new
diagnostic tools.

When the FDG-PET score of the cases judged as P1 in the
consensus read were examined, NC subjects with P1 interpreta-
tion showed lower FDG-PET scores than MCI and AD subjects.
This result is probably because many of the NC subjects with P1
interpretation presented with a very mild AD pattern that influ-
enced the FDG-PET score to only a small extent. Those cases,
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however, presented characteristic findings such as posterior cin-
gulate hypometabolism, which led to the P1 interpretation.

The criterion standard used in this study was the clinical diag-
nosis at enrollment. Although dementia with Lewy body cases
with the specific symptoms were excluded from enrollment in the
J-ADNI beforehand, differentiating Lewy body dementia from
AD is occasionally difficult in clinical settings.'® The typical Lewy
body dementia pattern of '*F-FDG-PET, evaluated as occipital
hypometabolism, is classified into P1+ by the criteria of Silver-
man et al.' Some cases classified into P1+, though limited in the
present study, seem to have the possibility of Lewy body demen-
tia. Moreover, the consensus read judged 16 of 107 cases of the NC
group to be the AD pattern (P1 and P1+), and 8 of 67 cases in the
AD group to be a non-AD pattern (N1 and P2). These disagree-
ments might be either caused by inappropriate clinical diagnosis
at enrollment or reflecting the limitation of FDG-PET as a diag-
nostic tool. While these diagnostic discrepancies are not critical in
the present study, which analyzed inter-rater concordance, com-
parison with other criterion standards such as long-term fol-
low-up or postmortem examination is important for this kind of
multicenter study in the future.

The FDG-PET score of 1.0, by definition, is proposed as an
optimum threshold for the differential diagnosis of AD from
healthy subjects.’ Because the present study deals with compari-
son of combined visual-statistical human interpretation with au-
tomated quantitative analysis, we derived a cutoff level of 0.67
based on discrimination of the P1 from the N1 pattern. This dis-
crepancy may be explained by the difference in the target of dis-
crimination as well as in the profile of subjects, and the lower
cutoff would be consistent with a higher sensitivity for visually
detecting the AD pattern than for clinically identifying the diag-
nosis of AD, for which the 1.0 cutoff is designed. In addition, one
of the essential factors for this discrepancy seems to be that deci-
sions by visual-statistical interpretation are not completely con-
sistent with the actual clinical diagnosis. Because the diagnostic
capability of '*F-FDG-PET is not the subject of the present study,
further studies are needed to elucidate the discrepancy.

CONCLUSIONS

Inter-rater agreement was moderate to substantial regarding the
combined visual-statistical human interpretation of the charac-
teristic AD pattern in '"*F-FDG-PET. In addition, a significant
relationship between human interpretation and automated quan-
titative assessment was found. The human rating as an AD or
normal pattern was best predicted by the FDG-PET score when
using a cutoff of 0.67.
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Oxygen Extraction Fraction and Stroke Risk in Patients with
Carotid Stenosis or Occlusion: A Systematic Review and
Meta-Analysis
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ABSTRACT

BACKGROUND AND PURPOSE: Increased oxygen extraction fraction on PET has been considered a risk factor for stroke in
patients with carotid stenosis or occlusion, though the strength of this association has recently been questioned. We performed a
systematic review and meta-analysis to summarize the association between increased oxygen extraction fraction and ipsilateral
stroke risk.

MATERIALS AND METHODS: A comprehensive literature search was performed. We included studies with baseline PET oxygen extrac-
tion fraction testing, ipsilateral stroke as the primary outcome, and at least 1year of follow-up. A meta-analysis was performed by use of
a random-effects model.

RESULTS: After screening 2158 studies, 7 studies with 430 total patients with mean 30-month follow-up met inclusion criteria. We found
that 6 of 7 studies were amenable to meta-analysis. Although 4 of the 6 studies independently did not reach statistical significance,
meta-analysis revealed a significant positive relationship between abnormal oxygen extraction fraction and future ipsilateral stroke, with
apooled OR of 6.04 (95% Cl, 2.58 —14.12). There was no statistically significant difference in OR in the subgroup analyses according to testing
method or disease site.

CONCLUSIONS: Abnormal oxygen extraction fraction remains a powerful predictor of stroke in carotid stenosis or occlusion
and is a valuable reference standard to compare and validate MR imaging—based measures of brain oxygen metabolism. However,
there is a need for further evaluation of oxygen extraction fraction testing in patients with high-grade but asymptomatic carotid

disease.

ABBREVIATIONS: CVR = cerebrovascular reserve; OEF = oxygen extraction fraction; COSS = Carotid Occlusion Surgery Study

Carotid atherosclerotic disease remains a significant cause of
stroke, with extracranial carotid disease accounting for ap-
proximately 20% of all strokes." The hemodynamic risk factors
underlying stroke in patients with carotid disease®” include im-
pairment in cerebrovascular reserve (CVR) and increase in oxy-
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gen extraction fraction (OEF). Impairment in CVR, a measure of
the vasodilatory capacity of vessels in the face of reduced cerebral
perfusion pressure, may lead to a reduction in CBF, which can
precede or occur alongside a compensatory increase in oxygen
extraction state sometimes referred to as “misery perfusion.”
Neuroimaging can measure both cerebrovascular and oxygen
metabolic reserve, with the latter determined by OEF on PET.
Increased OEF on PET has long been considered a risk factor
for the development of stroke in patients with symptomatic ca-
rotid occlusion.* However, OEF-defined hemodynamic failure
was a key inclusion criterion for patients enrolled in the Carotid
Occlusion Surgery Study (COSS).” This trial was recently termi-
nated for futility, and concerns were raised regarding the specific
OEF testing method that was used as a study inclusion criterion,
thus sparking renewed debate in the literature®™ regarding OEF
testing methodology and its role in stroke risk assessment. The
role of OEF in stroke risk prediction also deserves renewed atten-
tion, given its potential value as a reference standard for new MR
imaging measures of brain oxygen metabolism.'®"'* Some of the



difficulties in drawing definite conclusions about the role of OEF
in predicting stroke and its role in treating patients with carotid
disease are based on small sample sizes in individual research
studies on this topic and the heterogeneity of study designs im-
plemented. For this reason, and in the light of several recently
published studies™ following patients after OEF PET testing, a
critical reappraisal of the OEF literature is warranted. We there-
fore performed a systematic review and meta-analysis to summa-
rize the association between increased OEF and risk of future
stroke (first-ever or recurrent) ipsilateral to a high-grade carotid
artery stenosis or occlusion.

MATERIALS AND METHODS

We referred to the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) statement' as a guide for the
methodologic approach in this study.

Study Eligibility Criteria

Studies with PET-based measurement of OEF and its association
with stroke in patients with high-grade carotid stenosis (=70%)
or occlusion were eligible. Specific inclusion criteria were 1) Eng-
lish-language published manuscripts; 2) original prospective or
retrospective research studies; 3) subjects with high-grade carotid
stenosis (=70%) or occlusion determined by any imaging tech-
nique; 4) measurement of OEF by means of 15O-PET scan; 4)
mean follow-up of =1 year assessing development of ipsilateral
stroke and/or TIA; and 5) nonsurgical treatment of patients. If
surgical revascularization occurred during patient follow-up, we
included the study only if the authors separately identified and
analyzed these patients. In such a case, we included follow-up
until the point of revascularization, at which time follow-up was
censored. In cases in which outcome data or information about
the OEF testing method could not be determined from the report,
we attempted to contact the corresponding author for additional
details. If 2 different testing methods were described in the orig-
inal report, we applied the following rules: 1) the measure of OEF
alone (eg, OEF alone instead of OEF plus additional hemody-
namic parameters) was used in the overall analysis of pooled effect
size; and 2) if 2 purely OEF-based testing methods were de-
scribed in the same original report, the method that most ac-
curately predicted stroke was used in the overall analysis of
pooled effect size.

Information Sources and Search
A systematic search was performed to comprehensively identify
studies predicting the risk of stroke or TTA on the basis of positive
'30-PET scans in patients with carotid stenosis or occlusion.
Potentially relevant articles were found by searching the bio-
medical electronic databases Ovid MEDLINE (1946 to October
2012), EMBASE (1974 to October 2012), and The Cochrane Li-
brary (updated October 2012). Relevant subject heading and free
text terms were used. Published, unpublished, and ongoing trials
were identified by search of ClinicalTrials.gov. Additional records
were identified by use of the Related Citations feature in PubMed
and the Cited Reference Search in Web of Science. To improve the
retrieval of the relevant information and to ensure the methodo-
logic quality of the literature search, there was an external peer

review of the primary MEDLINE search. The primary search was
conducted in MEDLINE by use of the terms exp Positron-
Emission Tomography/OR (positron adj2 emission adj2 to-
mograph$).tw. OR (PET or PETCT$one or PET CT$1).tw. OR (Ox-
ygen-15 or O-15).tw. AND (Oxygen adj3 (extract$ or fraction or
ratio or rate or metaboli$ or consumption)).tw. OR (OEF or OER or
CMRO2).tw. OR (cerebr$ adj3 (metaboli$ or autoregulat$ or re-
serve or blood or flow or volume or resistance or pressure or
hemodynamic$ or vasomotor$ or impair$)).tw. OR (CBF or
rCBF or CVR or CPP).tw. AND exp Carotid Stenosis/ OR (ca-
rotid adj3 (stenos$ or ulcer$ or plaque$ or narrow$ or ob-
struct$ or occlus$ or constrict$)).tw. OR (steno$ occlus$ or
stenoocclus$).tw. OR exp Stroke/ OR Stroke$.tw.OR cerebro-
vascular.tw. OR ((brain or vascular or lacunar or venous or
cerebral or ischemic) adj2 (accident$ or infarct$ or event$ or
attack$)).tw. OR (cva or cvas).tw.

Study Selection and Data Collection Process

All eligible reports were screened by a single reader on the basis of
title and abstract for possible inclusion. These reports were re-
viewed in their entirety by 3 independent readers to determine
final inclusion, with disagreements resolved by consensus. Qual-
itative and quantitative study data were extracted from selected
studies by 2 independent readers by use of a predetermined data
collection template. All disagreements were resolved by an inde-
pendent third reader as a tie-breaker.

Assessment of Risk of Bias in Studies

On the basis of our literature search, no standardized tool exists to
assess the risk of bias in observational time-to-event cohort stud-
ies. Therefore, we adapted bias assessment criteria used in a pre-
viously published meta-analysis'* of stroke risk on the basis of
imaging findings. The following criteria were applied: 1) reference
standard bias was assessed by noting whether observers were
blinded to OEF results when stroke outcomes were determined;
2) confounding bias was assessed by noting whether potentially
confounding co-existent vascular risk was collected and de-
scribed; 3) completeness of follow-up data was determined by
recording the number of subjects either censored or lost to fol-
low-up for other reasons.

Statistical Analyses

A fixed-effects model was used if studies were found statistically
homogeneous; otherwise, a random-effects model was chosen.
The upper 95% confidence limit of the heterogeneity index (I
>30%) was used as a cutoff for accepting studies that were rela-
tively homogeneous. Heterogeneity across studies was also exam-
ined by means of the Breslow-Day method, with P < .05 as the
threshold for statistically significant heterogeneity. Continuity
correction was used for sparse tables before pooling the OR. Pub-
lication bias was examined with the use of Begg-Mazumdar tests.
We performed subgroup analyses stratified by 1) disease site, 2)
symptomatic disease versus never-symptomatic disease, and 3)
absolute measures of OEF versus hemispheric ratio-based mea-
sures of OEF. All analyses were conducted by a biostatistician with
the use of R: A Language and Environment for Statistical Com-
puting, version 2.15.2 (http://www.r-project.org/).
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FIG 1. Study selection flow diagram. Figure adapted from the Preferred Reporting Items for

Systematic Reviews and Meta-Analyses (PRISMA) group statement.

RESULTS

Study Selection

A total of 2158 reports were initially screened, of which 17 poten-
tially eligible reports were selected for further review (Fig 1). Of
these 17 reports, 6 did not meet inclusion criteria when read in
their entirety because they did not include patient cohorts fol-
lowed for development of stroke after baseline OEF testing. Of the

4591518 were included in the final

3,8,19,20

remaining 11 reports, 7 reports
systematic review. The remaining 4 of 11 reports reana-
lyzed data originally presented in an original patient cohort.*
Two”'® of 7 of these original cohort studies described more than
1 OEF testing method for the cohort, whereas the other 5
described only 1 method of OEF testing. Of the 7 original cohort
studies for systematic review, 6 of 7 studies reported ipsilateral
stroke incidence in a fashion amenable to meta-analysis. One
study (the Carotid Occlusion Surgery Study’) reported stroke
outcomes only in patients with abnormal OEF, which prevented
calculation of an OR for inclusion in the meta-analysis. The stroke
outcomes data for patients with normal OEF who were excluded
from the randomized trial could not be obtained after contacting

the study authors.

Qualitative Assessment and Study Characteristics

Of the 7 original cohort reports meeting eligibility for qualitative
review, 6 were nonrandomized, observational, time-to-event
studies, and 1 was observational data extracted from a random-
ized, controlled trial.” Four studies were conducted in the United
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States4,5,15,17

in Japan.>'®'® A total of 430 unique pa-

and the remaining 3 studies

tients were included, with a mean fol-
low-up of 30 months. All studies had
similar mean subject ages (range, 58 —66
years) and a similar increased prepon-
derance of male subjects (range, 62—
77%). Most patients enrolled in these
studies had occlusive ICA disease, with 3
studies exclusively studying this popula-

4717 The stud-
ies”!>1%1® had mixed disease sites and

tion. remaining 4
severity, including high-grade stenosis
and/or occlusion of the middle cerebral
and carotid arteries. In studies with
mixed vessel site and severity, most pa-
tients had occlusive as opposed to ste-
notic vascular disease (comprising
83.3%,'% 80%,'® 75%,'® and 67.3%” of
each of the cohorts); however, stroke
outcomes were not consistently re-
ported in all of these studies by vessel
disease site or severity. All but 1
study'’evaluated patients with symp-
tomatic disease, which was defined by
the presence of prior TIA or stroke with
variable days since last symptoms. On-
line Table 1 provides an overview of the
patient characteristics in each study.
Variable cutoff values for abnormal
OEF were used, with major testing cate-
gories including 1) quantitative, arterial catheterization—depen-
dent versus non-arterial-dependent count—based OEF tech-
niques and 2) absolute versus hemispheric ratio OEF techniques
(On-line Table 2). All studies presented outcomes in terms of
ipsilateral stroke. Original cohort data from Grubb et al* were
reanalyzed 6 times in 4 subsequent reports>”>'® (On-line Tables

1)9,16

3-5). In 2 reports by Yamauchi et a more than 1 OEF testing

method was presented.

Assessment of Study Methods

In only 2 observational cohort studies*'” were researchers explic-
itly blinded to OEF results when assessing for ipsilateral stroke. In
42121618 of the remaining 5 studies, outcomes were not assessed
while blinded to OEF results, and in the Carotid Occlusion Sur-
gery Study participants were selected on the basis of known pre-
existing OEF elevation. All 7 studies measured and described po-
tentially confounding pre-existing vascular factors. Finally, in the
assessment of the completeness of follow-up, the COSS trial® lost
1 patient to follow-up at 21 months. In the other 6 studies, no
explicit loss to follow-up was described.

Meta-Analysis Results

After pooling the 6 studies amenable for meta-analysis, the I°
statistic and Breslow-Day statistic showed low heterogeneity (I* =
0; CI = 0-38.3% and Breslow-Day = 2.39, df = 5, P = .66). The
Begg-Mazumdar test did not reveal significant publication bias



FIG 2. Forest plot of the association between increased OEF and
ipsilateral first-ever or recurrent stroke determined by a random ef-
fects (RE) model. Squares represent point estimates for effect size
expressed as log of the OR, with the size proportional to the inverse
variance of the estimate (note, OR = exp [log OR]). Diamonds repre-
sent pooled estimate. Lines represent 95% Cls. Vertical line indicates
null effect (OR = 1or log odds = 0). I* and Breslow-Day statistic for
heterogeneity is listed below the forest plot.

(Kendall 7 = .067, P = 1.00). The pooled random effects odds
ratio of 6.04 (CI, 2.58—14.12) indicates a significant positive rela-
tionship between increased OEF and future ipsilateral stroke (Fig
2). Each study had a positive association between OEF increase
and stroke, though importantly, 75% of the studies (4/6), when
viewed independently, did not have a statistically significant OR.

Subset Analysis

Additional subset analyses with measures of heterogeneity were
performed. The OR remained statistically significant in all of the
subset analyses: 1) symptomatic patients only (Fig 3A) (only 1
study, Powers et al'” from 2000 studied asymptomatic patients
and was not alone statistically significant), 2) disease site involv-
ing only the carotid artery (Fig 3B) versus patients with carotid
and MCA disease (Fig 3C), and 3) testing by use of absolute OEF
measures (Fig 4A) versus testing by use of OEF hemispheric ratio-
based measures (Fig 4B).

DISCUSSION

In patients with carotid artery stenosis or occlusion, accurate
measures of stroke risk are important for guiding management
and treatment decisions. Though structural neuroimaging can
play arole in measuring the degree of vessel narrowing, imaging of
downstream hemodynamic factors can provide additional insight
into stroke risk, including impairments in CVR."* Often consid-
ered to be the end-stage of hemodynamic failure, increases in OEF
as measured on PET were recently used to select patients for the
COSS trial, randomly assigning subjects to surgical vascular by-
pass or medical therapy. With the recent early termination of this
trial, there has been renewed interest in the predictive value of
OEF increase because some authors® have attributed the trial’s
futility to methodologic failure of the OEF PET selection criteria.
In addition, with multiple MR imaging—based surrogate mea-

sures of OEF being developed with techniques such as suscepti-
bility-weighted MR imaging,'® functional MR imaging,'' and MR
spectroscopy,'? it is important to summarize the value of OEF as
a reference standard to predict stroke by which future technolo-
gies can be assessed. If shown to be accurate markers of cerebral
oxygen metabolism compared with PET-derived OEF, these po-
tentially more widely available MR imaging techniques can then
be tested as potential stroke risk prediction tools.

In our systematic review and meta-analysis of 430 patients
with a mean follow-up of 30 months, increased OEF was strongly
associated with the risk of ipsilateral stroke, though when viewed
independently, only 2 of the 6 studies included in the meta-anal-
ysis reached statistical significance. The pooled OR suggests that
despite variability in results of individual studies in the literature,
patients with increased OEF are approximately 6 times more
likely to have ipsilateral stroke than those without increased OEF.
Most patients in this study had symptomatic occlusive arterial
disease; only 1 study'” contained a cohort of never-symptomatic
patients. This study did not find a significant association between
increased OEF and stroke but was limited by its small sample size.
The need for stroke prediction in patients with carotid occlusion,
the disease state in which most OEF investigation has been done,
appears questionable, given the results of COSS. However, the
strong performance of OEF in predicting stroke in this population
suggests that it may also be useful in patients with high-grade but
asymptomatic carotid stenosis, for whom accurate stroke predic-
tion is likely to prove important in deciding between intervention
and medical therapy.>' Our study emphasizes the need for pro-
spective investigation evaluating the role of OEF testing in pre-
dicting stroke risk in asymptomatic carotid stenosis, especially in
light of data that impairment of CVR has been associated with
stroke in such patients.'*

We also found no significant difference in broad categories of
OEF testing method and stroke risk prediction. Specifically, we
did not find a significant difference in OR when absolute values of
OEF were calculated versus hemispheric-ratio—based techniques
(On-line Table 2). This is of note because Carlson et al® recently
commented that semiquantitative hemispheric OEF ratios for pa-
tient selection in COSS probably contributed to trial failure,
which suggests that this method is inferior to quantitative, abso-
lute measures of OEF. Although our study was not designed spe-
cifically to analyze this issue, we found insufficient evidence to
claim superiority of one of these methods over the other. Even in
a study by Yamauchi et al,'® in which absolute OEF testing per-
formed better than ratio-based techniques in predicting stroke in
the same patients, this difference was not statistically significant.
As far as optimizing thresholds for classification of abnormal OEF
test results, it is interesting to note that studies that had repeated
analyses of patient data suggest that adding measures of cerebral
blood volume and CBF to OEF may help to further define higher
hemodynamic risk categories.™”

Our study has some limitations. Although the outcome mea-
sure (ipsilateral stroke) was the same across studies, the exact
definition of stroke was not uniform, given the variable criteria for
each study, and in only 2 of the 6 included studies were adjudica-
tion of stroke outcomes made blinded to OEF data. Similarly,
stroke outcomes were not consistently reported broken down by
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FIG 3. A, Symptomatic patients only, with the OR representing the strength of association between increased OEF and risk of either recurrent
stroke or stroke preceded by prior TIA in the symptomatic territory. B, Carotid artery disease only. C, Carotid and MCA disease. Log OR and 95%
Clfor studies divided by the presence of disease in symptomatic patients only (A), in the carotid artery only (B), or in the carotid artery and MCA
(C). Note that a Breslow-Day statistic could not be calculated for the forest plot in B, given the small outcome events. Squares represent point
estimates for effect size expressed as log of the OR, with the size proportional to the inverse variance of the estimate (note, OR = exp [log OR]).
Diamonds represent pooled estimate. Lines represent 95% Cls. Vertical line indicates null effect (OR = 1or log odds = 0). I and Breslow-Day
statistic for heterogeneity is listed below the forest plot.

FIG 4. A, Testing by use of absolute OEF measures. B, Testing by use of hemispheric ratio—based measures. Log OR and 95% Cl for studies
divided by the OEF testing by use of absolute measures of OEF (A) or hemispheric ratio—based measure of OEF (B). Squares represent point
estimates for effect size expressed as log of the OR, with the size proportional to the inverse variance of the estimate (note, OR = exp [log OR]).
Diamonds represent pooled estimate. Lines represent 95% Cls. Vertical line indicates null effect (OR = 1or log odds = 0). I and Breslow-Day

statistic for heterogeneity is listed below the forest plot.

vessel disease site or severity in those studies with mixed patient
characteristics thereby preventing more detailed subset analyses
in these studies. In addition, though most studies focused on oc-
clusive disease, in those cohorts in which stenosis was present,
individual patient-level results are confounded, in part, by the fact
that groups with and without OEF elevation did not have exact
matching degrees of arterial stenosis. In addition, as the within-
cohort subset analyses demonstrate, definitions of abnormal OEF
can vary and significantly affect the resulting OR. Unfortunately,
the data were not amenable to comparisons of receiver operating-
characteristic curves, a potentially more useful measure of diag-
nostic test performance. Beyond this, comparing imaging test
data across different PET scanners and techniques prevents deriv-
ing specific cutoffs for defining abnormal OEF that could be
broadly applied to various institutions. Finally, these studies all
analyzed a hemodynamic risk factor underlying stroke and did
not differentiate strokes that may have arisen from embolic phe-
nomena, potentially overstating the strength of the association
between OEF elevation and stroke.

Despite these limitations, our study suggests that increased
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OEF remains a robust predictor of ipsilateral stroke in patients
with symptomatic carotid disease across multiple disease sites and
across broad categories of testing methodology. Furthermore, our
study has shown that oxygen metabolism and stroke risk in
asymptomatic carotid stenosis requires further study, given the
paucity of OEF literature in this patient population in which the
identifying high-risk subgroups could be of significant value. De-
spite the challenges of routinely implementing '*O-PET scan-
ning, our study supports the use of testing as a marker of stroke
risk and emphasizes the need for continued investigation of newer
techniques to measure cerebral oxygen metabolism.
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ORIGINAL RESEARCH
BRAIN

Perfusion Measurement in Brain Gliomas with Intravoxel

ABSTRACT

Incoherent Motion MRI

C. Federau, R. Meuli, K. O’Brien, P. Maeder, and P. Hagmann

o~ =@

BACKGROUND AND PURPOSE: Intravoxel incoherent motion MRI has been proposed as an alternative method to measure brain
perfusion. Our aim was to evaluate the utility of intravoxel incoherent motion perfusion parameters (the perfusion fraction, the pseu-

dodiffusion coefficient, and the flow-related parameter) to differentiate high- and low-grade brain gliomas.

MATERIALS AND METHODS: The intravoxel incoherent motion perfusion parameters were assessed in 21 brain gliomas (16 high-grade, 5

low-grade). Images were acquired by using a Stejskal-Tanner diffusion pulse sequence, with 16 values of b (0—900 s/mm?) in 3 orthogonal

directions on 3T systems equipped with 32 multichannel receiver head coils. The intravoxel incoherent motion perfusion parameters were

derived by fitting the intravoxel incoherent motion biexponential model. Regions of interest were drawn in regions of maximum intravoxel

incoherent motion perfusion fraction and contralateral control regions. Statistical significance was assessed by using the Student t test. In

addition, regions of interest were drawn around all whole tumors and were evaluated with the help of histograms.

RESULTS: In the regions of maximum perfusion fraction, perfusion fraction was significantly higher in the high-grade group (0.127 = 0.031)
than in the low-grade group (0.084 = 0.016, P < .001) and in the contralateral control region (0.061 %+ 0.011, P < .001). No statistically
significant difference was observed for the pseudodiffusion coefficient. The perfusion fraction correlated moderately with dynamic

susceptibility contrast relative CBV (r = 0.59). The histograms of the perfusion fraction showed a “heavy-tailed” distribution for high-grade

but not low-grade gliomas.

CONCLUSIONS: The intravoxel incoherent motion perfusion fraction is helpful for differentiating high- from low-grade brain gliomas.

ABBREVIATIONS: D = diffusion coefficient; D* = pseudodiffusion coefficient; f = perfusion fraction; fD* = flow-related parameter; IVIM = intravoxel incoherent

motion

An estimated 69,720 new cases of primary central nervous sys-
tem tumors are expected to be diagnosed in the United States
in 2013, of which an estimated 24,620 new cases will be malignant
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(13,630 in males and 10,990 in females)." The 5-year relative sur-
vival rate following diagnosis of primary malignant CNS tumors,
mostly gliomas, is poor, with an average of 33.8%, but it is age-
dependent, decreasing monotonically from 73% for 0—19 years of
age to 10% for 65-74 years of age (data from 1995-2009).

The assessment of perfusion characteristics of those lesions by
using dynamic susceptibility MR imaging has become an impor-
tant part of the initial evaluation and follow-up because cerebral
blood volume has been shown to correlate with the degree of
neovascularization® and increased local perfusion has been shown
to correlate with tumor grading* and prognosis.” Histologically,
the assessment of microvascularity is important for the grading of
a primary brain tumor® because high-grade neoplasms produce a
pathologic microvascular network through neoangiogenesis to
satisfy a growing need for nutriments and oxygen.

Le Bihan et al” have proposed measuring microvascular per-
fusion with an MR imaging—based method called intravoxel in-
coherent motion (IVIM) imaging. The incoherent motion of
spins, which can be understood as the spatial “mixing” of spins




Table 1: Patient demographics, tumor localization, and histologic diagnosis

Grade Age (yr) Sex Localization Sample Obtained Pathologic Diagnosis WHO Grade

High
1 77 Male Left parietal lobe Surgical resection Glioblastoma multiforme v
2 67 Male Right parietal lobe Surgical resection Glioblastoma multiforme v
3 84 Female Left parietal lobe Stereotaxic biopsy Glioblastoma multiforme v
4 61 Female Right frontal lobe Surgical resection Glioblastoma multiforme v
5 60 Male Right frontal lobe Surgical resection Glioblastoma multiforme v
6 68 Male Right insula Surgical resection Glioblastoma multiforme v
7 73 Male Right frontotemporal lobes Surgical resection Anaplastic oligoastrocytoma 11l
8 36 Male Left insula Stereotaxic biopsy Diffuse glioma 1
9 50 Male Left temporal lobe Stereotaxic biopsy Glioblastoma multiforme v
10 43 Male Left temporal lobe Surgical resection Glioblastoma multiforme v
n 73 Male Left temporal lobe Surgical resection Glioblastoma multiforme v
12 53 Male Left parietal lobe Surgical resection Glioblastoma multiforme v
13 60 Female Left operculum Stereotaxic biopsy Glioblastoma multiforme v
14 24 Male Left cingulum Stereotaxic biopsy Anaplastic oligoastrocytoma 1
15 61 Male Left temporal lobe Surgical resection Glioblastoma multiforme v
16 63 Female Right frontal lobe Surgical resection Glioblastoma multiforme v

Low
1 38 Male Right frontal lobe Surgical resection Oligoastrocytoma I
2 58 Male Right frontal lobe Surgical resection Neuroglial tumor I
3 54 Male Left temporo-occipital lobes Stereotaxic biopsy Diffuse astrocytoma Il
4 38 Male Left frontal lobe Stereotaxic biopsy Oligodendroglioma I
5 2 Male Centered on 3rd ventricle Stereotaxic biopsy Pilomyxoid astrocytoma I

Note:—WHO indicates World Health Organization.

during the time of measurement, reduces exponentially the sig-
nal amplitude obtained from a diffusion-weighted sequence
such as the Stejskal-Tanner sequence.® This incoherent motion
arises inevitably from the thermal diffusion characterized by
diffusion coefficient (D) and, in biologic perfused tissue, from
movements of blood in the microvasculature, called by analogy
pseudodiffusion and characterized by pseudodiffusion coeffi-
cient (D*).

Therefore, an IVIM biexponential signal equation” has been
proposed to model incoherent motion in biologic tissue, with the
perfusion fraction (f) describing the fraction of incoherent signal
arising from the vascular compartment in each voxel over the
total incoherent signal. Furthermore, under the assumption of an
isotropic, randomly laid microvascular network, a linear relation-
ship were derived® between D* and fD* (the scalar multiplication
of fand D¥, referred to as the flow-related parameter) and CBV,
MTT ™}, and CBF, respectively.

Recently, IVIM showed promising results in helping discrim-
inate high- and low-grade tumors, for example in the salivary
gland, among Warthin tumors, pleomorphic adenomas, and ma-
lignant tumors'®; in the pancreas between healthy pancreas and
pancreatic cancer''; or between renal'” and breast tumor sub-
types.'? In the brain, where initial reports were made,”'*'* IVIM
perfusion parameters showed recently a gradual increase in re-
sponse to gradual increase of hypercapnia.*®

The purpose of this study was to evaluate the utility of IVIM
perfusion parameters (f, D¥, and fD¥) to differentiate high- and
low-grade brain gliomas.

MATERIALS AND METHODS

Patient Demographics

The present study was approved by the local ethics committee at
University of Lausanne. Patient consents were waived. From May
2011 to December 2012, our clinical glioma protocol included an
IVIM sequence, which replaced the standard diffusion-weighted

sequence. This provided apparent diffusion maps, which are part
of the standard glioma evaluation, as well as perfusion-weighted
maps, which allowed our exploratory work. Our clinical glioma
protocol also included T1-weighted, T2-weighted, DSC perfu-
sion, and T1-weighted postgadolinium sequences. Twenty-one
consecutive patients (17 males, 4 females; mean age, 52.3 * 21.3
years; age range, 2—84 years; Table 1) who had preoperative MR
imaging examination, had no relevant treatment history at the
time of imaging (such as radio-, chemo-, or antiangiogenic ther-
apy), and had consecutive histopathologic diagnoses were in-
cluded in the study. The tumor grading was based on World
Health Organization criteria and yielded 16 high-grade and 5 low-
grade gliomas. Because of the low number of low-grade gliomas
found, a complementary study was performed and included 6
further low-grade gliomas diagnosed on radiologic criteria only
(On-line Appendix).

Conventional MR Imaging

Conventional MR imaging, DSC, and IVIM were performed dur-
ing the same procedure to allow direct comparison. The imaging
was performed on 3T MR imaging scanners (Trio, Verio, or
Skyra; Siemens, Erlangen, Germany) equipped with 32 multi-
channel receiver head coils. Before the examination, an 18- to
20-ga needle was inserted in either the right or the left antecubital
vein. Afterward, T1-weighted sagittal and T2-weighted axial im-
ages were acquired.

IVIM MR Imaging

A Stejskal-Tanner diffusion-weighted spin-echo EPI pulse se-
quence'® was used, with multiple b-values (0, 10, 20, 40, 80,
110, 140, 170, 200, 300, 400, 500, 600, 700, 800, 900 s/mm?) in
3 orthogonal directions, and the corresponding trace was cal-
culated. A single acquisition was obtained (no average). The
images were orientated axially with a section thickness of 4
mm, an FOV 0f 297 X 297 mm?, and a matrix size of 256 X 256,
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FIG1. A-C, Glioblastoma multiforme involving the paraventricular region of the right fron-
tal lobe seen on axial T2-weighted, Tl-weighted postgadolinium, and DSC CBV. D-F, IVIM
parametric maps f, D* and fD* (scale bars: f = unitless; D*, fD* = mm?s ). G, Logarithmic
plot of signal-intensity decay as a function of b of the region of interest of maximal
perfusion fraction, with the corresponding biexponential fit.

yielding an in-plane resolution of 1.2 X 1.2 mm?. Parallel im-
aging, with an acceleration factor of 2 and a 75% partial Fou-
rier encoding allowed TR/TE = 4000/99 ms. The receiver
bandwidth was 1086 Hz/pixel, and fat was suppressed with a
spectrally selective saturation routine. Total acquisition time
was 3 minutes 7 seconds.

DSC MR Imaging

A gadolinium-based agent (gadoterate meglumine, Dotarem;
Guerbet, Paris, France) was intravenously injected at a dose of
0.2 mL per kilogram of body weight and at a rate of 3 mL/s,
followed by a 20-mL saline flush. Standard echo-planar images
were consecutively acquired (TR = 1950 ms, TE = 43 ms,
section thickness = 6 mm, FOV = 230 X 230, acquisition
matrix = 128 X 128). No leakage correction was performed.
CBV, MTT, and CBF maps were computed from the DSC MR
imaging data by using the commercially available software,
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syngoMR (Siemens). On the section of interest, a region of
interest was placed on an identified artery. We selected
=4 voxels containing the best arterial input function curves,
from which the average was built. We then set the time
ranges defining baseline, gadolinium entry, and recovery,
before the DSC perfusion maps were automatically calculated
on the basis of a vy variate fitting of the time-concentration

curve.

Regions of Interest

Brain gliomas have very heterogeneous structures and, accord-
ingly, only the region with the highest malignancy defines the
pathologic grade of the lesion. Therefore, a region of interest was
manually placed on each tumor area in consensus by 2 experi-
enced neuroradiologists (P.M. and P.H.) who were blinded to the
histopathology, in the region of the tumor with maximal IVIM



FIG 2. A-C, Oligoastrocytoma, grade 2, centered on the pre-central gyrus of the right
frontal lobe, seen on axial T2-weighted, T1-weighted postgadolinium, and DSC CBV.
D—F, IVIM parametric maps f, D*, and fD* (scale bars: f = unitless; D*, fD* = mmzsf‘). G,
Logarithmic plot of signal-intensity decay as a function of b of the region of interest of
the maximal perfusion fraction, with the corresponding biexponential fit.

perfusion fraction and in the contralateral white matter, both on a
single axial section. Cystic, hemorrhagic, or necrotic areas were
avoided by using conventional pre- and postcontrast MR images.
If a tumor was centered on the midline, a region of interest was
chosen in the white matter of one of both hemispheres. Mean
IVIM region-of-interest size was 322 * 187 mm?. The corre-
sponding ROIs were then drawn on the DSC images, manually
matching the images by using anatomic landmarks. The relative
CBYV was calculated by dividing the value of the region of interest
in the tumor by the value of the contralateral normal-appearing
white matter. The mean DSC region-of-interest size was 342 =
151 mm?,

We also produced histograms by placing a region of interest on
all whole tumors on the IVIM b0 images, including all sections
where the tumor was visible, and encompassing as much of the
tumor area as possible but excluding cystic or necrotic areas, with

the help of conventional pre- and postcontrast MR images. For

the control histogram, a region of interest was placed in all pa-
tients to comprise the full white matter of an axial section of the
contralateral hemisphere to the tumor.

All ROIs were placed so that they included as little CSF or as
few large vessels as possible.

IVIM Image Processing

The standard IVIM 2-compartment diffusion model was as-
sumed,” with a “microvascular” and a “nonvascular” compart-
ment, having, respectively, a pseudodiffusion coefficient and an
apparent diffusion coefficient. The percentage of incoherent sig-
nal arising from the microvascular compartment f is called the
perfusion fraction. To obtain the IVIM parameters, the IVIM sig-
nal equation

S(b)
So

=fXe ™+ (1—f)Xe P
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FIG 3. Box-and-whisker plot (median, 25th and 75th percentiles, minimum, maximum, and out-
liers) of f, D* fD* and D, as measured in ROIls of the maximum perfusion fraction. Dark gray
indicates high-grade tumors; medium gray, low-grade tumors; light gray, contralateral control

region of both high- and low- grade. P values are indicated when <.05.

FIG 4. Scatterplots comparing relative DSC CBV (y-axis) with abso-
lute IVIM f (x-axis). Pearson r correlation coefficient is given.

was fitted in 2 steps, as previously described,?° first for b > 200
s/mm? for the single parameter D, then for all b and all parame-
ters, while keeping D constant. This fit was done on a voxel-by-
voxel basis, by using the Levenberg-Marquardt algorithm?' im-
plemented within Matlab (MathWorks, Natick, Massachusetts).
This 2-step method increases robustness under biologic condi-
tions and assumes that D* is significantly greater than D*? so that
the influence of pseudodiffusion on signal decay can be neglected
for b-values > 200 s/mm?. Values under 0 for f, D, and D*, and
values with f > 0.3 and D* > 0.05 mm?/s were considered not
physiologic and were set to 0.>> This step excluded poorly fitted
voxels (< 1% of the voxels) and was necessary to ensure that a
single artifactually very high value in a single voxel could not be
responsible for the measured effect, while also increasing the con-
trast of the IVIM maps.

Statistical Analysis
Statistical analysis was performed with Excel (Microsoft, Red-
mond, Washington). A normal distribution of the data was
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assumed. Single-tailed, pair-wise Stu-
dent ¢ tests were calculated when data
were compared with the contralateral
region. Single-tailed, 2-sample, un-
equal-variance Student t tests were cal-
culated between high- and low-grade
tumor groups. Statistical significance
was defined at P < .05. The Pearson r
correlation coefficient between IVIM
perfusion fraction fand DSC CBV was
calculated.

RESULTS

High-resolution IVIM perfusion maps
were produced, and in tumorous regions,
increased perfusion similar to DSC CBV
could be observed (Figs 1 and 2).

In the region of interest of the maxi-
mum IVIM perfusion fraction, f was sig-
nificantly higher in high-grade (0.127 =
0.031) compared with low-grade gliomas
(0.084 = 0.016, P = .0006), as well as in
both glioma groups compared with the
contralateral region (0.061 * 0.011, P < .0001) (Fig 3). Those
results could be confirmed in the complementary study includ-
ing the cohort of low-grade gliomas diagnosed on radiologic
criteria only (On-line Fig 1).

f correlated moderately with DSC relative CBV (r = 0.59, Fig
4). The normalized histogram analysis of f over all whole tumor
volumes showed an obvious “heavy-tailed” distribution for the
high-grade gliomas in comparison with the low-grade and the
reference contralateral white matter of an axial section (Fig 5).

No statistically significant difference was observed for D*
(0.0117 #+ 0.0058 mm?s ™' versus 0.0114 * 0.0050 mm?s ™~ ' versus
0.0098 = 0.0029 mm?s ™', for high-, low-grade, and contralateral
brain, respectively; Fig 3). The flow-related parameter fD* was not
statistically significantly different between high- and low-grade
tumors (0.00132 * 0.00032 mm?s~ ' versus 0.00133 + 0.00046
mm?®s~ ', respectively; P = .46), but it was significantly different
between both glioma groups and the contralateral brain region
(0.00077 = 0.00007 mm?s™ ', P < .001).

DISCUSSION

This report demonstrates that the IVIM perfusion fraction can
help differentiate high- and low-grade gliomas. Of interest is the
fact that this was obtained with a direct measurement in the tu-
mor, without normalization with a measure in the contralateral
white matter, as is currently done with DSC. While more data will
be required for a detailed analysis, the following can be deduced
from this small cohort: No low-grade tumor showed a value of f
above 0.103, suggesting a probable high-grade histology when
above this value, with a sensitivity of 75%. No control region
showed an fvalue above 0.096, suggesting tumor when above this
value, with a sensitivity of 69%.

Further, f correlated moderately with DSC CBV, confirming
earlier results.>® In the histogram analysis of all whole tumors, the
heavy-tailed distribution for the high-grade in comparison with
the low-grade gliomas and the reference white matter demon-



FIG 5. Normalized histograms of the perfusion fraction comprising the voxels of all whole tumor volumes for the high-grade (A) and low-grade
(B) groups and for the control group (C). The total number of voxels included is indicated by n. An increase in the normalized number of highly
perfused voxels can be observed in the high-grade tumor group in comparison with the low-grade and control groups.

strated that the presented effect can be measured independent of
region-of-interest placement.

Single whole-tumor statistical analysis might be of interest but
should be explored with care because tumor heterogeneity is a
known property of gliomas and the region of highest malignancy
defines the tumor grade.

There was no statistically significant difference between D* in the
different groups in this small cohort, which might be due to low
signal-to-noise ratio. D* has been shown to be less reproducible than
fin the liver.>* Nevertheless, in selected cases with high image quality
(which was not an inclusion criterion for this study), we were able to
produce D* maps that were consistent with the known histologic
diagnosis.*® Furthermore, in a larger study with healthy volunteers
over large regions of interest, a strong dependence of D* (and no
statistically significant dependence of f) on the cardiac cycle could be
shown.?® Together, these findings indicate that there is still hope that
D* could provide clinically relevant information when image quality
is high enough.

There was also no statistically significant difference in D among
the different groups. While regions with minimum apparent diffu-
sion coefficient are thought to reflect the sites of highest cellularity
within heterogeneous tumors and hence correlate with glioma
grade,” %

the regions of highest vascularity, which were studied here.

those regions do not have to correspond necessarily to

The known linear relationship® between the standard perfusion
parameters and the IVIM perfusion parameters is dependent on the
structure of the microvascular network, for example, on the mean
vascular segment length or on the number and orientation of bifur-
cations. Neoangiogenic vessels in tumors are known to have a fun-
damentally different network structure than normal vessels.”®>" This
might, therefore, introduce a bias in the comparison with standard
perfusion parameters, and further studies evaluating the exact rela-
tionship between IVIM and standard perfusion parameters in patho-
logic conditions should be pursued. The IVIM perfusion parameters
should be considered as a new set of microperfusion parameters that,
though related to the standard perfusion parameters, might differ in
given cases, depending on the local microvascular network structure.

IVIM perfusion measurement in the brain remains technically
challenging. It is obviously highly dependent on the immobility of
the patient during the entire acquisition. Susceptibility inhomo-
geneities, such as around the petrous apex or the paranasal sinuses
or due to the presence of metal or blood, for example, postoper-

atively, can harm the IVIM signal but are also problematic when
performing DSC.

On the other hand, the IVIM method has many theoretic ad-
vantages over currently used DSC. It is intrinsically quantitative,
and, because of the intravoxel excitation and readout, it does not
require a precise knowledge of the arterial input function, which is
challenging to measure.”>>* It does not require contrast media
and enables the acquisition of perfusion and diffusion informa-
tion in a single sequence.

This study has several limitations. The cohort studied is rela-
tively small, especially the low-grade tumors, because those tu-
mors are usually followed without biopsy or operation at our
institution. The results of a complementary study, including low-
grade tumors as diagnosed on radiologic criteria only, can be
found in the On-line Appendix and showed results similar to the
ones presented. The placement of the ROIs was subjective in na-
ture but reflected the usual clinical practice. Furthermore, the
comparison between IVIM fand DSC CBV is limited by the fact
that the DSC sections were positioned in the anterior/posterior
commissure plane, while the IVIM sections were placed strictly
transverse, but the regions of interest were sufficiently large to be
identified reliably by using anatomic landmarks. In the future, the
orientation and FOV of the different sequences could be aligned
to ease comparison; however, this could be at the cost of optimal
parameter settings, which are often sequence-specific. Coregistra-
tion and interpolation could improve the accuracy of the corre-
spondence of the regions.

CONCLUSIONS
This report demonstrates that the IVIM perfusion fraction might
be of value to differentiate high- and low-grade gliomas.

Disclosures: Christian Federau—UNRELATED: Patents (planned, pending or issued):
patent pending on IVIM.* Philippe Maeder—UNRELATED: Patents (planned, pending
or issued): patent pending on IVIM.* Patric Hagmann—UNRELATED: patents
(planned, pending or issued): patent pending on IVIM.* *Money paid to the
institution.
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Assessment of Angiographic Vascularity of Meningiomas with
Dynamic Susceptibility Contrast-Enhanced Perfusion-Weighted
Imaging and Diffusion Tensor Imaging
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ABSTRACT

BACKGROUND AND PURPOSE: The roles of DTl and dynamic susceptibility contrast-enhanced—PWI in predicting the angiographic
vascularity of meningiomas have not been studied. We aimed to investigate if these 2 techniques could reflect the angiographic vascularity
of meningiomas.

MATERIALS AND METHODS: Thirty-two consecutive patients with meningiomas who had preoperative dynamic susceptibility contrast-
enhanced-PWI, DTI, and conventional angiography were retrospectively included. The correlations between angiographic vascularity of
meningiomas, classified with a 4-point grading scale, and the clinical or imaging variables—age and sex of patient, as well as size, CBV,
fractional anisotropy, and ADC of meningiomas—were analyzed. The meningiomas were dichotomized into high-vascularity and low-
vascularity groups. The differences in clinical and imaging variables between the 2 groups were compared. Receiver operating character-
istic curve analysis was used to determine the diagnostic performance of these variables.

RESULTS: In meningiomas, angiographic vascularity correlated positively with CBV but negatively with fractional anisotropy. High-vascu-
larity meningiomas demonstrated significantly higher CBV but lower fractional anisotropy as compared with low-vascularity meningiomas.
In differentiating between the 2 groups, the area under the curve values were 0.991 for CBV and 0.934 for fractional anisotropy on receiver
operating characteristic curve analysis.

CONCLUSIONS: CBV and fractional anisotropy correlate well with angiographic vascularity of meningiomas. They may differentiate

between low-vascularity and high-vascularity meningiomas.

ABBREVIATIONS: AUC = area under the curve; FA = fractional anisotropy; ROC = receiver operating characteristic

eningiomas account for approximately one-third of pri-
mary brain tumors.' Preoperative evaluation of meningi-
oma with conventional angiography, the reference standard for
tumor vasculature assessment, may help in surgical planning by
providing important information such as tumor vascularity, vas-
cular anatomy of feeding arteries, and draining veins. However,
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cerebral conventional angiography is invasive and not without
risk. A previous study reported that there were 1.3% neurologic
complications, among which 0.5% were permanent.”

Several MR imaging techniques have been shown to be able to
provide some of the vascular information of meningiomas that
could only be obtained with conventional angiography in the
past. Arterial spin-labeling and regional perfusion imaging tech-
niques could determine if the vascular supply of a meningioma
was from the external carotid artery, the ICA, or both.” MRA, on
the other hand, helped to identify the arterial branches primarily
supplying the meningiomas.* To our knowledge, there is no re-
port on the use of quantitative MR techniques to predict the de-
gree of angiographic vascularity of meningiomas.

In contrast to conventional MR imaging, which provides only
structural information, advanced MR techniques such as dynamic
susceptibility contrast-enhanced PWI and DTI may provide
physiologic information that helps in lesion characterization. The
attenuation of T2-weighted signal measured with DTT after 2 ex-
tra gradient pulses can be linked to water diffusivity. Fractional
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anisotropy (FA) and ADC are quantitative metrics derived from
DTI for water diffusivity measurement.” DSC-PWI, on the other
hand, measures T2*-weighted signal intensity loss that occurs dy-
namically over bolus injection of contrast medium, from which
relative CBV, a quantitative marker of tumor angiogenesis, can be
computed.®

Both DTI”* and DSC-PWI°'" had been reported to be useful
in subtyping meningiomas. The microvessel area of meningiomas
determined by histopathology was found to correlate with relative
CBYV derived from DSC-PWI.'" In the present study, we aimed to
investigate if DTT and DSC-PWI could reflect the angiographic
vascularity of meningiomas. To our knowledge, the roles of DTI
and DSC-PWT in assessing the angiographic vascularity of menin-
giomas have never been studied.

MATERIALS AND METHODS

Patients

Between 2009-2012, a total of 46 patients underwent surgery for
intracranial meningiomas in our institution. A routine MR pro-
tocol including conventional MR imaging, DSC-PWI, and DTI
has been used to assess all patients with intracranial mass lesions
since 2009. In our institution, conventional angiography has been
aroutine preoperative study in patients with meningioma who do
not have iodinated contrast medium allergy or renal insufficiency.
Nine patients whose MR studies were performed at outside hos-
pitals were excluded. Thirty-seven patients whose preoperative
MR imaging and conventional angiography were performed in
our institution were retrospectively included. Signed informed
consent was obtained from all patients for imaging and surgical
procedures performed. Approval for reviewing the patient clinical
data, findings of preoperative MR imaging studies, and catheter
cerebral angiography was obtained from the institutional review
board. Images with motion artifacts from 2 patients were ex-
cluded. Three patients with purely calcified tumors as seen on
SWI or noncontrast CT images were excluded. Therefore, a total
of 32 patients (17 men, 15 women; mean age, 54.5 years; age
range, 24—80 years) with meningioma (mean size, 5.3 * 1.5 cm;
range, 2—8 cm) were analyzed. Histologic diagnosis was obtained
in all patients by surgical resection. The histologic subtypes in-
cluded 11 meningothelial, 8 transitional, 4 fibroblastic, 2 psam-
momatous, 3 microcystic, 2 atypical, and 2 anaplastic meningio-
mas. None of the patients had begun corticosteroid treatment,
radiation therapy, or chemotherapy or had any previous brain
biopsy at the time of MR imaging. Patients with estimated glo-
merular filtration rate <60 mg/min per 1.72 m” were excluded
before enrollment.

MR Imaging

All MR studies were performed by use of a 3T unit (Magnetom
Tim Trio; Siemens, Erlangen, Germany) with a 12-channel
phased-array head coil. The conventional MR pulse sequences
included transverse T1WI, transverse T2WI, and transverse
FLAIR. DTI was performed in the axial plane by use of single-shot
EPI with the following parameters: TR ms/TE ms, 5800/83; diffu-
sion gradient encoding in 20 directions; b = 0, 1000 seconds/
mm?; FOV, 256 X 256 mm; matrix size, 128 X 128; section thick-
ness, 2 mm; and number of signals acquired, 4. A total of 50—60
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sections without intersection gap were used to cover the cerebral
hemispheres, upper brain stem, and cerebellum. Generalized au-
tocalibrating partially parallel acquisitions (reduction factor = 2)
were used during DTT acquisitions.

The DSC-PWI was obtained with a T2*-weighted gradient-
echo EPI sequence during the bolus injection of a standard dose
(0.1 mmol/kg) of intravenous gadopentetate dimeglumine
(Magnevist; Schering, Berlin, Germany). The injection rate was 4
mlL/s for all patients and was immediately followed by a bolus
injection of saline (total of 20 mL at the same rate). DSC-PWI
sequence parameters included the following: TR/TE, 1640/40 ms;
flip angle, 90°% FOV, 230 X 230 mm; section thickness, 4 mm; 20
sections; and acquisition time of 1 minute, 28 seconds. Fifty mea-
surements were acquired, allowing acquisition of at least 5 mea-
surements before bolus arrival. No contrast agent was adminis-
tered before DSC-PWI. Postcontrast magnetization-prepared
rapid acquisition gradient echo (TR/TE, 2000/2.63 ms; section
thickness, 1 mm; TI, 900 ms; acquisition matrix, 224 X 256; and
FOV, 224 X 256 mm) sequences were acquired after completion
of the PWI sequence.

Conventional angiography was performed by interventional
neuroradiologists through the femoral approach. Biplanar intra-
arterial DSA was performed by selective catheterization of bilat-
eral internal and external carotid arteries as well as bilateral ver-
tebral arteries. Images were obtained with a 1024 X 1024 matrix
and a 17-cm FOV. The temporal resolution of the images was 3
frames per second. A bolus of 5-9 mL of undiluted iodinated
contrast material was injected for each projection by use of a
power injector.

Image Postprocessing
The perfusion and diffusion-tensor data were transferred to an
independent workstation and processed by use of the software
nordicICE (Version 2, NordicNeuroLab, Bergen, Norway). The
diffusion-weighted images were co-registered to the non—diffu-
sion-weighted (b = 0) images to minimize the artifacts induced by
eddy-current and subject motion. FA and ADC were calculated
from diffusion-tensor data by use of standard algorithms de-
scribed previously.>'>'?

The CBV for each voxel was estimated by integrating the re-
laxivity-time curve converted from the dynamic signal intensity
curve. Contrast leakage correction was performed by use of a

technique outlined by Boxerman et al.'*'?

Image Analysis

Two independent interventional neuroradiologists blinded to the
DTI and DSC-PWI findings assessed the tumor vascularity by
evaluating the entire series of angiographic images. On the basis of
the attenuation of tumor stain, the degree of angiographic vascu-
larity of meningioma is graded as the following: 0 indicated none;
1, minimal; 2, moderate; and 3, marked (Fig 1). For meningiomas
with grade 0 or 1 vascularity, preoperative embolization or even
diagnostic conventional angiography is considered not to be nec-
essary. Meningiomas with grade 2 or 3 vascularity were candidates
for embolization, provided that their feeders derived from the
external carotid artery or dural branches that were safe to be em-
bolized. Interobserver differences were resolved by consensus.



FIG 1. Upper panel shows DSA images of 4 different meningiomas, demonstrating grade 0 (A), 1(B), 2 (C), and 3 (D) angiographic vascularity,
respectively. Arrows indicate locations of meningiomas; lower panel shows the corresponding postcontrast MPRAGE images in coronal view.

A diagnostic neuroradiologist blinded to the angiographic re-
sults measured the size, ADC, FA, and CBV of the meningiomas.
For tumor size, the largest diameter of the contrast-enhancing
lesion on axial postcontrast MPRAGE was measured. Before all
quantitative measurements, the ADC, FA, and CBV maps were
coregistered to postcontrast MPRAGE on the basis of 3D nonrigid
transformation and mutual information with the use of Statistical
Parametric Mapping 2 (SPM2; Wellcome Department of Imaging
Neuroscience, London, United Kingdom).

On the basis of postcontrast MPRAGE, a polygonal ROI was
first drawn to include the entire enhancing lesion on every sec-
tion. A threshold pixel value was then manually chosen to create a
volumetric ROI to segment the entire enhancing tumor. The
mean ADC, FA, and CBV of the whole tumor were subsequently
measured with the tumor ROI. All ROIs did not include areas of
necrosis or nontumor macrovessels evident on postcontrast
MPRAGE. Examples of 2 meningiomas with grade 1 and grade 3
vascularity, respectively, are shown in Fig 2.

The ADC, FA, and CBV were normalized and expressed as
ratios to contralateral normal-appearing white matter before all
quantitative comparisons. The ratios were calculated by dividing
the mean values of whole tumor by the values obtained from a
region of interest (size range, 30—50 mm?) placed in the contralat-
eral normal-appearing white matter.

Statistical Analysis

The level of interobserver agreement for angiographic vascularity
was determined by calculating the k coefficient. The correlations
between angiographic vascularity of meningiomas on the basis of
consensus readings and the clinical or imaging variables—age and
sex of patient, as well as size, CBV, FA, and ADC of meningio-
mas—were analyzed with the Spearman rank correlation
coefficient.

The degree of angiographic tumor vascularity was further di-
chotomized into low-vascularity (grade 0 and 1) and high-vascu-
larity (grade 2 and 3) groups. Between the 2 groups, the size, ADC,
FA, and CBV of meningiomas, as well as the patient age. were com-
pared by means of a 2-sample ¢ test. The difference in sex was ana-
lyzed with x* analysis. The diagnostic performance of clinical and
imaging variables with statistical significance was further determined
by receiver operating characteristic (ROC) curve analysis. A com-
mercially available statistical software package (SPSS 16; IBM, Ar-
monk, New York) was used for analysis, and P values <.05 were
considered to indicate a statistically significant difference.

RESULTS

Interobserver agreement was excellent (k = 0.824; P < .001) for
degree of angiographic vascularity. The angiographic vascularity
on consensus readings was grade 0 in 4, grade 1 in 6, grade 2 in 8,
and grade 3 in 14 meningiomas. Angiographic vascularity corre-
lated positively with CBV (Spearman p = 0.891; P < .001; Fig 3A)
but negatively with FA (Spearman p = —0.861; P < .001; Fig 3B).
There was no correlation between angiographic vascularity and
the patient sex (Spearman p = 0.151; P = .410), tumor size
(Spearman p = —0.186; P = .307), or ADC (Spearman p = 0.287;
P = .111; Fig 3C).

The clinical and imaging data of the meningiomas are summa-
rized in Table 1. There were 10 patients with low-vascularity me-
ningiomas (grade 0 and 1) and 22 with high vascularity (grades 2
and 3). There were no significant differences in the sex, age, and
tumor size between the 2 groups. The high-vascularity meningi-
omas demonstrated significantly higher CBV (Fig 4A) but lower
FA (Fig 4B) as compared with low-vascularity meningiomas. The
2 groups showed no difference in their ADC values (Fig 4C). In
differentiating between low- and high-vascularity meningiomas,
the sensitivity and specificity were 90.9% and 100%, respectively,
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FIG 2. Upper panel shows DSA (A), contrast-enhanced MPRAGE (B), FA (C), and CBV (D) images of a meningioma with grade 1 angiographic
vascularity; lower panel (E-H) shows the corresponding images from a meningioma with grade 3 angiographic vascularity.

FIG 3. Scatterplots with regression lines show a correlation (Spearman p = 0.891) between CBV and angiographic vascularity (A) and an inverse
correlation (Spearman p = —0.861) between FA and angiographic vascularity (B). There is no correlation between ADC and angiographic

vascularity.

Table 1: Comparison of clinical and imaging data between
low-vascularity and high-vascularity meningiomas

Low-Vascularity High-Vascularity P

Group Meningioma Meningioma  Value 95% Cl

Sex 6 women, 4 men 9 women,13men 450 NA
Age,y 49.7 £16.7 56.7 £14.5 237 —1891t0 4.86
Size, cm 545 * 1.69 527 £157 781 —1.08to142
CBV 5.06 £ 2.05 13.97 = 5.67 <.001 —12.71to —5.10
ADC 1114 = 0.107 1213 + 0.258 253 —0.27t00.07
FA 0.621 = 0.106 0.339 = 0147  <.001 0.17 t0 0.38

Note:—Data are mean * standard deviation. Units are X 10~ mm?/s for ADC values.

for CBV and were 100% and 77%, respectively, for FA. When
combining CBV and FA, the sensitivity and specificity were 95.2%
and 100%, respectively. The results of ROC analysis are summa-
rized in Table 2 and illustrated in Fig 5.

DISCUSSION

Our study showed that angiographic vascularity of meningiomas
correlated with tumoral CBV and FA. Low-vascularity meningi-
omas demonstrated significantly lower CBV but higher FA when
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compared with high-vascularity meningiomas. Our results sug-
gest that CBV and FA of meningiomas could reflect angiographic
vascularity of the tumors.

Preoperative angiography evaluation and embolization of me-
ningiomas is currently performed in some institutions, even
though its value has not been established by randomized tri-
als.’®'® Two very recent studies reported that patients may ben-
efit from preoperative meningioma embolization. Shah et al'”
reviewed 36 studies comprising 459 patients published between
1990—2011; they concluded that embolization may reduce rates of
surgical morbidity and mortality in the management of meningi-

omas. In another study, Borg et al'®

reported that complete devas-
cularization resulted in lower blood transfusion requirements in
their 107 patients with meningioma operated on between 2001—
2010.'®* We found that DSC-PWTI and DTI could provide quanti-
tative information about angiographic vascularity in a noninva-
sive way. Angiographic vascularity, which visualized as tumor
stain, aids tumor localization during angiographic procedures

and frequently serves as a reference of the degree of devascular-



FIG 4. Boxplots of CBV (A), FA (B), and ADC (C) according to angiographic vascularity.

Table 2: ROC analysis of CBV and FA in differentiating
meningiomas with high vascularity from those with low
vascularity

Parameter AUC 95% Cl P Value cv SEN SPE
CBV 0.991  0.967-1.015 <.001 821 90.9 100
FA 0.934 0.852-1.016 <.001 0425 100 77

Note:—CV indicates cutoff value; SEN, sensitivity; SPE, specificity. Data of sensitivity,
specificity, and accuracy are in percentages.

FIG 5. ROC curve analysis of the diagnostic performance of CBV and
FA in differentiating between low-vascularity and high-vascularity
meningiomas.

ization. Therefore, findings in our study may be helpful to insti-
tutions in which preoperative conventional angiography evalua-
tion and embolization of meningiomas is practiced.

In the present study, all meningiomas demonstrated increased
CBYV, a finding similar to what has been reported in the litera-
ture.'® However, not all meningiomas with increased CBV dem-
onstrated tumor stain visible on conventional angiography.
Rather, angiographic vascularity was absent in (grade 0) 12.5% of
meningiomas and only slightly increased (grade 1) in 18.8% of
cases. If a meningioma is identified to be low or absent of angio-
graphic vascularity by DSC-PWT or DTI, embolization or even
conventional angiography may not be needed because tumor
feeders are frequently absent or difficult to identify. In contrast, if
a meningioma is found to have high angiographic vascularity by

DSC-PWI or DTI, tumor embolization may be planned, and its
associated risk and benefit can be discussed in advance with the
patient.

CBYV has been shown to be a surrogate marker of angiogenesis
in gliomas. It has been found to correlate with microvascular pro-

liferation'®->*

and vascular endothelial growth factor expression,
amajor regulator of tumor angiogenesis.>” In meningiomas, both
angiographic vascularity®* and CBV*” correlated with vascular
endothelial growth factor expression. Therefore, it is not surpris-
ing when there is a positive correlation between CBV and angio-
graphic vascularity in meningiomas, as demonstrated in the pres-
ent study. To our knowledge, such correlation has not been
reported in meningiomas, though it was observed in gliomas.*®

The inverse correlation between FA and angiographic vascu-
larity, as demonstrated in the present study, had allowed the use of
FA to differentiate meningiomas of different angiographic vascu-
larity, with diagnostic performance close to that of DSC-PWI.
Therefore, DTT may serve as an alternative to DSC-PWI when
administration of gadolinium-based contrast mediumis a contra-
indication in patients who are subject to development of nephro-
genic systemic fibrosis caused by low glomerular filtration rate.
Previous studies investigated the roles of ADC and FA in subtyp-
ing meningiomas, but the results were controversial.”*?” In the
present study, we found that angiographic vascularity of menin-
giomas correlated with FA but not with ADC. Whereas ADC mea-
sures the average changes of water diffusivity, FA quantifies the
diffusion anisotropy. High FA indicates coherent diffusion,
whereas low FA suggests disorganized or incoherent diffusion.
The inverse correlation between FA and angiographic vascularity
suggested that water diffusion in meningiomas became more dis-
organized as the angiographic vascularity increased.

It has been proposed that both pure diffusion of water mole-
cules and microcirculation of the blood in the capillary network
(perfusion-related diffusion) contribute to the signal decay ob-
served on the source image of DTL.*® The perfusion-related dif-
fusion can be considered as an incoherent motion caused by ran-
dom capillary organization, and its contribution to the ADC
measurement can be assessed by use of an intravoxel incoherent
motion model.2>*° However, to our knowledge, there is no well-
established model to evaluate the effect of perfusion on diffusion
anisotropy. We speculate that higher perfusion resulted in greater
incoherent motion and subsequently lower FA in meningiomas
with high angiographic vascularity. On the other hand, the con-
tribution of perfusion to the ADC measurement was limited at b
values >100 seconds/mm?.>® This, perhaps, may explain the ab-
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sence of correlation between angiographic vascularity and ADC
obtained with a b value of 1000 seconds/mm? in the present study.

The purpose of preoperative evaluation with conventional an-
giography is to obtain information such as the degree of angio-
graphic vascularity and the origin of arterial feeders of meningi-
omas. It has been reported that the information about vascular
supply of meningiomas could be obtained with arterial spin-la-
beling, regional perfusion imaging, and MRA.>* Our results show
that CBV and FA may complement arterial spin-labeling, regional
perfusion imaging, and MRA by providing information about the
degree of angiographic vascularity and may enhance the role of
MR imaging in the preoperative assessment of meningiomas. Al-
though the presence intratumoral vessels seen as flow voids on
T2WI or enhancing vascular structures on postcontrast TIWI as
well as the intensity of contrast enhancement may help to assess
the vascularity of meningiomas, these imaging features cannot
predict the angiographic vascularity of the tumor in a quantitative
manner. In contrast, we have successfully demonstrated that CBV
and FA could serve as quantitative markers to assess angiographic
vascularity of meningiomas.

There are some limitations in the present study. First, there is
no objective measurement of the degree of angiographic vascular-
ity. Although the 4-point grading scale used in this study may be
inherently subjective, it appears to be an optimal method, on the
basis of its high interobserver agreement. Second, we did not have
histologic findings to support the correlations between angio-
graphic vascularity and FA or CBV. However, it is not a caveat to
our study because we aimed to investigate the relationship be-
tween findings from different imaging modalities, for example,
conventional angiography and MR imaging, and not between im-
aging findings and the pathologic changes. Although CBV and FA
can predict angiographic vascularity of meningiomas, they can-
not identify meningiomas with high angiographic vascularity but
without accessible feeding arteries or meningiomas with a large
arterial supply but with low angiographic vascularity. However,
this limitation may be overcome in future studies if arterial spin-
labeling, regional perfusion imaging and MRA are included in the
MR protocol.

CONCLUSIONS

CBYV and FA correlate well with angiographic vascularity of me-
ningiomas. They may serve as noninvasive, quantitative tools to
assess angiographic vascularity of meningiomas.
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BRAIN

Utility of Proton MR Spectroscopy for Differentiating Typical
and Atypical Primary Central Nervous System Lymphomas
from Tumefactive Demyelinating Lesions

S.-S. Ly, SJ. Kim, H.S. Kim, C.G. Choi, Y.-M. Lim, EJ. Kim, D.Y. Kim, and S.H. Cho

%

ABSTRACT

BACKGROUND AND PURPOSE: It may be challenging to differentiate primary CNS lymphomas, especially primary CNS lymphomas with
atypical MR features, from tumefactive demyelinating lesions by the use of conventional MR. This study aimed to investigate the
usefulness of 'H-MR spectroscopy for making this discrimination.

MATERIALS AND METHODS: Forty-four patients with primary CNS lymphomas and 21 with tumefactive demyelinating lesions were
enrolled. Single-voxel (TE = 144 ms) 'H-MR spectroscopy scans with the use of the point-resolved spectroscopy sequence were retro-
spectively analyzed. The Cho/Cr and Cho/NAA area ratios were calculated. The lipid and/or lactate peak was visually categorized into 5
grades on the basis of comparison with the height of the Cr peak. The 'H-MR spectroscopy findings were compared in all of the primary
CNS lymphomas and the tumefactive demyelinating lesions and in the subgroup of atypical primary CNS lymphomas and tumefactive
demyelinating lesions. The thresholds and added value of 'H-MR spectroscopy to conventional MR were calculated by use of receiver
operating characteristic curves.

RESULTS: Discrepancies between all of the primary CNS lymphomas and tumefactive demyelinating lesions were found in the Cho/Cr
ratio (P = .000), Cho/NAA ratio (P = .000), and the lipid and/or lactate peak grade (P = .000). Lymphoma rather than tumefactive
demyelinating lesions was suggested when the Cho/Cr ratio was >2.58, the Cho/NAA ratio was >1.73, and a high lipid and/or lactate peak
grade (grade >3) was seen. Higher Cho/Cr ratios, Cho/NAA ratios, and lipid and/or lactate peak grades were found in atypical primary CNS
lymphomas when compared with those of tumefactive demyelinating lesions. The area under the receiver operating characteristic curve
of conventional MR was improved from 0.827 to 0.870 when Cho/NAA ratio was added in the uncertain cases.

CONCLUSIONS: 'H-MR spectroscopy may be useful for differentiating primary CNS lymphomas from tumefactive demyelinating lesions.
Cho/NAA ratio could provide added value to conventional MR imaging.

ABBREVIATIONS: PCNSL = primary central nervous system lymphoma; TDL = tumefactive demyelinating lesion; lip-lac = lipid and/or lactate peak; ROC =
receiver operating characteristic; AUC = area under the receiver operating characteristic curve

Primary central nervous system lymphomas (PCNSLs) are ag-
gressive tumors that represent approximately 1-6% of pri-
mary intracranial neoplasms." Their incidence has been increas-
ing during the past 2 decades not only in immunocompromised
patients but also in immunocompetent patients.” Typical MR
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imaging features of PCNSLs are characterized by their periven-
tricular locations, well-defined margin, moderate or marked
edema, and intense and homogeneous nodular enhancement and
are usually easy to correctly diagnose.*® However, some patients
present with atypical MR imaging features, commonly those of
heterogeneous enhancement, such as patchy enhancement,
streaky enhancement without mass formation, or even no
enhancement.®™

Demyelinating diseases of the CNS are pathologic entities that
are frequently encountered in clinical practice. When such lesions
appear as solitary masses >>2 cm in the longest diameter, they are
defined as tumefactive demyelinating lesions (TDLs), and they
can cause symptoms mimicking brain neoplasms and can be as-
sociated with variable enhancement on MR imaging.'® Differen-
tiation between PCNSLs and TDLs by use of conventional MR can
sometimes be challenging, especially when there are atypical MR



imaging features in PCNSLs. Considering the rapid progress of
PCNSLs, early differentiation is important because both the treat-
ment effectiveness and the patient survival rate will substantially
decrease if there is delayed radiation therapy and/or chemother-
apy.” Accurate differentiation is also important to avoid unneces-
sary biopsies of TDLs.

"H-MR spectroscopy can provide noninvasive biochemical in-
formation regarding in vivo tissue. Some authors have suggested
that "H-MR spectroscopy is helpful for discriminating tumors

and pseudotumors,' 2

whereas others argue that it may not be
50, because there is some overlap of the metabolites. 1314 There are
many published "H-MR spectroscopy studies of PCNSLs as well
as TDLs>'®'>!% however, to our knowledge, there is still no
"H-MR spectroscopy study that distinguishes PCNSLs from
TDLs. Our current study attempts to investigate the potential
clinical utility of "H-MR spectroscopy for differentiating PCNSLs
from TDLs and further focuses on evaluating whether "H-MR
spectroscopy is also helpful for discriminating PCNSLs with atyp-
ical MR imaging features from TDLs.

MATERIALS AND METHODS
This retrospective study was approved by our institutional review
board, and the requirement for informed consent was waived.

Study Subjects

Sixty-nine patients with PCNSL and 35 patients with TDL, all of
whom had undergone conventional MR imaging and 'H-MR
spectroscopy between June 2006 and May 2012, were selected
from our institution data base. The inclusion criteria were as fol-
lows: 1) histologically proven PCNSLs by stereotactic biopsy or
surgical resection; 2) histologically proven or clinically diagnosed
TDLs; with 3) "H-MR spectroscopy on intermediate TE (144 ms)
and conventional MR including TIWI, T2WI, FLAIR, and con-
trast-enhanced TIWI. The clinical diagnosis of TDL was based on
the following criteria: 1) acute or subacute onset of neurologic
symptoms and signs; 2) at least 1 brain lesion with the longest
diameter =2 c¢m seen on MR; 3) no evidence of systemic illness,
vasculitis, toxic or metabolic disease, or CNS infection seen on
extensive laboratory testing. The final diagnosis of TDL was made
on the basis of histopathologic findings or a strong clinical suspi-
cion supported by the patient’s clinical course and the follow-up
MR findings.

For a subgroup comparison of PCNSLs with TDLs, patients
with PCNSL were further divided into 2 subgroups on the basis of
enhancement patterns seen on conventional MR: 1) typical
PCNSLs had nodular and homogeneous enhancement; and 2)
atypical PCNSLs with various types of heterogeneous enhance-
ment, including patchy infiltrative, streaky infiltrative, ring en-
hancement, or lack of enhancement.

Fourteen patients with PCNSL and 6 patients with TDL with
unsatisfactory '"H-MR spectroscopy, including noisy baseline,
motion artifact, and inappropriate ROI that contained too much
normal tissue, were excluded. Eight patients with PCNSL and 3
patients with TDL with only multivoxel '"H-MR spectroscopy
were excluded. Three patients with PCNSLs without pathologic
confirmation and 5 patients with TDL who neither met all the

clinical diagnostic criteria nor had pathologic confirmation were
also excluded.

A total of 44 patients with PCNSL (31 men, 13 women; 13-76
years of age) and 21 patients with TDL (10 women, 11 men; 22— 66
years of age) were finally identified according to all of the criteria
we used. Among the patients with PCNSLs, there were 24 patients
with typical PCNSLs (16 men, 8 women; 13-76 years of age) and
20 patients with atypical PCNSLs (15 men, 5 women; 26— 68 years
of age). Forty-two patients (95.5%) with PCNSLs were confirmed
as having diffuse large B-cell lymphoma, whereas the other 2 pa-
tients were confirmed as having malignant lymphoma with atyp-
ical large cells and histiocytic sarcoma. TDLs were diagnosed by
brain biopsy in 6 patients (28.6%) and by clinical follow-up and
repeat MR imaging in 15 patients (71.4%).

Acquisition and Analysis of Conventional MR Imaging
Conventional MR imaging was performed in all of the study pa-
tients with the use of a 3T MR system (Achieva; Philips Health-
care, Best, the Netherlands), including fast spin-echo TIWI (TR,
500 ms; TE, 10 ms; section thickness, 5 mm; FOV, 230 mm; ma-
trix, 512 X 512), T2WI (TR, 3000 ms; TE, 80 ms; section thick-
ness, 5 mm; FOV, 230 mm; matrix, 512 X 512), FLAIR (TR,
10,000 ms; TE, 125 ms; section thickness, 5 mm; inversion time,
2200 ms; FOV, 230 mm; matrix, 512 X 512), and contrast-en-
hanced T1WI after intravenous injection of 0.1 mmol/kg gadot-
erate meglumine (Dotarem; Guerbet, Paris, France).

Two readers (D.Y.K., S.H.C.) with 9 and 5 years of experience
in radiology, respectively, and blinded to the diagnosis, evaluated
the conventional MR images by use of a 5-point confidence scale
on the basis of lesion number, location, signal intensity, and mass
effect on TIWI, T2WI, and FLAIR, as well as enhancement
pattern on contrast-enhanced TIWI: grade 1: quite certainly
TDL; grade 2: probably TDL; grade 3: equivocal; grade 4: prob-
ably PCNSL; grade 5: quite certainly PCNSL. Final decisions
were made by consensus of the 2 readers and used for analysis.

Acquisition and Analysis of Proton MR Spectroscopy
Single-voxel "H-MR spectroscopy with the use of the point-re-
solved spectroscopy sequence was performed (TR, 2000 ms; TE,
144 ms; average 128). A volume of interest was placed on the basis
of the abnormal signal intensity lesions seen on T2WT, FLAIR, and
the enhancing portion of lesions seen on contrast-enhanced
T1WI. The voxel size ranged from 3—8 mL. Spectrum analysis was
performed with baseline correction, phase correction, and noise
filtering to improve the quality of 'H-MR spectroscopy in
SpectroView software (Philips Healthcare).

The metabolites assessed were Cho at 3.22 ppm, Cr at 3.02
ppm, NAA at 2.02 ppm, lipid at 0.8 to 1.3 ppm, and lactate at 1.33
ppm. Lactate peak is identified as an inverted doublet peak at
TE = 144 ms. However, the anomalous ] modulation can cause
signal loss for lactate, which leads to complicated assessment of
the presence or absence of lactate in the voxel, particularly com-
plicated by the presence of lipid resonances. This problem has
been identified previously.'®'® Therefore, they were not sepa-
rated in this study and were recorded as the lipid and/or lactate
(lip-lac) peak.

For the analysis of 'H-MR spectroscopy, Cho/Cr and Cho/
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NAA peak area ratios were calculated. For the analysis of the lip-
lac peak, the height of the lip-lac peaks was used instead of the
peak area because it was not possible to accurately measure the
areas. Lip-lac peaks were visually categorized into 5 grades on
the basis of comparison with the height of the Cr peak by 2 readers
(D.Y.K,, S.H.C.): grade 1, no definite lip-lac peak; grade 2, any
single peak (upward or downward) smaller than the Cr peak;
grade 3, both peaks smaller than the Cr peak; grade 4, any single
peak 1 to 3 times higher than the Cr peak; and grade 5, any single
peak >3 times higher than the Cr peak. Final decisions were made
by consensus of the 2 readers and used for analysis.

Statistical Analysis

Inter-rater agreement was measured by use of weighted k statis-
tics. Conventional MR imaging features and grades of PCNSLs
and TDLs were compared by means of Pearson x* test when ap-
propriate or Fisher exact test. The Cho/Cr and Cho/NAA ratios
were compared by use of the Student ¢ test in all the PCNSLs and
the TDLs. The Mann-Whitney U test was used to evaluate the
difference of lip-lac grades between the 2 groups. Receiver op-
erating characteristic curve (ROC) analyses were used to de-
termine the optimum thresholds of the ratios and to evaluate
their diagnostic performance for differentiating the 2 entities.
The area under the receiver operating characteristic curve
(AUC), sensitivity, and specificity were then calculated. The
same statistical analysis was repeated in the atypical PCNSLs
and TDLs groups.

The receiver operating characteristic curve was also con-
structed to assess the added value of "H-MR spectroscopy to con-
ventional MR imaging in the differential diagnosis between
PCNSLs and TDLs. The diagnostic performance of conventional
MR alone was evaluated first. Afterward, we tested whether com-
bined "H-MR spectroscopy and conventional MR could improve
the diagnosis when the conventional imaging results were uncer-
tain (grades 2—4).

All the statistical analyses were performed with the use of
commercially available software (SPSS, version 13.0, IBM, Ar-
monk, New York, and MedCalc, version 12.3.0, Mariakerke,
Belgium). A difference of P < .05 was considered statistically
significant.

RESULTS

Conventional MR Imaging Manifestations and Grades

On conventional MR images, a single lesion was observed in 24
PCNSLs and in 8 TDLs, whereas multiple or diffuse lesions were
found in 14 and 6 patients with PCNSL and in 9 and 4 patients
with TDL, respectively. No statistical difference was found be-
tween PCNSLs and TDLs (P = .463).

Variable enhancement patterns were observed in both
PCNSLs and TDLs, including homogeneous enhancement, open-
ring or ring enhancement, patchy infiltrative enhancement,
streaky infiltrative enhancement, and no contrast enhancement.
Twenty-four PCNSLs were considered as typical PCNSLs (grade
5) that were homogeneously enhanced and certainly diagnosed
on the basis of conventional MR imaging, whereas the remaining
20 PCNSLs were uncertain cases. Five TDLs were evaluated as
grade 1, and 16 TDLs were considered as grade 2—5. The weighted
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Table 1: Conventional MR imaging features and grades of PCNSLs
and TDLs

PCNSLs TDLs
(n=44) (n=21)
No. of lesions P = 463
Single lesion 24 (54.5%) 8(38.1%)
Multiple focal lesions 14 (31.8%) 9(42.9%)
Diffuse lesions 6 (13.6%) 4(19.0%)
Enhancing pattern P =.000
Homogeneous 24 (54.5%) 2(9.5%)
Ring 4(9.1%) 1(4.8%)
Open ring 0(0.0%) 5(23.8%)
Patchy infiltrative 11(25.0%) 4(19.0%)
Streaky infiltrative 3(6.8%) 0(0.0%)
No enhancement 2(4.5%) 9 (42.9%)
Conventional MR grades P =.000
Grade 1 0(0.0%) 5(23.8%)
Grade 2 5 (11.4%) 5(23.8%)
Grade 3 7 (15.9%) 6(28.6%)
Grade 4 8(18.2%) 4(19.0%)
Grade 5 24 (54.5%) 1(4.8%)

Note:—Grade 1: quite certainly TDL; grade 2: probably TDL; grade 3: equivocal; grade
4: probably PCNSL; grade 5: quite certainly PCNSL.

2 P values represent the comparison results of PCNSLs and TDLs by use of Pearson x*
test or Fisher exact test.

k value for inter-rater agreement was 0.602. Both enhancing pat-
terns and conventional MR grades between PCNSLs and TDLs
were significantly different (P = .000 and P = .000, respectively).

The conventional MR imaging features and grades of the
PCNSLs and TDLs are summarized in Table 1.

Quantitative Analysis of 'H-MR Spectroscopy
The diagnostic performance of the Cho/Cr ratio, Cho/NAA ratio,
and lip-lac grade are summarized in Table 2.

The Cho/Cr ratio and Cho/NAA ratio were significantly dif-
ferent between PCNSLs and TDLs (P = .000 and P = .000, respec-
tively). PCNSLs demonstrated higher Cho/Cr and Cho/NAA ra-
tio than TDLs (Figs 1 and 2). The AUC of the Cho/Cr ratio and the
Cho/NAA ratio was 0.849 and 0.885, respectively. The optimal
cutoff values for differentiating PCNSLs from TDLs were 2.58 for
the Cho/Cr ratio and 1.73 for the Cho/NAA ratio.

Higher Cho/Cr and Cho/NAA ratios were consistently found
in the atypical PCNSLs compared with those of the TDLs (P =
.003 and P = .001, respectively, Fig 3). The AUC of the Cho/Cr
ratio and the Cho/NAA ratio was 0.785 and 0.883, respectively.
The optimum threshold value was 2.39 for the Cho/Cr ratio and
1.73 for the Cho/NAA ratio. In 2 nonenhancing PCNSLs, the
Cho/Cr ratios or Cho/NAA ratios were not higher than the
threshold values for PCNSLs. Differences of the Cho/Cr ratio and
Cho/NAA ratio among all of the PCNSLs, atypical PCNSLs, and
TDLs are displayed in Fig 4.

The weighted k value for inter-rater agreement of lip-lac grade
was 0.739. Lip-lac peaks were noted in 40 of the 44 (90.9%) pa-
tients with PCNSL and in 12 of the 21 (57.1%) patients with TDL.
A substantial difference in lip-lac grades was found when all of the
patients were analyzed (P = .000). High lip-lac peaks (> grade 3)
were mostly observed in PCNSLs (n = 21), especially in nodular
enhancing PCNSLs (n = 14) (Fig 1), whereas only one high lip-lac
peak (grade 4) was found in a TDL, which had central necrosis.
Very high lip-lac peaks (grade 5) were only observed in 10 of 44



Table 2: Diagnostic performance of the Cho/Cr ratio, Cho/NAA ratio, and lip-lac grade

P Value® AUC Cutoff Value Sensitivity (%) Specificity (%)

Comparison of all PCNSLs and TDLs

Cho/Cr ratio .000 0.849 (0.739, 0.926) 2.58 75.0(59.7,86.8) 81.0 (58.1,94.4)

Cho/NAA ratio .000 0.885(0.782, 0.951) 173 88.6(75.4,96.2) 76.2(52.8,917)

Lip-lac grade .000 0.801(0.684, 0.890) 3 477(325,633)  952(762,99.9)
Comparison of atypical PCNSLs and TDLs

Cho/Cr ratio .003 0.785(0.628,0.897) 2.39 70.0(45.7,88.0) 714 (47.8,88.6)

Cho/NAA ratio 001 0.883 (0.744, 0.962) 173 90.0(68.3,985)  76.2(52.8,917)

Lip-lac grade 005 0.745(0.585, 0.868) 3 35.0 (154, 59.2) 95.2(76.2,99.9)

Note:—Numbers in parentheses are the 95% confidence intervals.

2 P values represent comparison results of PCNSLs and TDLs by use of the Student t test for the Cho/Cr ratio, the Cho/NAA ratio, and the Mann-Whitney U test for the lip-lac grade.

FIG1. Typical PCNSLin a47-year-old woman. A round mass is located in the left thalamus and with hypointensity on TIWI (A) and hyperintensity
on T2WI (B). Homogeneous enhancement is observed on contrast-enhanced TIWI (C). D, 'H-MR spectroscopy demonstrates the remarkably
increased Cho peak and the decreased NAA peak, both of which give rise to a high Cho/Cr ratio (6.47) and a high Cho/NAA ratio (3.57). A very

high lip-lac peak (grade 5) is shown (arrow).

(22.7%) PCNSLs, including 8 typical PCNSLs and 2 atypical
PCNSLs. The lip-lac grades of atypical PCNSLs were also higher
than those of TDLs (P = .005).

In addition, the Cho/Cr ratio of typical PCNSLs were found to be
higher than those of atypical PCNSLs (P = .018), whereas no differ-
ences of the Cho/NAA ratio and lip-lac grade were found between the
typical and atypical PCNSLs (P = .152 and P = .058, respectively).

Assessment of the Added Value of 'H-MR Spectroscopy
The AUC for conventional MR imaging alone to differentiate
PCNSLs from TDLs was 0.827 (95% CI, 0.713, 0.910).
Thirty-five cases were classified as grade 2—4 according to the
conventional MR imaging, including 20 PCNSLs and 15 TDLs.
When Cho/NAA ratio was added to conventional MR imaging in
those cases, the diagnosis could be improved in 29 of 35 cases
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FIG 2. TDL in a 35-year-old woman. A well-defined lesion is shown in the left basal ganglia, and with predominant hypointensity on TIWI (A),
hyperintensity on T2WI (B), and focal peripheral enhancement on contrast-enhanced TIWI (C). Spectrum (D) demonstrates an elevated Cho
resonance. The Cho/Cr ratio is not as high as that of PCNSL (1.62). The low Cho/NAA ratio (1.09) strongly supports the diagnosis of TDL. A grade

2 lip-lac peak, caused by the necrosis component, is observed (arrow).

(82.9%), and the AUC was improved to 0.870 (95% CI, 0.713,
0.959). However, the Cho/Cr ratio and lip-lac grade did not im-
prove the diagnostic accuracy of conventional MR imaging.

DISCUSSION
We intended to investigate whether "H-MR spectroscopy was
useful for discriminating PCNSLs and TDLs and was also useful
for discriminating PCNSLs with atypical MR features and TDLs.
Our results suggest that the Cho/Cr ratio, the Cho/NAA ratio, and
the lip-lac grade were significantly different between PCNSLs and
TDLs. PCNSL rather than TDL was suggested when the Cho/Cr
ratio was >2.58, the Cho/NAA ratio was >1.73, and when there
was a high lip-lac grade (grade >3) seen on MR spectroscopy.
"H-MR spectroscopy was also useful in discriminating atypical
PCNSLs and TDLs. Cho/NAA ratio could provide added value to
conventional MR imaging.

Discrimination between PCNSLs and TDLs has important di-
agnostic and therapeutic implications, and conventional MR im-
aging is a successful technique for evaluating both. However, dif-
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ferentiation can be complicated by atypical or ambiguous MR
imaging features. Many advanced imaging techniques are now
used clinically in the attempt to distinguish the 2 entities. DWI has
been used with success. PCNSLs tend to have a low ADC value
because of high cellularity, whereas TDLs are usually associated
with elevated ADC values.'®'® However, at times, an acute demy-
elinating lesion may also have areas of low ADC values, which
makes it difficult to differentiate from tumors.”® Cha et al*"**
summarized the perfusion MR imaging features of brain tumors.
The typical PWI feature of PCNSL is low relative CBV compared
with that of high-grade gliomas and metastasis. However, TDLs
are also reported to have low relative CBV. Although in the Cha et
al*® report, PCNSLs tended to have higher relative CBV than
TDLs, the difference was less pronounced.

"H-MR spectroscopy provides noninvasive assessment of le-
sion metabolism, which makes it a potentially useful adjunct tool.
In our study, elevated Cho and decreased NAA peak were ob-
served in both PCNSLs and TDLs and are consistent with the



FIG 3. Atypical PCNSL in a 59-year-old man. Multiple lesions are observed in left parieto-occipital periventricular white matter, genu, and
splenium of the corpus callosum, with hyperintensity on T2WI (A), isointensity on TIWI (B), and patchy infiltrative enhancement on contrast-
enhanced TIWI (C). D, The Cho/Cr ratio and the Cho/NAA ratio are 4.55 and 8.46, respectively. Both obvious elevation of the Cho peak and
reduction of the NAA peak strongly suggest tumor rather than TDL. A high lip-lac peak (grade 4) is observed in this case (arrow).

infiltration, reactive astrogliosis, and
demyelination in TDL.'>'®** The de-
creased NAA reflects the neuronal de-
struction, axonal damage, early axonal
degeneration, and decreased axonal
density.'>** Our results suggest that
an increase of Cho and a decrease of
NAA in PCNSLs were more obvious
than those seen in TDLs. This is prob-
ably because PCNSLs have a more in-
creased phosphocholine turnover as
the result of the membrane biosynthe-

sis caused by proliferating cells, dense
FIG 4. Box lots of the Cho/Cr ratio and the Cho/NAA ratio of all the PCNSLs, atypical PCNSLs, and TDLs.

All of the PCNSLs as well as atypical PCNSLs reveal a higher Cho/Cr ratio (A) and higher Cho/NAA ratio (B) cellularity, and larger loss, dysfunc-

than TDLs. Some very high Cho/Cr and Cho/NAA ratios are observed exclusively in PCNSLs (circles). tion, or displacement of normal neu-
ronal tissue, compared with TDLs.

findings of previous reports.'®'>'° The increase in Cho is thought A high lipid peak in PCNSLs and a variable lip-lac peak in

to result from rapid membrane turnover, high mitotic activity, = patients with TDL have been previously noted by many other

1,3,10,

and dense cellularity in PCNSL and from inflammatory cellular ~ researchers. 1316 In our study, we classified the lip-lac grade
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by visual judgment, which could easily be applied in daily clinical
practice. We found that a high-grade lip-lac (grade >3) was
mostly shown in PCNSLs regardless of whether there was necro-
sis. In a previous report, Raizer et al'® stated that a markedly
elevated lipid in lymphoma might be helpful in differentiating it
from glioma, and our observation was similar to theirs. A high
lip-lac peak was suggestive of PCNSL rather than of TDL.

Although the origin of the lipid is still unclear, it is thought to
be associated with necrosis and membrane breakdown.”>*® How-
ever, a very high lipid peak in PCNSL may result from an in-
creased turnover of the membrane components in transformed
lymphoid cells rather than from necrosis, which has been re-
ported in many homogeneously enhancing PCNSLs.'® In our
study, 8 nodular enhancing PCNSLs showed a very high lip-lac
peak (grade 5), which was consistent with that seen in previous
reports. It is also possible that PCNSL is composed of numerous
macrophages that also contribute to the lipid signal.”” The in-
crease of lactate results from anaerobic metabolism, which is
thought to be related to several mechanisms such as necrosis,
demyelination, the inflammatory process, or mitochondrial dys-
function.'**>?® In our study, the only patient with TDL with a
high lactate peak had necrosis.

We also observed that the Cho/Cr ratio of typical, nodular
PCNSLs was higher than that of atypical PCNSLs. This may be
because homogeneously enhancing PCNSLs had more densely
packed lymphoma cells than heterogeneously enhancing
PCNSLs,? such that they had more active cell division, rapid cell
turnover with synthesis of membrane phospholipids, and higher
Cho/Cr ratios. The lower Cho/Cr ratios of atypical PCNSLs may
result in the decreased diagnostic performance of the Cho/Cr ra-
tio for discriminating between atypical PCNSLs and TDLs.

In our 2 nonenhancing PCNSLs, 'H-MR spectroscopy was not
helpful in differentiating them from TDLs. Nonenhancing
PCNSLs were considered to be low-grade PCNSLs, less aggressive
than typical PCNSLs in some previous studies.** An autopsy
report of a patient with PCNSL suggested that only scattered in-
filtration of malignant lymphomatous cells was observed in the
nonenhancing tumor portion.>® Therefore, we speculate that the
low cellularity and low invasiveness contributed to the nonspe-
cific MR spectrum in those cases.

There are a number of limitations to our study. First, all the
spectra in our study were based on intermediate TE '"H-MR spec-
troscopy. It has been reported that metabolites on short TE
"H-MR spectroscopy, such as the glutamate/glutamine peak, can
help to differentiate TDL from neoplasm.'? Further study with
the combination of long and short TE 'H-MR spectroscopy will
be helpful for better discrimination of the 2 conditions. Second,
pathology confirmation was lacking in 15 patients with TDL.
However, supportive clinical and laboratory information as well
as follow-up imaging helped us to make the final diagnosis. Third,
our analysis of the lip-lac peak was not based on quantitative
evaluation but was based on visual assessment. Because in many
of our patients, accurate quantification was not possible, we con-
sidered it practical to use visual assessment. Difficulty in the as-
sessment of the lipid or lactate in "H-MR spectroscopy is well
known, especially in a single TE study. Multiple TE studies (TE =
20, 144, and 288 ms) are desirable to accurately separate the lipid
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and lactate peak. Finally, the retrospective nature of our study
should also be considered as a limitation.

CONCLUSIONS

In our study, PCNSLs showed differences from TDLs on '"H-MR
spectroscopy. A higher Cho/Cr ratio (>2.58), higher Cho/NAA
ratio (>1.73), and high lip-lac grade (grade >3) therefore suggest
PCNSL rather than TDL. The 'H-MR spectroscopy findings are
also helpful for discriminating PCNSLs with atypical MR features
from TDLs. When conventional MR imaging features do not dif-
ferentiate between PCNSLs and TDLs with certainly, the Cho/
NAA ratio can provide added value. 'H-MR spectroscopy may be
a useful tool for differentiating PCNSLs from TDLs.
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ABSTRACT

BACKGROUND AND PURPOSE: ®*Cu-diacetyl-bis(N*-methylthiosemicarbazone) was developed as a hypoxic radiotracer in PET. We compared
imaging features among MR imaging and ®2Cu-diacetyl-bis(N*-methylthiosemicarbazone)-PET, FDG-PET, and L-methyl-["CJmethionine)-PET in gliomas.

MATERIALS AND METHODS: We enrolled 23 patients who underwent ¢>Cu-diacetyl-bis(N*-methylthiosemicarbazone)-PET and FDG-PET
and 19 (82.6%) who underwent L-methyl-["C]methionine)-PET, with all 23 patients undergoing surgery and their diagnosis being then
confirmed by histologic examination as a glioma. Semiquantitative and volumetric analysis were used for the comparison.

RESULTS: There were 10 newly diagnosed glioblastoma multiforme and 13 nonglioblastoma multiforme (grades Il and Ill), including 4
recurrences without any adjuvant treatment. The maximum standardized uptake value and tumor/background ratios of ®*Cu-diacetyl-
bis(N*-methylthiosemicarbazone), as well as L-methyl-["C]methionine, were significantly higher in glioblastoma multiforme than in non-
glioblastoma multiforme (P = .03 and P = .03, respectively); no significant differences were observed on FDG. At a tumor/background ratio
cutoff threshold of 1.9, ®?Cu-diacetyl-bis(N*-methylthiosemicarbazone) was most predictive of glioblastoma multiforme, with 90.0%
sensitivity and 76.9% specificity. The positive and negative predictive values, respectively, for glioblastoma multiforme were 75.0% and
85.7% on “’Cu-diacetyl-bis(N*-methylthiosemicarbazone), 83.3% and 60.0% on L-methyl-["C]methionine, and 72.7% and 75.0% on MR
imaging. In glioblastoma multiforme, volumetric analysis demonstrated that >Cu-diacetyl-bis(N*-methylthiosemicarbazone) uptake had
significant correlations with FDG (r = 0.68, P = .03) and L-methyl-["C]methionine (r = 0.87, P = .03). However, the 4>Cu-diacetyl-bis(N*-
methylthiosemicarbazone)-active region was heterogeneously distributed in 50.0% (5/10) of FDG-active and 0% (0/6) of L-methyl-
["C]methionine)-active regions.

CONCLUSIONS: “*Cu-diacetyl-bis(N*-methylthiosemicarbazone) may be a practical radiotracer in the prediction of glioblastoma multi-
forme. In addition to FDG-PET, L-methyl-["C]methionine)-PET, and MR imaging, ¢*Cu-diacetyl-bis(N*-methylthiosemicarbazone)-PET may
provide intratumoral hypoxic information useful in establishing targeted therapeutic strategies for patients with glioblastoma multiforme.

ABBREVIATIONS: 5’Cu-ATSM = ¢*Cu-diacetyl-bis(N*-methylthiosemicarbazone); GBM = glioblastoma multiforme; MET = L-methyl-["C]methionine; non-GBM
gliomas = World Health Organization grade Il and lll gliomas; SUV,,,,, = maximum standardized uptake value; T/B ratio = tumor/background ratio
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G liomas have heterogeneously infiltrative and proliferative  necrosis is essential for the diagnosis of GBM.' However, random

features, among which glioblastoma multiforme (GBM) is tissue sampling may not always lead to an accurate diagnosis be-
the most common and has the worst prognosis in adults." Froma  cause of tissue heterogeneity. Therefore, other diagnostic modal-
histopathologic standpoint, microvascular proliferation and/or ities to predict highly malignant regions, such as PET imaging, can

provide complementary diagnostic and therapeutic information

and guide selective target tissue sampling or resection.
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cur commonly in GBM and can be detected by widely used
techniques, such as FDG-PET and L-methyl-[''C]methionine
(MET)-PET.”® However, the predictive value of these PET imag-
ing techniques has not been adequate for a diagnosis of GBM
because uptake of these tracers is not specific in GBM.>* On the
other hand, tissue hypoxia and necrosis are cardinal features of
GBM thatare often associated with resistance to radiation therapy
and chemotherapy.'® Thus, intratumoral hypoxic information
may be useful for an accurate diagnosis and establishment of ef-
fective therapeutic strategies for gliomas.

Some clinical investigations by use of ['®F]fluoromisonida-
zole-PET have been recently undertaken to detect tissue hypoxia
noninvasively in gliomas.''™'?> On the other hand, we previously
reported the clinical usefulness of *Cu-diacetyl-bis(N*-methyl-
thiosemicarbazone) (**Cu-ATSM)-PET imaging for gliomas.'*
Our preliminary study revealed a relationship between “*Cu-
ATSM uptake values and hypoxia-inducible factor-la expres-
sion, which is increased under hypoxia,'* suggesting that “*Cu-
ATSM-PET is a practical hypoxic imaging technique in gliomas.
However, whether ®*Cu-ATSM uptake is specific in GBM was not
determined, and the correlation of **Cu-ATSM findings with
FDG and MET remained unclear in GBM. In addition, to assess
whether ®>Cu-ATSM uptake is dependent on BBB breakdown
and to evaluate an additional value over MR imaging findings, we
volumetrically and qualitatively compared “*Cu-ATSM-PET im-
aging with T1-weighted MR imaging with Gd-DTPA.

MATERIALS AND METHODS

Patients

This study was approved by the local ethics committee (Institu-
tional Review Board no. B1001111026) after written informed
consent was obtained from all patients. Between December 2010
and December 2012, we prospectively performed “*Cu-ATSM-
PET in 68 patients with malignant brain tumors. Among them, 23
consecutive patients with pathologically confirmed gliomas (10
men and 13 women; age range, 19—81 years; mean age, 54.2 *=
17.5 years) who received FDG-PET and/or MET-PET with ®*Cu-
ATSM-PET were retrospectively analyzed. FDG-PET and MET-
PET imaging were performed in 23 patients (100%) and 19 pa-
tients (82.6%), respectively. Of the 23 patients, 19 (82.6%) were
newly diagnosed, and the remaining 4 patients (17.4%), who pre-
viously underwent biopsy but had not received any radiation
therapy or chemotherapy, were diagnosed as having tumor recur-
rence. Histologic diagnosis and tumor grade were classified ac-
cording to the following 2007 World Health Organization
criteria: 8 (34.8%) grade II (3 diffuse astrocytomas, 3 oligoas-
trocytomas, and 2 oligodendrogliomas); 5 (21.7%) grade III (1
anaplastic oligoastrocytoma and 4 anaplastic oligodendroglio-
mas); and 10 (43.5%) grade IV (GBM). All 10 patients with
GBM were newly diagnosed. Thirteen grade IT and III gliomas
(56.5%) were classified as non-GBM gliomas. The oligoden-
droglial component was found in 10 (76.9%) of 13 non-GBM
gliomas.

Intervals from the MR imaging investigation to **Cu-ATSM-
PET, FDG-PET, and MET-PET were 5.4 *= 4.1, 4.3 = 3.2, and
5.4 = 3.4 days, respectively (mean * SD). All patients underwent
surgery the day after a repeated MR imaging study for neuronavi-

gation, and their diagnosis was confirmed on histologic examination.
On-Line Table 1 summarizes the patient characteristics.

PET and MR Image Acquisition

Preparation of ®*Cu-ATSM, FDG, and MET has been described in
previous reports.">'® To acquire “*Cu-ATSM-PET and FDG-
PET/CT images, a whole-body PET/CT scanner (Aquiduo PCA-
7000B; Toshiba, Tokyo, Japan) with a 16-row detector in the CT
component was used at the Yokohama City University Hospital
(Yokohama, Japan). MET-PET imaging was performed with
PET/CT scans (Biograph 16; Siemens, Erlangen, Germany) at the
National Center for Global Health and Medicine (Tokyo, Japan).
An image quality phantom (NU 2-2001; National Electrical Man-
ufacturers Association) was used for cross-calibration because
such phantoms are widely used and allow estimation of optimal
acquisition times.

For ®>Cu-ATSM-PET/CT and FDG-PET/CT, the following
conditions were used for acquisition of low-dose CT data: 120
kVp, an auto-exposure control system, a beam pitch of 0.875 or 1,
and a 1.5- or 2-mm X 16-row mode. No iodinated contrast ma-
terial was administered. After intravenous injection of 740 MBq of
©2Cu-ATSM, the patients were placed in a supine “arm-up” posi-
tion. Dynamic data acquisition was carried out for 30—40 min-
utes, and PET/CT images were reconstructed from the data. For
studies of FDG, the patients received an intravenous injection of
370 MBq of FDG after at least 6 hours of fasting, followed by an
uptake phase of approximately 60 minutes. For MET-PET/CT,
the following conditions were used for acquisition of low-dose CT
data: 120 kVp, an auto-exposure control system, a beam pitch of
0.875, and a 3-mm X 16-row mode. After 6 hours of fasting, 370
MBq of MET was intravenously injected, followed by data acqui-
sition at 20 minutes after the injection. The following acquisition
settings were used for “>Cu-ATSM-PET/CT and FDG-PET/CT:
3D data acquisition mode; 180 seconds/bed; field of view, 500
mm; 4 iterations; 14 subsets; matrix size, 128 X 128; 8-mm Gauss-
ian filter, full width at half maximum; and reconstruction, or-
dered subset expectation maximization. For MET-PET/CT, the
following acquisition settings were used: 3D data acquisition
mode; 180 seconds/bed; field of view, 300 mm; 4 iterations; 14
subsets; matrix size, 256 X 256; 4-mm Gaussian filter, full width at
half maximum; and reconstruction, ordered subset expectation
maximization. The estimated internal absorbed doses of **Cu-
ATSM, FDG, and MET were approximately 10, 2.5, and 1.9 mSv,
respectively.

MR imaging was performed on a 1.5T system (Magnetom
Symphony; Siemens). 3D Tl-weighted MR imaging with a
MPRAGE sequence was used with the following parameters to
acquire axial T1-weighted images after administration of 0.2
mL/kg of Gd-DTPA: field of view, 250 X 250 mm?; matrix size,
512 X 512; TR, 1960 ms; TE, 3.9 ms; T1, 1100 ms; and flip angle,
15°. In total, 120 contiguous 2-mm images were obtained from
each patient.

Image Interpretation

Four board-certified nuclear medicine specialists who were un-
aware of the clinical information assessed the PET images semi-
quantitatively and volumetrically in consensus (“*Cu-ATSM and
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FDG, U.T. and T.I.; MET, R M. and T.I.). MR imaging findings
were also assessed by board-certified radiologists (U.T. and T.1.),
who interpreted the tumors as either GBM or non-GBM gliomas.
A volume of interest was outlined within areas of increased tracer
uptake and was measured on each section. In extensively hetero-
geneous lesions, regions of interest covered all components. For
semiquantitative interpretations, the standardized uptake
value was determined by a standard formula. The tumor/back-
ground ratio (T/B ratio) of ®*Cu-ATSM and MET was calcu-
lated relative to the uptake in the contralateral frontal cortex.
The FDG T/B ratio was calculated relative to the uptake in the
contralateral white matter. The uptake values of the ®*Cu-
ATSM, FDG, and MET tracers were determined by assessment
of the maximum standardized uptake value (SUV
and T/B ratios.

Dr. View version R 2.5 for LINUX (Infocom, Tokyo, Japan)
software was used to merge the PET images with the MR im-

ages)4,13,14

) values

max

and each PET and MR image was volumetrically com-
pared. To evaluate volumetric analysis, we extracted the uptake
regions of the ®>Cu-ATSM images on the basis of the optimal T/B
ratio thresholds of =1.8, a cutoff value for predicting hypoxia-
inducible factor-1a expression in our previous study.'* The up-
take regions of the FDG and MET images were extracted on the
basis of the T/B ratio thresholds of =1.5 and =1.3, respectively, in
accordance with previous reports.> These uptake regions were
rated as metabolically active volumes. For GBM, we extracted the
tumor volume by measuring a completely covered contrast-en-
hanced region with necrotic and cystic components on MR imag-
ing. The contrast-enhanced volume was also separately extracted
by measuring a contrast-enhanced region without any necrotic
and cystic components. Metabolically active regions shown by
each PET tracer were overlaid on the MR images for qualitatively
comparing metabolically active regions among the 3 tracers. Tu-
mors with ®*Cu-ATSM-active regions that demonstrated =50%
volumetric overlap with the active regions of FDG and MET were
rated as heterogeneous with respect to intratumoral oxygenation.
Correlations among %2Cu-ATSM, FDG, and MET were also volu-
metrically analyzed. On the basis of the optimal cutoff value for
prediction of GBM (T/B ratio, 1.9), which was defined by receiver
operating characteristic analysis, tumors having **Cu-ATSM T/B
ratios =1.9 were rated as GBM. The optimal cutoff threshold of
the MET T/B ratio was set by receiver operating characteristic
analysis, and tumors having MET T/B ratios =3.0 were rated as
GBM. To assess the clinical value of **Cu-ATSM-PET findings
relative to those of MET-PET and MR imaging findings for pre-
diction of GBMs, we evaluated the positive and negative predic-
tive values independently.

Statistical Analysis

All parameters were expressed as means = SDs. Two-way re-
peated measures ANOVA was used to compare the mean up-
take values of each tracer. To determine the optimal radio-
tracer for prediction of GBM by semiquantitative analysis, we
performed receiver operating characteristic analysis. To eval-
uate volumetric correlations of ®>Cu-ATSM with FDG and
MET, we used linear regression analysis. The Wilcoxon signed
rank test was used to compare the mean tumor volume, con-
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trast-enhanced volume, and metabolically active volumes de-
termined by the 3 PET tracers. The Fisher exact probability test
was used to compare the *Cu-ATSM-PET with contrast-en-
hanced MR imaging and MET-PET imaging features. The level
of statistical significance was set at P < .05. JMP 10 statistical
software (SAS Institute, Cary, North Carolina) was used for
statistical analyses.

RESULTS

Semiquantitative Analysis of PET Studies According to
Tumor Classification

A summary of the uptake values for each PET tracer is presented
in On-Line Table 2. Representative images are shown in Fig 1 and
in the On-Line Figure. The average “*Cu-ATSM SUV, . values in
GBM and non-GBM gliomas were 1.68 * 0.94 and 0.98 = 0.52,
respectively. The *Cu-ATSM SUV,_ was significantly higher for
GBM than for non-GBM gliomas (P = .03; Fig 2A). A significant
difference in SUV .. was also detected between GBM and non-
GBM gliomas for MET (5.23 = 1.11 and 3.25 * 1.66, respectively;
P = .02; Fig 2A) but not for FDG (7.31 * 3.22 and 5.72 * 2.25,
respectively; P = .18; Fig 2A).

The mean **Cu-ATSM T/B ratios in GBM and non-GBM glio-
mas were 3.10 * 2.37 and 1.47 £ 0.57, respectively, which were
also significantly different (P = .03; Fig 2B). Receiver operating
characteristic analysis indicated that a “*Cu-ATSM T/B ratio cut-
off threshold of 1.9 was most predictive of GBM, with 90.0%
sensitivity and 76.9% specificity (area under the curve, 0.88). Sim-
ilar to the SUV,_ results, there was a significant difference in the
T/B ratio between GBM and non-GBM gliomas for MET (3.53 =
0.70 and 2.27 * 0.97, respectively; P = .01; Fig 2B) but not for
FDG (2.71 = 1.56 and 2.44 * 1.28, respectively; P = .65; Fig 2B).
Receiver operating characteristic analysis showed an optimal T/B
ratio of 3.0 for MET (sensitivity, 83.3%; specificity, 76.9%; area
under the curve, 0. 83, respectively), which was slightly less than
that for “*Cu-ATSM.

Volumetric and Qualitative Comparison among 3 Tracers
in GBM

A summary of tumor volume and contrast-enhanced volume on
MR imaging and the active volume for each PET tracer is pre-
sented in On-Line Table 3. Table 1 shows the relationships of the
metabolically active volumes in GBM: for ®*Cu-ATSM (T/B ratio
=1.8), FDG (T/B ratio =1.5), and MET (T/B ratio =1.3); the
volumes were 8.2 = 14.0, 11.0 = 12.0, and 38.0 = 19.0 cm?,
respectively. The mean active volume of “*Cu-ATSM in GBM was
not significantly different from that of FDG (P = .63) but was
significantly less than that of MET (P = .03). In addition, the
active volume of ®*Cu-ATSM in GBM correlated significantly
with that of FDG (r = 0.68, P = .03) and MET (r = 0.87, P = .03).
However, compared with the active regions of FDG and
MET, those of ®>Cu-ATSM were heterogeneously distributed
(=50% volumetric overlap with the active regions of FDG and
MET) in 50% (5/10) and 0% (0/6) of the tumors with meta-
bolically active regions, respectively. The **Cu-ATSM-active
regions were fully covered within the MET-active regions in all

cases.



FIG1. Case 2. A 59-year-old woman with GBM in the right temporal lobe (tumor volume, 79.6 cm?). PET images of ?Cu-ATSM (A), FDG (B), and
MET (C) are shown; the ®>Cu-ATSM-active regions are outlined by red lines (D-F, respectively). ®*Cu-ATSM-PET/MR imaging fusion image (D)
showing the intratumoral hypoxic region (1.8 cm®), which is less than that of the contrast-enhanced volume (30.9 cm?). FDG-PET/MR imaging
fusion image (E) also indicating the intratumoral active region (4.6 cm?), which is heterogeneously distributed compared with the >Cu-ATSM—
active region. MET-PET/MR imaging fusion image (F) showing the more extensive active region (73.1 cm?), which completely covered the
$2Cu-ATSM-active regions.

FIG 2. Boxplots comparing uptake values between GBM and non-GBM gliomas. The ®2Cu-ATSM and MET SUV,,., values show significant
differences (P = .03 and P = .02); however, FDG SUV,,_, values are not significantly different (P = .18; A). The ®>Cu-ATSM and MET T/B ratios also
show significant differences (P = .03 and P = .01), but no significant difference is observed in the FDG T/B ratio (P = .65; B). *P < .05.

Volumetric Comparison with MR Imaging the mean tumor volume (P = .56) and contrast-enhanced volume
The mean tumor volume and contrast-enhanced volume in (P = .06).

GBMs were 45.4 = 26.5 and 21.6 = 14.3 cm’, respectively

(Table 2), which were significantly greater than those of the met-  Predictive Values of *>*Cu-ATSM-PET, MET-PET, and MR
abolically active volumes for “*Cu-ATSM (P = .002and P = .002,  Imaging for Distinguishing GBM

respectively) and FDG (P = .002 and P = .006, respectively). The  In 19 newly diagnosed gliomas, tumors having **Cu-ATSM-active
mean active volume of MET was not significantly different from  regions and strongly contrast-enhanced regions on MR imaging
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Table 1: Volumetric correlation of “2Cu-ATSM with FDG and MET
in GBM

Heterogeneous
GBM (n=10) Volume(cm®) r  PValue Metabolism (%)
#2Cu-ATSM 82+14.0 - - -
FDG 1.0 £12.0 0.68 .03 5/10 (50%)
MET 38.0 £19.0 0.87 .03 0/6(0%)

Note:—r indicates correlation coefficient when compared with ®*Cu-ATSM.
2 Heterogeneous metabolism indicates an overlap of =50% of the active volume of
#2Cu-ATSM with those of FDG and MET.

Table 2: Volumetric comparison of radiotracers in MRI for GBM

TV CEV
GBM (n=10) (454 £265cm®)*  (21.6 =143 cm?)®
82Cy-ATSM =.002 P =.002
(82 = 14.0 cm’)
FDG (1.0 = 12.0 cm?) P=.002 P=.006
MET (38.0 = 19.0 cm’) P =56 P=.06

Note:—The mean tumor volume (TV) and contrast-enhanced volume (CEV) were
compared with the active volume of >Cu-ATSM (T/B cutoff threshold =18), FDG
(T/B cutoff threshold of =1.5), and MET (T/B cutoff threshold of =1.3). P values < .05
were considered to indicate statistical significance.

2TV was measured as a completely covered contrast-enhanced region with necrotic
and cystic components.

CEV was measured as a contrast-enhanced region without necrotic and cystic
components on Tl-weighted MRI with Gd-DTPA.

were detected in 63.2% (12/19) and 57.9% (11/19), respectively. No
statistical correlation was observed between the 2 modalities (P =
.07). The positive predictive values of *Cu-ATSM and MR imaging
for distinguishing GBM were 75.0% and 72.7%, respectively. In con-
trast, the negative predictive values of “Cu-ATSM and MR imaging
were 85.7% and 75.0%, respectively. On the other hand, when tested
by the optimal cutoff threshold on MET (T/B ratio, 3.0), the positive
and negative predictive values for a diagnosis of GBM were 83.3%
and 60.0%, respectively. We found no significant correlation be-
tween **Cu-ATSM and MET (P = .59).

DISCUSSION

Our present PET study demonstrated that “*Cu-ATSM is a pre-
dictive radiotracer for GBM. Many clinical PET studies with FDG
and MET have been conducted to discriminate among World
Health Organization grades of gliomas.*>”® Several imaging
studies have demonstrated the usefulness of FDG-PET in the dif-
ferentiation between low-grade and high-grade gliomas and even
between grade I1T and grade IV gliomas.>”*® Because of the asso-
ciated increased glucose uptake and high rates of glycolysis, FDG-
PET shows high FDG uptake in GBM.® However, FDG-PET has a
low signal-to-noise ratio in brain tumors, which is a result of the
high glucose metabolism in normal brain tissue.* Moreover, be-
cause FDG uptake reflects an increased glycolytic rate in rapidly
growing brain tumor cells even in grade II and III gliomas,”'? it
may not be a suitable radiotracer to predict GBM. On the other
hand, malignant gliomas demonstrate increased rates of amino
acid uptake and metabolism. MET readily crosses the intact BBB
through a neutral amino acid transporter and is incorporated into
active tumor areas, which allows tumor visualization even in low-
grade gliomas.’

In our current study, MET-PET revealed a significant differ-
ence between GBM and non-GBM despite the high frequency of
oligodendroglial tumors. However, these oligodendroglial tu-
mors are reported to show relatively high uptake of MET irrespec-
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tive of their grade on MET-PET,>* which is not yet established as
a standard imaging technique for a diagnosis of GBM. Recently,
another technique, hypoxic imaging, has been used clinically and
may be another diagnostic tool to discriminate GBM from non-
GBM gliomas because poor microcirculation with respect to met-
abolic demand induces relative tissue hypoxia and necrosis, a car-
dinal feature of GBM."°

Hypoxic PET studies with ['®F]fluoromisonidazole and **Cu-
ATSM have demonstrated their usefulness separately in hypoxic
imaging. Under hypoxic conditions, *Cu-ATSM retention is in-
duced by microsomal cytochrome reductase enzymes, which is
different from ['®F]fluoromisonidazole retention by mitochon-
drial nitroreductase enzymes.'” Cu-ATSM was developed as a ra-
diotracer to detect regional hypoxia in the ischemic myocardium

and hypoxic tissues in tumors,'®'?

and its image contrast may be
greater than that of ['®F]fluoromisonidazole, because Cu-ATSM
has rapid blood clearance and is retained in hypoxic tissues with a
high hypoxic/normoxic tissue-to-activity ratio.”® On the other
hand, ['®*F]fluoromisonidazole can detect a wider range of partial
oxygen tension values than ®'Cu-ATSM.'” Experimental investi-
gations with glioma models have demonstrated that *****’Cu-
ATSM uptake correlates with tissue hypoxia.'” Our preliminary
clinical study also showed that ®*Cu-ATSM uptake values corre-
lated highly with hypoxia-inducible factor-1a expression, which
is a biomarker of tissue hy‘poxia,14 and the optimal cutoff thresh-
old to predict hypoxia-inducible factor-1« expression (T/B ratio,
1.8) was similar to that of our present study in the prediction of
GBM (T/Bratio, 1.9). It has been well established that overexpres-
sion of hypoxia-inducible factor-1e, a transcription factor that is
part of the stress response mechanism, is initiated in the presence
of low oxygen tensions and induces hypoxia-regulated molecules,
such as vascular endothelial growth factor, glucose transporters,
and carbonic anhydrase IX,>" which correlate with treatment re-
sistance and are highly expressed in GBM.'® Therefore, “*Cu-
ATSM-PET may be a radiotracer useful in the identification of
treatment-resistant hypoxic regions in patients with glioma. Our
present study also demonstrated that hypoxic imaging by use of
“2Cu-ATSM for discrimination of GBM from non-GBM gliomas
may be as effective as ['®F]fluoromisonidazole,'* indicating that
hypoxic imaging, including *>*Cu-ATSM, would be a better choice
than FDG in the prediction of GBM.

However, to our knowledge, correlations between hypoxic re-
gions depicted by PET studies and high-uptake regions in FDG or
MET have not been precisely studied in GBM. In our present
study, we showed that “*Cu-ATSM uptake in GBM correlates sig-
nificantly with FDG by volumetric assessments, but half of the
uptake regions were distributed heterogeneously. Under hypoxia,
glycolysis is increased by hypoxia-inducible factor-la activa-
tion,”! whereas in malignant tumor cells, aerobic glycolysis is
driven even under nonhypoxic conditions.? Therefore, FDG up-
take might indirectly and partially reflect hypoxic regions as well
as nonhypoxic regions.*?

In line with these observations, several clinical studies on lung
and cervical cancers have directly compared “>Cu-ATSM-PET
with FDG-PET and suggested that intratumoral distribution and
uptake values may be different, depending on the histopathologic
type of the tumor.'>** In addition, a previous study using a lung



cancer model demonstrated that “*Cu-ATSM was predominantly
accumulated in hypoxic and quiescent tumor cells, a finding that
differs from the FDG distribution with features of high prolifera-
tion.** In accordance with these findings, a hypoxic imaging study
by use of ['®F]fluoromisonidazole revealed a positive relationship
but not a precisely matched uptake to that of FDG in gliomas,"!
which seems to be similar to the results of our present study. These
findings imply that the positive relationship between FDG-PET
and hypoxic-PET may indicate increased glycolysis, glucose up-
take, and hypoxia in GBM. In contrast, the parts of hypoxic re-
gions not shown on FDG-PET might indicate severe ischemia and
hypoxia where glucose delivery is also severely disturbed, an idea
that should be explored in future investigations.

In contrast, no PET study has compared %2Cu-ATSM and
MET. Our present study showed that MET had larger active vol-
umes than did ®>Cu-ATSM in GBM, which was fully covered
within MET-active regions. There was also a significant volumet-
ric correlation between ®>Cu-ATSM and MET. A volumetric cor-
relation of MET-PET—delineated regions with hypoxic PET by
["®F]fluoromisonidazole has also been documented,'® which cor-
roborates our results. However, it is not clear why hypoxic regions
delineated by ®*Cu-ATSM not depicted by FDG-PET still show
high MET uptake. If disturbance of substrate delivery such as that
of glucose is the mechanism leading to FDG-PET-negative hy-
poxic regions, MET delivery should also be disturbed. Multifac-
torial effects of tracer kinetics, such as a switch from a metabolic to
a catabolic state in hypoxic tumor cells,? as well as a threshold
setting, would cause this discrepancy in complex and heteroge-
neous GBMs.

From a clinical point of view, MET-PET enables more accu-
rate delineation of glioma extension than MR imaging,®” suggest-
ing that MET is a practical radiotracer for the detection of
infiltrative regions around contrast-enhanced regions on MR im-
aging, which can provide important clinical information for treat-
ment. By combining *Cu-ATSM- and MET-PET imaging, delin-
eation of hypoxic regions within MET-PET—-active regions would
provide additional value to delineate therapeutic targets as treat-
ment-resistant hypoxic regions for more intensive therapy (ie,
intensity-modulated radiation therapy and chemotherapy by use
of convection-enhanced delivery as well as biopsy targets in
GBM). However, the hypoxic mechanism is not fixed in time, and
variability in spatial uptake can occur among repeated PET
scans.”® Therefore, it is crucial for PET imaging to elucidate the
mechanism of changes in intratumoral radiotracer distribution as
a clinical application. In addition, to confirm the differences
among %2Cu-ATSM, FDG, and MET in GBM, further precise
metabolic evaluation within GBM is required.

Among these available imaging modalities, it is not clear which
is best for distinguishing GBM from non-GBM. Contrast en-
hancement on MR imaging might provide a simple index; how-
ever, it is sometimes ambiguous.”” To compare diagnostic reli-
ability, we compared positive and negative predictive values for
MR imaging, MET-PET, and °2Cu-ATSM-PET and showed that
for the prediction of GBM, both were higher in **Cu-ATSM than
in MR imaging, indicating that “*Cu-ATSM-PET is a better im-
aging technique for the prediction of GBM than is MR imaging. In
addition, the negative predictive value was also higher for ®*Cu-

ATSM-PET (85.7%) vs MET-PET (60.0%), though the positive
values were lower. This finding would suggest that combined as-
sessment by use of ®?Cu-ATSM and MET may provide a more
accurate diagnosis. However, because of the small number of pa-
tients in our present study, further clinical evaluation in a larger
group of patients is required to confirm these hypotheses.

Study Limitations

One of the limitations of our study was that it is unknown how
BBB disruption affects “*Cu-ATSM kinetics. To gain some in-
sight, we demonstrated that the %2Cu-ATSM-active volumes in
GBM were significantly less than those of the contrast-enhanced
volumes on MR imaging, which are dependent on BBB break-
down accompanying neovascularization in gliomas.® Thus, it is
suggested that ®*Cu-ATSM uptake would be determined by other
factors in addition to BBB breakdown. Indeed, it has been shown
that the oxygen pressure in GBM is relatively lower than the pres-
sure in the surrounding cortex.”® Thus, “*Cu-ATSM is likely to be
a tracer that reflects part of the hypoxic region. Further clinical
validation of the relationship between ®*Cu-ATSM uptake and
tissue oxygen tension is required to determine the precision of
hypoxic imaging.

In addition, our present study may have been affected by sev-
eral biases, including threshold settings and MET-PET not being
performed in all cases. Moreover, no published studies have com-
pared ®*Cu-ATSM and ['®F]fluoromisonidazole for clinical use.
Finally, ®*Cu-ATSM is rarely applicable for every institution be-
cause of limited radionuclide production. Nonetheless, multiple
PET imaging by use of “>Cu-ATSM, FDG, and MET may provide
complementary valuable intratumoral metabolic information, all
of which is important in the establishment of targeted therapeutic
strategies for patients with GBM.

CONCLUSIONS

The results of our study suggest that “*Cu-ATSM-PET is predic-
tive of GBM. In addition to the information obtained by FDG-
PET, MET-PET, and MR imaging, ®>*Cu-ATSM-PET may provide
intratumoral hypoxic information useful in establishing targeted
therapeutic strategies for patients harboring GBM.

ACKNOWLEDGMENTS

We thank Tsuneo Saga, Masayuki Inubishi, Toshimitsu Fuku-
mura, and Yasuhisa Fujibayashi of the Diagnostic Imaging and
Molecular Probe Groups, Molecular Imaging Center, National
Institute of Radiologic Sciences, Chiba, Japan; Hidehiko Okazawa
of the Department of Radiology, Biomedical Imaging Research
Center, Faculty of Medical Sciences, University of Fukui, Fukui,
Japan; and Hirofumi Fujii, Functional Imaging Division, Re-
search Center for Innovative Oncology, National Cancer Center
Hospital East, Chiba, Japan, for their assistance.

Disclosures: Satoshi Nakanowatari—RELATED: Grant: Grant-in-Aid for Scientific Re-
search from the Japan Society for the Promotion of Sciences (No. 24791515).* Nobu-
taka Kawahara—RELATED: Grant: Ministry Eduction, Culture, Sports, Science and
Technology,* Comments: This grant is a public research grant offered from the
Government. *Money paid to institution.

AJNR Am J Neuroradiol 35:278—-84 Feb 2014  www.ajnr.org 283



REFERENCES

1.

10.

11.

12.

13.

284

Louis DN, Ohgaki H, Wiestler OD, et al. The 2007 WHO classifica-
tion of tumours of the central nervous system. Acta Neuropathol
2007;114:97-109

. Plathow C, Weber WA. Tumor cell metabolism imaging. ] Nucl Med

2008;49 Suppl 2:435-63S

. Nariai T, Tanaka Y, Wakimoto H, et al. Usefulness of L-[methyl-

11C] methionine-positron emission tomography as a biological
monitoring tool in the treatment of glioma. | Neurosurg
2005;103:498-507

. Kato T, Shinoda J, Nakayama N, et al. Metabolic assessment of glio-

mas using 11C-methionine, [18F] fluorodeoxyglucose, and 11C-
choline positron-emission tomography. AJNR Am ] Neuroradiol
2008;29:1176-82

. Delbeke D, Meyerowitz C, Lapidus RL, et al. Optimal cutoff levels of

F-18 fluorodeoxyglucose uptake in the differentiation of low-grade
from high-grade brain tumors with PET. Radiology 1995;195:47-52

. Miwa K, Shinoda J, Yano H, et al. Discrepancy between lesion dis-

tributions on methionine PET and MR images in patients with
glioblastoma multiforme: insight from a PET and MR fusion image
study. ] Neurol Neurosurg Psychiatry 2004;75:1457—62

. Padma MV, Said S, Jacobs M, et al. Prediction of pathology and

survival by FDG PET in gliomas. ] Neurooncol 2003;64:227-37

. Singhal T, Narayanan TK, Jacobs MP, et al. 11C-methionine PET for

grading and prognostication in gliomas: a comparison study with
18F-FDG PET and contrast enhancement on MRI. J Nucl Med
2012;53:1709-15

. Kracht LW, Miletic H, Busch S, et al. Delineation of brain tumor

extent with [11C]L-methionine positron emission tomography: lo-
cal comparison with stereotactic histopathology. Clin Cancer Res
2004;10:7163-70

Jensen RL. Brain tumor hypoxia: tumorigenesis, angiogenesis, im-
aging, pseudoprogression, and as a therapeutic target. ] Neurooncol
2009;92:317-35

Cher LM, Murone C, Lawrentschuk N, et al. Correlation of hypoxic
cell fraction and angiogenesis with glucose metabolic rate in glio-
mas using 18F-fluoromisonidazole, 18F-FDG PET, and immuno-
histochemical studies. ] Nucl Med 2006;47:410—18

Hirata K, Terasaka S, Shiga T, et al. (18)F-Fluoromisonidazole pos-
itron emission tomography may differentiate glioblastoma multi-
forme from less malignant gliomas. Eur ] Nucl Med Mol Imaging
2012;39:760-70

Kawai N, Maeda Y, Kudomi N, et al. Correlation of biological ag-
gressiveness assessed by 11C-methionine PET and hypoxic burden
assessed by 18F-fluoromisonidazole PET in newly diagnosed glio-
blastoma. Eur ] Nucl Med Mol Imaging 2011;38:441-50

Tateishi Feb 2014  www.ajnr.org

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Tateishi K, Tateishi U, Sato M, et al. Application of **Cu-diacetyl-bis
(N4-methylthiosemicarbazone) PET imaging to predict highly ma-
lignant tumor grades and hypoxia-inducible factor-1a expression
in patients with glioma. AJNR Am ] Neuroradiol 2013;34:
92-99

Minagawa Y, Shizukuishi K, Koike I, et al. Assessment of tumor hyp-
oxia by 62Cu-ATSM PET/CT as a predictor of response in head and
neck cancer: a pilot study. Ann Nucl Med 2011;25:339—-45

Morooka M, Kubota K, Kadowaki H, et al. 11C-methionine PET of
acute myocardial infarction. | Nucl Med 2009;50:1283—87

Bowen SR, van der Kogel AJ, Nordsmark M, et al. Characterization of
positron emission tomography hypoxia tracer uptake and tissue
oxygenation via electrochemical modeling. Nucl Med Biol 2011;
38:771-80

Fujibayashi Y, Taniuchi H, Yonekura Y, et al. Copper-62-ATSM: a
new hypoxia imaging agent with high membrane permeability and
low redox potential. ] Nucl Med 1997;38:1155—60

Lewis JS, Sharp TL, Laforest R, et al. Tumor uptake of copper-
diacetyl-bis(N(4)-methylthiosemicarbazone): effect of changes in
tissue oxygenation. ] Nucl Med 2001;42:655—61

Lewis JS, McCarthy DW, McCarthy TJ, et al. Evaluation of 64Cu-
ATSM in vitro and in vivo in a hypoxic tumor model. ] Nucl Med
1999;40:177-83

Ke Q, Costa M. Hypoxia-inducible factor-1 (HIF-1). Mol Pharmacol
2006;70:1469-80

Christian N, Deheneffe S, Bol A, et al. Is (18)F-FDG a surrogate
tracer to measure tumor hypoxia? Comparison with the hypoxic
tracer (14)C-EF3 in animal tumor models. Radiother Oncol
2010;97:183-88

Lohith TG, Kudo T, Demura Y, et al. Pathophysiologic correlation
between 62Cu-ATSM and 18F-FDG in lung cancer. ] Nucl Med
2009;50:1948-53

Oh M, Tanaka T, Kobayashi M, et al. Radio-copper-labeled Cu-
ATSM: an indicator of quiescent but clonogenic cells under mild
hypoxia in a Lewis lung carcinoma model. Nucl Med Biol
2009;36:419-26

Frezza C, Zheng L, Tennant DA, et al. Metabolic profiling of hypoxic
cells revealed a catabolic signature required for cell survival. PLoS
One 2011;6:24411

Nehmeh SA, Lee NY, Schroder H, et al. Reproducibility of intratu-
mor distribution of (18)F-fluoromisonidazole in head and neck
cancer. Int | Radiat Oncol Biol Phys 2008;70:235—42

Behin A, Hoang-Xuan K, Carpentier AF, et al. Primary brain tu-
mours in adults. Lancet 2003;361:323-31

Kayama T, Yoshimoto T, Fujimoto S, et al. Intratumoral oxygen
pressure in malignant brain tumor. ] Neurosurg 1991;74:55-59



ORIGINAL RESEARCH
BRAIN

Diffusion Measures Indicate Fight Exposure—Related Damage
to Cerebral White Matter in Boxers and Mixed Martial Arts
Fighters

W. Shin, S.Y. Mahmoud, K. Sakaie, S.J. Banks, MJ. Lowe, M. Phillips, M.T. Modic, and C. Bernick
bk |

ABSTRACT

BACKGROUND AND PURPOSE: Traumatic brain injury is common in fighting athletes such as boxers, given the frequency of blows to the
head. Because DTl is sensitive to microstructural changes in white matter, this technique is often used to investigate white matter integrity
in patients with traumatic brain injury. We hypothesized that previous fight exposure would predict DTl abnormalities in fighting athletes
after controlling for individual variation.

MATERIALS AND METHODS: A total of 74 boxers and 81 mixed martial arts fighters were included in the analysis and scanned by use of
DTI. Individual information and data on fight exposures, including number of fights and knockouts, were collected. A multiple hierarchical
linear regression model was used in region-of-interest analysis to test the hypothesis that fight-related exposure could predict DTl values
separately in boxers and mixed martial arts fighters. Age, weight, and years of education were controlled to ensure that these factors would
not account for the hypothesized effects.

RESULTS: We found that the number of knockouts among boxers predicted increased longitudinal diffusivity and transversal diffusivity
in white matter and subcortical gray matter regions, including corpus callosum, isthmus cingulate, pericalcarine, precuneus, and amygdala,
leading to increased mean diffusivity and decreased fractional anisotropy in the corresponding regions. The mixed martial arts fighters had
increased transversal diffusivity in the posterior cingulate. The number of fights did not predict any DTl measures in either group.

CONCLUSIONS: These findings suggest that the history of fight exposure in a fighter population can be used to predict microstructural
brain damage.

ABBREVIATIONS: TBI = traumatic brain injury; FA = fractional anisotropy; LD = longitudinal diffusivity; TD = transversal diffusivity; MD = mean diffusivity

Traumatic brain injury (TBI) has been reported in athletes in-  integrity in patients with TBL'""'7 Previous studies have found

volved in combat sports who are frequently exposed to repet-  that fractional anisotropy (FA) values in the corpus callo-

itive blows to the head, such as boxers."™ This cumulative head ~ sum,'*'®'7 internal capsule,"'*1®17 cingulum,'* and centrum

11,14,16,17

trauma is thought to cause chronic traumatic encephalopathyasa  semiovale

are decreased in patients with TBI versus
healthy control subjects. A longitudinal TBI study found that FA

was decreased in the white matter of study participants because of

result of chronic axonal injury.” The clinical syndrome related to
chronic traumatic encephalopathy in boxing is characterized by

impulsive behavior, cognitive dysfunction, and in some cases, Vi-  decreased longitudinal diffusivity (LD) and increased transversal

diffusivity (TD)."* Another study demonstrated that the peaks of
whole-brain ADC histograms were significantly correlated with

olence or suicide.'®
Conventional MR imaging, such as T1-weighted and T2-
weighted anatomic scans, cannot assess mild white matter disrup-

scores on the Glasgow Coma Scale in patients with TBI, indicating

tion. Because DTTI is sensitive to microstructural changes in white that a change in DTI values can pre dict functional deficit.'®

matter, this technique is often used to investigate white matter .. . . . e .
4 5 A limited number of studies have investigated diffusion

changes in the white matter of fighting athletes.”®'? These studies

Received December 21, 2012; accepted after revision May 10, 2013. found that among ﬁghtmg athletes, whole-brain diffusion is in-
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creased,® FA is reduced in the genu and splenium of the corpus
callosum and the posterior internal capsule,” and FA is reduced
and ADC increased in the lower brain, the splenium of the corpus
callosum, and the lateral and dorsolateral cortical regions.'® Al-
though these studies used age- and sex-matched control groups,

AJNR Am J Neuroradiol 35:2285-90  Feb 2014  www.ajnr.org 285



Table 1: Pearson correlation between predictors

Age Years of Education Weight Number of Knockouts Number of Fights Years of Fighting
Age 0.288° 0.268? 0.321° 0.092 0.51°
Years of education 0.283° —0.009 0.013 0.055
Weight 0.061 0.025 0.010
Number of knockouts 0.057 0.250%
Number of fights 0.520°
Years of fighting

2 Correlation is significant at the .01 level (2-tailed).
© Correlation is significant at the .001 level (2-tailed).

variations among fighters in number of fights and number of
knockouts have not been fully investigated. Zhang et al® found
that the number of hospitalizations for boxing injuries was posi-
tively correlated with the peak of the Gaussian-fitted brain tissue
compartment in a whole-brain diffusion histogram in 24 profes-
sional boxers. However, this finding did not offer information
regarding which regions were affected in hospitalized boxers.

In the present study, we sought to assess previous fight history
and regional MR diffusion parameters to evaluate the relationship
between microstructural brain damage and fight-related expo-
sure. We hypothesized that previous fight exposure would predict
DTT changes suggestive of microstructural damage in fighter
populations.

MATERIALS AND METHODS

Fighter Population

The Professional Fighters’ Brain Health Study was approved by
the local institutional review board, and all participants provided
informed consent. Participants in the Professional Fighters’ Brain
Health Study are athletes ages 18 and older who have achieved at
least a fourth-grade reading level and are licensed in Nevada to
fight professionally in one of the combat sports (boxing, mixed
martial arts). In the Professional Fighters’ Brain Health Study
protocol, participants are scanned for a baseline evaluation and
then annually over 4 years. Eligible participants in the current
study had no MR-visible central nervous system disease or neu-
rologic disorder.

Data from the first 199 professional fighters who visited for the
baseline evaluation were used for this study. Information on sex,
age, weight, years of education, type of fighting (boxing or mixed
martial arts), years of fighting, number of fights, and number of
knockouts was collected for each participant. Fifteen female fight-
ers were excluded from the study to eliminate sex effects, and a
71-year-old male fighter was also excluded because his age made
him an outlier. Missing data of individual information were de-
leted list-wise from 183 fighters in the analysis. A total of 155 male
fighters (74 boxers and 81 mixed martial arts fighters) were in-
cluded in the final analysis (Table 1).

MR Protocols

MR images were performed on a 3T Verio scanner with a 32-
channel head coil (Siemens, Erlangen, Germany). 3D T1-
weighted scans (voxel size = 1 X 1 X 1.2 mm’; TR/TE/TI =
2300/2.98/900 ms; flip angle = 9°% scan time = 9:14), T2-weighted
scans (voxel size = 0.8 X 0.8 X 4 mm?>; TR/TE = 5000/84 ms; 38
sections; scan time = 0:57), and FLAIR scans (voxel size = 0.8 X
0.8 X 4 mm?>; TR/TE/TI = 7000/81/2220 ms; 38 sections; scan
time = 2:36) were performed. A single-shot EPI scan was used to
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acquire diffusion tensor mapping (TR/TE = 7000/91 ms; FOV =
240 X 240 mm?; voxel size = 2.5 X 2.5 X 2.5 mm?>; 49 axial
sections with no gap between sections; partial Fourier factor =
5/8; NEX = 1; 71 nonlinear diffusion-weighting gradients with
b-value = 1000 seconds/mm? and eight b = 0 volumes for aver-
aging; scan time = 8:24).

DTI Postprocessing

Field map—based distortion correction®® was applied in the time-
series diffusion images to unwarp EPI geometric distortion, and
an iterative motion and eddy current artifact correction method
was used”' before DTI parameter calculation. Subsequently, the
diffusion tensor was calculated at each voxel with log-linear ordi-
nary least squares.*> The tensors were diagonalized, yielding eigen-
values from which LD, TD, mean diffusivity (MD), and FA were
calculated with the use of in-house software.>” The detailed defi-
nition of DTI parameters is described with 3 eigenvectors (A, , 5,
and A\, = A, = A, LD = \,,TD = (A, + A,)/2,MD =
(A, + A, + A)/3,and FA = {((A, — A,)* + (A, — A +
A5 = ADDIA2 + M2+ A2 22

ROI Analysis

Seventy-three ROIs in white matter (3 corpus callosum areas and
35 white matter regions in each hemisphere) and 7 subcortical
gray matter regions in each hemisphere were defined in T1-
weighted image space with the use of the FreeSurfer software
package (http://surfer.nmr.mgh.harvard.edu/). The defined ROIs
were aligned in DTI space by use of the Linear Image Registration
Tool FLIRT (http://www.fmrib.ox.ac.uk/).>* Average DTI values
were calculated in each ROI. After a visual check, the caudal mid-
dle frontal, lateral orbitofrontal, medial orbitofrontal, parsor-
bitalis, rostral middle frontal, superior frontal, and frontal pole
regions were excluded because of imperfect coregistration be-
tween the anatomic image and the unwarped EPI image, caused
by EPI geometric distortion in the frontal lobe area.

Statistical Analysis
Pearson correlation was calculated for fighter information (age,
years of education, weight, number of knockouts, number of
fights, and years of fighting). Years of fighting was highly corre-
lated with age (correlation = 0.511; P <.001) and with number of
fights (correlation = 0.520; P < .001); therefore, number of
knockouts and number of fights were selected as fight-related
predictors. Age, weight, years of education, number of knockouts,
and number of fights were chosen as predictors to represent vari-
ance in independent measures (Table 1).

Multiple hierarchical linear regression analyses were per-
formed to test the hypothesis that fight-related exposure (number



of knockouts and number of fights) could predict average DTI
values in different regions. Age, weight, and years of education
were controlled to ensure that they would not account for the
hypothesized effects. Therefore, model 1 used age, weight, and
years of education as predictors for DTT value (DTI = constant +
a, X age + a, X weight + a; X years of education). Model 2A
used age, weight, years of education, and number of knockouts as
predictors (DTI = constant + b, X age + b, X weight + b; X
years of education + b, X number of knockouts), and model 2B

Table 2: Demographic data

Boxers Mixed Marital Arts Fighters
Age,y 28.0 =63 282+ 48
Years of education® 127 £3.0 140 24
Weight, kg 745+ 158 787 109
Number of fights 132 £157 121741
Number of knockouts 11+£20 1.0 =21

@ Significantly different between groups (P < .01).

Table 3: Areas in which number of knockouts predicted DTI values after controlling for

individual variation

used age, weight, years of education, and number of fights as
predictors (DTI = constant + ¢; X age + ¢, X weight + ¢; X
years of education + ¢, X number of fights). Regions were de-
fined as activated (ie, a fight-related exposure predicted DTI val-
ues) when the following criteria were met: 1) the significance
change from model 1 to model 2A or 2B was significant, and 2) the
linear regression result of model 2A or 2B was significant.

RESULTS
We found no significant (P > .05) differences between boxers and
mixed martial arts fighters in age, weight, number of fights, or
number of knockouts, but there was a significant difference be-
tween the groups in years of education (P = .0045; Table 2).
The number of knockouts among boxers predicted increased
LD in the inferior parietal, isthmus cingulate, pericalcarine, pre-
cuneus, and amygdala areas and increased TD in the middle and
posterior corpus callosum, isthmus cingulate, pericalcarine, pre-
cuneus, and amygdala regions after we
controlled for individual variations in
age, weight, and years of education (Table

Boxers Mixed Martial Arts Fighters 3). There was increased MD and de-
ROI LD D MD FA D FA creased FA in the corresponding areas. In-
Corpus callosum posterior @ b a terestingly, in mixed martial arts fighters,
Corpus callosum central 2 ¢ the number of knockouts predicted only
a . .
Cuneus L decreased FA in the posterior corpus cal-
Inie7 EEE L losum and increased TD in the posterior
Isthmus cingulate LSR® LSRS LSRC : _ P
Pars triangularis L2 cingulate. In the posterior corpus callo-
Pericalcarine L®>R* LSR® LSR® sum of both boxers and mixed martial
Posterior cingulate arts fighters, the number of knockouts
Precuneus R® R® LR predicted decreasing FA, but the decreas-
Cavetie L ing tendency or the magnitude of coeffi-
Putamen L? R® . 8 Y 8
Pallidum L1ARP 2R [2RP cient of the number of knockouts over FA
Amygdala 12 RS RP L3 R® was larger in boxers than in mixed martial

Note:—L and R represent the left and right hemispheres, respectively.
2P < .05.

bp<.0L

P <.00L

Table 4: Coefficients for number of knockouts for the areas in which number of
knockouts predicted DTI values after controlling for individual variation

arts fighters (—18.90 X 10~ ° mm?/s ver-
sus —7.27 X 10~° mm?/s; Table 4).

The number of knockouts predicted
decreased LD in the pars triangularis, de-
creased LD and TD in the pallidum, and
increased FA in the caudate and putamen

IRl A regions. The number of fights did not pre-

Boxers Fighters
RO b ™ MD FA ™ FA dict DTTvalues in boxers or mixed martial
Corpus callosum posterior 26.48 189 77 arts fighters. The average DTI values for
Corpus callosum central 20.28 18.19 the regions in which the number of
ﬁ“g:gi - (L) 656 (L) —4.60 knockouts predicted DTI values are pre-
Isthmus’zingulate (L 2424 L1925  (L)20.91 sented in Table 5.
(R)1673  (R)22.61  (R)20.65
Pars triangularis L) —7.61 DISCUSSION
Pericalcarine (L1580  (L)24.26  (L)21.44 We found that the number of knockouts
Posterior cingulate (R)1005  (R)15.92  (R)13.96 (R)5.49 in fighting athletes, most prominently
Precuneus (R) 834 (R)9.90 (L) 663 in the boxing group, predicted DTI
(R)9.38 changes after we controlled for age,
gj:admaz 8 ;Zé weight, and education effects. This find-
(R)4.74 ing suggests that the number of knock-
Pallidum (L) —14.60 (L) —1010 (L) —T.60 outs experienced by boxers can predict
Amygdala ((*3 ];]39;0 Eg 1;.]:620 (('3 1:360 microstructural damage in the brain, as
(R)29.06 (R)18.22 represented by increased LD and TD. In

Note:—L and R represent the left and right hemispheres, respectively.
A coefficient unit is 10~® mm?/s for LD, TD, and MD, and 10~ for FA.

contrast, the number of fights did not
account for microstructural injury.
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Table 5: Average DTI values for the areas in which number of knockouts predicted DTI values

Mixed Martial
Boxers Arts Fighters
ROI LD TD MD FA TD FA
Corpus callosum posterior 1617 0.689 0.998 0.525 0.656 0.546
Corpus callosum central 1533 0.679 0.964 0.506 0.653 0.512
Cuneus 0.966 0.727 0.807 0.189 0.712 0.194
Inferior parietal 1.007 0.657 0774 0.280 0.648 0.284
Isthmus cingulate 1292 0.569 0.810 0.481 0.540 0.498
Pars triangularis 0.956 0.650 0.752 0.266 0.635 0.270
Pericalcarine 1128 0.787 0.901 0.238 0.769 0.250
Posterior cingulate 1209 0.570 0.783 0.448 0.543 0.463
Precuneus 1.086 0.647 0.793 0.326 0.631 0.337
Caudate 1.235 0.966 1.056 0.170 0.949 0.168
Putamen 0.879 0.610 0.700 0.240 0.602 0.246
Pallidum 0.808 0.515 0.613 0.323 0.518 0.315
Amygdala 1125 0.864 0.951 0.181 0.854 0.184

Note:—A coefficient unit is 10> mm?/s for LD, TD, and MD and 01 for FA.

We found that increased TD resulted in increased MD and
decreased FA in the corpus callosum among boxers. The corpus
callosum is an area known to be involved in TBL.”'®'7-*>- Sey-
eral studies have demonstrated increased MD and/or decreased
FA in various white matter regions among patients with mild TBI
versus matched control subjects.”!”*! Inglese et al'” found a sig-
nificant reduction in FA in the corpus callosum, internal capsule,
and centrum semiovale and a significant increase in MD in the
corpus callosum and internal capsule in 46 patients with mild
TBI. In a study of 49 professional boxers who had been exposed to
repeated blows to the head, Zhang et al” observed a significant
decrease in FA in the anterior and posterior corpus callosum, as
well as a significant decrease in FA and an increase in MD in the
internal capsule. In a study of 24 boxers, Zhang et al® also found
that the mean diffusion constant of the brain tissue was signifi-
cantly correlated with the times of hospitalization for boxing in-
juries (P < .05) but not with age when boxing was started, total
rounds, years of fighting, or number of wins and losses. Cubon et
al’! reported that college athletes with mild TBI (5 men and 5
women) who had concussion showed significantly increased MD
in the left hemisphere, spanning the sagittal striatum, retrolentic-
ular section of the internal capsule, and the posterior thalamic
radiation (by use of tract-based spatial statistics), but there was no

1>? found no

significant change in FA. In a recent study, Zhang et a
significant differences in fMRI and DTT results among patients
with mild TBI versus control subjects; the authors suggested that
these regional variations in FA and MD changes in patients
with mild TBI might be the result of differing timeframes, tech-
nological issues involved in DTI, and different methodologic
approaches.

Besides the corpus callosum, the areas in which increased LD
was predicted by the number of knockouts among boxers were
identical to the regions in which increased TD was predicted by
the number of knockouts with the exception of the inferior pari-
etal region. Our results of increased LD and TD among boxers
suggests that knockouts could induce irreversible myelin damage,
as has been discussed previously.”® Kraus et al*® found that pa-
tients with mild to severe TBI showed increased TD and LD in all
white matter regions; patients with mild TBI also showed in-
creased LD in the sagittal striatum and superior longitudinal fas-
ciculus but not TD in any regions versus control subjects. This
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study also found that moderate to severe TBI groups showed se-
vere impairment of neuropsychological assessment, compared
with mild TBI and control groups. We have performed cognitive
testing for the participants in our study, and further analyses will
be conducted to assess whether our DTI findings are correlated
with individual cognitive assessments.

In our study, decreased LD and/or TD in the pars triangularis
and pallidum were predicted by the number of knockouts. In a

1% found decreased median MD and

previous study, Bazarian et a
increased median FA in the posterior corpus callosum in 6 pa-
tients with mild TBI when scans were performed within 4 hours
after the injury; MD was also decreased in the left anterior internal
capsule in ROI analysis. Wilde et al’* found increased FA in ado-
lescents with mild TBI who were scanned within an average of 2.7
days (1-6 days) after the injury. McAllister et al*> showed that
strain rate positively predicted FA changes before and 10 days
after head injury in the corpus callosum in 10 athletes. Mayer et
al*® also found increased FA in patients with mild TBI during the
semi-acute injury period (average of 12 days after injury) and
confirmed this finding in a replicate experiment (average of 15.6
days after injury).’” This increased FA in semi-acute mild TBI
may be induced by inflammation and/or cytotoxic edema and
could be transient. A recent study by Wilde et al*® assessed FA
values in patients with mild TBI over time during the semi-acute
period (from day 1 to days 7—8 after injury). Our study did not
consider time after the onset of head injury (eg, the latest knock-
out). However, boxers who are exposed to repeated blows to the
head, should be considered separately from patients with mild
TBI, who generally have a single incidence of head injury. The
decreased LD and TD among boxers in our study might be related
to this repeated pattern of brain tissue injury and recovery. Fur-
ther studies are needed to assess this possibility.

Although boxers in our study had increased LD and TD in
various white matter regions predicted by number of knockouts,
mixed martial arts fighters had decreased FA in the posterior cor-
pus callosum and increased TD in the posterior cingulate region
only predicted by the number of knockouts. Furthermore, when
considering the posterior corpus callosum where the number of
knockouts predicted FA in both boxers and the mixed martial arts
fighters, the higher magnitude of coefficient for the number of
knockouts over FA in boxers versus mixed martial arts fighters was



observed (—18.90 X 10~ mm?/sversus —7.27 X 10~ ° mm?/s). This
may reflect the different natures of boxing and mixed martial arts.
Boxers mainly target the head of their opponent, which exposes the
boxers to a higher risk of repetitive head injuries; mixed martial arts
fighters use striking and grappling techniques.

DTT is known to be affected by a patient sex,* age,*** intelli-
gence level,**** and body weight.*> We therefore included only male
fighters in our study and used multiple hierarchical linear regression
analyses to control for age, years of education, and weight. Although
we assumed that body weight was an individual factor for the pur-
pose of this analysis, it is possible that weight plays a role in the sever-
ity of brain injury, as a blow from a heavy-weight fighter would be
expected to cause more damage than a blow from a light-weight
fighter. In future research, weight class should be considered as an
individual factor. We also plan to recruit an age- and education-
matched control group for future studies of longitudinal MR
changes, but we believe that our findings in the current study are not
limited by the absence of a control group.

A previous study suggested that sports-related concussions are
often unreported by athletes.*® For this study, we used the number of
knockouts in both the amateur and professional career periods, and
the number of knockouts includes not only the loss of consciousness,
leading to down more than 10 counts, but also the technical knock-
out including referee stop, corner stop, and multiple knockdowns
caused by lack of the self-defense ability. The information of the
number of knockouts from professional fights was collected and ver-
ified from the fighters’ official log, whereas the information from
amateur fights was collected through a self-reporting questionnaire.
Inaccuracy in self-reporting may therefore be a confounding vari-
able. Additionally, there probably are differences in the threshold of
trauma required to cause a knockout in individuals, a factor we plan
to address in future research.

This study involved data from one time point, but we intend to
follow these fighters for at least 4 years. Although we do not know
which, if any, of these fighters will have development of chronic
traumatic encephalopathy, the results of the current study suggest
that measurable microstructural changes or diffusion metrics can
be predicted by history of repeated head injuries or severity in
fighters’ careers after controlling for individual variations.
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Local and Global Fiber Tractography in Patients with Epilepsy

C. Anastasopoulos, M. Reisert, V.G. Kiselev, T. Nguyen-Thanh, A. Schulze-Bonhage, J. Zentner, and I. Mader

o~ =é

ABSTRACT

BACKGROUND AND PURPOSE: Fiber tractography is increasingly used in the preoperative evaluation of endangered fiber bundles. From
a clinical point of view, an accurate and methodologically transparent procedure is desired. Our aim was to evaluate the recently described
global tracking algorithm compared with other established methods, such as deterministic and probabilistic tractography.

MATERIALS AND METHODS: Twenty patients, candidates for excision of epileptogenic lesions, were subjected to higher-angular reso-
lution diffusion imaging—based fiber tractography. Seed points were created without manual bias, predominantly by FreeSurfer and
voxel-based atlases. We focused on 2 important fiber bundles, namely the descending motor pathways and the optic radiation. Postop-
eratively, the accuracy of the predicted fiber route was controlled by structural MR imaging and by inflicted functional deficits.

RESULTS: Among the 3 evaluated methods, global tracking was the only method capable of reconstructing the full extent of the
descending motor pathways, including corticobulbar fibers from the area of face representation. Still, probabilistic tractography depicted
the optic radiation better, especially the Meyer loop. The deterministic algorithm performed less adequately.

CONCLUSIONS: The probabilistic method seems to be the best balance between computational time and effectiveness and seems to be
the best choice in most cases, particularly for the optic radiation. If, however, a detailed depiction of the fiber anatomy is intended and
tract crossings are implicated, then the computationally time-consuming global tracking should be preferred.

ABBREVIATIONS: DMP = descending motor pathways; FA = fractional anisotropy; FACT = Fiber Assignment by Continuous Tractography; OR = optic radiation;

SLF = superior longitudinal fascicle

Before neurosurgical operations, especially those demanding
resection of lesions adjacent to functionally critical areas, the
structural and functional anatomy of the region must be evalu-
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ated. In epilepsy neurosurgery, where protection of “eloquent”
brain areas is essential, knowledge of the fiber course in altered
anatomic conditions is beneficial. Therefore, diffusion tractogra-
phy has been increasingly used for neurosurgical planning."
Tractography algorithms use the information that is obtained
by multiple-gradient DWI on the basis of the anisotropic charac-
ter of motion of free water molecules along myelinated fibers.”
Various tractography algorithms are available, with 2 main cate-
gories being local (further subdivided into deterministic and
probabilistic) and global methods (On-Line Fig 1). The determin-
istic fiber assignment by continuous tractography (FACT) algo-
rithm is increasingly used for preoperative and intraoperative
tractography.®* Most deterministic algorithms follow the princi-
pal orientation of diffusion. This approach leads to erroneous
results, if there are fibers within a voxel running in different di-
rections.” In addition, fibers with a strong curvature may be dif-
ficult to reconstruct. For example, the extent of the optic radiation
(OR) of the Meyer loop is frequently underestimated.® Probabi-
listic tractography assesses the probability that a voxel is con-
nected to a given start point, by means of iterative random walks.”
This method exploits the statistical nature of the information ob-
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tained by DWI and determines the most probable mathematic
pathway.® In contrast, global methods process the entire diffusion
information simultaneously and generate a whole-brain recon-
struction. Global tracking simulates an annealing procedure
where—during a “decrease of temperature”—line elements of
subvoxel size, representing the diffusion anisotropy, bind to-
gether. Finally, only aligned elements remain bound to each other
according to the diffusion information of the brain.” It has been
suggested that global tractography overcomes the common issue
of fiber crossings.'® The superiority of this algorithm has been
proven in a study comparing 10 different algorithms on a phan-
tom that mimics fiber crossing and bending."" The main disad-
vantage of global methods is the long calculation time, whereas
the disadvantage of local methods, particularly the FACT algo-
rithm, is the accumulation of errors during the algorithm
propagation.’

Newer tractography algorithms outrank certain features of
older algorithms. For example, probabilistic tractography is more
robust than deterministic tractography in areas of high uncer-
tainty (ie, areas of high signal noise or fiber crossings).'* To date,
it is not clear which particular tractographic approach has the
appropriate features for certain anatomic or clinical questions.
Therefore, it is essential to perform comparisons, not only by
means of phantoms,'" but also in an appropriate clinical setting.
This study aimed at evaluating the clinical usefulness of global
tractography as a preoperative tool and compared its perfor-
mance with the widely used FACT and a probabilistic algorithm.
The focus was on the depiction of the major fiber structures’ de-
scending motor pathways (DMP) or OR.

MATERIALS AND METHODS

Patients

A total of 20 prospectively recruited consecutive patients (mean
age, 27 years; age range, 3—66 years; 11 women) with drug-resis-
tant epilepsy due to various supratentorial lesions were investi-
gated. The inclusion criteria were 1) the presence of a benign-
appearing lesion, adjacent to either the corticospinal tract or the
OR; and 2) intended total lesion resection or minor loss of func-
tion postoperatively. The exclusion criterion was a malignant ap-
pearance (eg, major space-occupying lesion) with perifocal
edema. Seven patients presented with focal cortical dysplasia, 5
with cavernoma, 3 with intra-axial low-grade tumors, 2 with hip-
pocampal sclerosis, 1 with perinatal ischemic stroke, 1 with schi-
zencephaly, and 1 with an arteriovenous malformation (On-line
Table). The treatment procedure in each patient was individually
determined in consensus decision-making sessions among neu-
rologists, neuroradiologists, and neurosurgeons in the Neuro-
center of the University Medical Center (Freiburg, Germany). All
available information, including tractography results, was taken
into account. The interval between preoperative evaluation and
operation ranged from 3-19 days. The rationale behind tractog-
raphy in the preoperative planning was the concern about the
extent of the intended resection and subsequent functional out-
come. The tractography analysis was performed by 2 neuroradi-
ologists in training (C.A. and T.N.T.) under supervision of a se-
nior neuroradiologist (I.M.). Preoperative and postoperative
visual fields were assessed by Goldmann perimetry. The postop-
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erative seizure outcome was assessed from 6—17 months after
surgery (mean, 10 months) and was categorized according to the
Engel and the International League Against Epilepsy classifica-
tions.'>'* The procedures were approved by the local ethics
committee.

Image Acquisition

All measurements were performed by means of a 3T scanner
(Magnetom Trio; Siemens, Erlangen, Germany). For DWI, a sin-
gle-shot spin-echo-planar imaging sequence by use of a 12-chan-
nel head coil was applied (TR, 10.5 s; TE, 96 ms; resolution, 23
mm?>; 61 diffusion-encoding directions; effective b-value, 1000
s/mm?). The orientation distribution function in each voxel was
extracted from higher-angular resolution diffusion imaging."> In
all patients, a TIWI magnetization prepared rapid acquisition of
gradient-echo sequence with a 1-mm” resolution was obtained
(TR, 2.2 's; TE, 2.15 ms; T1, 1.1 ms) preoperatively and postoper-
atively. Preoperative structural images were coregistered with the
DWTI and were subsequently segmented into white matter, gray
matter, and CSF by use of Statistical Parametric Mapping 8 (Well-
come Department of Imaging Neuroscience, London, UK), run-
ning under Matlab2009b (MathWorks, Natick, Massachusetts). A
brain mask was created, restricting the algorithms’ calculations to
the white matter and the adjacent 2 voxels of gray matter volume.

Seed Point Selection

A 2-seed point procedure was used for fiber tractography. For
each of the 2 fiber structures, 2 ROIs served as end points: 1 cor-
tical and 1 either in the ipsilateral brain stem for the DMP or the
thalamus for the OR. In patients with obvious anatomic devia-
tions (patients 3 and 9), motor cortex seed points were derived
from fMRI. For fMRI, contiguous multisection echo-planar im-
aging was used (TR, 2.61 s; TE, 30 ms, 3% mm?, active fist-clench-
ing and tongue movement vs rest, respectively, 1 Hz, 9 measure-
ments). After preprocessing, the peak maxima of the t-values of
the statistical maps (P_y..cpwg) < -05) were enlarged by 3 mm in
every direction to extend into white matter and were taken as seed
points for the primary motor area.

In all other patients, cortical seed points were obtained by a
standard automated parcellation with the FreeSurfer (http://
surfer.nmr.mgh.harvard.edu/) algorithm.'® Brain stem/thalamic
seed points were derived from a voxel-based atlas.'” The ROIs
were registered to the individual coordinate system of the pa-
tients’ TIWI and DWI datasets. The precentral gyrus served as the
cortical origin and the ipsilateral cerebral crus ROI as the second
end point of the DMP in patients #1-10; the pericalcarine cortex
served as the cortical end point for the OR and the lateral genic-
ulate nucleus as the second end point for the OR in patients #11—
20. Although the ROIs were atlas derived, some minor corrections
were made: 1) the size of the brain stem ROI was halved to the
ipsilateral cerebral peduncle; and 2) the lateral geniculate nucleus
ROI was enlarged in every direction up to 4 mm, correcting its
relatively small atlas size to match neuroanatomic studies.'®

Fiber Tractography
We made no manual interference when we applied the tractogra-
phy methods. All 3 tractography methods were successively used



connectivity.® It allows the depiction of
the mathematically most probable pathway
between 2 ROIs (On-Line Fig 1). Parame-
ters were 10° random walk iterations from
every seed region voxel and applying an ex-
ponent of 4 to the eigenvalues, whereas the
stopping criterion was FA < 0.1.

Global fiber tractography methods re-
construct all brain fibers simultaneously
by finding a configuration that best de-
scribes the diffusion data.”'®'® In global
tracking, the reconstructed fibers are built
by small line segments (initially hundreds
in each voxel) that represent the diffusion
anisotropy (On-Line Fig 1E-G). During
optimization, an iterative process is re-
peated with an order of 10® iterations, and
the elements bind together in an anneal-
ing simulation. This behavior is governed
by an interaction between the line ele-
ments and the measured data. A de-
tailed description of global tracking is

given by Reisert et al.'®

FIG1. Depiction of the left descending motor pathways on the healthy side in patient 3 and the

fan angle measurement performed. FACT (A), probabilistic (B), and global (C and F) tractography
show approximately the same route and extent along the internal capsule. Note differences in
the reconstruction of fibers arising from the lateral area of face cortical representation. These
corticobulbar fibers are best depicted by global tracking, as this method is least susceptible to
fiber crossings in the semiovale center (D) (orientation distribution function of the diffusion
signal) and (E) (principal direction of the diffusion tensor shown as color-coded map) between
the corpus callosum (1), corona radiata (2), and SLF (3). FACT and probabilistic tractography
cannot overcome the crossing with the SLF (3, green in F, oriented perpendicular to the plane of

the figure), with the results shown in On-Line Fig 2 in mind.

under the same conditions: 1) all algorithms were applied on the
same diffusion data; and 2) the brain mask and 3) the pair of ROIs
used were the same. The computation time span on a standard
64-bit platform was 30 minutes for FACT, 3 hours for probabilis-
tic maps of connectivity, and 20 hours for global tracking. The
results of tractography in the preoperative planning were ana-
lyzed by the same in-house visualization tool (http://www.
uniklinik-freiburg.de/mr/live/arbeitsgruppen/diffusion/fibertools_
en.html) and were superimposed on preoperative and, in a second
step, postoperative structural imaging. For comparison of the
tractography results for the DMP, the fan angle from the fibers
arising in the foot area to the fibers from the face area was mea-
sured (Fig 1). The results of the different tractography methods
for the OR were compared based on the presence of the Meyer
loop and its distance to the tip of the temporal pole.

For FACT, particular stopping criteria were fractional anisot-
ropy (FA) < 0.1 and a curvature between 2 consecutive steps
=90°. The liberal curvature was chosen to allow the detection of
strong fiber bending.

In our current study, an extension to the probabilistic index of
connectivity method” was adopted, which calculates the probabil-
ity that a voxel is connected to the selected ROI by performing
random walk iterations and counting the visits. At the same time,
the directional information of the curves passing through the
voxel is preserved. The probability information of voxels receiv-
ing visits from opposing directions creates probabilistic maps of

RESULTS

Fiber Tractography in

Presurgical Planning

In patients 1-10, preoperative recon-
struction of the DMP by FACT and prob-
abilistic algorithm, in both healthy and
pathologic hemispheres, involved fibers
arising from the precentral gyrus. Pre-
dominantly fibers from the arm and foot cortical representation,
through the internal capsule and to the cerebral peduncle, were
reconstructed. The mean fan angle for FACT was 92° (range, 66—
114°) and for the probabilistic algorithm, 97° (range, 50—122°; Fig
1). In contrast, the extent of the DMP pathways achieved by global
tracking was broader in all patients, with multiple fibers starting
from the foot, trunk, arm, and face areas of the precentral gyrus,
achieving a mean fan angle of 138° (range, 118-156°; Fig 1). This
algorithm was thus capable of depicting corticospinal, as well as
corticobulbar, pathways.

In patients 11-20, the FACT algorithm depicted the stem of
the OR running from the lateral geniculate nucleus caudally to-
ward the ipsilateral pericalcarine cortex. The Meyer loop could be
partially depicted in 3 of 10 patients (mean distance to the tip of
the temporal pole, 41 mm; range, 39—43 mm). The probabilistic
maps of connectivity depicted the OR in all 10 patients, including
the Meyer loop in 9 of 10 patients (mean distance to the tip of the
temporal pole, 34 mm; range, 23—40 mm). Global tracking recon-
structed only the main part of the OR and failed to reconstruct the
Meyer loop in all 10 patients. In patient #13, reconstruction of the
Meyer loop was missing in all methods because of impaired image
quality caused by motion artifacts.

Postoperative Evaluation
In 7 of 10 patients with tractography of the DMP and in 8 of 10
patients with tractography of the OR, an excision of the alleged or
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FIG 2. Assessment of the OR in patient 14 with a right hippocampal sclerosis. Results of prob-
abilistic tractography (A) for the right Meyer loop (arrowhead) and (B) for the main part of the
OR are shown. The preoperative OR reconstruction by the probabilistic algorithm is superim-
posed onto postoperative images (C and D, asterisk = resection area, arrow = anterior extent
of Meyer loop). Postoperatively, the patient presented with a partial visual field defect in the
left upper quadrant.

FIG 3. Coronal sections through the OR at the level of the trigone of the lateral ventricle in patient
15 with a perinatal stroke. Scheme drawing (A) of the functional organization of the OR on the healthy
side (redrawn?®®), indicating the course of the posterior (p), anterior (a), and central (c) bundles,
carrying fibers of the lower quadrant, upper quadrant, and center of the contralateral visual field,
respectively. Preoperative TIWI of the pathologic side (right half, A). Postoperatively, the patient had
a lower right quadrant anopia. Preoperative tractography superimposed on the postoperative cor-
onal T1(B-D). The arrowhead indicates that the posterior bundle of the OR was within the resection
area. It is missed by FACT (B) but is depicted by probabilistic (C) and global (D) tractography.
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suspected epileptogenic focus was per-
formed. During postoperative follow-up,
9 patients remained seizure-free; 5 pa-
tients had less frequent seizures than be-
fore surgery; and, in 1 patient, the seizure
type and frequency remained unchanged.
Surgical treatment was thought to be in-
appropriate in 5 patients (3 with tractog-
raphy of the DMP and 2 of the OR), as a
functional impairment may have ensued,
because of the vicinity to the main part of
the fiber pathways or to the respective
cortex.

To re-evaluate our findings, we super-
imposed preoperative tractographic results
on the postoperative imaging in patients
having received surgery. In 2 patients, the
detected fibers were presumably damaged
during the operation. In patient 14, a
right selective amygdalohippocampec-
tomy was performed. Preoperatively, only
the probabilistic algorithm successfully
depicted the OR, including the Meyer
loop (Fig 2). Postoperatively, the patient
had a small left upper visual field defect.
The preoperative probabilistic OR recon-
struction was superimposed on the TIWI
acquired 3 months postoperatively. The
anterior extent of the reconstructed
Meyer loop was now situated in the area
that had been excised. In patient 15, a left-
sided extended perisylvian lesionectomy
of perinatal infarcted tissue was per-
formed (Fig 3). Preoperatively, recon-
struction of the OR was intended by the 3
algorithms. Probabilistic and global re-
construction was more detailed and in-
cluded the posterior bundle of the OR.
Postoperatively, the patient had a lower
quadrant anopia. At 3 months after the
operation, TIWI revealed that a small
part of the sagittal stratum had been re-
moved. The area corresponding to the
posterior bundle of the OR, responsible
for the contralateral lower quadrant field,
coincided with the part of the surgically
excised area.

DISCUSSION

The reliability of tractography algorithms
as a tool for patient assessment is depen-
dent on factors such as anatomic devia-
tion and compression, intracellular and
extracellular edema, tissue infiltration by
tumors, fiber degeneration, and inflam-
mation.”® Our motivation to include pa-
tients with drug-resistant structural epi-



lepsy being planned for lesion resection includes 2 important
points. First, epileptogenic lesions are often circumscribed and
are the result of either benign pathologic conditions or low-grade
tumors without gross mass effect and changes of the microstruc-
ture. Thus, the influence of pathologic microstructure on the per-
formance of the fiber tractography algorithms is thought to be
negligible. Second, the postoperative resection area represents
an accurately defined lesion in the vicinity of the depicted fiber
bundle. Therefore, a verification of the fiber course can be
derived in conjunction with the postoperative functional out-
come. In 2 patients (patients 14 and 15), this approach could
be successfully applied. Some patients were not operated on,
because the depicted anatomic course of the fiber tracts was
adjacent to the pathologic condition.

The global tracking algorithm successfully reconstructed the
DMP arising from the entire convexity of the precentral gyrus. A
wider fan angle for the DMP indicates that the crossing with the
superior longitudinal fascicle (SLF) and the callosal fiber has been
resolved. In particular, the reconstruction of the corticobulbar
fibers was established exclusively by this method. They originate
in the lateral precentral gyrus, cross the SLF, and terminate in
the nuclear areas of the dorsal pons. The large crossing area
with the SLF is crucial for tractography algorithms. As ex-
pected from the phantom studies, the global tracking effi-
ciently overcame this crossing area.'' The success of global
tracking lies in its design. Hundreds of segments per voxel
represent even those fiber orientations with smaller diffusion
weight. The individual line elements are longer than the voxel
size, and most importantly, a global model has to be fulfilled in
which the reconstructed fibers are hindered to end in the white
matter. Thus, the entire fiber system is forced into a configu-
ration where crossings are needed to explain the whole diffu-
sion anisotropy. The reconstruction of the corticobulbar fibers
by the other 2 algorithms was inadequate (Fig 1 and On-Line
Fig 2). It has been established already that the deterministic
FACT cannot solve the problem of fiber crossings with the
result of stop of propagation.” Probabilistic algorithms can
only partially solve this problem such that the true course of
the investigated pathway remains uncertain (supplementary
material in'' and®'). Postoperatively, no functional deficits
were present and no further conclusions could be drawn for
the DMP.

For reconstruction of the OR, the probabilistic algorithm per-
formed best. Until now, probabilistic approaches were able to
reconstruct its full extent only with an additional manual place-
ment of an ROI anterolateral to the lateral geniculate nucleus.
The probabilistic maps of connectivity used in this study recon-
structed the entire extent of the Meyer loop in 9 of 10 patients
solely by using the parcellation/atlas-derived ROIs. The distance
between the temporal pole tip and the anterior limit of the Meyer
loop was in accordance with previous findings®* and was an indi-
cator for the detection of the Meyer loop. It has been commonly
accepted that the FACT algorithm generally underestimates the
Meyer loop.® To exclude effects of the FA threshold of 0.1, the
FACT algorithm was also assessed without it, and this trend did
not result in a more reliable detection of the Meyer loop. Global
tracking also failed to reconstruct the Meyer loop. This finding is

attributed to the rigid alignment of the line elements hindering
reconstruction of a sharp bending. A correlation between postop-
erative visual field defects and the extent of Meyer loop excision
has been described before.”> In 68%-100% of patients with
amygdalohippocampectomy, visual field defects were observed.>
One patient subjected to selective amygdalohippocampectomy
(patient 14) showed a small upper visual field defect because the
Meyer loop was partially damaged. A postoperative lesion was
manifest where, in probabilistic maps of connectivity, the most
anterior extent of the Meyer loop had been seen correctly. FACT
and global tracking showed false-negative results.

In 8 of 10 patients, the estimation of the Meyer loop was not
the main aim of tractography because the pathologic condition
was located in the occipital lobe or the occipital-temporal region.
From this group of patients, 6 were operated on, and a lower
quadrant anopia developed in one of these patients (patient 15)
postoperatively. In this patient, with a perinatal infarction, the
comparison of the postoperative resection area and the preoper-
atively depicted fibers provided information about the true course
of the posterior bundle of the OR. Probabilistic maps of connec-
tivity and global tracking depicted correctly this part of the OR,
whereas FACT showed false-negative results for the posterior
bundle (Fig 3). Without the FA threshold, the results of FACT
were also disappointing. It can be argued that FACT is susceptible
to changes of axial and radial diffusivity, which has been recently
shown in patients presenting with glioma.?' In patient 15, the
course of the OR wound through a postischemic gliotic area vis-
ible on T2- and FLAIR-weighted sequences in the sagittal stratum
along the ventricle. This finding comprised the whole OR but
was most prominent in the posterior bundle.

Our study had several limitations. From a theoretic point of
view, it may not have been advisable to compare the simplistic
FACT algorithm with the 2 more sophisticated methods."* How-
ever, the approach to this study was practical, as it used in vivo
data where additional effects of the tissue environment such as
anatomic field inhomogeneities may overlay more subtle effects.
It was difficult to define similar limiting conditions for all 3 meth-
ods. In global tracking, an internal factor, which reflects the brain-
averaged anisotropic signal component, serves as an FA thresh-
old. It was chosen such that spurious fibers appear only within
areas of FA < 0.1. For comparability, an FA threshold of 0.1 was
applied to the other 2 methods. Another clear limitation of this
study was the relatively low number of patients because patients
with high-grade tumors were not included in the study. Mass
effect and low perifocal FA in high-grade tumors* and changes of
diffusion metrics in anaplastic gliomas®' have been described as
confounding factors for fiber tractography. Therefore, the focus
of our study was on well-circumscribed pathologic conditions in
patients without mass effect and without gross changes of the
microstructure. The validation of tractography approaches still
remains a critical issue to be solved. Transcranial magnetic stim-
ulation was contraindicated because of the epilepsy. Intraopera-
tive subcortical mapping is predominantly used in sleep-awake
patients®* and has not been applied in our institution. Therefore,
the course of major fiber bundles could be validated only by post-
operative functional deficits. Despite the above-mentioned limi-
tations, the comparison of these methods in a clinical setting is
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new, especially because it considers a global method, which has
not been clinically proven so far.

CONCLUSIONS

The choice of a suitable tractographic algorithm should be a
trade-off between the fiber tract of interest and the available com-
putational time. FACT might be sufficient if a fast tractography is
required. However, for the Meyer loop of the OR and fiber bun-
dles with strong bending characteristics, probabilistic tractogra-
phy should be the method of choice. The probabilistic method
seems to be the best balance between computational time and
effectiveness, and it might be the best choice in most clinical cases.
Where a detailed fiber depiction and a resolution of fiber cross-
ings are intended, global tracking should be applied even if it
comes along with a prolonged computation time.
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Tumor Consistency of Pituitary Macroadenomas:
Predictive Analysis on the Basis of Imaging Features with
Contrast-Enhanced 3D FIESTA at 3T

J. Yamamoto, S. Kakeda, S. Shimajiri, M. Takahashi, K. Watanabe, Y. Kai, ). Moriya, Y. Korogi, and S. Nishizawa

ABSTRACT

BACKGROUND AND PURPOSE: Preoperative evaluation of pituitary macroadenoma tumor consistency is important for neurosurgery.
Thus, we aimed to retrospectively assess the role of contrast-enhanced FIESTA in predicting the tumor consistency of pituitary
macroadenomas.

MATERIALS AND METHODS: Twenty-nine patients with pituitary macroadenomas underwent conventional MR imaging sequences and
contrast-enhanced FIESTA before surgery. Two neuroradiologists assessed the contrast-enhanced FIESTA, contrast-enhanced TIWI, and
T2WI. On the basis of surgical findings, the macroadenomas were classified by the neurosurgeons as either soft or hard. Finally, Fisher exact
probability tests and unpaired t tests were used to compare predictions on the basis of the MR imaging findings with the tumor
consistency, collagen content, and postoperative tumor size.

RESULTS: The 29 pituitary macroadenomas were classified as either solid or mosaic types. Solid type was characterized by a homoge-
neous pattern of tumor signal intensity without intratumoral hyperintense dots, whereas the mosaic type was characterized by many
intratumoral hyperintense dots on each MR image. Statistical analyses revealed a significant correlation between tumor consistency and
contrast-enhanced FIESTA findings. Sensitivity and specificity were higher for contrast-enhanced FIESTA (1.00 and 0.88-0.92, respectively)
than for contrast-enhanced TIWI (0.80 and 0.25-0.33, respectively) and T2WI (0.60 and 0.38—0.54, respectively). Compared with mosaic-
type adenomas, solid-type adenomas tended to have a hard tumor consistency as well as a significantly higher collagen content and lower
postoperative tumor size.

CONCLUSIONS: Contrast-enhanced FIESTA may provide preoperative information regarding the consistency of macroadenomas that
appears to be related to the tumor collagen content.

ABBREVIATIONS: CE = contrast-enhanced; PCC = percentage of collagen content; SI = signal intensity

he transsphenoidal approach of removing pituitary adeno-

mas has been widely adopted as a safe and effective method."*
Recently, the endoscopic transsphenoidal technique has been ap-
plied as a minimally invasive surgery to remove pituitary adeno-
mas.” Most pituitary adenomas are soft and thus can be
adequately removed by aspiration and curettage via the trans-
sphenoidal route. However, 5-15% of pituitary adenomas are
firm and fibrous. This can occur quite often, and, unfortunately,
there are no preoperative predictors of its occurrence.* Thus, pre-
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operative evaluation of tumor consistency is essential for
neurosurgeons.

Previous studies have attempted to predict pituitary macroad-
enoma tumor consistency by use of conventional MR imaging
techniques.>” However, the ability of MR images to predict pitu-
itary macroadenoma consistency is controversial.® FIESTA can
provide strong T2 contrast, emphasizing the water content signal,
including CSF. This sequence also has a high signal intensity —to-
noise ratio, inherent flow compensation, and is suitable for direct
3D imaging.”'® Although FIESTA is predominantly used for
T2WI, it also enables T1 contrast and portrays contrast enhance-
ment with increased concentration of gadolinium-based contrast
reagents.'! Therefore, previous studies have reported that con-
trast-enhanced (CE) FIESTA can enable visualization of the
boundary between brain tumors and surrounding structures, and
CE-FIESTA is effective for preoperative evaluation of skull base

tumors.'>"?
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In the clinic, we have previously noticed that pituitary mac-
roadenomas have various CE-FIESTA signal intensities. There-
fore, we hypothesized that CE-FIESTA might allow identification
of the water content or vascularity within tumors to give an indi-
cation of tumor consistency. The purpose of this retrospective
study was to assess the ability of CE-FIESTA to predict pituitary
macroadenoma tumor consistency.

MATERIALS AND METHODS

Patients and Clinical Data

This study was approved by our institutional review board. We
retrospectively evaluated 32 consecutive patients with pituitary
macroadenomas who underwent surgery between September
2006 and May 2011. All patients underwent brain MR imaging,
including CE-FIESTA, before surgery. Pituitary macroadenomas
were defined as adenomas that exceeded 10 mm in diameter, on the
basis of preoperative MR imaging. Subjects who had received previ-
ous surgery or any other therapy (chemotherapy or radiation ther-
apy) for the pituitary macroadenoma were excluded from this study
because the tumors might have induced fibrous changes.

Imaging Data Acquisition

MRI was performed by use of a 3T unit (Signa Excite; GE Health-
care, Milwaukee, Wisconsin) with a dedicated 8-channel phased-
array coil (USA Instruments, Aurora, Ohio) after intravenous ad-
ministration of 0.1 mmol/kg body weight gadodiamide hydrate
(Omniscan; Daiichi Pharmaceutical, Tokyo, Japan) or gadopen-
tetate dimeglumine (Magnevist; Bayer Schering-Pharma, Berlin,
Germany). The FIESTA sequence was performed by use of the
following parameters: repetition time, 5.4 ms; echo time, 2.4 ms
(5.4/2.4); acquisitions, 2; flip angle, 50° bandwidth, 662.5 kHz;
matrix, 224 X 224; 100% image; section thickness, 0.8 mm; field
of view, 14 X 14 cm; resolution, 0.6 X 0.6 X 0.8 mm; and imaging
time, 5 minutes, 6 seconds. CE-FIESTA of all patients was ac-
quired in the coronal plane. In addition, all patients underwent
our standard brain MR imaging protocol for suprasellar tumors,
including coronal T2WI with 3.0-mm-thick sections, coronal
T1WI, and CE-T1WI (coronal CE spin-echo or axial CE-3D fast
spoiled gradient-echo imaging). The CE-3D fast spoiled gradient-
echo imaging data were reconstructed in the sagittal and coronal
planes. The following imaging parameters were used for coronal
T2WI: 4000/85 msec; flip angle, 90°; bandwidth, 62.5 kHz; section
thickness, 3.0 mm; matrix, 512 X 224; field of view, 18 X 18 cm;
and imaging time, 2 minutes, 16 seconds. The following imaging
parameters were used for CE spin-echo imaging: 400/4 msec; flip
angle, 100° bandwidth, 62.5 kHz; section thickness, 3.0 mm; ma-
trix, 224 X 224; field of view, 18 X 18 cm; and imaging time, 2
minutes, 40 seconds. The following parameters were used for CE
spoiled gradient-echo imaging: 10/4 msec; flip angle, 10° band-
width, 42 kHz; section thickness, 1.2 mm; matrix, 256 X 256; field
of view, 24 X 24 cm; and imaging time, 3 minutes, 56 seconds.
Parallel imaging techniques (a reduction factor of 2) were used
only for T2WT and CE spoiled gradient-echo images.

Image Analyses

First, we hypothesized that CE-FIESTA of pituitary macroadeno-
mas would correlate with tumor consistency, in particular with
the degree of hardness. Therefore, an experienced neuroradiolo-
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gist (S.K., with 16 years of experience in neuroradiology) was
blinded to the clinical information (ie, tumor consistency at sur-
gery). The soft-tissue compartments of the pituitary macroadeno-
mas were subjectively classified on the basis of CE-FIESTA, CE-
TIWI, and T2WI data into 2 types, solid and mosaic, by the
neuroradiologist. “Solid” was defined as a relatively homoge-
neous lesion (Fig 1-1) and “mosaic” was defined as a lesion con-
taining small multiple hyperintense dots (ranging in size from 0.5
mm to <2 mm) that were uniformly distributed throughout the
soft-tissue compartment of the adenoma (Fig 1-2). Subsequently, 2
other neuroradiologists (Y. Kai and J.M., with 17 and 10 years of
experience in neuroradiology, respectively) independently reviewed
the CE-FIESTA, CE-T1WI, and T2WI data. These reviewers were
also blinded to the clinical data. Two training cases (1 adenoma with
asolid pattern and 1 with a mosaic pattern) were presented before the
tests, and reviewers underwent sufficient training on CE-FIESTA,
CE-T1WI, and T2WTI to be familiar with the 2 patterns. The reviewers
then independently classified each adenoma on the basis of the find-
ings from these images. For both sequences, each image was analyzed
separately, and only 1 sequence was shown at a time. Data from the
first read were used to calculate the sensitivity, specificity, positive
predictive value, and negative predictive value for the MR imaging
prediction of hard adenomas.

In accordance with previous research, ROIs for signal intensity
(SI) analyses were drawn directly on the images obtained from the
T2WI and CE-FIESTA sequences.” All ROIs were an arbitrarily
chosen (by the first neuroradiologist S.K.) uniform shape and size
(elliptical, 50 mm?). ROIs were anatomically identified in the cen-
tral and solid-appearing portions of the macroadenomas. ROIs
were also placed in the normal white matter of the temporal lobe
on the same section. To avoid scaling problems on each MR image,
we calculated SI ratios for all images by use of the following formula:
SIratio = SI of tumor/SI of normal white matter. After the surgery,
the maximum craniocaudal size of the pituitary macroadenomas was
measured on the sagittal midline CE-T1WI before and after trans-
sphenoidal surgery. To determine whether preoperative CE-FIESTA
findings could affect surgical outcome, we calculated the percentage
of relative postoperative tumor size by use of the following formula:
(size after surgery/size before surgery) X 100.

Surgery

A skilled neurosurgeon (S.N., with 35 years of experience in
brain surgery) performed direct transsphenoidal surgery. Im-
mediately after surgical treatment, this neurosurgeon (S.N.)
and another experienced neurosurgeon (J.Y., with 16 years of
experience in brain surgery and who also assisted during sur-
gery) together assessed tumor consistency by use of surgical
notes and the DVD recordings from the operation. Tumors
were classified into 2 groups: tumors with soft consistency
(easily removable through aspiration or curettage) and tumors
with hard consistency (not removable through aspiration
and/or curettage and requiring piecemeal resection by use of a
microdissector or tumor forceps).

Histologic Study
A pathologist (S.S., with 18 years of experience) performed the
subsequent histologic studies. Routine specimen processing



FIG 1. Classification of pituitary macroadenomas by use of CE-FIESTA, CE-TIWI, and T2WI.], Solid type. Schematic drawing and coronal images
of CE-FIESTA (A and B), CE-TIWI (C), and T2WI (D) show homogeneous patterns of SI without intratumoral hyperintense dots. 2, Mosaic type.
Schematic drawing and coronal images of CE-FIESTA (A and B), CE-TIWI(C), and T2WI (D) show intratumoral hyperintense dots within the tumor.

Table 1: Clinical and operative features of pituitary macroadenomas

(collagen area/total tumor area) X 100.

Hard (5 Cases) Soft (24 Cases) P Value PCC was calculated in 5 random regions

Age® 46.4 +20.8(5) 56.0 = 16.7 (24) 2687 in each specimen, and the mean value
Sex was defined as a representative value for

Male (18) 4 4 6221 uch specimen.

Female (11) 1 10
Preoperative clinical symptoms N

Vifual disturbance (1y6) P 3 13 ~o999  Statistical Analyses

Others (13) 2 1 Statistical analyses were performed by

Headache (6) use of a statistical software package

Hormone abnormality (4) (StatView 5.0; SAS Institute, Cary,

Incidental (3) North Carolina). For pituitary mac-
e c.endvocrine classification roadenoma demographics, correlations

Functlonlr)g (m 2 ? 9999 between tumor consistenc i-

Nonfunctioning (18) 3 15 Y age, maxi
Maximum tumor size, mm? 278+ 6.4(5) 291+ 8.9(24) 7679 ~ mum tumor size, and relative postoper-
Relative postoperative tumor size, %° 72.0 £24.4 (4) 282 =121(23) <.0001 ative tumor size were tested by use of

Note:—Numbers in parentheses indicate number of cases in each category.
Data are mean * SD.

involved staining the slides with hematoxylin and eosin, followed
by immunohistochemical analyses by use of antibodies for pitu-
itary hormones. Tumor specimens were also histochemically ex-
amined for collagen content by use of Masson trichrome staining.
To perform quantitative analyses of collagen content, photomi-
crographs were captured in 5 random regions of each specimen by
use of a digital virtual microscope system (NanoZoomer Digital
Pathology; Hamamatsu Photonics K.K., Hamamatsu, Japan). The
area of collagen stained blue was measured by use of an image
processing software program (Image J; National Institute of Men-
tal Health, Bethesda, Maryland). The percentage of collagen con-
tent (PCC) was calculated by use of the following formula: PCC =

Fisher exact probability tests. Correla-

tions between tumor consistency, sex,

preoperative clinical symptoms, and
clinical endocrine classification were tested by use of unpaired ¢
tests. Correlations between MR findings (solid and mosaic types)
and tumor consistency on surgery were tested by use of Fisher
exact probability tests. Correlations between MR findings and
relative postoperative tumor size were tested by use of unpaired ¢
tests. Correlations between tumor consistency, PCC, and the SI
ratio were also tested by use of unpaired ¢ tests. A P value of <.05
was considered statistically significant. Diagnostic values for pre-
dicting hard adenomas were calculated according to the MR im-
aging findings, and the accuracies were compared by use of Fisher
exact tests. Kendall W tests were used to assess interobserver
agreement between radiologists. Interobserver agreement was
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FIG 2. Macroadenoma with hard consistency in a 77-year-old male patient (case 13). A, Coronal
CE-TIWI shows a large heterogeneous enhanced pituitary mass. B, Coronal T2WI shows an isoin-
tense mass with respect to normal white matter. C, Coronal CE-FIESTA shows a homogeneous
tumor SI pattern without intratumoral hyperintense dots. D, Histologic examination of the re-
sected tumor indicates small size and the formation of multiple nests surrounded by attenuated

collagen tissue (Masson trichrome stain; scale bar, 200 wm).

FIG 3. Macroadenoma with soft consistency in a 51-year-old female patient (case 28). A, Coronal
CE-TIWI shows a large, homogeneous, enhanced pituitary mass. B, Coronal T2WI shows a rela-
tively hyperintense mass with respect to normal white matter. C, Coronal CE-FIESTA shows
numerous hyperintense dots within the tumor. D, Histologic examination of the resected tumor
indicates small cells with scant collagen in a small, restricted perivascular area (Masson trichrome

stain; scale bar, 200 um).

classified as follows: Kendall W values <0.20 indicated poor
agreement, values 0f 0.21—0.40 indicated fair agreement, values of
0.41-0.60 indicated moderate agreement, values of 0.61-0.80 in-
dicated good agreement, and values of 0.80-1.00 indicated excel-
lent agreement. For the Kendall W coefficients by the 2 radiolo-
gists, CE-FIESTA was compared with the CE-TIWI and T2WI by
means of x tests.

300 Yamamoto Feb 2014 www.ajnr.org

RESULTS

Of the 32 patients, 3 did not meet the
inclusion criteria and were excluded
from the study. Therefore, 29 patients
with pituitary macroadenomas (18 men,
11 women; mean age, 54.4 * 17.5 years)
were included in this study. The demo-
graphic characteristics of the patients
are summarized in Table 1. Of the 29
patients, tumor consistency at the time
of surgery was classified as hard mac-
roadenoma in 5 patients (17%) and soft
macroadenoma in 24 patients (83%)
(Table 1). Surgery preserved preopera-
tive anterior and posterior pituitary
functions. There were no surgical com-
plications in any of the cases. Two pa-
tients did not undergo postoperative
MR imaging; thus, the relative postoper-
ative tumor sizes of these patients were
not available. Regarding the clinical and
operative features of pituitary macroad-
enomas, there was a significant differ-
ence in only relative postoperative tu-
mors between hard and soft adenomas
(P<.01) (Table 1). However, there were
no significant differences in age, sex,
preoperative clinical symptoms, clinical
endocrine classification, and maximum
tumor size.

MR Imaging Findings

All acquired images provided acceptable
diagnostic image quality. CE-FIESTA,
CE-T1WI, and T2WI showed isointense
to hyperintense pituitary macroadenomas
with or without hyperintense dots (Figs 2
and 3).

For evaluation of the CE-FIESTA
and T2WI data, the interobserver agree-
ments between reviewers were accept-
able, with Kendall W values of 0.73 and
0.613, respectively. In contrast, for the
CE-T1WI, the interobserver agreement
between the reviewers was fair, with
Kendall W values of 0.32. The 5 cases of
hard macroadenomas were classified as
solid types by use of CE-FIESTA images,
whereas 21 (for radiologist 1) or 22 (for
radiologist 2) of the 24 soft macroad-
enomas were deemed mosaic types (Table 2). There was a signif-
icant correlation between tumor consistency at the time of sur-
gery and the CE-FIESTA findings by each reviewer (P < .01) but
not between tumor consistency and the CE-TIWI and T2WI
findings. Moreover, regarding the CE-FIESTA data, the percent-
age of relative postoperative tumor size in the solid group was
significantly higher than that of the mosaic group (P < .01). In



Table 2: Effectiveness of CE-FIESTA and CE-TIWI findings for surgery of pituitary macroadenomas

Radiologist 1 Radiologist 2
Tumor Consistency at Surgery Tumor Consistency at Surgery
MR Sequences MRFindings  Hard (n=5) Soft(n=24) PValue MRFindings Hard (n=5) Soft (n=24) P Value
CE-FIESTA Solid 5 3 .0005 Solid 5 2 .0002
Mosaic 0 21 Mosaic 0 22
CE-TIWI Solid 4 18 >.9999 Solid 4 16 >.9999
Mosaic 1 6 Mosaic 1 8
T2WI Solid 3 15 >.9999 Solid 3 1l .6513
Mosaic 2 9 Mosaic 2 13
Relative Postoperative Relative Postoperative
Tumor Size, % P Value Tumor Size, % P Value
CE-FIESTA  Solid (7) 534 295 .0040 solid (6) 582 + 28.8 .0008
Mosaic (20) 282 +126 Mosaic (21) 280 £125
CE-TIWI Solid (22) 36.6 £ 227 .3458 Solid (22) 369 =212 4533
Mosaic (5) 26,583 Mosaic (5) 303+ 214
T2WI solid (18) 384 +247 2021 solid (14) 36.0 + 271 7565
Mosaic (9) 273%7.0 Mosaic (13) 334127

Note:—Numbers in parentheses indicate number of cases in each category.
Data are mean * SD.

Table 3: Diagnostic accuracy in prediction of tumor consistency

Radiologist 1 Radiologist 2
CE-FIESTA
Sensitivity 100 (0.83-1.00)  1.00 (0.83-1.00)
Specificity 0.88(0.84-0.88)  0.92(0.88-0.92)
Accuracy 0.90 (0.87-0.90)

Positive predictive value
Negative predictive value
CE-TIWI

0.63 (0.56-0.67)
1,00 (0.95-1.00)

0.71(0.63-0.75)

(
(
0.93(0.9-0.93)
(
1.00 (0.96-1.00)

Sensitivity 0.80(0.67-0.83)  0.80 (0.67-0.83)
Specificity 0.25(0.24-028)  0.33(0.32-0.36)
Accuracy 0.34 (0.33-0.37)

Positive predictive value
Negative predictive value
T2WI

018 (0.17-0.28)
0.86 (0.75-0.88)

0.20 (0.19-0.31)

(
(
0.41(0.40-0.43)
(
0.89 (0.80-0.90)

Sensitivity 0.60(0.38-0.66)  0.60 (0.38-0.66)
Specificity 0.38(0.36-0.40)  0.54(0.48-0.56)
Accuracy 0.41(0.4-0.43) 0.55(0.47-0.57)

Positive predictive value
Negative predictive value

017 (016-0.21)
0.82(0.75-0.83)

0.21(0.20-0.27)
0.87(0.81-0.88)

Note:—Numbers in parentheses indicate number of cases in each category.

contrast, analyses of the reviewers revealed no correlation be-
tween CE-T1WI and T2WI findings and the percentage of relative
postoperative tumor size.

The diagnostic accuracy of analyses for the reviewers is out-
lined in Table 3. Regarding the prediction of hard adenomas, the
mean sensitivity, specificity, and accuracy of CE-FIESTA were
1.00, 0.90, and 0.92, respectively. Accuracy by use of CE-FIESTA
data was significantly higher than the accuracy value by use of
CE-T1WI and T2WI (P < .01). Only 1 patient with a soft mac-
roadenoma underwent both unenhanced and CE-FIESTA imag-
ing (Fig 4). This patient had intratumoral hyperintense dots that
were only apparent with CE-FIESTA; unenhanced-3D FIESTA
displayed no intratumoral hyperintense dots.

Findings of CE-FIESTA, Surgery, and Histologic Analyses

On histologic examination, tumors displayed trabecular, papillary,
or sheetlike patterns, with some variance of perivascular fibrosis.
Masson trichrome staining revealed significant fibrosis in the
perivascular tissue consisting of collagen (Figs 2D, 3D, and 4C). Mac-
roadenomas in the hard tumor consistency group exhibited low cel-

FIG 4. Macroadenoma with soft consistency in a 44-year-old female
patient (case 29). A, Unenhanced coronal FIESTA image, and B, corre-
sponding coronal CE-FIESTA image. Intratumoral hyperintense dots
are shown on CE-FIESTA (arrows in B) but not on unenhanced FIESTA.
C, Histologic examination of the resected tumor shows scant collag-
enous tissues in a perivascular area (Masson trichrome stain; scale bar,
200 pm).

lularity and abundant collagenous stroma (Fig 2D). In contrast, mac-
roadenomas in the soft tumor consistency group exhibited high
cellularity and scant collagenous stroma (Figs 3D and 4C). The col-
lagen content of hard macroadenomas was significantly higher than
that of soft macroadenomas (P = .0002) (Table 4). The SI ratio on
CE-FIESTA showed significant differences between hard and soft
macroadenomas (P = .0106). However, no significant differences in
the SI ratio on T2WI were found between the groups (P = .3271)
(Table 4).

With regard to the tumor classifications on the basis of CE-
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Table 4: Tumor consistency, Sl ratio, and CE-FIESTA findings compared with collagen contents

Tumor Consistency at Surgery

Hard (n = 5) Soft (n = 24) P Value
Collagen contents, % 46.6 = 20.2 144 =145 .0002
T2WI Sl ratio® 120 £ 0.16 129 =019 3271
CE-FIESTA Sl ratio® 132 £ 035 185+ 0.17 .0106
Radiologist 1 Radiologist 2
MR Sequences MR Findings Collagen Contents, % P Value MR Findings Collagen Contents, % P Value
CE-FIESTA Solid (8) 40.9 =263 <.0001 Solid (7) 357 £252 .012
Mosaic (21) 20£75 Mosaic (22) 14.9 +15.0
CE-TIWI Solid (22) 211 £ 212 5733 Solid (20) 222 =204 3642
Mosaic (7) 162 +14.5 Mosaic (9) 14.9 £18.0
T2WI Solid (18) 20.8 =235 7632 Solid (14) 20.6 £ 217 8734
Mosaic (11) 185+17 Mosaic (15) 19.4 £18.2

Note:—Numbers in parentheses indicate number of cases in each category.
Data are mean * SD.
Sl on T2WI and CE-FIESTA of tumor to Sl on each of white matter, respectively.

FIESTA findings, the percentage of collagen content in the solid
and mosaic types were 40.9 * 26.3% (mean * SD; n = 8) and
12.0 = 7.5% (n = 21) for radiologist 1, respectively, and 35.7 =
252% (n = 7) and 14.9 * 15.0% (n = 22) for radiologist 2,
respectively (Table 4). There were significant differences between
both types (P < .01). In contrast, analyses from both radiologists
revealed no correlation between CE-T1WI and T2WI findings
and the percentage of collagen content (Table 4).

DISCUSSION

In the present study, we evaluated whether CE-FIESTA could pre-
dict tumor consistency in pituitary macroadenomas. Our results
suggest that CE-FIESTA is a useful imaging sequence for this es-
timation. To the best of our knowledge, this is the first study to
assess pituitary macroadenoma tumor consistency on the basis of
CE-FIESTA findings.

Previous studies have histologically evaluated tumor consis-
tency by assessing the amount of collagen or reticulin within mac-
roadenomas.>>'* In the present study, we also performed histo-
logic examinations by use of Masson trichrome staining. Our
results indicate that the collagen content in hard macroadenomas
is higher than that in soft adenomas, which is consistent with
previous reports.”'* On the basis of Azan, van Gieson, and Sirius
red staining methods, previous studies have reported mean per-
centages of collagen contents of 7.23-26.1% for hard adenomas
and 0.22-6.5% for soft adenomas.>* Our results found that the
mean percentages of collagen content for both hard and soft ad-
enomas were higher than those seen in previous studies. However,
these discrepancies might be caused by differences in staining
techniques. Moreover, we found that the collagen content corre-
lated with tumor consistency, as evaluated by the subjective judg-
ment of neurosurgeons with substantial experience with pituitary
macroadenomas.

Our results suggest that tumor classification by use of CE-
FIESTA more accurately predicts the consistency of pituitary
macroadenomas than do conventional MR imaging methods,
such as CE-T1WI and T2WI. Moreover, the percentages of rela-
tive postoperative tumor size in the solid group on the basis of
CE-FIESTA data were significantly higher than in the mosaic
group. The SI ratio on CE-FIESTA for soft tumors was higher
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than that for hard tumors, though there was no correlation be-
tween the SI ratio on T2WT and tumor consistency. However, it is
important to note that qualitative assessments of hyperintense
dots on CE-FIESTA were able to discriminate between soft tu-
mors and hard tumors with high accuracy. Quantitative assess-
ment of the SI ratio typically varies with the individual. These
results suggest that it is possible to diagnose tumor consistency on
an individual basis from MR images without quantitative SI
assessment.

The ability of DWI to predict tumor consistency in pituitary
macroadenomas has been controversial. Only 3 studies by use of
DWI to evaluate tumor consistency in pituitary macroadenomas
have been reported.®”'> Two of 3 studies suggested a significant
correlation between tumor consistency and ADC values in pitu-
itary macroadenomas,®” whereas the third study indicated no
relationship between tumor consistency and ADC values.'> DWI
has lower spatial resolution compared with other conventional
MR images. Moreover, for evaluation of the pituitary gland, arti-
facts that relate to bone structure or sinus aeration can degrade the
image quality of DWI. Thus, placement of the ROI to measure
the ADC value in pituitary macroadenomas may strongly affect
the results in the previous studies. In contrast, FIESTA sequences,
with high spatial resolution and reduced susceptibility artifacts,
may be appropriate for assessing pituitary macroadenomas.

Although only 1 patient with soft macroadenomas underwent
both unenhanced and CE-FIESTA, we found that hyperintense dots
were identified by use of CE-FIESTA but not unenhanced FIESTA
(Fig 4). This suggests that hyperintense dots may reflect water con-
tent but also might be the result of enhancement caused by contrast
reagents. Histologically, the pituitary gland exhibits a distinct acinar
architecture composed of rigid reticulin walls. Generally, pituitary
adenomas proliferate and destroy these walls and present a variety of
growth patterns.'® In the present study, in contrast to hard macroad-
enomas (Fig 2D), soft macroadenoma pathologic specimens showed
typical destruction and thinning of the rigid reticulin walls and the
presence of low collagen content (Figs 3D and 4C). Although the
mechanism involved in CE-FIESTA is controversial, we speculate
that the hyperintense dots apparent on CE-FIESTA may reflect en-
hancement of macroadenoma parenchyma as well as leakage and
retention of contrast reagents into loose connective tissue and extra-



cellular space that no longer have rigid reticulin walls. In addition, the
hyperintense dots were more frequently observed on CE-FIESTA
compared with CE-T1WI, which may be explained by differences in
the effect of contrast material between both sequences. Moreover, the
high spatial resolution of CE-FIESTA, including thinner sections and
reduction of the partial volume effects, may allow increased detection
of hyperintense dots.

Our study has several limitations. First, histopathological confir-
mation of the entire tumor architecture was not obtained. Therefore,
it was not possible to correlate the pathologic and radiologic findings.
Moreover, it is unknown how specific pathologic changes in the mac-
roadenoma are related to the hyperintense dots observed on CE-
FIESTA. In addition, it was difficult to preserve intact tissue
architecture because very little tissue is typically obtained from trans-
sphenoidal surgery. Second, this study was a retrospective analysis
with a relatively small sample size. In particular, the incidence of hard
adenomas was very low. Thus, future studies should consider the use
of alarger sample size. Third, the FIESTA sequence was developed by
only 1 vendor. However, previous studies have reported that other
balanced steady-state free precession techniques, such as construc-
tive interference in steady state by Siemens Medical Solutions and
balanced fast field-echo by Philips Medical Systems, also provide

21718 and show contrast enhancement

strong T1 and T2 contrast
with gadolinium-based contrast reagents.'! This suggests that results
similar to those of our study may be reproducible with the use of
these sequences developed from different vendors. Fourth, CE-FI-
ESTA was performed after CE-T1WTI in all cases. Although the ob-
servation of hyperintense dots occurred more frequently on CE-FI-
ESTA compared with CE-T1WI, our results may have been affected
by differences in so-called delayed enhancement effects® caused by
the time lag after gadoteridol administration. Therefore, future stud-
ies of CE-FIESTA should consider the use of time-intensity curve

analysis.

CONCLUSIONS

Our study reveals a distinct relationship between CE-FIESTA and
intraoperative findings. We propose that CE-FIESTA findings are
able to predict tumor consistency in pituitary macroadenomas. Fur-
thermore, we deduced that macroadenomas with many hyperin-
tense dots were indicative of a soft tumor consistency because they
contained lower amounts of collagen. Thus, this study indicates that
CE-FIESTA is a beneficial and practical MR imaging technique for
preoperative evaluation of pituitary macroadenomas.
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ORIGINAL RESEARCH
BRAIN

Frontotemporal Cortical Thinning in Amyotrophic
Lateral Sclerosis

A. d’Ambrosio, A. Gallo, F. Trojsi, D. Corbo, F. Esposito, M. Cirillo, M.R. Monsurro, and G. Tedeschi

ABSTRACT

BACKGROUND AND PURPOSE: The extensive application of advanced MR imaging techniques has undoubtedly improved our knowl-
edge of the pathophysiology of amyotrophic lateral sclerosis. Nevertheless, the precise extent of neurodegeneration throughout the
central nervous system is not fully understood. In the present study, we assessed the spatial distribution of cortical damage in amyotrophic
lateral sclerosis by using a cortical thickness measurement approach.

MATERIALS AND METHODS: Surface-based morphometry was performed on 20 patients with amyotrophic lateral sclerosis and 18 age-
and sex-matched healthy control participants. Clinical scores of disability and disease progression were correlated with measures of

cortical thickness.

RESULTS: The patients with amyotrophic lateral sclerosis showed a significant cortical thinning in multiple motor and extramotor cortical
areas when compared with healthy control participants. Gray matter loss was significantly related to disease disability in the left lateral
orbitofrontal cortex (P = .04), to disease duration in the right premotor cortex (P = .007), and to disease progression rate in the left
parahippocampal cortex (P = .03).

CONCLUSIONS: Cortical thinning of the motor cortex might reflect upper motor neuron impairment, whereas the extramotor involve-
ment seems to be related to disease disability, progression, and duration. The cortical pattern of neurodegeneration depicted resembles
what has already been described in frontotemporal dementia, thereby providing further structural evidence of a continuum between
amyotrophic lateral sclerosis and frontotemporal dementia.

ABBREVIATIONS: ALS = amyotrophic lateral sclerosis; ALSFRS-R = ALS Functional Rating Scale-Revised; CTh = cortical thickness; FrSBe = Frontal Systems
Behavior Scale; FTD = frontotemporal dementia; HCs = healthy control participants; PMC = primary motor cortex; SBM = surface-based morphometry; TDP-43 =
transactivating responsive sequence DNA-binding protein 43-kDa; UMN = upper motor neuron; VBM = voxel-based morphometry

espite the common view of amyotrophic lateral sclerosis
(ALS) as a neurodegenerative disease that exclusively affects
motor functions, convincing evidence supports the notion that
ALS is a multisystem disease also affecting behavior, language,
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and cognition.' " Indeed, among patients with ALS, as many as
15% meet criteria for frontotemporal dementia (FTD), whereas
up to 35% show a mild to moderate cognitive impairment.>’
From the histochemical and genetic points of view, recent find-
ings suggest that ALS may belong to a broader clinicopathologic
spectrum, known as transactivating responsive sequence DNA-
binding protein 43-kDa (TDP-43) proteinopathy, which also in-
cludes FTD.*'°

Structural and functional MR imaging studies have corrobo-
rated the theory of a relevant frontotemporal impairment in ALS
with approximately half of the patients displaying at least mild
abnormalities."' ¢

The development of advanced automated imaging analysis
techniques, on the basis of construction of statistical parametric
maps, has allowed detailed anatomic studies of brain morphom-
etry. Voxel-based morphometry (VBM) allows a fully automated
whole-brain measurement of regional brain atrophy by voxelwise



Table 1: Demographics and clinical features

Group

HC ALS
n 18 20
M/F 10/8 10/10
Mean age, y (SD) 60(10.5)  61.5(9.)
Disease duration, mean y (SD) n/a 26(27)
Upper limbs onset n/a 10
Lower limbs onset n/a 10
ALSFRS-R, mean (SD) n/a 36.2(87)
48-ALSFRS-R/months of disease duration, n/a 0.64(0.7)

mean (SD)

UMN score, mean (SD) n/a 7.1(3.9)
FrSBe, mean (SD) n/a 102.3 (18.5)

Note:—n/a indicates not applicable; SD, standard deviation.

comparison of GM and WM volumes between groups of partici-
pants.>! The most consistent finding of VBM studies in ALS in-
volves GM atrophy in several regions of the frontal (ie, anterior
cingulate, middle and inferior frontal gyrus) and temporal lobes
(ie, temporal poles, superior temporal gyrus, temporal isthmus,

11-13,16,17,19

hippocampus), reporting significant correlations be-
tween GM atrophy and cognitive dysfunction mainly in patients
with an ALS-plus syndrome (ie, ALS with cognitive and behav-
ioral symptoms).>° However, the lack of agreement on cortical
atrophy distribution®* has prompted the application of other ad-
vanced MR imaging approaches. Surface-based morphometry
(SBM), allowing cortical thickness (CTh) measurements,>> has
shown several advantages compared with VBM in reconstructing
the cortical surface. This technique, indeed, allows decomposi-
tion of cortical volume into both thickness and surface area, re-
specting the cortical topology and enhancing reliability and sen-
sitivity.”* Therefore, mainly to identify a more sensitive marker of
upper motor neuron (UMN) degeneration, CTh analysis has been
applied to the study of ALS, revealing cortical thinning not only in
the precentral gyrus,ls’25 27 but also within the numerous fronto-
temporal, parietal, and occipital areas.>* 2 It is noteworthy that,
so far, the correlation between regional cortical thinning and clin-
ical features has not been fully assessed. On this background, we
aimed to further investigate—without any a priori hypothesis—
the pattern of both motor and extramotor cortical involvement in
patients with sporadic ALS and to explore the relationship be-
tween MR imaging data and clinical and neuropsychological
features.

MATERIALS AND METHODS
Study Population
We investigated 20 patients with ALS (10 women and 10 men),
who fulfilled the diagnostic criteria for probable or definite ALS,
according to the revised El Escorial Criteria of the World Federa-
tion of Neurology. (See Table 1 for clinical and demographic
data.) *°

The site of disease onset was the upper limbs in 10 patients and
lower limbs in the remaining patients. All had a “classic” pheno-
type including bulbar signs in 9 patients. We excluded from the
analysis patients with dominant lower motor neuron impairment
(ie, progressive muscular atrophy, flail leg syndrome, pseudopo-
lyneuritic form), progressive bulbar palsy, primary lateral sclero-
sis, postpoliomyelitis ALS, and motor neuron disease with multi-

system involvement (ie, ALS dementia). The mean disease
duration between the first symptom and study visit was 2.6 years.
However, we included 5 patients with a survival time of longer
than 4 years, 2 of whom were receiving artificial respiratory sup-
port (mean duration of noninvasive ventilation, 68 months).
None of the patients needed percutaneous endoscopic gastros-
tomy, and none had other neurologic diseases. All patients were
receiving treatment with riluzole (50 mg twice daily).

The average functional status, as measured by the ALS Func-
tional Rating Scale-Revised (ALSFRS-R),?® ranged from 18-47.
The disease progression rate, as measured by the ratio 48—
ALSFRS-R/months of disease duration,’’ ranged from 0.03-2.5.
The quantitative assessment of clinical UMN involvement was
based on a scale used in previous ALS neuroimaging studies,' ">
which evaluates the number of pathologic reflexes, elicited from
15 body sites: glabellum, orbicularis oris, masseter (jaw jerk), bi-
ceps, triceps and finger jerks bilaterally, and knee, ankle, and
Babinski responses bilaterally. In our population this score ranged
from 1-14.

No subjects had familial ALS or tested positive for the most
common mutations related to ALS (ie, superoxide dismutase 1 or
SOD1I, transactive response DNA-binding protein or TARDBP,
fused in sarcoma/translocated in liposarcoma or FUS/TLS and
CI90ORF72).

All patients with ALS underwent a brief neuropsychological
assessment, including the Mini-Mental State Examination®® and

3334 which showed normal

phonemic and semantic fluency tasks,
cognitive performances (cutoff values were 24, 17.35, and 7.25,
and mean values were 28.5 * 1.7,26.8 = 9, and 15 = 4.3, respec-
tively, for the Mini-Mental State Examination and phonemic and
semantic fluency tasks). The Frontal Systems Behavior (FrSBe)
scale evaluation,®® a questionnaire that measures apathy, disinhi-
bition, and executive dysfunction and quantifies changes with
time by comparing baseline (retrospective) and current assess-
ments of behavior in a standardized T score (T > 65 is defined as
impaired behavior and executive functions), was also adminis-
tered to our patients and their caregivers. In our population, the
mean total T score was 110.8 = 21.7, derived from the caregiver
and referring to the present time; the T score was > 65 in 19 of 20
patients.

Eighteen age- and sex-matched healthy control participants
(HCs) with no history of neurologic or psychiatric diseases and
with a normal neuropsychological evaluation were enrolled in the
study.

Informed consent was obtained from all participants before
study entry, according to the Declaration of Helsinki. The study
was approved by the ethical committee of the Second University
of Naples.

3T MR Imaging

Images were obtained on a 3T HDx scanner (GE Healthcare, Mil-
waukee, Wisconsin) equipped with an 8 channel-coil. The follow-
ing sequences were acquired: 2D axial FSE double-echo proton
density/T2; 2D axial T2-FLAIR; 3D T1-weighted sagittal images
(GE sequence IR-FSPGR: TR, 6.988 ms; TI, 650 ms; TE, 3.9 ms;
flip angle, 10° voxel size, 1 X 1 X 1.2 mm?).
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Measurements of Brain Cortical Thickness

FreeSurfer software version 4.5 (http://surfer.nmr.mgh.harvard.
edu) running on a 64-bit Linux CentOS-4 (http://www.centos.
org) was used to process anatomic 3D-T1 sagittal images and to
measure whole-brain CTh.

In brief, after registration to the Talairach space and intensity
normalization, the process involves automatic skull stripping by
use of a hybrid method combining watershed algorithms and de-
formable surface models. Then, the WM/GM boundary was tes-
sellated, and the surface was deformed following GM/CSF inten-
sity gradients to optimally place WM/GM and GM/CSF borders.
The results of these segmentations were inspected visually and, if
needed, edited manually by adding control points. An automatic
reconstruction of the cortex was produced and CTh estimated by
computing the average shortest distance between the WM bound-
ary and the GM/CSF surface. Surface maps were generated follow-
ing registration of all participants’ cortical reconstructions to a
common average surface. Finally, surface maps were smoothed by
use of default kernel of 10 mm.

The statistical parametric analysis was performed by the
built-in Qdec module implemented in FreeSurfer, by use of a
general linear model. Age and sex were used as covariates. Maps
showing significant group differences between patients with ALS
and HCs were generated by thresholding the images of ¢ statistics
at a .05 significance level, corrected for a false discovery rate.

A region-of-interest approach, by use of areas where signifi-
cant CTh differences emerged from the between-group analysis,
was used for the correlation analysis.

Each specific area (coming from the between-group analysis)
was then labeled and projected into the original space of each
participant, to measure the average CTh (for each area, in each
participant). These measures were then transposed in a spread-
sheet to run the correlation analysis.

Regional CTh data were corrected for total brain volume with-
out finding any significant difference. A 2-tail analysis was used.
Pearson correlation coefficients were calculated to evaluate
the relationship between the clinical variables (UMN score,
ALSFRS-R, FrSBe scale, disease duration, and disease progression
rate) and the average CTh values within the motor and extramo-
tor areas found to be thinner in patients compared with HCs. P
values < .05 were considered statistically significant after correc-
tion for multiple comparisons with the Bonferroni method.

RESULTS
We found multiple brain areas of significant cortical thinning in
patients with ALS when compared with HCs (Fig 1-4 and, for
details, Table 2). These cortical regions localized in the bilateral
frontal and prefrontal cortex (Fig 1, areas 1—4; Fig 2, areas 1-11;
Fig 3, areas 1-4; Fig 4, areas 1-4), including the primary motor
cortex (PMC); the bilateral temporal cortex (Fig 1, area 5; Fig 3,
areas 5, 8; Fig 4, area 8); and the bilateral parieto-occipital cortex
(Fig 3, areas 6, 7; Fig 4, areas 5-7). Conversely, CTh was found to
be increased in patients with ALS compared with HCs in few and
scattered cortical areas localized in the right hemisphere (lateral
and medial surface, Figs 1 and 3).

Regarding correlations between CTh measurements and clin-
ical characteristics of patients, we found that CTh of the left fron-
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FIG 1. Right hemisphere, lateral surface. Areas showing a significant
cortical thinning in patients with ALS (P < .05) are colored in blue.
Areas 1-4 are localized in the frontal region. Area 5 is localized in the
temporal region.

tal lateral cortex (Fig 2, area 1, orbitofrontal lateral cortex) corre-
lated with disease disability (P = .04) (ALSFRS-R); CTh of the
right medial frontal cortex (Fig 3, area 4, premotor cortex) corre-
lated with disease duration (P = .007); and CTh of the left medial
temporal cortex (Fig 4, area 8, inferior temporal and parahip-
pocampal cortex) correlated with the disease progression rate
(P =.03) (48— ALSFRS-R/months of disease duration). No other
correlations were found between CTh and other clinical and neu-
ropsychological parameters (ie, UMN scores, FrSBe T-scores and
subscores for apathy, disinhibition, and executive dysfunction).

DISCUSSION

Cortical damage in ALS has been shown not to be limited to
motor areas alone but to involve extramotor areas as well.®*°
In vivo, independent of the structural neuroimaging approach
used (VBM or SBM), the most commonly affected extramotor
cortical areas were identified in the frontal and temporal
lobes.!1-29-26-28 However, significant correlations between corti-

cal involvement and disease progression'®>%2

2,14,15,20,28

or cognitive im-
pairment were reported only in a few studies.

Our findings resemble previous CTh results showing a signif-
icant PMC thinning in patients with ALS when compared with
HCs."®2°727 The cortical thinning of this region appears to be a
radiologic correlate of Betz cells shrinkage and loss with reactive
gliosis reported by neuropathologic studies.>*>*

Regarding morphometric results of the extent of cortical im-
pairment in patients with ALS, VBM studies showed GM changes
in several regions of the frontal and temporal lobes,'">!*"'!%20
whereas SBM studies indicated a more consistent involvement of
the PMC."®?>"*" In this respect, the mildly divergent results ob-
tained by VBM and SBM in analyzing the topography of GM
atrophy in ALS could be the result of methodologic differences
between the 2 techniques, intrinsic complexity of the pathologic
process,”” and clinical heterogeneity of the studied populations. It
is important to note that VBM explores the between-group dif-
ferences in regional GM concentration, which can depend on

both CTh and amounts of cortical folding.>' Conversely, SBM



Table 2: Spatial coordinates, extent, and average CTh of areas showing significant cortical

thinning between patients with ALS and HCs

noise ratio with a lower sensitivity to cor-
tical atrophy localized in brain sulci.*

Talairach Coordinates  Surface Ex:ension ALS Mean CTh  HC Mean CTh Against this background, we designed our
Area (x,y,2) (mm?) (mm) (mm) .
- - - study, believing that SBM could be a valu-
Right hemisphere, lateral surface (see Fig 1for reference) bl Lfori oating in vivo th
1 0,97, —35 178 2778 2.891 able tool for investigating in vivo the cor-
2 13,74, —33 3 2482 2.687 tical damage in ALS. However, although
3 =12, —2,69 39 2462 2793 our present study does not aim to com-
4 22,13,39 15 2.662 2952 pare SBM and VBM methods when ap-
: 23,27, —69 ) 269 ) 3152 3.387 plied to ALS, we have run a VBM analysis
Left hemisphere, lateral surface (see Fig 2 for reference) .
1 5 85, —45 501 7398 2651 with the SPM8 software package (Well-
2 —13,78, —32 37 3.050 3134 come Department of Imaging Neurosci-
3 —14,88, =17 65 2.039 2323 ence, London, UK) of the same group of
4 —20,73, -3 206 1.860 2116 participants analyzed by SBM. In this
: —12,76,13 69 2527 2796 analysis, we have observed that the main
6 —12,38, —42 175 3.350 3.652 diff b he 2 h
7 —14.37.—16 154 2971 2434 ifference between the 2 approaches was
8 —22,3,43 22 1389 1557 in the extent of frontal, temporal, and pa-
9 1,28, 61 57 2164 2.522 rietal damage, more widely depicted by
10 —40, —4,15 232 2.569 2.817 CTh measurements (data not shown).
n -3, 721'?’] ) 15?2 ) 2293 2.507 In our present study, PMC thinning
Right hemisphere, medial surface (see Fig 3 for reference) did h onifi lati
1 —32.82.0 16 2250 2516 id not show any significant correlation
b —31,62,26 131 2347 2510 with clinical scores of UMN impairment,
3 —31,40, 40 139 2336 2.664 disability, and disease progression. This
4 —31,15,38 67 2187 2450 finding is in agreement with that of Roc-
: 21, —64 159 3342 3970 catagliata et al,*> who reported a similar
6 —29,—57,18 72 2.536 2724 lack of lati Thi . 1
7 —25 —93 —19 204 1571 1797 ack of correlations. This negative result
8 17, —44, —52 65 2.697 2928 might reflect the small number of studied
Left hemisphere, medial surface (see Fig 4 for reference) patients on one hand but, on the other,
1 28,93, =39 179 2288 2.668 the effect of a likely “ceiling phenome-
2 33,51, 24 >5 2063 2509 non” that hinders the chance to explore a
3 30, 41, 49 40 2769 2,929 L
4 28.13. 66 44 2407 2747 correlation with clinical scores and to as-
5 28, —68,25 67 2471 2614 sess a progressive cortical thinning of pri-
6 28, —63,17 43 2.634 2769 mary motor areas in longitudinal mea-
7 20,102, —28 155 1.685 1.826 sures.”® It is probable that reactive gliosis
e —4 73 —64 >58 3012 3470 in the deep layers of the motor cortex, de-
scribed in most neuropathologic stud-
ies,””?®% may occur to a degree enough to “mask” tissue loss

FIG 2. Left hemisphere, lateral surface. Areas showing a significant
cortical thinning in patients with ALS (P < .05) are colored in blue.
Areas 1-11 are localized in the frontal region. CTh in area 1 (orbitofron-
tal lateral cortex) correlated with disease disability (P = .04).

explores the actual cortical thinning, avoiding errors attributable
to the complex brain cortical folding.>* Therefore, compared with
SBM, VBM measures have been found to have a lower signal-to-

especially in the later stages of disease, as observed in our popu-
lation. Finally, it should also be considered that PMC degenera-
tion seems to affect or reduce CTh even before the onset of clinical
symptoms, supporting the hypothesis that ALS might start in the
cerebral cortex.*® In fact, the previously reported observation that
cortical hyperexcitability precedes the development of clinical
symptoms in presymptomatic carriers of a SODI mutation®' al-
lows us to hypothesize that early ALS abnormalities occur within
the PMC, with a subsequent anterograde excitotoxicity (often re-
ferred to as “dying forward” degeneration). For the above-men-
tioned reason, PMC thinning might have the potential to be a
marker for UMN involvement in the diagnostic phase and possi-
bly in the preclinical phase, but it could have limited value in the
later stages of ALS, when a significant neurodegenerative thresh-
old has already been reached, as likely occurred in our population.

Another relevant limitation of the correlation analysis be-
tween CTh measures and UMN signs was the lack of clinical
scores highly specific for the detection of corticomotor neuron
degeneration in ALS. Indeed, it has been shown that prominent
clinical disability may occur even in the absence of impairment of

the pyramidal pathway, and vice versa.>”*!
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FIG 3. Right hemisphere, medial surface. Areas showing a significant
cortical thinning in patients with ALS (P < .05) are colored in blue.
Areas 1-4 are localized in the frontal region. Areas 5 and 8 are local-
ized in the temporal region. Areas 6 and 7 are localized in the pari-
etooccipital region. CTh in area 4 (premotor cortex) correlated with
disease duration (P = .007).

FIG 4. Left hemisphere, medial surface. Areas showing a significant
cortical thinning in patients with ALS (P < .05) are colored in blue.
Areas 1-4 are localized in the frontal region. Areas 7 and 8 are local-
ized in the temporal region. Areas 5 and 6 are localized in the pari-
etooccipital region. CTh in area 8 (inferior temporal and parahip-
pocampal cortex) correlated with the rate of disease progression (P =
.0265).

In addition to PMC, we detected a significant cortical thinning
in multiple extramotor areas, particularly in the frontotemporal
regions. These findings confirm previous neuroimaging studies in
ALS,S!H13715:19:20 \where the spatial distribution of neurodegen-
eration closely resembled patterns identified in FTD variants.*?
Furthermore, the widespread cortical damage found in our ALS
population overlaps ex vivo findings related to the expression of a
TDP-43 pathologic feature. However, although our finding of a
distributed involvement of the frontal, temporal, parietal, and
occipital lobes is in keeping with the known spectrum of cogni-
tive”* and pathologic'® overlap between ALS and FTD, none of
our participants had overt dementia. Here we should acknowl-
edge a limit of our present study, in which extensive neuropsy-
chological testing (ie, including assessment of executive func-
tioning, language, and memory) was not acquired given that
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ALS-related physical symptoms could have affected the
evaluation.
Our correlation analysis, in agreement with some previous

results,*®%”

showed that cortical thinning in temporal regions (in-
ferior temporal and parahippocampal cortices) was significantly
related to a faster disease course. Moreover, we described for the
first time significant correlations between cortical thinning in the
right medial frontal area (premotor cortex) and disease duration,
and in the left lateral frontal area (orbitofrontal lateral cortex) and
disability (ALSFRS-R).

If we take these results together, our data could suggest an
increased vulnerability to neurodegeneration of both the frontal
and temporal extramotor areas, depicting a pattern of cortical
thinning similar to what was observed in the behavioral variant of
frontotemporal dementia®? or in ALS-FTD*’ and confirming that
frontotemporal involvement is a consistent feature of ALS. Spe-
cifically, the above-mentioned correlation between inferior tem-
poral and parahippocampal thinning and disease progression rate
may recall the recent finding of a widespread atrophy of the same
temporal areas in patients with the behavioral variant of FTD.**
Moreover, the significant thinning of the orbitofrontal and pre-
motor areas, which we found to correlate with ALSFRS-R and
disease duration, may reflect a similar cortical degeneration pat-
tern reported in both the behavioral variant of FTD and primary-
progressive aphasia, in which atrophy of the orbitofrontal and
premotor areas was found to correlate with the occurrence of
severely disabling behavioral changes (ie, aberrant eating and mo-
tor behaviors).*>”

It is remarkable that no correlations were found between cor-
tical thinning of the frontotemporal areas and frontal impairment
(evaluated by T-score and subscores of FrSBe scale). By contrast,
previous studies have reported an association between regional
volume loss in several frontotemporal areas and cognitive and
behavioral symptoms in both ALS>'*'>?° and the behavioral
variant of FTD.*>***° However, we are only in apparent disagree-
ment with previous VBM studies conducted in patients with
ALS.21%15:20 11y fact, the different methodologic approaches used,
the heterogeneity of the populations studied, and the intrinsic
limitation of the FrSBe scale (because it contains questions that
may be influenced by disease-related somatic symptoms°) could
explain such discordance. Moreover, the idea of specific struc-
tural changes in the individual frontotemporal areas underlying
behavioral impairment in ALS is only partially accepted. Instead,
it should be considered that although apathy is considered the

most prominent behavioral feature in patients with ALS,**>!

consistent neuroanatomic correlates are lacking.”*>>>?

Finally, our results also showed areas of CTh in patients with
ALS when compared with HCs. Such areas, albeit few and scat-
tered, might speculatively suggest that compensatory mecha-
nisms (associated with structural remodeling) might take place in
the ALS cortex, as already observed in other neurologic and psy-
chiatric diseases such as stroke,>* traumatic brain injury,”® and

obsessive-compulsive disorder.>®

CONCLUSIONS
Our present study supports the hypothesis that clinical disability
in ALS is linked with both motor and extramotor cortical degen-



eration. Our data further support the potential role of extramotor
frontal and temporal areas in influencing outcomes of ALS, sug-
gesting that the more widespread the cortical damage, the more
aggressive the disease. The pattern of cortical neurodegeneration
described in our sample of patients with ALS, which covers many
disease features especially in the advanced stages, provides further
structural evidence of a continuum between ALS and FTD. How-
ever, the limited number of patients studied and the lack of a
complete neuropsychological assessment might have partially
hindered such an effort.

Longitudinal studies on groups of several ALS subtypes or
phenotypes in the early stages of the disease are warranted to
further characterize the spatial and temporal evolution of cortical
damage, the correlations of MR imaging data with clinical and
neuropsychological features, and the reliability of CTh as a bio-
marker of disease progression.
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Use of FLAIR Imaging to Identify Onset Time of Cerebral

Ischemia in a Canine Model

X.-Q. Xu, Q-Q. Zu, S.-S. Lu, Q.-G. Cheng, J. Yu, Y. Sheng, H.-B. Shi, and S. Liu

ABSTRACT

4 0=

BACKGROUND AND PURPOSE: Stroke is a leading cause of death and disability, and many studies have focused on the evolution of FLAIR
imaging in the acute and chronic time window. The purpose of this study was to evaluate the potential efficacy of FLAIR-related
techniques in identifying the onset time of cerebral ischemia in a canine embolic stroke model.

MATERIALS AND METHODS: An embolic ischemic model was generated through the use of an autologous clot in 20 beagle dogs. Both
FLAIR and DWI were performed at 3 hours, 4 hours, 5 hours, 6 hours, and 24 hours after embolization, respectively. Visual “DWI-FLAIR
mismatch” was defined as hyperintense signal detected on DWI but not on FLAIR. The relative signal intensity of FLAIR-positive lesions and
the degree of DWI-FLAIR mismatch was calculated as relative FLAIR = relative signal intensity of FLAIR positive lesions, mismatch degree =
(100— Ve am/Vow) X 100%.

RESULTS: The ischemic model was successfully established in all animals. FLAIR-positive lesions were seen in 3,11,16,19, and 20 beagle dogs at 5
time points after embolization, respectively. There was significant correlation between the relative FLAIR, degree of DWI-FLAIR mismatch, and
the onset time (relative FLAIR: r = +0.42; 95% Cl, 0.20—0.60; mismatch degree: r = —0.85; 95% Cl, 0.89—0.78). Receiver operating characteristic
curves showed that the degree of DWI-FLAIR mismatch could identify the hyperacute ischemic lesions with a sensitivity range from 1.00—0.76;
visual DWI-FLAIR mismatch sensitivity ranged from 0.85—0.39, whereas specificity was 0.83—0.95 versus 0.85-1.00.

CONCLUSIONS: The relative FLAIR and DWI-FLAIR mismatch values were useful in predicting the onset time in our canine embolic stroke
model. The degree of DWI-FLAIR mismatch proposed in our study could be a good indicator with high sensitivity for identifying the
hyperacute ischemic stroke.

ABBREVIATIONS: rSI = relative signal intensity; DWI-FLAIR mismatch = DWI positive and FLAIR negative; ROC = receiver operating characteristic; rFLAIR =

relative signal intensity of FLAIR positive lesions; SI = signal intensity; rADC = relative ADC

I ntravenous administration of tPA is the only proven, effective
treatment for acute ischemic stroke within the first 4.5 hours
after onset of symptoms."* However, an estimated 25% of isch-
emic strokes occur during sleep, and the exact time of the onset of
symptoms is unclear, which means that a large group of patients is
precluded from the time-based thrombolytic therapy, especially
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in developing countries.” Therefore, a new diagnostic method
that can identify the onset time of stroke is urgently required.

Recently, FLAIR sequences of MR imaging in acute stroke
have attracted more attention as a potential surrogate marker for
time since stroke onset.*? Specifically, a visual mismatch between
DWTI and FLAIR images has been shown to identify patients likely
to be within a time window of 4.5 hours.®® Although these find-
ings showed the high specificity of a “DWI-FLAIR mismatch” as a
“tissue clock” to identify patients potentially eligible for throm-
bolytic therapy, some limitations of the method remained, such as
different interobserver agreement rate, patient selection bias, and
especially the relatively low sensitivity.

To overcome these limitations, we performed several quanti-
tative measurements with the use of FLAIR images, including rel-
ative signal intensity (rSI) of FLAIR lesions, degree of DWI-FLAIR
mismatch, and also visual DWI-FLAIR mismatch, to evaluate the
potential efficacy of FLAIR-related techniques and to identify the

onset time of acute cerebral ischemia in a beagle dog model.”'°
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MATERIAL AND METHODS

Animal Preparation and Model Establishment

The surgical procedures and experimental protocol were approved
by the Institutional Animal Care and Use Committee of Nanjing
Medical University (Nanjing, China). Effective actions were
taken for reducing pain or discomfort during the experiments.

A total of 20 adult healthy beagle dogs of either sex, weighing
12-15kg, were anesthetized with intravenous injection of 3 mg/kg
of pentobarbital (Pentobarbital Sodium Salt, Chemical Reagent
Company, Shanghai, China). The airways were secured by means
of oral endotracheal tubes with spontaneous respiration. Bilateral
femoral arterial and left femoral venous accesses were obtained by
use of 5F sheaths for catheterization, physiologic monitoring, and
drug administration. Body temperature was maintained at 37—
39°C during the interventional procedures and the duration of
recovery after procedures by use of heating blankets. Sterile pro-
cedures were strictly used in all cases.

The beagle dog’s cerebral ischemic models were established
through the use of a method similar to the one used in our previ-
ous reports.”'® Briefly, a prepared autologous clot (approxi-
mately 1.7 mm in diameter and 5 mm in length) was injected into
the left proximal MCA under live fluoroscopy, and embolization
was confirmed by angiography. After that, a 5F catheter was
guided to 2 cm distal to the orifice of the ipsilateral ICA to block
the blood flow for 2 hours. The animals were then transported to
the MR imaging suite for imaging studies.

MR Imaging

Imaging was performed with a 3T MR system (Magnetom Trio;
Siemens, Erlangen, Germany), with the use of a transmit-receive
extremity coil with a diameter of 15 cm. Imaging acquisitions
were performed serially at 3 hours, 4 hours, 5 hours, 6 hours, and
24 hours after the left MCA embolization, respectively. The same
medications and doses were used to maintain immobility and
sleep during the MR imaging scan. We checked T2-weighted im-
ages (acquisition matrix = 320 X 320, TR = 5000 ms, TE = 76
ms), FLAIR (acquisition matrix = 320 X 320, TR = 8000 ms,
TE = 97 ms), and DWI (acquisition matrix = 320 X 320, TR =
5500 ms, TE = 97.3 ms). After MR examination, all animals re-
covered and were kept in the animal facility for other studies.

Imaging Assessment
FLAIR-positive (FLAIR+) or DWI-positive (DWI+) was defined
as new hyperintense signals detected on FLAIR or DWI. For signal
intensity (SI) changes of ischemic lesions on FLAIR, an ROI was
defined on 1-3 sections showing the most obvious lesion com-
pletely covering the ischemic area. Control SI values were ob-
tained from an ROI drawn contralaterally. Two independent rat-
ers (Y. Sheng, Q.G. Cheng) judged FLAIR+ according to acute
lesions on DWI. Relative SI was obtained from FLAIR images ac-
cording to the following formula: rSI = lesion SI/contralateral SI.
For ADC changes of ischemic lesion on DWT, an ROI was also
defined on the sections showing the most obvious lesion. Control
ADC values were obtained from an ROI drawn contralaterally.
The relative ADC (rADC) value was obtained according to the
following formula: rADC = lesion ADC/contralateral ADC.
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“DWI-FLAIR mismatch” was defined as new hyperintense sig-
nal detected on DWI but not on FLAIR. The sensitivity and spec-
ificity values were calculated for the allocation of dogs to time
interval from symptom onset to MR imaging scan within 3 hours,
4 hours, 5 hours, and 6 hours by DWI-FLAIR mismatch.

The volume of DWI+ and FLAIR+ lesions at each time point
were also calculated. For the quantification of lesion size on DWI
and FLAIR, the lesions in the same section were delineated by 3
authors (X.-Q. Xu, S.-S. Lu, Q.-Q. Zu), with consensus by use of
an operator-defined ROI on each of the lesion-containing sec-
tions. The lesion volumes were obtained by multiplying the lesion
areas by the section and gap thickness. Through the use of the
volume of DWI+ and FLAIR + lesions, the degree of DWI-FLAIR
mismatch was calculated according to the following formula: De-
gree = (100— Vg oir/Vpwr) X 100%. During the whole imaging
assessment process, if any discrepant results occurred between 2
evaluators, the third and senior evaluator (S. Liu) would make the
final decision.

Statistical Analysis

Interobserver and intraobserver agreement for the rating of
FLAIR, DWI, and ADC images was assessed by means of Pearson
correlation coefficient. The correlation between rFLAIR and on-
set time of stroke, and the correlation between the degree of DWI-
FLAIR mismatch and the onset time were assessed by Spearman p
analysis. The linear regression curve was plotted by use of Graph-
Pad Prism statistical analysis software (GraphPad Software, San
Diego, California). An optimal cutoff value was determined from
the receiver operating characteristic (ROC) curve to analyze if
there were critical ADC values that were sensitive or specific for
FLAIR positivity. An ROC curve was used to identify the optimal
cutoff value to allocate the ischemic lesions within 3 hours, 4
hours, 5 hours, and 6 hours with degree of DWI-FLAIR mis-
match. The numeric data were averaged over all animals and re-
ported as mean = standard deviation. A significant difference was
considered if the P value was <.05. Statistical analysis was carried
out with SPSS 17.0 (IBM, Armonk, New York).

RESULTS

Ischemic Model

All 20 cerebral ischemic models were established successfully
without any procedure-related complications or casualties (Fig
1). DWI+ lesions were seen in all 20 beagle dogs starting from 3
hours after embolization. The DWT indicated that the cerebral
ischemic lesions were located on the ipsilateral caudate nucleus
and the cortical area of the temporal lobe. Generally, the ischemic
lesions were first found at the caudate nucleus, followed by the lesions
located in the cortical area of the temporal lobe (Fig 2).

Correlations Between rFLAIR with Time after the Model
Was Established

Intraobserver agreement for qualitative judgment of FLAIR lesion
visibility of observer 1 and observer 2 was 87% (k = 0.78; 95% CI,
0.77-0.98) and 85% (k = 0.77; 95% CI, 0.75-0.96), respectively.
Intraobserver agreement for quantitative judgment of FLAIR+
lesions of observer 1 and observer 2 was 89% (k = 0.81; 95% CI,
0.80-0.99) and 91% (k = 0.84; 95% CI, 0.82—0.98), respectively.



FIG 1. Representative real-time DSA images before and after MCA
embolization in beagle dogs. A, Angiography clearly demonstrated
the anatomy of intracranial arteries, including the left MCA trunk
(large arrowhead), tortuous ICA (black arrowhead), and cerebral cir-
culation (small arrowhead) through the left ICA injection before em-
bolization. B, At the arterial phase, angiography immediately after
thrombus injection through the catheter, the main trunk of MCA was
completely occluded (small and large arrowheads). After that, a 5F
catheter was guided to 2 cm distal to the orifice of ipsilateral ICA to
block the blood flow for 2 hours. The catheter used in our study is
displayed in left-bottom inset.

Interobserver agreement for qualitative judgment of FLAIR
lesion visibility was 80.1% (k = 0.52; 95% CI, 0.56—0.91). Inter-
observer agreement for quantitative judgment of rFLAIR lesion
was 86% (k = 0.77; 95% CI, 0.76—-0.98).

FLAIR+ lesions were seen in 3 of the 20 (15%) beagles at 3
hours after embolization, 11 of the 20 (55%) beagles at 4 hours
after embolization, 16 of the 20 (80%) beagles at 5 hours after
embolization, 19 of the 20 (95%) beagles at 6 hours after emboli-
zation, and all 20 (100%) beagles at 24 hours after embolization,
respectively (Fig 3).

All 69 FLAIR+ lesions had a mean rSI of 1.40 = 0.27. The
rFLAIR values were 1.40 * 0.04, 1.23 = 0.13, 1.27 *= 0.03, 1.59 =
0.09, and 1.43 # 0.07 at 3 hours, 4 hours, 5 hours, 6 hours, and 24
hours after embolization, respectively. In a linear regression
model, there were significant correlations between rFLAIR lesions
and onset time (P < .05). The Spearman correlation coefficient for
rFLAIR and onset time was +0.42 (95% CI, 0.20—0.60) (Fig 4).

Correlation Between FLAIR+ Images and the rADC
Threshold Value

The ROC curve analysis results indicated that the rADC value of
0.54 might be the critical threshold value. With the rADC value of
0.54 set as the diagnostic threshold value, the best sensitivity and
specificity for judging FLAIR positivity were 0.52 and 0.68, re-
spectively (Fig 5).

Application of DWI-FLAIR Mismatch in the Ischemic
Model

According to the pattern of DWI-FLAIR mismatch, the interval
time between onset and image acquisition was presumed to be
within 3 hours, sensitivity of 0.85 and specificity of 0.85; within 4
hours, sensitivity of 0.65 and specificity of 0.92; within 5 hours,
sensitivity of 0.50 and specificity of 0.97; and within 6 hours, sen-
sitivity of 0.39 and specificity of 1.00.

FIG 2. Sequential DWI and FLAIR images of coronal sections. The DWI
and FLAIR were performed at 3 hours (A), 4 hours (B), 5 hours (C), 6 hours
(D), and 24 hours (E) after embolization, respectively. There was no signal
abnormality at 3 hours on the FLAIR image (A, left). Relative slightly high
signal intensity area (arrow) with ovoid shape was observed in the left
caudate nucleus on 4-hour FLAIR image (B, left). Increased high signal
intensity was seen at 5 hours, 6 hours, and 24 hours on the FLAIR image
(C-E; left), and lesions in the cortical area were seen on the 24-hour FLAIR
image (E, left). Sequential DWI of coronal sections was all positive from 3
hours to 24 hours after model establishment (A-£; right).

Meanwhile, the degree of DWI-FLAIR mismatch was also cal-
culated by means of the formula: degree = (100—Vyamr/
Vpwi) X 100%. Interobserver agreement for quantitative judg-
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FIG 3. Proportion of FLAIR-negative and FLAIR-positive results
on the basis of the 5 onset time points in the 20 beagle dogs.
Number of FLAIR-negative and FLAIR-positive dogs are presented
in bars.

FIG 4. Relative Sl on FLAIR images and time interval from onset to MR
imaging scanning. Significant correlation between the rFLAIR and the
onset time was found (r = +0.42; 95% Cl, 0.20—0.90).

FIG 5. ROC of the rADC value in identifying the FLAIR+ lesions. ROC
curve showed that the rADC value of 0.54 might be the critical thresh-
old value that could quantify FLAIR+ lesions with the optimal sensi-
tivity and specificity (0.52 and 0.68, respectively).

ment of “degree of mismatch” was 79% (k = 0.77; 95% CI, 0.72—
0.84). The degree of DWI-FLAIR mismatch was 0.99 * 0.00,
0.93 £ 0.01,0.81 = 0.11, 0.67 % 0.06, and 0.42 = 0.10 at 3 hours,
4 hours, 5 hours, 6 hours, and 24 hours after embolization, respec-
tively. In a linear regression model, there is a significant correla-
tion between degree of DWI-FLAIR mismatch and onset time
(P < .05). The Spearman correlation coefficient for degree of
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FIG 6. Degree of DWI-FLAIR mismatch and time interval from onset
to MR imaging scanning. Significant correlation between the degree
of DWI-FLAIR mismatch and the onset time was found (r = —0.85;
95% Cl, 0.89-0.78).

DWI-FLAIR mismatch and onset time was —0.85 (95% CI, 0.89—
0.78) (Fig 6).

The ROC analysis results indicated that the mismatch degree
value of 0.95 might be the critical threshold value to identify the
ischemic lesion within 3 hours, with a sensitivity and specificity of
100% and 82.5%, respectively. The mismatch degree value of 0.90
might be the critical threshold value to identify the ischemic lesion
within 4 hours, with a sensitivity and specificity of 85% and
91.7%, respectively. The mismatch degree value of 0.79 might be
the critical threshold value to identify the ischemic lesion within 5
hours, with a sensitivity and specificity of 83.3% and 90%, respec-
tively. The mismatch degree value of 0.75 might be the critical
threshold value to identify the ischemic lesion within 6 hours,
with a sensitivity and specificity of 76.2% and 95%, respectively
(Fig 7).

DISCUSSION

Our study demonstrates several major findings. First, the sensi-
tivity of FLAIR for detecting hyperacute ischemic lesions clearly
increases over time after embolization. Second, there is a signifi-
cant correlation between the rFLAIR and the interval time from
ischemic onset to MR imaging scanning. Thus, the rSI may be
useful to predict the onset time of ischemic stroke. Third, also the
most important, the new parameter, the degree of DWI-FLAIR
mismatch proposed in our study, could be a better indicator for
identifying the hyperacute ischemic stroke than visual DWI-
FLAIR mismatch. To our knowledge, this is the first study to test
the potential efficacy of a FLAIR-related technique, especially
DWI-FLAIR mismatch and degree of DWI-FLAIR mismatch in
identifying the onset time of cerebral ischemia on the basis of an
ischemic stroke animal model with known onset time. Our study
design can effectively avoid the selection bias as reported by pre-
vious retrospective clinical studies.

Whether rFLAIR can serve as an indicator to predict the onset
time of cerebral ischemia is still debated. Ebinger et al'! insisted that
there was no significant correlation between rFLAIR and the onset
interval time (r = —0.15, P = .128), after analyzing 102 FLAIR+ and
203 DWI+ lesions of 94 consecutive patients. However, Chengetal'
declared that there was a moderately significant correlation between



FIG 7. ROC of the DWI-FLAIR mismatch in identifying the hyperacute ischemic lesions within
different onset time points. ROC showed that the cutoff values of DWI-FLAIR mismatch degree
were 0.95, 0.90, 0.79, and 0.75, respectively, giving sensitivity of 1.00, 0.85, 0.83, and 0.76 for
identifying the hyperacute ischemic lesion at 3 hours, 4 hours, 5 hours, and 6 hours after embo-

lization, respectively.

the rFLAIR and onset interval time (r = 0.38, P < .001), which is
similar to opinions of Petkova et al'* (r = 0.63, P < .001). Interest-
ingly, the correlation ratio in our study was located between that of
the latter 2 studies. Discrepancies in the results of correlations may
partly be explained by patient characteristics. The median volume of
FLAIR+ lesions in the Cheng et al study was larger than that of the
Ebinger et al study (4.5-10.5 mL versus 0.86—1.65 mL). As a matter of
course, the NIHSS score in the Cheng et al study was higher than that
of the Ebinger et al study (7.3—8.8 versus 3—4). The larger ischemic
volume and higher NTHSS score sometimes mean longer intervals in
time from onset to MR imaging; therefore, more patients would be in
the later time interval. Furthermore the statistical results would be
different consequentially. However, in the Cheng et al study, data
analysis was performed on images from multiple centers. This con-
dition might lead to a heterogeneous set of FLAIR sequence param-
eters, which might contribute to a decreased homogeneity of rFLAIR,
thus explaining a lesser correlation than that reported by Petkova et
al'? and our study. Altogether, we think that a perspective, multiple
center study with the uniform sequence parameters was needed to
verify whether rSI of the FLAIR+ lesions can serve as an alternative
indicator to predict the onset time of cerebral ischemia.

Recently, a visual mismatch between DWIand FLAIR in acute
stroke has attracted increased attention. Previous studies indi-
cated that DWI-FLAIR mismatch could serve as a surrogate
marker of lesion age.® In our study, by use of this mismatch

pattern to identify the hyperacute le-
sions within 3 hours, 4 hours, 5 hours,
and 6 hours, we recorded specificities of
0.85, 0.92, 0.97, and 1.00, respectively,
which were similar to those in previous
studies. As we know, onset time of acute
ischemic stroke is critical for guidance of
therapy."!*13
management sometimes means better

thrombolysis Earlier
prognosis and fewer complications.'®
However, if patients whose onset time is
beyond the time window receive throm-
bolytics therapy, the risk of intracranial
hemorrhage would increase and the
thrombolysis therapy would be harmful
or even lethal. Because of this, high spec-
ificity of the pattern of DWI-FLAIR mis-
match appears to be crucial in improv-
ing the safety of the thrombolytic
therapy, especially for patients with un-
known symptom onset. However, also
similar to the previous study, the sensi-
tivity of the use of DWI-FLAIR mis-
match to identify the hyperacute lesions
is relatively low (0.39-0.85). So, if we
choose the visual DWI-FLAIR mis-
match as the criteria for identifying the
acute stroke patients, only 39% of the
patients (within 6 hours) would meet
the criteria. As a result, more than half
(61%) of the patients would lose the
chance of thrombolytic therapy.

Considering that visual DWI and FLAIR mismatch is a binary
concept—and the varied interobserver agreement rate among
previous studies— our study proposes the utility of a new quan-
titative parameter, degree of DWI-FLAIR mismatch, for deter-
mining the onset time of stroke. With the use of the new index, we
found that there were significant correlations between degree of
DWI-FLAIR mismatch and onset time (r = —0.85; 95% CI, 0.78 —
0.89). Meanwhile, by use of the optimal mismatch degree thresh-
old identified by ROC analysis to identify the hyperacute ischemic
lesions, we acquired markedly enhanced sensitivity compared
with the initial visual mismatch analysis. At the same time, an
increase of sensitivity did not result in an obvious decrease in
specificity. Why the new mismatch index could effectively en-
hance the sensitivity is, we think, because the visual DWI-FLAIR
mismatch represents the concept of “all or nothing.” According to
the criteria of visual DWI-FLAIR mismatch, there are just 2 results
(“mismatch” or “no mismatch”), regardless of the ischemic le-
sions volume. Therefore, in our study, we transformed the binary
DWI-FLAIR concept to a quantitative mismatch degree. The new
mismatch degree index could effectively narrow the differences
between each individual and each time point, rectify the influence
of the lesion volume, and thus capture the difference that was
omitted by the simple “yes or no” concept.

DWT and FLAIR techniques are more effective in identify-
ing hyperacute strokes. First, we spent only approximately 45
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seconds and 3 minutes, 8 seconds, on DWI and FLAIR tech-
niques, respectively. In general, approximately 4 minutes was
needed to get the DWI and FLAIR image information. Consid-
ering the time spent on image processing and analysis, this
could save more time in identifying patients with hyperacute
stroke than some other functional MR modalities. Second,
both DWT and FLAIR techniques are contrast-free image mo-
dalities, which make them safer and with fewer contrast-re-
lated complications in an emergency.

There are still several limitations in our study that should be
discussed. First, the ischemic model established in our study re-
sembles the situation of a tandem occlusion in humans that will
seriously impair collateral flow and cause more severe perfusion
impairment. This mechanism may be only suitable for part of the
stroke event. Second, we acquired the images at the interval of 1
hour, and the magic threshold of 4.5 hours for clinical thrombol-
ysis was excluded from acquisition. Some other MR imaging se-
quences such as PWI, TOF, and SWI were also acquired in 1
session (the acquisition time was nearly 35 minutes in 1 instance),
and we were concerned about the quality of the DWI and FLAIR
images influenced by the contrast; therefore, we believe that the
time point of 4.5 hours should be included in future studies. More
animal studies are needed to confirm the reproducibility of our
study.

CONCLUSIONS

From our study, we found that there was significant correlation
between the rFLAIR and the onset time of acute stroke. The
rFLAIR might be helpful to predict the onset time of ischemic
events. Meanwhile, a new parameter, the degree of DWI-FLAIR
mismatch proposed in our study, could be a better indicator for
identifying hyperacute ischemic stroke than was the previous vi-
sual DWI-FLAIR mismatch.
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CLINICAL REPORT
BRAIN

Subcortical Cystic Lesions within the Anterior Superior
Temporal Gyrus: A Newly Recognized Characteristic Location

ABSTRACT

for Dilated Perivascular Spaces

S. Rawal, S.E. Croul, RA. Willinsky, M. Tymianski, and T. Krings
s =

SUMMARY: Cystic parenchymal lesions may pose an important diagnostic challenge, particularly when encountered in unexpected

locations. Dilated perivascular spaces, which may mimic cystic neoplasms, are known to occur in the inferior basal ganglia and mesen-

cephalothalamic regions; a focal preference within the subcortical white matter has not been reported. This series describes 15 cases of

patients with cystic lesions within the subcortical white matter of the anterior superior temporal lobe, which followed a CSF signal; were

located adjacent to a subarachnoid space; demonstrated variable surrounding signal change; and, in those that were followed up, showed

stability. Pathology study results obtained in 1 patient demonstrated chronic gliosis surrounding innumerable dilated perivascular spaces.

These findings suggest that dilated perivascular spaces may exhibit a regional preference for the subcortical white matter of the anterior

superior temporal lobe. Other features—Ilack of clinical symptoms, proximity to the subarachnoid space, identification of an adjacent

vessel, and stability with time—may help in confidently making the prospective diagnosis of a dilated perivascular space, thereby

preventing unnecessary invasive management.

ABBREVIATION: SAS = subarachnoid space

ystic lesions of the brain parenchyma pose an important diag-

nostic challenge, because the differentiation between benign and
malignant lesions is often difficult on neuroimaging alone. In the
classic sense, the differential diagnosis includes benign acquired le-
sions (enlarged perivascular spaces or Virchow-Robin spaces, poren-
cephalic cysts or cystic encephalomalacia, chronic lacunar infarc-
tions, or parasitic cysts), benign congenital lesions (neuroglial cysts
or ependymal cysts), and cystic neoplasms.

Dilated Virchow-Robin spaces are expansions of the normal
perivascular space that may mimic a cystic neoplasm. Previous
literature has demonstrated a predilection for involvement of the
mesencephalothalamic region,’ and although these structures
may involve the subcortical white matter of the cerebral hemi-
spheres, this location is less common. A focal preference within
the subcortical white matter has not been reported previously.

At our institution, we identified 15 sequential cases of cystic
lesions within the subcortical white matter of the anterior supe-
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rior temporal lobes, all demonstrating nearly identical location
and morphologic and imaging features. Here, we discuss their
imaging characteristics and differential diagnosis, and propose
that these lesions may be representative of a newly identified pref-
erential location for a dilated perivascular space.

CASE SERIES

Case Selection

We obtained institutional research ethics board approval for this
study. A total of 15 consecutive cases were identified at our insti-
tution with the presence of a subcortical cystic lesion within the
anterior superior temporal gyrus, with imaging performed be-
tween November 2011 and January 2013. The corresponding pa-
tient records for each case were retrospectively reviewed for prior
imaging studies indicating imaging follow-up. Information on
demographic features, clinical symptoms prompting initial imag-
ing, and any subsequent development of neurologic symptoms
was also noted.

Imaging Acquisition

All imaging studies were performed on either a 1.5T Signa Excite
HD (GE Healthcare, Milwaukee, Wisconsin) or a 1.5T Magnetom
Avanto or 3T Magnetom Verio (Siemens, Erlangen, Germany)
MR imaging scanner. Sequences performed in all MR imaging
acquisitions included sagittal T1, axial FLAIR, and DWI se-
quences. Depending on the scanner used, either a gradient-echo
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FIG1. Selected axial FLAIR/T2 images of right-sided lesions within the anterior superior temporal gyrus as identified in case 1(A), 2 (B), 7
(C), 8 (D), 9 (E), 10 (F), 12 (G), and 14 (H). All lesions were located adjacent to the SAS. The images illustrate the variability in the degree of
surrounding signal change. Note the proximity to the adjacent middle cerebral artery and more prominent surrounding signal hyperin-

tensity seen in case 7 (C).

sequence or a susceptibility-weighted sequence was obtained. T2
sequences were occasionally performed (these are not routinely
performed at our institution in follow-up examinations of previ-
ously recognized lesions). Gadolinium-enhanced imaging was
obtained in all patients within the period of follow-up.

RESULTS

In all 15 cases, the lesions demonstrated signal characteristics fol-
lowing that of CSF on all sequences (Figs 1 and 2; Table 1). All
lesions were noted to closely appose the adjacent subarachnoid
space (SAS). Most lesions (13/15) were elongated morphologi-
cally. None of the lesions showed associated enhancement, re-
stricted diffusion, or susceptibility artifacts throughout the fol-
low-up period. In those with imaging follow-up, no change in size
was noted in any patient throughout the follow-up period (range,
6-112 months), either involving the lesion itself, or the degree of
surrounding signal change. Finally, all lesions except for 1 lesion
(identified in case 7) demonstrated either no perilesional
FLAIR/T2 signal change, or mild perilesional signal change. On
the basis of these findings, the diagnosis of a dilated perivascular
space was suggested in each case, with a limited differential diagnosis
provided. Of note, 2 patients (cases 6 and 11) had multiple adjacent,
smaller, linearly-oriented lesions that followed a CSF signal on all
sequences—these were thought to represent smaller prominent Vir-
chow-Robin spaces (Fig 3). In case 7, there was extensive surround-
ing perilesional signal change, thought to represent perilesional
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edema; this patient ultimately underwent surgical resection because
of suspicion of a low-grade neoplasm (Fig 1C).

Corresponding clinical findings for each patient were also ob-
tained (On-line Table). In most cases, on the basis of neurologic
or neurosurgical evaluation, the lesions were felt to be incidental
or were not felt to account for the patients’ presenting symptoms
(headache, etc). However, in 2 patients (cases 2 and 7) the pre-
senting clinical symptoms could potentially have been attributed
to the identified lesion. In case 2, the patient presented with sei-
zures typical of temporal lobe epilepsy localized to the right tem-
poral region, coinciding with the location of the cystic subcortical
lesion. On the basis of the clinical work-up, it was thought plau-
sible that these seizures might be arising from the lesion with
potential associated cortical irritation; however, the patient re-
mained seizure-free while receiving medication, and given the
stability of the imaging findings and clinical course, surgical man-
agement was not indicated. For the patient in case 7, the combi-
nation of the clinical presentation suggesting possible temporal
lobe seizures and the atypical imaging feature of extensive perile-
sional signal change prompted surgical management, following
which the patient’s symptoms completely resolved.

As a result, pathology study was obtained in only 1 patient
(case 7). Results demonstrated a region of chronic demyelination
and gliosis surrounding innumerable dilated perivascular spaces,
which, aside from the dominant large perivascular space, were
presumably below the resolution of MR imaging (Fig 4).



FIG 2. Selected axial FLAIR images of left-sided lesions within the anterior superior temporal gyrus as identified in case 3 (A), 4 (B), 5 (C), 6 (D),
11(E)13 (F), and 15 (G). All lesions were located adjacent to the SAS. Again, the images illustrate the variability in the degree of surrounding signal

change.

Table 1: MR imaging characteristics of lesions identified within the anterior superior temporal subcortical white matter

Maximal Adjacent  FLAIR DWI  SWI/GRE Gadolinium Perilesional Imaging Change over
Location Dimension Morphologic to SAS Suppression Restriction Blooming Enhancement FLAIR Signal Follow-Up Follow-Up

Case (R/L) (cm) Feature (Y/N) (Y/N) (Y/N) (Y/N) (Y/N) Change (mo) Period

1 R 1.0 Elongated Y Y N N N Mild 14 N

2 R 15 Elongated Y Y N N N Mild 38 N

3 L 0.9 Elongated Y Y N N N Mild 35 N

4 L 15 Elongated Y Y N N N Mild 22 N

5 L 0.9 Round Y Y N N N Mild 0 N/A

6 L 17 Elongated Y Y N N N None T N

7 R 1.8 Elongated Y Y N N N Extensive 0 N/A

8 R 0.7 Elongated Y Y N N N None 6 N

9 R 0.6 Elongated Y Y N N N Mild 99 N

10 R 0.5 Elongated Y Y N N N Mild 0 N/A

1l L 17 Elongated Y Y N N N Mild 7 N

12 R 11 Elongated Y Y N N N Mild 0 N/A

13 L 1.9 Elongated Y Y N N N None 0 N/A

14 R 13 Round Y Y N N N None 0 N/A

15 L 1.6 Elongated Y Y N N N Mild 112 N

Note:—GRE indicates gradient-recalled echo; L, left; N, no; N/A, not applicable; R, right; Y, yes.

DISCUSSION

Perivascular spaces are leptomeningeal-lined spaces that sur-
round penetrating arteries as they course within the brain paren-
chyma. The leptomeningeal layers that line these spaces create a
small, fluid-filled space around the arterial wall that is distinct
from the subpial and SAS, allowing for a slightly different fluid
composition than that present in CSF. These structures are usu-
ally identified in normal, healthy patients on high-resolution MR

imaging and often demonstrate a curvilinear morphologic pat-
tern along the trajectory of penetrating vessels.”

Dilated perivascular spaces are benign expansions of these nor-
mal structures, typically located at the inferior basal ganglia along the
anterior commissure.” Giant perivascular spaces, measuring 1.5 cm,
most commonly occur within the mesencephalothalamic region,
where they may manifest with obstructive hydrocephalus.' Although
less common, these lesions have been reported to exist focally else-

AJNR Am J Neuroradiol 35:317-22  Feb 2014 www.ajnr.org 319



FIG 3. Selected axial FLAIR images demonstrating the presence of a cystic lesion within the
anterior temporal gyrus as identified in case 6 (A) and case 11 (B), with adjacent smaller cystic lesions,
suggestive of a dominant enlarged perivascular space with adjacent smaller prominent perivascular
spaces (arrows). Corresponding coronal T2 images (below) through the region of interest confirm
these findings (arrows). In case 11 (B), the proximity to the adjacent middle cerebral artery is

identified on the coronal T2 image.

where in the brain parenchyma, including the subcortical white mat-
ter.! Regardless of specific location, enlarged perivascular spaces have
been noted to abut either the ventricular margin or the SAS, as seen in
the cases of all of our patients." Diffusely enlarged perivascular spaces
have also been reported, which have been hypothesized to occur in the
context of certain pathologic conditions, including chronic microvascu-
lar ischemia, Alzheimer dementia, cerebral amyloid angiopathy,
CADASIL (cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy), and mucopolysaccharidoses.*®

Regarding the function of perivascular spaces, several theories
have been proposed. They are thought to play a role in immuno-
logic processes in the brain, to provide a drainage route for inter-
stitial fluid, and to provide a mechanism for equalization of intra-
cranial pressure.” However, the cause of their enlargement, and
the reason for regional predilection to dilation, is poorly under-
stood. Proposed mechanisms of enlargement include those re-
lated to the associated vessels, namely arterial elongation or in-
creased vascular permeability; those related to the surrounding
brain parenchyma, such as volume loss with ex vacuo enlarge-
ment; or those related to CSF or interstitial fluid dynamics, in-
cluding altered or increased CSF pulsations with increased pres-
sure within the perivascular space, or obstruction to flow of
interstitial fluid on the basis of amyloid deposition.' However, the
mechanisms by which these processes may occur focally in some
cases, and diffusely in others, remain unexplained.
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on dilated
perivascular spaces has demonstrated

Previous literature
the tendency of these lesions to exhibit
aregional preference. The largest series
of dilated perivascular spaces, reported
by Salzman et al,! described 37 cases,
of which 21 (57%) were located in
the mesencephalothalamic region,
whereas only 8 (22%) were within the
subcortical white matter. It is interest-
ing to note that of all lesions located
within the white matter, 50% exhibited
surrounding perilesional signal change
on FLAIR/T2 sequences, but none of
the mesencephalothalamic lesions
demonstrated this associated finding.
This supports our findings because
most of our cases demonstrated perile-
sional signal alteration. However, Salz-
man et al' did not describe a temporal
predominance of the subcortical le-
sions because only 2 of the white mat-
ter lesions were identified within the
temporal lobe. A smaller series re-
ported by Cerase et al'® described 3
cases of dilated perivascular spaces
where the lesions regressed with
time: All were located in the anterior
superior temporal lobe, correspond-
ing exactly to the location we de-
scribe in our series, and one of the
lesions exhibited perilesional signal
change on FLAIR sequence.

The cause of perilesional signal change has also been discussed
previously, with a proposed theory being that of accelerated white
matter ischemic change resulting from compression of the adja-
cent parenchymal vessels by the enlarged perivascular space.'’ A
more interesting theory, however, and one that is reflected in our
MR imaging and pathologic findings, is that the high signal may
be the result of gliosis in addition to multiple prominent perivas-
cular spaces that are below the resolution of MR imaging."'* Al-
though we were able to prospectively identify prominent perivas-
cular spaces surrounding the dominant lesion in 2 patients only
(cases 6 and 11), our pathologic specimen was far more revealing.
It is interesting to note that our patient (case 7) underwent surgi-
cal excision partially on the basis of MR imaging findings that
suggested perilesional vasogenic edema, which was demonstrated
on pathologic findings to be nothing more than the presence of
multiple prominent perivascular spaces amid diffuse gliosis.

The ultimate objective of studying perivascular spaces is to eluci-
date imaging features that may help distinguish these benign lesions
from more ominous pathologic conditions in a prospective manner.
The predilection for certain locations is an important distinguishing
feature of dilated perivascular spaces. Although previously only re-
ported to favor the mesencephalothalamic region, our findings, in
conjunction with several other reported cases, propose that the ante-
rior superior temporal subcortical white matter is an additional pref-



FIG 4. Trichrome stain (A) demonstrates the presence of an enlarged perivascular space (white
arrow, glia limitans; black arrow, inner pial membrane; black arrowhead, vessel lined by outer pial
membrane; curved arrow, perivascular space). Multiple such lesions were seen in the surgical
specimen. Glial fibrillary acidic protein stain (B) and CD68 stain (C) demonstrate reactive astrocytes
(arrows in B) and perivascular microglia (arrows in C) as multiple brown-staining dots, confirming
chronicity of the pathophysiologic process. Luxol fast blue stain (D) demonstrates diffuse absence
of blue staining (myelin staining), indicating demyelination and gliosis in the brain parenchyma
surrounding the dilated perivascular space (magnification of all slides, 20X).

erential site for dilated perivascular spaces. Other features may also be
helpful in identification of these structures, including their orienta-
tion and shape, which may often be elongated or fusiform in mor-
phologic appearance, suggesting their association with a penetrating
vessel."? In our cases, the proximity to the SAS with the identification
of the adjacent middle cerebral artery is an additional attribute that
helps to distinguish these lesions, such that they may be associated
with the course of a perforating vessel. Finally, the lack of associated
enhancement or restricted diffusion, as well as the stability of these
lesions with time, also act as key indicators of the underlying patho-
logic condition. Our cases, as well as those reported in the literature,
demonstrate that perilesional FLAIR/T?2 signal change may be iden-
tified in the context of dilated perivascular spaces and should not, in
itself, prompt alternative diagnoses to be entertained.

It is important to note that only 5 of our patients had ade-
quate imaging follow-up (range, 22—112 months) to indicate
stability with time. Four patients had follow-up ranging from
6-14 months, and 5 patients did not undergo imaging fol-
low-up at our institution (1 patient [case 7] without follow-up
underwent surgery). For the cases that did not undergo imag-
ing follow-up, one cannot rely on imaging stability to aid in
diagnosis; however, given that these patients were asymptom-
atic regarding the lesion, and all other suggestive imaging fea-
tures were present, including location within the anterior su-
perior temporal lobe, the diagnosis of dilated perivascular
spaces can be strongly suspected. In these situations in which
the diagnosis of dilated perivascular spaces is highly favored
but not proven, surgical management may still be avoided in
favor of a more conservative approach.

Other benign lesions in the differen-
tial diagnosis that may have a similar im-
aging appearance include neuroglial or
glioependymal cysts, which include the
subtype of ependymal cysts. These rare
lesions are thought to develop from se-
questered embryologic remnants of neu-
roectoderm or neural tube elements.'*
Although they demonstrate regional
preferences— ependymal cysts are com-
monly identified in a juxtaventricular lo-
cation, whereas other neuroglial cysts
demonstrate frontal lobe predomi-
nance—these locations do not coincide
with that of dilated perivascular spaces,
thereby providing another basis on
which to distinguish these pathologic
conditions."*'> Acquired lesions, on the
other hand, including porencephalic
cysts, cystic encephalomalacia, or se-
quelae of lacunar infarctions, would not
be expected to demonstrate a regional
preference, given that they are the result
of prior insults to the brain that would
not necessarily occur in a specific loca-
tion. Finally, infectious cysts and cystic
neoplasms would not necessarily follow
a CSF signal on all sequences, could
demonstrate associated enhancement, and would be expected to en-
large or change with time.

CONCLUSIONS

This series of cases suggests that dilated perivascular spaces may
exhibit a regional preference for the subcortical white matter of
the anterior superior temporal lobe. In addition to location, other
imaging features—including proximity to the SAS, identification
of an adjacent vessel, absence of enhancement or restricted diffu-
sion, and stability with time—may help in confidently making the
diagnosis of a dilated perivascular space, thereby preventing un-
necessary invasive management. The presence of a perilesional
FLAIR/T2 signal change should not exclude this diagnosis, be-
cause this feature may be present in the context of a dilated
perivascular space and does not necessarily suggest a more worri-
some pathologic condition.
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CLINICAL REPORT
BRAIN

Preferential Location for Arterial Dissection Presenting as
Golf-Related Stroke

M.H. Choi, J.M. Hong, J.S. Lee, D.H. Shin, H.A. Choi, and K. Lee
x =

ABSTRACT

SUMMARY: Golf-related stroke has not been systematically reviewed. The purpose of our study was to describe in detail this particular
stroke syndrome. Seven patients were analyzed at a university hospital and 7 patients were reviewed from MEDLINE literature. General
demographics, symptom onset, neurologic signs, radiologic findings, and outcome were investigated. A total of 14 patients including 7
patients from the MEDLINE search were analyzed; all were men, with a mean age of 46.9 = 12.8 years. Symptom onset was classified as
during the golf swing (n = 9), unknown (n = 3), and after playing golf (n = 2). Most patients (n = 12) showed involvement of the vertebral
artery and 2 patients showed involvement of the internal carotid artery (P = .008). Nine dissections were found on the right side, 3 on the
left side, and 2 were bilateral (P = .046). Twelve patients had extracranial involvement and 2 patients had intracranial involvement (P =
.008). Seven patients returned to normal, 5 returned to independence, 1 had unknown status, and 1 died. The anatomic preference of
golf-related craniocervical arterial dissection is associated with the extracranial and vertebrobasilar system with a right-sided tendency as

the result of stereotypical rotational movement during a golf swing.

ABBREVIATION: VA = vertebral artery

AS more people golf, golf-related injuries have become more
prevalent, even in amateur golfers.'” Golf-related injuries
are caused by either overuse or mechanical trauma, with most
neurologic injuries being confined to the vertebral column.” Sev-
eral case series of cervicocranial artery dissection associated with
golf playing have been reported recently and referred to as “golf-
er’s stroke.”™® Previous case studies have reported cervical artery
dissection associated with sudden hyperextension or rotation of
the neck, including painting a ceiling, coughing, vomiting, sneez-
ing, receiving anesthesia, and during cardiopulmonary resuscita-
tion.””® Cervical artery dissection caused by physical activity rep-
resents a coincidental environmental trigger, and certain risk
factors such as connective tissue disorders or hyperhomocys-
teinemia are associated with this type of injury.'® Because the
golf swing is a habitual body motion that includes rapid head
and body rotation, it may lead to repetitive mechanical com-
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pression of the extracranial cervical arteries during each
swing.” We investigated the clinical characteristics and radio-
logic findings in patients with golf-related stroke from cervi-
cocranial arterial dissection.

MATERIALS AND METHODS

We retrospectively analyzed computerized data of a prospective
registry that included 5469 patients with ischemic stroke from
March 2001 to June 2011. Seven patients had a history of acute
ischemic stroke caused by cervicocranial arterial dissection asso-
ciated with golfing. Acute ischemic stroke was confirmed by dif-
fusion-weighted MR imaging of the brain. All patients underwent
a battery of diagnostic studies, including intracerebral and extra-
cerebral vessel studies, routine blood tests, and a cardiologic
work-up (electrocardiogram, transthoracic echocardiography,
24-hour Holter monitoring). Comorbidities and autoimmune
markers were investigated to exclude underlying vasculopathy.
Various auto-antibody screening tests such as rheumatoid factor
and antinuclear, antiphospholipid, and antineutrophil cytoplas-
mic antibodies were analyzed. In addition, a MEDLINE search
was performed from 1990 to December 2010 by use of the search

» «

terms “golfer’s stroke,” “golf-induced stroke,” and “golf-induced
dissection.” This study was approved by the local institutional
review board of the hospital.

We investigated general demographics, personal history of

golf playing, handedness, situations at symptom onset, neuro-
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FIG 1. Radiologic findings (stroke location, dissection focus, and follow-up) of our 7 cases. Five cases had right-sided involvement: 3 patients
(cases 1-3) with extracranial vertebral artery, 1 with intracranial VA (case 4), and T with extracranial carotid artery (case 5). One patient (case 6) had
a left extracranial VA and 1 patient (case 7) had bilateral intracranial VA involvement. Black arrows indicate the dissection focus or foci. Dotted

rectangles indicate follow-up images of dissection focus or foci.

logic signs and symptoms, treatment, and clinical outcomes. We
also analyzed radiologic findings such as stroke location (anterior
or posterior circulation), side of arterial dissection (right, left, or
both), and anatomic location of the dissection (extracranial or
intracranial). Status at symptom onset was classified as during
swing, after golf exercise, and unknown. Clinical outcome was
categorized as returned to normal (mRS = 0-1), independent
(mRS = 2-3), dependent (mRS = 4-5), and death (mRS = 6) at
discharge."" Differences between the stroke location, side of dis-
section, and anatomic location of the dissection were analyzed by
use of the x* test. Statistical significance was considered at
P <.05.

RESULTS

Fourteen male patients were examined. The demographic and
clinical-radiologic findings are provided in the On-line Table.
The mean age of the patients was 46.9 = 12.8 years, which was
younger than that of the general stroke population. Seven patients
were right-handed. Of the 7 patients, 2 were professional golfers
with 15-17 years of experience, and the remaining patients were
amateur players with playing experience for approximately 7
years (range, 0.1-30 years). None of the patients had a history of
hypertension, diabetes, or autoimmune disorder. Symptom onset
occurred during the golf swing (n = 9), at an unknown time (n =
3), or after golf playing (n = 2). Twelve patients had posterior
circulation symptoms such as vertigo, nystagmus, and body tilt-
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ing. Eight patients had localized pain at symptom onset. A poten-
tial source for vasculopathies and cardioembolic stroke was ex-
cluded from laboratory and cardiologic studies.

The location of arterial dissection was confirmed by cerebral
angiography (n = 11), MR angiography (n = 2), and Doppler
ultrasound (n = 1). The imaging studies revealed that 12 patients
had involvement of the vertebral artery (VA) and 2 patients had
ICA involvement (P = .008). Nine patients had arterial dissec-
tions on the right side, of which 2 had ICA involvement; 3 had left
side involvement; and 2 had bilateral lesions (P = .046). There
were 12 extracranial and 2 intracranial cases (P = .008). Normal
activity was possible in 7 patients, but the other cases revealed 5
independent patients and 1 death (On-line Table). Radiologic
findings (stroke location and dissection focus) of our 7 cases are
shown in Fig 1.

DISCUSSION

Our study illustrates that arterial dissection from golf-related
stroke was more likely to be on the right side and predominantly
in the extracranial vertebrobasilar system. This preference may be
explained by the anatomic vulnerability of the vertebrobasilar sys-
tem and the biomechanics of the golf swing.

Recent studies on ethnic differences in spontaneous vertebral
artery dissection have shown that intracranial dissection is more
common than extracranial dissection in East Asian populations.”
Our study of golf-related vertebral artery dissection shows that



FIG 2. Mechanical explanation for the predominance of the right vertebral artery (VA) dissection during a golf swing. A, Late follow-
through phase. B, Anatomy of neck muscles adjacent to the hypermobile segment (V3) of the VA. C, Vulnerability of the right VA during
the golf swing. In a right-handed swing, there is a combination of right-to-left body-weight shift and counter-clockwise body rotation.
This gives the right shoulder (R to R’) a longer arch compared with the left shoulder (L to L'). In the same setting of force (F), the right VA
receives a greater torque (7) than does the left VA because it has a longer distance (r) from the central axis (dotted line). The anatomic
preference for this specific stroke syndrome can be explained by a momentary high torque (7 = r X F) during body-weight shift and

forceful rotation of the body and neck.

extracranial involvement is more frequent than intracranial in-
volvement. As compared with either their intracranial segments
or extracranial arteries of similar caliber, greater mobility of the
extracranial segments of the carotid and vertebral arteries leads to
increased susceptibility for injury by surrounding hard structures
including bones, ligaments, and contracted muscles.®® Even with
an external elastic lamina and a thickened media in the extracra-
nial arteries, various studies have found that the atlantic (V3)
portion of the vertebral artery is susceptible to VA dissection dur-
ing trauma.® This V3 portion is exposed without the support of
bony structures and rotates freely during inadvertent head move-
ment. Extracranial vertebral artery dissection has also been re-
ported in patients who have undergone chiropractic manipula-
tion, fixed neck posture caused by long-lasting surgery, or chest
compressions during cardiopulmonary resuscitation.”'® In addi-
tion, dynamic imaging studies show that the VA is compressed and
even occluded at the extracranial portion during contralateral head
rotation.'*'? These reasons support direct mechanical injury of the
extracranial vessels as the etiology for golf-related stroke.

VA injuries during sports activities with repetitive neck move-
ment have been reported in yoga, tennis, volleyball, judo, bowl-

ing, and wrestling.>'*'> Most sports-related vessel damage is
caused by dissection or thromboembolism.”> A similar case of
right VA dissection associated with unidirectional stereotypical
movement was reported in a right-handed archer and is known as
“bow hunter’s stroke.”' As compared with other sports, the golf
swing is a high-speed, unidirectional, stereotypical rotational
movement. Force is proportional to mass and acceleration of an
object, as stated by Newton’s second law. Torque (7: torque) is a
moment of force in rotating movement, and its magnitude de-
pends on the length of the lever arm (r: length) and the force (F:
force). Therefore, the driving torque of the golf swing is calculated
as the cross-product of the distance and force, which tends to
generate rotation, as expressed in the following equation: 7= r X
F.'® Our patients were all right-handed. In a right-handed swing,
the central axis (hub) of the right leg during the back swing is
changed to the left leg because of the body-weight shift from right
to left to obtain forceful impact of the ball. As compared with the
left VA, the right VA is more distant from the central axis during
the body-weight shift and receives a greater torque during the golf
swing. This swing trajectory also causes repetitive mechanical
stress to the adjacent tissues including muscles, ligaments, and
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vessels.® The increased stress of neck muscles adjacent to the right
VA can lead to vessel injury by acting as a hammer when a golfer
has greater torso-pelvic separation, misses the shot, or has insuf-
ficient warm-up.'” In the present study, symptoms occurred dur-
ing the golf swing in many of the cases (On-line Table).'® Our 2
professionals and 1 player with low handicap self-reported at-
tempts to maximize torso-pelvic separation to get more distance.
From this perspective, a right-sided preference for this specific
type of stroke can be explained by a momentary high torque status
in relation to the forceful hitting phases (downswing, impact, and
follow-through) and an anatomic vulnerability at the hypermo-
bile portion of the right VA (Fig 2).

Our study has several limitations. Given the small number of
patients with golf-related stroke in this study, investigations with
more cases are needed for a balanced interpretation. Moreover,
the handedness of half of the patients was unknown despite the
significant association with the laterality of the golfer’s stroke. Fi-
nally, video analyses of swing phases were not investigated in a bio-
mechanical laboratory. Five cases (36%) had no relationship with the
direct golf swing even though the mechanical injury was suspicious
for the development of arterial dissection during the swing.

CONCLUSIONS

Golf-related craniocervical arterial dissection occurs most often
in the right extracranial vertebrobasilar system. Possible mecha-
nisms are high mobility of the extracranial portion of the VA
against a head rotation and mechanical injury to the respective
vessels associated with high-speed, unidirectional, and stereotyp-
ical body rotation. Future studies are required not only to inves-
tigate detailed observations of the swing phase but to focus on
other nonmechanical factors such as insufficient warm-up and
incorrect posture.
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When Is Carotid Angioplasty and Stenting the Cost-Effective
Alternative for Revascularization of Symptomatic Carotid
Stenosis? A Canadian Health System Perspective

M.A. Almekhlafi, M.D. Hill, S. Wiebe, M. Goyal, D. Yavin, J.H. Wong, and F.M. Clement

=1

ABSTRACT

BACKGROUND AND PURPOSE: Carotid revascularization procedures can be complicated by stroke. Additional disability adds to the
already high costs of the procedure. To weigh the cost and benefit, we estimated the cost-utility of carotid angioplasty and stenting
compared with carotid endarterectomy among patients with symptomatic carotid stenosis, with special emphasis on scenario analyses
that would yield carotid angioplasty and stenting as the cost-effective alternative relative to carotid endarterectomy.

MATERIALS AND METHODS: A cost-utility analysis from the perspective of the health system payer was performed by using a Markov
analytic model. Clinical estimates were based on a meta-analysis. The procedural costs were derived from a microcosting data base. The
costs for hospitalization and rehabilitation of patients with stroke were based on a Canadian multicenter study. Utilities were based on a
randomized controlled trial.

RESULTS: In the base case analysis, carotid angioplasty and stenting were more expensive (incremental cost of $6107) and had a lower
utility (—0.12 quality-adjusted life years) than carotid endarterectomy. The results are sensitive to changes in the risk of clinical events and
the relative risk of death and stroke. Carotid angioplasty and stenting were more economically attractive among high-risk surgical patients.
For carotid angioplasty and stenting to become the preferred option, their costs would need to fall from more than $7300 to $4350 or less
and the risks of the periprocedural and annual minor strokes would have to be equivalent to that of carotid endarterectomy.

CONCLUSIONS: In the base case analysis, carotid angioplasty and stenting were associated with higher costs and lower utility compared
with carotid endarterectomy for patients with symptomatic carotid stenosis. Carotid angioplasty and stenting were cost-effective for
patients with high surgical risk.

ABBREVIATIONS: BURST = Burden of Ischemic Stroke; CAS = carotid angioplasty and stenting; CEA = carotid endarterectomy; CREST = Carotid Revascularization
Endarterectomy versus Stenting Trial; EVA-3S = Endarterectomy versus Angioplasty in Patients with Symptomatic Severe Carotid Stenosis; MI = myocardial infarction;
QALY = quality-adjusted life years; SAPPHIRE = Stenting and Angioplasty with Protection in Patients at High Risk for Endarterectomy

Stroke isa costly illness. Stroke prevention among patients with ~ formed in Canada in 2005.> Stroke is an uncommon but feared

symptomatic carotid stenosis requires carotid revasculariza-  complication of carotid revascularization.* Stroke is more com-
tion. This can be done surgically as carotid endarterectomy  mon after CAS, and though most of these periprocedural strokes are
(CEA)" or less invasively through carotid angioplasty and stent clinically minor, they contribute to the cumulative disability associ-
placement (CAS).? Both are used in combination with optimal  ated with the procedure.” The largest randomized trial comparing

medical therapy. Approximately 5000 CEA procedures were per- CAS versus CEA (the Carotid Revascularization Endarterectomy
versus Stenting Trial [CREST]) concluded that the outcomes after
CEA versus CAS were similar because a higher risk of myocardial
infarction (MI) after CEA was balanced by a higher risk of stroke after

CAS.?
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Increased costs of CAS due to the costs of devices and the
higher costs of stroke as a complication may be balanced by a
slightly longer length of stay after CEA.®® These outcomes have
different impacts on the patient’s quality of life.'®'" We sought to
determine the cost-utility of CAS compared with CEA in symp-
tomatic patients and to understand what circumstances make
CAS a cost-effective procedure.
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MATERIALS AND METHODS

The cost per quality-adjusted life years (QALY) gained with CAS
compared with CEA in the treatment of patients with symptom-
atic carotid stenosis was assessed. The perspective of the Canadian
health care system payer was adopted. The costs and clinical out-
comes were modeled by using a Markov process. A lifetime time
horizon was used'? to capture all relevant costs and benefits.

Model

Figure 1 presents the model structure. Given the higher risk of
adverse outcomes in the initial 30 days after CAS or CEA, the first
30-day outcomes were modeled separately from long-term out-
comes. Patients who survive the initial period will be in 1 of 4
health states: healthy, major stroke, minor stroke, or MI. The costs
and clinical outcomes were assessed at 1-year intervals.

All clinical outcomes were taken from published randomized tri-
als comparing CEA and CAS. Major stroke was defined as stroke that
results in disability interfering with independent living. Minor stroke
was defined as stroke that causes no disability or causes a disability
that does not interfere with independent living."'* Myocardial infarc-
tion was defined as chest pain associated with electrocardiographic
changes or elevated cardiac enzymes. The healthy state described in-
dividuals who did not have stroke or MI or die following the carotid
revascularization procedure. The healthy state included patients who
might have had known transient complications not typically affect-
ing a durable quality oflife, such as cranial nerve palsy following CEA
or groin hematoma following CAS.

The base case analysis simulated a cohort of patients at an
average age of 65 years with symptomatic carotid stenosis eligible
for revascularization with either CAS or CEA. All costs and utili-

FIG 1. The Markov model structure.

ties were discounted at 5% annually. Costs were inflated to 2012
costs by using the Canadian Consumer Price Index for health and
personal care.'* Decision analysis software (TreeAge Software,
Williamstown, Massachusetts) was used to construct a Markov
model. The study was approved by the Conjoint Health Research
Ethics Board at the University of Calgary.

Clinical Data

The estimates of the clinical outcomes in the periprocedural (30-
day) period were pooled from the results of a recent meta-analy-
sis,* which included 12 major carotid revascularization trials en-
rolling 6973 patients (Table 1). This meta-analysis did not
separately report the rates of periprocedural major and minor
strokes. Data from this recent meta-analysis were reanalyzed to
provide estimates of periprocedural major and minor strokes.*
The long-term clinical outcomes in those who survived the
periprocedural period reported in included studies by Yavin et al*
were pooled to estimate the annual incidence of major stroke,
minor stroke, and death, excluding the first 30 days. The annual
risk of each outcome was calculated by dividing the total number
of patients with the outcome by the number of follow-up years
(excluding outcomes occurring in the first 30 days).

The risk of MI beyond the first 30 days was not reported in
major randomized trials of CAS versus CEA and therefore was
assumed similar among patients undergoing either procedure.
Survival data beyond the follow-up of the clinical trials (=4 years
of follow-up) were based on the study by Caro et al.””

Cost Data

Procedural Costs. Using microcosting data from the Calgary
Health Zone, we selected a cohort of con-
secutive patients with carotid stenosis
who underwent carotid revascularization
(2005-2007). Costs estimates reflected
the direct costs incurred by the health sys-
tem. Inpatient costing data include those
for investigations and treatments. Investi-
gation costs included laboratory, imag-
ing, and cardiac investigations. Treat-
ment costs included the operating room
and angiography suite costs; nursing care;
and medications, devices, and materials
used. Human resources costs (including
nurses, therapists, and social workers)
were also captured. Physician claims for
endarterectomy, stent placement, and an-
esthesia were obtained from the Alberta
Ministry of Health schedule of medical
benefits. Hospitalization costs were cal-

Table 1: Clinical estimates for the periprocedural and annual outcomes

Periprocedural Risk (Clys) Annual Risk (Cly;) Periprocedural OR (Clgs)  Annual OR (Cly;) of
Outcome after CEA after CEA of CAS vs CEA CAS vs CEA References
Death 0.009 (0.008-0.01) 0.018 (0.016-0.02) 111(0.82-1.40) 1.02 (0.94-110) 2,421,22,27,28

Major stroke 0.006 (0.005-0.008)
Minor stroke 0.022 (0.019-0.025)
MI 0.018 (0.015-0.02)

0.013 (0.012-0.015)
0.0515 (0.05-0.052)
N/A

1645 (0.89-2.1)
1.91(117-3.1)
0.47 (0.38-0.56)

11(0.58-2.10)
13(0.75-2.08)
N/A

Note:—Cl,; indicates 95% confidence interval; N/A, not available.
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Table 2: Cost estimates (2012)

Table 4: Clinical characteristics of the local treatment cohorts

Base Case Cost
Estimates (CDNS)

7303

Reference

CAS procedure Calgary cohort

CAS hospitalization 2243
CEA procedure 4483
CEA hospitalization 3703
Major stroke
Ist year 83164 BURST study'®?’
Annually after 1st year 31267
Minor stroke
Ist year 31136 BURST study'®?°
Annually after 1st year 13488
MI
Ist year 4937 Conly et al'®
Annually after 1st year 1455
Doppler US 237 Government of Alberta
Clopidogrel (daily) 118 Government of Alberta

Note:—CDNS indicates cost estimates; US, ultrasound.

Table 3: Utility estimates
Base Case Utility

Estimate Reference
Baseline 0.86 Beaver Dam study"
Healthy 0.86
M 0.74 SAPPHIRE"
Major stroke 0.28 Tengs and Linn meta-analysis*°
Minor stroke 0.64
Death 0

culated from the asymptomatic patients and those presenting
with TIAs. This calculation was performed to avoid double-
counting the rehabilitation costs associated with patients pre-
senting with minor or major strokes. Outpatient follow-up
costs were assumed similar among patients with uncompli-
cated carotid revascularization.

Ongoing Costs of Care. The direct costs for hospitalization and
readmissions for patients having minor and major strokes were
based on the findings of the multicenter Canadian Burden of Isch-
emic Stroke (BURST) study.'® For the base case analysis, only
direct costs for patients with major and minor strokes were used
(Table 2). These included costs for hospitalizations, rehabilitation,
diagnostic imaging, medications, physician services, home care,
changes of residence, and paid caregivers. The costs for hospitaliza-
tion of patients who had MI were based on the Alberta Provincial
Project for Outcome Assessment in Coronary Heart Disease data

baSe 17,18

Utilities

Utility scores were quoted from the published literature (Table 3).
The Stenting and Angioplasty with Protection in Patients at High
Risk for Endarterectomy (SAPPHIRE) trial used the baseline util-
ities reported by the Beaver Dam Health Outcomes Study utility
score for “healthy” patients with hypertension. For the baseline
utility, we used an average utility score (0.86) of those reported by
the Beaver Dam Health Outcomes Study for subjects with-versus-
without hypertension in the age group corresponding to the base
case analysis.'® The utility scores of major and minor strokes were
based on the results of a meta-analysis.”® The utility score for MI
was derived from the SAPPHIRE trial.

Carotid
Carotid Stenting  Endarterectomy
(n=134) (n=66)
Mean age (yr) (SD) 72.2(8.5) 69 (8.8)
Women 28.4(38/134) 227 (15/66)
Risk factors
Coronary artery disease 455 (61/134) 18.2 (12/66)
Diabetes 30.6 (40/134) 43.9 (29/66)
Hypertension 88.1(118/134) 68.2 (45/66)
Current smoking 32.1(43/134) 31.8 (21/66)

Qualifying event
Retinal events 18.7 (25/134) 16.7 (11/66)
TIA 327 (44/134) 39.4(26/66)
Stroke 29.9 (40/134) 257 (17/66)
Asymptomatic 18.7 (25/134) 18.2 (12/66)

Sensitivity Analyses

To address the model assumptions and uncertainties, we per-
formed multiple 1-way sensitivity and scenario analyses over
plausible ranges based on the confidence intervals of clinical out-
come measures, costs, utility scores, and discount rates.

Given that cost-utility estimates may vary by health care set-
ting, we explored the impact of high surgical risk and high proce-
dural risk outcomes by using risk estimates from major carotid
(CREST,?
Angioplasty in Patients with Symptomatic Severe Carotid Ste-
nosis [EVA-3S],>! and SAPPHIRE??) obtained in different
populations.

revascularization trials Endarterectomy  versus

Monte Carlo Simulation

A Monte Carlo simulation by using a hypothetic cohort of 10,000
patients was performed to investigate the overall uncertainty in
the model. Normal distributions were used for the risks, costs, and
utility estimates.

RESULTS

Model Validation

The baseline characteristics of the costing cohorts for CAS and
CEA are summarized in Table 4. The cost of a CAS procedure was
estimated at $7303, while the hospitalization cost was $2240.
Compared with CAS, the cost of a CEA procedure was lower at
$4483 but had a higher hospitalization cost of $3703. The decision
model structure, estimates, and assumptions were reviewed by
experts in the field of cerebrovascular diseases (M.D.H., ].H.W.) and
health economics (F.M.C.). The internal validity of the model was
verified by comparison of predicted outcomes and input clinical
risks. External validity was evaluated by comparing the predicted
clinical outcomes with observed clinical outcomes at 4 years from the
major clinical trials (On-line Table 1). Our predicted probabilities
matched the observed probabilities within 20%.

Base Case Cost-Utility Analysis

In the base case analysis, CAS was more expensive than CEA (in-
cremental cost of $6107) and had a lower effectiveness (—0.12
QALYs); CAS was dominated by CEA. (Table 5).

One-Way Sensitivity Analyses
The model results were not affected by varying the discount rate
or periprocedural or annual risk of major or minor stroke
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Table 5: Base case and scenario analyses

Threshold Analyses

Incremental Effectiveness Incremental

Incremental

Only after simultaneously reducing CAS

Strategy  Cost Cost ($) (QALYs)  Effectiveness Cost-Effectiveness ICER procedural costs from $7300 to $4350, the
Base case . . . .
CEA  $24624 6.83 3605 relative risks of minor periprocedural
CAS $30,731  $ 6107.00 6.7 —-0.12 4580 Dominated® strokes (relative risk = 1.0), and the an-
SAEETRE 77577 $14.30148 514 196 15049 Dominated nual relative risk of stroke (relative risk =
, ,801. . -1 ominated?
CAS $62576 71 3814 I 1.15) does CAS become the preferred
EVA-3S option.
CEA  $22585 6.82 $3312 In the Monte Carlo simulation, the
CAS $30,832  $8246.38 6.67 —0.15 $4695 Dominated® . . .
CREST estimated net costs in the simulated co-
CEA $22,259 6.89 $3227 hort were $28,615 (95% CI, $28,556—
CAS $25846 S 3587.00 6.63 —-0.27 $3900 Dominated?® $28,674) for CAS and $22,948 (95% CI,

Note:—ICER indicates incremental cost-effectiveness ratio.

@ “Dominated” means that the treatment modality was associated with more cost and less effectiveness.

FIG 2. Scatterplot of the cost-effectiveness plane.

(On-line Table 2). The cost of MI did not impact the results. The
procedural cost of CAS did not influence these results even when
costs as low as $1000 per procedure were used.

The model results were sensitive to variation in the annual
mortality risk. When CAS was associated with a lower risk of
death compared with CEA, at a threshold relative risk of 0.85, CAS
was associated with an incremental cost-effectiveness ratio of
$32,839 per QALY gained compared with CEA.

Scenario Analyses Based on Major Trials

When estimates from trials of high-procedure-risk populations
(EVA-3S) or of patients treated with the North American stan-
dards (CREST trial) were used (On-line Table 3), the results
were unchanged. With estimates from the high surgical risk
population (SAPPHIRE trial), CAS was cost-effective relative
to CEA (Table 5). The higher risk of death and major strokes
associated with CEA described in that trial led to higher costs
and reduced QALYs.

330 Almekhlafi  Feb 2014  www.ajnr.org

$22,919-$22,976) for CEA. Almost all
simulations fell in the upper quadrants,
indicating the presence of incremental
costs associated with CAS in most sim-
ulations (Fig 2). However, the scatter
across the horizontal plane indicates
uncertainty in the effectiveness of CAS
versus CEA.

DISCUSSION
Overall, CAS was associated with higher
costs and lower effectiveness compared
with CEA among patients with symp-
tomatic carotid stenosis. These results
were driven by the costs of both the pro-
cedure and the associated periproce-
dural adverse outcomes (primarily
major and minor stroke). The costs as-
sociated with MI did not impact the re-
sults. These results were sensitive to an-
nual survival following the procedure.
Longer survival is associated with
greater cost-effectiveness for CAS.??
CAS was cost-effective under certain
circumstances. Among patients with
high-surgical-risk features, CAS was as-
sociated with both lower costs and
higher QALY gains. This was largely in-
fluenced by the lower risk of major and minor periprocedural
stroke associated with CAS. While careful patient selection is
an important factor in reducing procedural complications, the
risk of periprocedural stroke remains higher with CAS across
many major trials. If and when the safety of CAS is improved
through the development of the technology and procedural
innovation, CAS may become cost-effective relative to CEA.
Monte Carlo simulated cohort analysis showed some un-
certainty around the effectiveness of CAS compared with CEA,
but costs were always higher with CAS. Distal protection de-
vices, balloons, stents, and guiding catheters used for CAS are
expensive, collectively approaching $4500. These costs out-
weigh any savings associated with shorter hospitalization after
CAS. Therefore, improving CAS safety is an alternative ap-
proach to improving its cost-effectiveness.
There are multiple steps involved in performing CAS; some of
these are the subject of ongoing debate because of safety concerns.
For example, the use of distal protection devices and poststent



balloon angioplasty are 2 procedural steps that are not universally
performed. While angioplasty balloons cost approximately $300
per device, the cost of the distal protection device is $1900.%* Iden-
tifying the safety of these instruments is important to enable the
assessment of the potential clinical and economic impact of elim-
inating such steps that might be hazardous.

These results are concordant with reports from other jurisdic-
tions.'®'"*>?® The higher procedural cost associated with CAS
was unanimously reported by these studies, and the cost of stroke
care was a major driver of the cost-utility analyses. The cost esti-
mates used in this analysis for patients with major and minor
stroke were significantly higher compared with other reports. The
BURST trial estimates included costs for postdischarge care,
which were not reported in many other trials and provide a novel
Canadian context.

This study has limitations. The analysis was based on clin-
ical estimates from a meta-analysis that combined patients
with variable clinical characteristics treated via different pro-
tocols. While the effects of this variability were examined by
performing multiple sensitivity and scenario analyses, the base
case results should be interpreted bearing in mind the limita-
tions of available evidence. Moreover, the model provides out-
comes and costing data beyond what is known from these tri-
als. The analysis adopts a public health system perspective, and
indirect costs were not included in this analysis. Therefore, the
reported costs represent an underestimate of the actual total
costs associated with both procedures. Some adverse outcomes
occasionally seen with CEA, such as cranial nerve injuries,
which are rarely disabling, were not considered in this analysis.
Despite these limitations, this analysis not only provides an
assessment of the cost-utility of CAS in the Canadian health
system but it also explored factors influencing these costs and
suggests potential saving strategies.

CONCLUSIONS

Overall, CEA was the cost-effective procedure relative to CAS for
patients with symptomatic carotid stenosis. CAS provides an attrac-
tive incremental cost-effectiveness ratio in the high-surgical-risk
population. Effort should be focused on reducing the periprocedural
stroke risk and procedural costs to improve CAS cost-effectiveness.
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ORIGINAL RESEARCH
INTERVENTIONAL

Quantifying the Large-Scale Hemodynamics of
Intracranial Aneurysms

G. Byrne, F. Mut, and J. Cebral
O=

ABSTRACT

BACKGROUND AND PURPOSE: Hemodynamics play animportant role in the mechanisms that govern the initiation, growth, and possible
rupture of intracranial aneurysms. The purpose of this study was to objectively characterize these dynamics, classify them, and connect
them to aneurysm rupture.

MATERIALS AND METHODS: Image-based computational fluid dynamic simulations were used to re-create the hemodynamics of 210
patient-specific intracranial aneurysm geometries. The hemodynamics were then classified according to their spatial complexity and
temporal stability by using quantities derived from vortex core lines and proper orthogonal decomposition.

RESULTS: The quantitative classification was compared with a previous qualitative classification performed by visual inspection. Receiver
operating characteristic curves provided area-under-the-curve estimates for spatial complexity (0.905) and temporal stability (0.85) to
show that the 2 classifications were in agreement. Statistically significant differences were observed in the quantities describing the
hemodynamics of ruptured and unruptured intracranial aneurysms. Specifically, ruptured aneurysms had more complex and more unstable
flow patterns than unruptured aneurysms. Spatial complexity was more strongly associated with rupture than temporal stability.

CONCLUSIONS: Complex-unstable blood flow dynamics characterized by longer core line length and higher entropy could induce
biologic processes that predispose an aneurysm for rupture.

ABBREVIATIONS: IA = intracranial aneurysm; POD = proper orthogonal decomposition; CFD = computational fluid dynamic; ROC = receiver operating charac-

teristic; AUC = area under the curve

Endothelial cells in blood vessel walls continuously sense and
respond to hemodynamic wall shear stresses. Responses to
normal wall shear stresses typically involve short-term vessel ad-
aptation through vasodilation, or long-term, nonpathologic tis-
sue remodeling. Under abnormal wall shear stresses, degenerative
processes can take place in the vessel wall and lead to the patho-
logic formation, growth, and rupture of an intracranial aneurysm
(IA)."° The coupling between the local (near wall) and global (far
from wall) hemodynamics makes it possible to identify large-scale
spatiotemporal blood flow patterns that result in dangerous wall
shear stress conditions.
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The connection between large-scale hemodynamics and aneu-
rysm rupture was previously studied.”® Qualitative descriptions
of spatial flow complexity and temporal flow stability were out-
lined and used to visually assess the hemodynamics of patient-
specific IA geometries. The clinical history of each patient was
used to correlate rupture events with spatially complex and tem-
porally unstable flow patterns.

In this study, we use vortex core lines and proper orthogonal
decomposition (POD) to quantify the large-scale hemodynamics
of TAs. These methods are commonly used to visualize spatially

219 and create low-dimensional models of tur-

complex fluid flows
bulence.'"'> However, their use in analyzing biofluids is novel.
Quantitative representations of spatial flow complexity and temporal
flow stability are outlined and used to provide a more objective he-
modynamic classification. This quantitative approach also allows us

to connect specific large-scale dynamical quantities to rupture.

MATERIALS AND METHODS

Hemodynamic Modeling

Patient-specific geometries of cerebral aneurysms were recon-
structed from 3D rotational angiography images.'” Digital sub-
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FIG 1. Qualitative assessments of spatial flow complexity were made by visually inspecting
streamline plots. Top left: This flow formed a single vortex and was classified as simple. Bottom
left: This flow formed multiple vortices and was classified as complex. Center column: Streamline
trajectories around the vortex core lines help to distinguish the individual vortices. Right column:
Core lines are also known as vortex skeletons because they provide simplified representations of

the large-scale flow structure.

traction imaging was performed by use of a constant injection of
contrast agent at 24 mL/s for a 180° rotation in 8 seconds. Imaging
was performed at 15 frames per second. Data from these images
was transferred to a workstation (Phillips Healthcare, Best, The
Netherlands) and reconstructed into 3D voxel data with the use of
the standard proprietary software. 3D reconstructions were com-
pared with views from the conventional angiogram to assess the
completeness of the rendering. Cases with incomplete rendering
or inadequate filling of the parent artery or the aneurysm were
discarded.

Unstructured grids composed of tetrahedral elements were
generated with a resolution of approximately 0.1 mm, resulting in
grids of roughly 2—5 million elements. Vessel walls were assumed
rigid, and blood flow was considered incompressible and Newto-
nian. Numeric solutions of the unsteady 3D Navier-Stokes equa-
tions were obtained under “typical” pulsatile flow conditions."*
The inlet boundaries of all models were located in the internal
carotid artery, the vertebral artery, or the basilar artery.

Two cardiac cycles were simulated with a time-step size of 0.01
second for a heart rate of 60 bpm. The analysis in this work was based
on 100 snapshots of the velocity vector field generated during the
second cycle. IA necks were identified on the reconstructed vascular
models and used to label the aneurysm and the parent artery."® Sub-
sequent flow characterizations were restricted to the aneurysm.

Qualitative Assessments of Spatial Complexity and
Temporal Stability

The hemodynamics of 210 IA geometries (83 ruptured) were clas-
sified according to Cebral et al.””'® Flows were classified according
to visual assessments of spatial complexity and temporal stability,
on the basis of the following qualitative criteria.

Flow Complexity. “Simple” refers to flow patterns that consist of a
single recirculation zone or vortex structure within the IA. “Com-
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plex” refers to flow patterns that exhibit
flow divisions or separations within the
aneurysm sac and contain more than one
recirculation zone or vortex structure.

Flow Stability. “Stable” refers to flow
patterns that persist (do not move or
change) during the cardiac cycle. “Un-
stable” refers to flow patterns in which
the flow divisions and/or vortex struc-
tures move or are created or destroyed
during the cardiac cycle.

Streamline plots were used to assess
spatial flow complexity. Two examples
are shown in Fig 1. Temporal flow sta-
bility was assessed by animating the
streamline plots over the cardiac cycle.

Quantifying Spatial Flow
Complexity
Many algorithms have been proposed to
visualize vortices in datasets generated
by computational fluid dynamic (CFD)
simulations.'® Vortices were identified
in this study by constructing vortex core
lines: 1D sets that pass through centers of swirling flow. Vortex
core lines provide a simple but accurate way of representing the
spatial structures that underpin blood flow patterns in an
aneurysm.

Vortex core lines were identified by use of a co-linearity con-
dition between the instantaneous vorticity @ and velocity ¥ vec-
tors. Mathematically, this condition can be expressed as

1) wXV=0

where ® = V X 7.

Our numeric algorithm consisted of a parallel search across
multiple processors for tetrahedral mesh elements that satisfied
Equation 1. Each processor formed and diagonalized the velocity
gradient tensor in an element. If a pair of complex conjugate
eigenvalues was found, the vorticity vector @ was formed to test
whether Equation 1 was satisfied in the element. Reduced veloci-
ties'” were formed at the element nodes by subtracting the velocity
component in the direction of the vorticity vector. Element faces that
contained a point where the reduced velocity was zero were marked.
If2 or more faces of an element were found to contain a zero, a vortex
core line passes through the element. A segment approximating this
core line was constructed by connecting the points along the faces
containing the zeros of the reduced velocity.

The vortex core line segments in each mesh element at the i
snapshot were summed up to produce a total length L, Spatial
complexity was quantified taking the average vortex core line
length over the N snapshots

2) (L) = I\%EL;

i=1

Complex flows (with multiple vortices) are expected to have lon-
ger average vortex core lines than simple flows (with a single vor-



FIG 2. The temporal coefficients accounting for 99% of the total energy are plotted for
stable (top) and unstable (bottom) flows. Vortex core lines (yellow) and neighboring stream-
line trajectories (red) are used to visualize the spatial structure of the flow at 2 instants during
the cardiac cycle. The stable flow retains its spatial structure during the cardiac cycle. Very
little energy is transferred between the temporal coefficients resulting in an entropy of § =
0.0713. The unstable flow undergoes large fluctuations and changes its spatial structure. Large
amounts of energy are transferred between the temporal coefficients resulting in an entropy

of S = 0.674.

tex). Fig 1 shows the vortex core lines for a simple and a complex
flow. The simple flow (top) contains a single core line with an
average length (L) = 0.93, whereas the complex flow (bottom)
contains multiple core lines with an average length (L) = 17.5.

Quantifying Temporal Flow Stability

Temporal flow stability is characterized by the creation, destruc-
tion, or motion of spatial flow patterns during the cardiac cycle.
These patterns are defined by both vortex structures and flow
divisions created by inflow jets. Temporal tracking of the vortex
core lines was not used to quantify flow stability because of an
alternate method that captures both flow divisions and recircula-
tion zones.

The first step in quantifying the temporal flow stability was to
separate the temporal dynamics from the spatial dynamics. This
was achieved by expressing the velocity vector field ensemble as a
linear combination of orthogonal, vector-based modes ¢(x) and
scalar coefficients t;) that govern their temporal evolution

3) u(xt) = D at)ex), j=1,--N

i=1

where N is the number of snapshots in the ensemble. POD was
used to generate the orthogonal set of basis modes ¢o(x)."" Al-
though this decomposition may not be unique, we chose the POD
procedure to form the basis set because it identifies fundamental
spatial flow patterns that, on average, capture more of the fluid
kinetic energy per mode than any other basis set.

The POD basis was computed by use of a snapshot method
that builds an NXN 2-point velocity correlation tensor.'® When
diagonalized, the correlation tensor forms an energy matrix m
with energy eigenvalues A; running along the diagonal in decreas-
ing order. Each mode ¢(x) is associated with energy eigenvalue A;
that can be recovered from the mean squared value of the corre-
sponding temporal coefficients A; = (ai(tj),ai(tj))/N, where (.,.)

is the Euclidean inner product. The

trace of the energy matrix Tr

(m) = >N A;is a measure of the total
i=1
fluid kinetic energy in the aneurysm.

The relative energy P;= Ai/E{\] A

j
quantifies the energy content of the ith
mode, whereas the entropy

4) S=—> PIn(P)

i=1

quantifies the average energy distributed
across the N modes. It is used here to
measure the temporal stability of hemo-
dynamic flows. Entropy is maximized
when the energy is evenly spread over
the modes and minimized when it is
concentrated in a single mode.

An example is provided in Fig 2. The
first column contains plots of the tem-
poral coefficients a,(t;) for a stable (top)
and unstable (bottom) flow. The tempo-
ral coefficients were scaled to plot the fractional energy content
contained in each corresponding basis mode. For visualization
purposes, only the temporal coefficients accounting for 99% of
the total energy are plotted. The vortex core lines and a few
neighboring streamlines are shown in the center and right
hand columns at 2 different points in the cardiac cycle. Two
coefficients are required to meet the 99% energy threshold for
the stable flow while 7 coefficients are required for the unstable
flow.

The value of the entropy for the stable flow is S = 0.0713. Most
of the energy during the cardiac cycle is concentrated in the first
spatial mode ¢, (x). No flow structures are created, destroyed, or
undergo significant motion. The value of the entropy for the un-
stable flow is S = 0.674, approximately 9.5 times greater than the
stable flow. Large amounts of energy are transferred from «; (t) to
the remaining 6 coefficients. Significant changes are also observed
to occur in the spatial organization of the flow during the cardiac
cycle.

RESULTS

The spatial flow complexity and temporal flow stability in all 210
IA geometries were quantified by use of the average core line
length (L) and entropy S. Flow classification was based on dis-
crimination thresholds for each of the 2 variables. True- and false-
positive rates were computed by sweeping over the discrimination
thresholds and comparing the quantitative classifications to the
qualitative classifications. The results are summarized by the 2
receiver operating characteristic (ROC) curves in Fig 3. The accu-
racy of the qualitative classification was measured by integrating
the ROC curves. The resulting areas under the curve (AUCs) are
presented in Table 1. An AUC of 1 indicates exact agreement for
all cases. The AUC is 0.905 for spatial complexity and 0.86 for
temporal stability. These results are considered “excellent” and
“very good.”"?
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FIG 3. ROC curves summarizing the ability of our flow variables to correctly identify spatially
simple (left) and temporally stable (right) hemodynamic flows in our aneurysm data base. The
ROC curves were generated by comparing the quantitative classification against qualitative

classification.

Table 1: Summary and performance statistics of the variables
used to quantify spatial flow complexity and temporal flow
stability

Category Mean Core Line Length

Category Mean Entropy

Simple 0.4564 Stable 0.1224
Complex 3.2094 Unstable 0.2458

P value <212 X102 Pvalue <84 x107"
AUC 0.905 AUC 0.86

Table 2: Summary and performance statistics of the variables
used to quantify spatial flow complexity and temporal flow
stability in ruptured and unruptured aneurysms

Category Mean Core Line Length Mean Entropy Combined

Unruptured 1.4551 0.181 -
Ruptured 3.407 0.2275 -
P value <7.6 X108 <0.0002 -
AUC 0.72 0.648 0.716

FIG 4. ROC curves summarizing the ability of our flow variables to
discriminate between ruptured and unruptured aneurysms. The aver-
age core line length (L) measured the flow complexity and the en-
tropy S measured flow stability. A logistic regression was used to
combine these 2 variables into a third variable that was tested for
enhanced predictive power.

Table 1 also compares the variable means for each flow group
as established by the qualitative classification. The P values were
generated by use of the Wilcoxon rank sum test. The mean
core line length is higher in the complex flow group than in the
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simple flow group. Likewise, the mean
entropy is higher in the unstable flow
group than in the stable flow group. The
differences between the means are statis-
tically significant (P < .05).

The same statistical comparison was
applied to the group means of the rup-
tured and unruptured IAs. These results,
presented in Table 2, indicate that rup-
tured IAs tend to have larger core line
lengths (ie, more complex spatial flow
patterns) and larger entropies (ie, more
temporally unstable flow patterns) than
unruptured IAs. Again, the differences
between the means are statistically
significant.

Rupture prediction was based on the ability to quantitatively
discriminate between ruptured and unruptured aneurysms. The
true- and false-positive rates were established by comparing the
predicted state of rupture to the clinical records. A third variable,
based on a logistic regression of spatial complexity and temporal
stability, was also developed and tested for enhanced predictive
power. The 3 ROC curves for rupture are shown in Fig 4. The
corresponding AUCs are reported in Table 2. The average vortex
core line length had the highest AUC, suggesting that spatial com-
plexity may play a more important role than temporal stability in
the rupture of TAs.

DISCUSSION

The results presented in this report confirm and extend previous
results that compared qualitative flow characteristics in ruptured
and unruptured IAs. Important spatiotemporal flow features (ie,
flow complexity and flow stability) previously identified by visual
inspection were successfully extracted from the velocity vector
fields by using objective quantitative methods based on vortex
core lines and POD. Quantitative results confirmed previous ob-
servations that ruptured aneurysms tend to have complex-unsta-
ble flows and that unruptured aneurysms tend to have simple-
stable flows. The results also indicated that flow complexity is a
better discriminant of rupture state than flow stability.

The effect of rupture on IA geometries was previously stud-
ied.?® The results indicated small changes in 20% of the IAs and no
changes in 80% of the IAs between the pre-ruptured and post-
ruptured state. The small changes found in 20% of the ruptured
IAs’ geometry were assumed to have a negligible impact on the
large-scale hemodynamic properties.

Isosurface methods have been used to visualize vortices in aor-
tic aneurysms.*"*> However, the frequent need for a user supplied
threshold to construct these surfaces led us to use line-type meth-
ods for visualizing and analyzing the spatial structure of hemody-
namic flows.??2¢ Irregular aneurysm geometries make the task of
identifying a “characteristic length” difficult and subjective. As a
result, we used the unnormalized length.

Our metric for spatial complexity is limited in the sense that it
does not measure the number of discrete vortices formed within
the aneurysm or account for their topologic structure. Other mea-
sures of spatial complexity on the basis of a more detailed analysis



of the core line structure (geometry, connectivity, or topology)
are also possible and may provide a more accurate representation
of the original qualitative criteria.

Discontinuities between neighboring core line segments were
observed because the velocity gradient is piecewise linear over the
computational domain. Segments oriented end-to-end created
well-defined vortex core lines. Segments that were not oriented
end-to-end often formed 2D structures that resembled vortex
sheets. Vortices smaller than the mesh elements are unable to be
resolved and were ignored in our study. Isolated segments in the
domain that were not part of any visible fluid structure could be
the result of noise produced by the computation of numeric
derivatives.

Mesh sensitivity studies were not performed. The core lines
extracted and analyzed in this work were consistent with the
degree of approximation of the CFD simulations. Mesh refine-
ment should capture smaller vortices and improve the linear
approximation used for the vortex core segments. It should
also reduce the gaps in vortex segments between neighboring
elements.

The AUC values in Table 2 represent the probability that a
ruptured aneurysm randomly selected from the data base will be
ranked as “higher risk” than a randomly selected unruptured an-
eurysm. They indicate that the logistic regression variable per-
formed about the same as the spatial complexity variable. This is
an interesting result that further highlights the fact that most spa-
tially complex flows are unstable and that most simple flows are
stable. We attribute the lack of improvement in the AUC of the
logistic variable to this correlation. One of the limitations of the
rupture prediction study was the lack of long-term clinical data.
As a result, we would like to point out that caution must be used
when interpreting the low values of the AUCs found in Table 2.
Artificially high false-positive rates can be generated by IAs that
were quantitatively classified as “high risk,” but that have not yet
undergone a rupture. A study with an extended clinical history
would be required to make a more accurate assessment of rupture
prediction on the basis of these variables.

CFD calculations were carried out under pulsatile flow condi-
tion at 2 heart rates (60 bpm and 100 bpm). For each heart rate,
the corresponding flow waveforms were prescribed from mea-
surements in the cerebral arteries reported in the literature.”” Un-
der these different flow conditions, the vortex core line lengths
were not significantly different, and the statistical results were
largely unaffected (within a 1% difference). This suggests that the
large-scale hemodynamics are independent of relatively small
variations in the physiologic conditions.

CONCLUSIONS

The observations and methods described in this study can better
help us to understand the underlying mechanisms that govern IA
initiation, evolution, and rupture. Our quantitative approach for
assessing spatial flow complexity and temporal flow stability was
consistent with the assessments made using well-defined qualita-
tive approach. Statistically significant differences were found in
the variables quantifying the hemodynamics of ruptured and un-
ruptured aneurysms. Complex-unstable flow dynamics were
more commonly observed in ruptured aneurysms, whereas sim-

ple-stable flow dynamics were more commonly observed in un-
ruptured aneurysms. Spatial complexity was found to be more
strongly associated with rupture than temporal stability. This re-
sult indicates that complex flows producing high spatial gradients
of the wall shear stress vector may play a more fundamental role in
predisposing the aneurysm wall for rupture than unstable flows
producing temporal oscillations of the wall shear stress vector.
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ORIGINAL RESEARCH
INTERVENTIONAL

Analysis of Complications and Recurrences of Aneurysm
Coiling with Special Emphasis on the Stent-Assisted Technique

H. Nishido, M. Piotin, B. Bartolini, S. Pistocchi, H. Redjem, and R. Blanc

ABSTRACT

BACKGROUND AND PURPOSE: Stent-assisted coiling has expanded the treatment of intracranial aneurysms. With the use of continu-
ously compiled data, we reviewed the role and drawbacks of stent-assisted coiling.

MATERIALS AND METHODS: We compiled data from consecutive patients from 20032012 who underwent coiling, with or without stent
assistance. Clinical and angiographic results were analyzed retrospectively.

RESULTS: Of 1815 saccular aneurysms in 1505 patients, 323 (17.8%) were treated with stents (299 procedures) and 1492 (82.2%) without stents
(1400 procedures). Procedure-related complications occurred in 9.4% with stents versus 5.6% without stents (P = .016, relative risk 1.5; 95%
Cl,11-2.7). Ischemic complications were more frequent in the stent group than in the no-stent group (7.0% versus 3.5%; P = .005; relative
risk, 1.7; 95% Cl 1.2-2.5), as were hemorrhagic complications (2.3% versus 1.9%, P = .64). Procedure-induced mortality occurred in 2.7%
(8/299) with stents versus 11% (15/1400) without stents (P = .029; relative risk, 2.0; 95% Cl, 1.1-3.5). Logistic regression analysis identified
wide-neck aneurysms as the most significant independent predictor of complications. A total of 64.1% (207/323) of aneurysms treated with
stents and 70.3% (1049/1492) treated without stents have been followed, disclosing angiographic recurrence in 15.5% (32/207) versus 35.5%
(372/1049), respectively (P < .0001). Logistic regression analysis showed that the presence of a stent was the most important factor for the
reduction of angiographic recurrence (P < .0007; relative risk, 2.3; 95% Cl, 1.6-3.3).

CONCLUSIONS: The stent-assisted coiling technique is associated with a significant decrease in recurrences but a significant increase in

complications. The treatment of wide-neck aneurysms remains hazardous.

he stent-assisted coiling technique has broadened the indication
for coil embolization, and numerous reports have depicted the
value of stents in the treatment of cerebral aneurysms.'

We present herein the clinical and angiographic results of a
consecutive series of 1815 aneurysms treated over a 9-year period.
The aims of this retrospective study were to place the role of stent-
assisted coiling into perspective and to determine the factors as-
sociated with procedural complications.

MATERIALS AND METHODS

Data Collection

From a prospectively gathered data base of all patients with intra-
cranial saccular aneurysms (with no prior endovascular treat-
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ment) who were treated with coils in our institution between Jan-
uary 2003 (when we initiated the use of self-expandable stents)
and March 2012, 1505 patients were identified and constituted
our study population. The data base included data on the patient
(age, sex), the endovascular procedure technique (balloon-as-
sisted, stent-assisted, stand-alone coiling), aneurysm status (rup-
tured or not), procedure-related morbidity and mortality, imme-
diate and follow-up angiographic results, and the rate of
(re-)hemorrhage. All data were reviewed and statistically ana-
lyzed. Institutional review board acceptance was obtained for this
retrospective study, and the need for informed consent was
waived.

Endovascular Procedures

Coiling was performed under general anesthesia and full antico-
agulation with heparin in all cases. In all patients with no history
of subarachnoid hemorrhage within the previous 4 weeks, 250 mg
aspirin was given intravenously. Heparin was discontinued after
embolization in most patients. Whenever stent placement was
anticipated, patients were given dual antiplatelet therapy before
surgery (75-150 mg clopidogrel, 250 mg aspirin daily initiated 15
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Table 1: Baseline demographics and procedures

A multivariable logistic regression analy-

Total Stent-Assisted No Stent P sis was carried out to determine predic-
No. of aneurysms 1815 323 1492 - tors of procedural complications and an-
Age, y, mean = SD 505129 518=N5  503+11 009  eurysm recanalization. P values of =.05
Ruptured aneurysm, n (%) 767 (42.3) 38 (11.8) 729 (48.9) <.0001 were considered statistically significant.
Female, n (%) 986(65.5) 196(68.8) 790 (64.8) .20 Statistical analvei - i
Location, n (%) tatistical ana YS'IS was carried out wit
ICA 647 (35.6) 134 (415) 513(34.4) .05 R software version 2.15 (http://www.r-
MCA 489 (26.9) 94(29.1) 395(26.5) .34 project.org/).
AcomA 446(24.6)  49(152)  397(26.6) <.0001
Vertebrobasilar 160 (8.8) 42(13.0) m8(79) 003 pEcULTS
Pericallosal 59(3.3) 2(0.6) 57 (3.8) .003 Baseline D hi d
PCA 14(0.8) 2(0.6) 08 73 aseline Demographics an
Aneurysm size, mm, mean * SD 71+40 82+47 68+38 <0001 Procedures ] )
Neck size, mm, mean = SD 38£19  50%26 3616 <0001 Among 1505 consecutive patients, 1815
Multiple, n (%) 1078 (59.4) 147 (45.5) 931(62.4) .004 intracranial aneurysms were treated by
AVM-related, n (%) 36 (2.0) 2(0.6) 34(23) 052 coil embolization in 1699 procedures. A
No. of procedures 1699 299 1400 - .
) total of 323 aneurysms were treated with
No. of aneurysms treated in same EVT, n (%) . .
1 1591(93.6)  275(92.0) 1316 (94.0) the assistance of self-expandable stents in
2 100 (5.9) 24(8.0) 76 (5.4) 299 procedures; 1492 aneurysms were
3 8(0.5) 0 8(0.6) treated without stent assistance in 1400
Balloon-assisted, n (%) 1017 (56.0) 149 (46.1) 868 (58.2) <.0001 procedures. The baseline demographics
Packing density, %, mean = SD 268 +123 246 *11 273 *125 <.0001

of all of the aneurysms according to stent

Note:—AcomA indicates anterior communicating artery; EVT, endovascular treatment; PCA, posterior cerebral

artery.

days before the procedure and continued for 6 months). There
were no strict exclusion criteria, but a massive subarachnoid hem-
orrhage potentially requiring ventricular drainage was considered
to be a contraindication to stent placement.

Follow-Up Protocol

Our standard follow-up protocol consisted of fixed angiographic
follow-up, the first follow-up being performed at 1-6 months
after endovascular treatment (depending of the quality of the ini-
tial angiographic occlusion and the presentation). The second
angiographic follow-up was performed 12 months after the first
follow-up, and the third follow-up was performed 24 months
after the second follow-up. In the case of angiographic recurrence
and/or associated aneurysms left untreated, the follow-up was
continued on a yearly basis. A single reader prospectively evalu-
ated all angiograms. The degree of aneurysm occlusion was clas-
sified according to the Montreal simplified classification.” Aneu-
rysm recurrence was dichotomized as absent or present. At
follow-up, an aneurysm was considered recurrent if a previously
totally occluded aneurysm (class 1) had a partial recurrence of the
neck (class 2) and/or the sac (class 3). An aneurysm was consid-
ered remnant regrowth if a subtotally occluded aneurysm (class 2
or 3) was found to have an increasing neck remnant or residual
aneurysm. Aneurysm dimensions were determined on 3D images
derived from rotational angiography. Indication for retreatment
(class 3 angiographic results) was decided on a case-to-case basis,
depending on the patient age and medical history. Aneurysm re-
treatments were noted.

Statistical Analysis

Data are presented as means for continuous variables and fre-
quencies for categoric variables. Statistical analysis of categoric
variables was carried out by use of x* and Wilcoxon tests. Analysis
of variance followed by Bonferroni post hoc testing was used to
assess differences between the stent-assisted and no-stent groups.
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use are shown in Table 1.

In the stent-assisted group, 76.2%
(246 aneurysms) had single stent placement and 23.8% (77 aneu-
rysms) had multiple stent placement (Y, X, or straight overlap-
ping configuration). A balloon-assisted technique was used in
46.1% in the stent-assisted group (the stent was deployed after
coiling), including 6.8% (22/323) of bailed-out stent placement,
versus 58.2% in the no-stent group (P < .0001). In 53.3% of
aneurysms (172/323), the stents were delivered before coiling
(145 trans-cell, 16 jailed-catheter, and 11 stent-jack techniques).

Immediate and Follow-Up Angiographic Results
Immediately, there were more complete obliterations in the no-
stent group and more residual aneurysms in the stent-assisted
group, but this trend was reversed at last follow-up (Table 2).
Angiographic follow-up was available for 1256 of 1815 aneu-
rysms (69.2%) (Table 3). The no-stent group had a longer mean
follow-up (P = .0004). The stent-assisted group had fewer angio-
graphic recurrences (P < .0001). Of the 1492 aneurysms treated
with coils, 140 (9.4%) were retreated, whereas 20 (6.2%) of the
323 stent-assisted coiled aneurysms were retreated (P = .084).

Risk Factors for Angiographic Recurrence

In the univariate analysis, the risk factors for angiographic recurrence
were ruptured status at presentation, larger aneurysm size, no stent,
wider neck, younger age, and lower coil packing attenuation (Table 4).
The identified reductive factor for angiographic recurrence was multiple
aneurysms. In the logistic regression analysis, the independent variables
were ruptured status at presentation, absence of stent, larger aneurysm
size, lower packing attenuation, younger age, and wider neck (Table 4).
In the univariate analysis, the risk factors for aneurysm retreatment were
larger aneurysm, lower packing attenuation, and incomplete initial an-
eurysm occlusion. In the logistic regression analysis, the independent
variables favoring retreatment were larger aneurysm size, absence of
stent, hemorrhagic presentation, lower packing attenuation, and initial
incomplete occlusion (Table 5).



Table 2: Inmediate and follow-up angiographic results

Table 6: Procedure-related complications

Stent- Stent- No
Total Assisted  No Stent P Total  Assisted  Stent X
Immediate result, (n =1815) (n =323) (n =1492) - No. of procedures 1699 299 1400 -

n (%) Complications, n (%) 107 (6.3) 28(94) 79(56) 0.016*
Class T° 1083(59.7) 165(51)  918(615)  <.001 Ischemia 70(4])  21(70) 49(35)  0.005°
Class 2° 307 (16.9) 44 (13.6) 263 (17.6) .08 Hemorrhage 34(2.0) 7(23) 27 (1.9) 0.64
Class 3° 425(234) N4(353)  31(20.8) <.0001 Hydrocephalus 3(02) 0 3(02) 042

Last follow-up (n=1254) (n=1207) (n=1047) - Complication-related 23 (1.4) 8(27) 15(11)  0.029%
result, n (%) deaths, n (%)
Class 1° 718(573)  152(734)  566(541) <0001 g o s
Class 2° 319 (25.4) 30 (14.5) 289 (27.6)  <.0001
Class 3 217 (17.4) 25 (121) 192(18.3) 04 including complication-related deaths in 1.1% (Table 6). The 49
- Complete obliteration (Reference 7). ischemic complications resulted in 5 deaths, and the 27 perforations
Residual neck (Reference 7). . X
< Residual aneurysm (Reference 7). resulted in 10 deaths. There were 3 hydrocephali after treatment of
. . unruptured aneurysms with hydrogel-coated coils.
Table 3: Angiographic recurrence In the stent-assisted group, complications occurred in 9.4% of
St?nt- procedures and led to 8 deaths (2.7%). The 21 ischemic events led
Total  Assisted No Stent P .
to 5 deaths, and the 7 hemorrhagic events led to 3 deaths. Overall,
No. of aneurysms 1254 207 1047 - .. .. . .
followed there were significantly more complications in the stent-assisted
Cumulative follow-up, 20.0 (1-122) 16.0 (1-69) 21.0(1-122) 0004  group than in the no-stent group (9.4% versus 5.6%; P = .016).
mo, median (range) In the univariate analysis, the risk factors for procedure-re-
Recurrence, n (%) 404(322) 32(15.5) 372(35.5) <.0001 lated complications were wider neck, stent-assisted coiling, MCA
location, and larger aneurysm. In logistic regression analysis, the
Table 4: Risk factors for angiographic recurrence independent variable was a wider neck. Stent-assisted coiling and
Logistic aneurysm size were related to neck width (Table 7).
Univariate Relative Regression
e Risk 95%Cl i (Re-)Bleeding After Coiling
Younger age 004 008 Only 21 of 1815 aneurysms (1.2%) bled after endovascular treat-
Lolccazon 056 084  070-100 ment (Table 8). The rates of (re-)bleeding were 0.3% in the stent-
MCA :72 ]:04 0:86—1:25 assisted group and 1.4% in the no-stent group. In the stent-as-
AcomA 39 109  0.90-132 sisted group, 2 patients bled after treatment of unruptured
Vertebrobasilar 82 105 0.78-137 aneurysms (1 from the aneurysm 12 months after the treatment;
Pericallosal 054 150 0.99-2.03 the second was readmitted 3 weeks after the treatment with a
. =0 056  0l0-163 remote intraparenchymal hematoma). No rebleeding was seen
sac size <.0001 <.00001 ap r : &
Neck size 001 02 from previously ruptured aneurysms. In the no-stent group, 1
Packing density 013 005 unruptured aneurysm bled 12 months after coiling (modified
Cumulative follow-up 33 Rankin Scale 4). Nineteen rebleedings occurred after coil embo-
period lization of 729 ruptured aneurysms (2.6%) and led to 13 deaths.
Balloon-assisted .82 0.98 0.83-116
SAH <.0001 172 1.46-2.02 <<.00001
No stent <0001 230 165-328 <.00001 DISCUSSION

Note:—AcomA indicates anterior communicating artery; PCA, posterior cerebral
artery.

Table 5: Risk factors for retreatment

Univariate P Logistic Regression P
Sac size <.001 <.001
Stent .084 .0039
SAH .098 .0024
Packing density <.001 .019
Initial occlusion <.001 <.001

Procedure-Related Complications

The procedure-related complications were counted for any intracra-
nial hemorrhages (including a wire perforation or an aneurysm rup-
ture) and any ischemic events (that resulted in patient morbidity or
mortality). Hydrocephalus after the treatment of unruptured aneu-
rysms was also counted as a complication. In the no-stent group,
procedure-related complications occurred in 5.6% of procedures,

Stent-assisted coiling creates a mechanical scaffold to prevent coil
protrusion into the parent vessels. Thus, the indication for this tech-
nique had mostly been motivated by aneurysm morphology (large
neck). Accordingly, our stent-assisted group included aneurysms
with wider necks. Ruptured aneurysms were underrepresented to
avoid antiplatelet therapy in the setting of subarachnoid hemorrhage.
In the stent-assisted group, internal carotid and MCA aneurysms
were overrepresented, whereas posterior circulation and pericallosal
aneurysms were scarce, explained by a lower incidence of wide-neck
aneurysms in these locations. Multiple aneurysms, which were more
often treated with coiling alone, tended to have a smaller size, a nar-
rower neck, and fewer ruptured aneurysms compared with the group
of single aneurysms.

Immediate and Follow-Up Angiographic Results

Immediate angiographic complete occlusions were obtained less fre-
quently in the stent-assisted than in the no-stent group (51.1% versus
61.5%). This is because larger aneurysms were more frequent in the
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stent-assisted group and because dual antiplatelet therapy affected
the immediate intra-aneurysmal thrombosis. Catheter kickback out
of the stent also affected tight packing. Conversely, at follow-up,
complete occlusions increased to 73.4% in the stent-assisted group,
whereas these diminished to 54.0% in the no-stent group. For stent-
assisted coiling, numerous articles have reported a broad range
(13.2-94.4%) of immediate complete occlusion.">*"* However,
similar to the present series, most mid—to—long-term follow-up se-
ries have reported augmented rates of angiographic complete occlu-

sion at follow-up (range, 54—81%).%*

Angiographic Recurrences

Recurrences were statistically less likely in the stent-assisted group
(15.5% versus 35.5%; P < .0001). Low rates of recurrence for
stent-assisted coiling have also been reported in other recent stud-
ies (range, 0—15.2%).%'>'"13"1> In line with our findings, rup-

Table 7: Risk factors for procedure-related complications

tured aneurysms, larger size, lower packing attenuation, and wide
necks are well-established risk factors for recurrence.””'*2° We
also identified younger age to be a risk factor for recurrence. The
effect of age is not yet clear, but younger age was one of the pre-
dicting factors of late retreatment in the International Subarach-
noid Aneurysm Trial.*'

Multiple aneurysms reduced the likelihood of recurrence, but
these aneurysms were generally smaller, had narrower necks, and
had fewer ruptured lesions.

In our study, the use of a balloon-assisted technique had no
influence on recurrence. Conversely, Shapiro et al**> found both
initial and follow-up aneurysm occlusion rates to be higher in
balloon-assisted cases. In our study, an absence of a stent was
identified as one of the most relevant factors for recurrence.
Our results help to confirm the evidence that stent-assisted
coiling augments treatment durability and contributes to pro-
gressive occlusion.'®**** This durabil-
ity can be explained by the combination

Relative Logistic of biologic, geometric, and hemody-
Univariate P Risk 95% Cl Regression P namic mechanisms.2527
Age 16
Location ..
MCA ol 167 115-2.43 058 Procedural Complications
Vearabrebesikr 08 0.40 0.15-1.07 _ Our no-stent results show occurrences of
ICA .84 0.94 0.64-1.38 — complications (5.6%) and mortality
AcomA 48 0.83 0.53-1.30 - (1.1%) similar to various other series
Eg;callosal ”7)]0 ?\ﬁf 0.28-2.50 - without stents.*®*>' Henkes et al*® re-
No. of aneurysms in same EVT :98 1.04 0.58-1.79 - ported procedural morbidity of 5.0% and
(multiple vs single) mortality of 1.5%. van Rooij et al’® re-
Size 04 94 ported procedural complications with a
Neck <.001 .02° morbidity rate of 3.2% and a mortality
Balloon-assisted 100 102 070-147 - rate of 2.6%. A recent meta-analysis for
SAH 98 1.01 0.70-1.47 - . .
Stent 016 166 107-2.55 015 unruptured aneurysms (mainly of studies
Single (vs ) stenting 36 159 0.73-3.47 _ without the use of stents) found a mor-

Note:—AcomA indicates anterior communicating artery; EVT, endovascular treatment; NA, not available for the

small sample numbers; PCA, posterior cerebral artery.
2 Significant value.

Table 8: Aneurysm (re)-bleeding summary

bidity rate of 4.8% and a mortality rate of
1.2%.>° Our complication and mortality

Initial Aneurysm (Re)-Bleeding ~ Outcome
Case/Sex/Age  Presentation Use of Antiplatelet Occlusion Stent Delay (mRS)
1/F/71 SAH None 1 None Day 1 6
2/F/68 Fortuitous None 1 None 12 mo 4
3/M/46 SAH None 3 None Day 10 6
4/F/48 SAH None 3 None Day 10 6
5/F/65 SAH 8 mg i.a. of abciximab during procedure 1 None Hour 14 6
6/F/57 SAH None 1 None Day 1 4
7/M/35 SAH None 1 None Hour 6 6
8/M/48 SAH None 3 None Hour 8 6
9/F/55 SAH None 3 None 89 mo 6
10/F/37 SAH None 2 None 57 mo 6
N/F/52 SAH None 1 None 17 mo 1
12/F/81 SAH None 3 None Day 4 6
13/F/55 SAH None 3 None 4 mo 6
14/M/52 Fortuitous Clopidogrel + aspirin 2 Yes 12mo 1
15/M/41 SAH None 1 None Day 18 6
16/M/52 SAH 4 mg i.a. of abciximab during procedure 1 None Day 1 6
17/F/51 SAH 4 mg i.a. of abciximab during procedure 1 None Hour 4 6
18/M/20 SAH No 1 None Day 22 1
19/M/69 Fortuitous Clopidogrel + aspirin 1 Yes Day 21 6
20/F/56 SAH No 3 None Day|1 6
21/F/56 SAH No 3 None 2mo 1

Note:—i.a. indicates intra-arterial.
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rates in the stent-assisted group were 9.4% and 2.7%, respectively.
These are similar to other series of stent-assisted coiling that have
reported 2.9-11% morbidity rate and 0-4.8% mortality
rate.">>%3%33 Overall, our complication rate in the stent-assisted
group was higher than in the stand-alone coiling series (9.4%
versus 5.6%; P = .016). The use of a stent was linked to a signifi-
cantly higher morbidity in our series, but not as an independent
factor because stents were generally used in aneurysms with wider
necks.

Three cases (0.2%) of hydrocephalus occurred after the treat-
ment of unruptured aneurysms with hydrogel-coated coils, and
there were no cases in the smaller stent-assisted group. The
HELPS trial also reported that there was no significant difference
in the occurrence of hydrocephalus between the hydrogel-coated
and bare-platinum coil groups.**

A large aneurysm size was identified as a risk factor for com-
plications but was not identified as an independent value, unlike
neck width, which also appeared to be an independent factor. In
the CLARITY study, aneurysms >10 mm had a higher risk of
thromboembolic events, with higher morbidity-mortality rates
compared with smaller lesions.”® Similar results have also been
reported in the ATENA study.?> Moreover, the amount of proce-
dural aneurysmal ruptures was significantly higher for smaller
aneurysms.”>® In CLARITY, the morbidity-mortality secondary
to thromboembolic events was higher in the group of aneurysms
for which the neck was >4 mm.’® In the same study, a neck >4
mm was also identified as an independent risk factor of intraop-
erative rupture.’®

As in our study, age was not identified as a risk factor for

1 30

complications in the series from van Rooij et al.”” However, Sedat

etal'

reported that thromboembolic events were more frequent
among elderly patients, whereas in the CLARITY study, proce-
dural ruptures were more likely to occur in patients <65 years of
age.”® As did van Rooij et al,*® we did not find any specific loca-
tions to be linked with complications. However, we found that
MCA location was a risk factor in the univariate analysis. Simi-
larly, the CLARITY study reported that thromboembolic events
were more likely to occur in MCA aneurysms than in aneurysms
in other locations, such as intraoperative ruptures.>> The treat-
ment of several aneurysms during the same procedure was not
found to result in more complications, as was previously found in
the CLARITY study.’® However, only 6.4% of our procedures
were multiple aneurysm treatments. The balloon-assisted tech-
nique was not identified as a risk factor for complications, unlike
in some previous reports.”®*>>” However, the ATENA and
CLARITY studies showed that the balloon-assisted technique was
as safe as conventional coiling.’”*>> A ruptured aneurysm was not
found to be a significant risk factor for complications in the cur-
rent study. However, this is contrary to various other studies. For

118

example, Ng et al*® reported that intraprocedural ruptures oc-

curred more frequently for ruptured aneurysms than for unrup-

tured aneurysms. Ishibashi et al*®

reported that hyper intensities
were seen more frequently on diffusion-weighted MRI after the
treatment of ruptured than unruptured aneurysms. Also, Ross
and Dhillon’® reported that the risks of vessel or aneurysm rup-
ture or thromboembolic stroke were greater during the treatment

136

of ruptured aneurysms. Similarly, Park et al’® reported that pro-

cedural morbidity and mortality rates were higher for ruptured
than unruptured aneurysms. We cannot postulate as to why our
results are different from these studies.

(Re-)Bleeding

The (re-)bleeding rates were low for both stented and nonstented
aneurysms, which is in line with previous reports.***> None of
the ruptured aneurysms that were treated with stent-assisted coil-
ing rebled. However, no definitive conclusions can be drawn be-
cause of the small number of ruptured aneurysms that were
treated with stents.

Study Limitations

Our study has the inherent limitations of a retrospective study.
The duration of follow-up was shorter for stented aneurysms be-
cause most of the stents were implanted during the last 6 years.
Moreover, the rate of aneurysms followed by angiography was
lower.

CONCLUSIONS

The stent-assisted coiling technique was associated with a signif-
icant decrease in recurrences but a significant increase in compli-
cations. The treatment of wide-neck aneurysms remains more
hazardous.
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Hyperattenuated Intracerebral Lesions after Mechanical

Recanalization in Acute Stroke
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ABSTRACT

BACKGROUND AND PURPOSE: Following mechanical recanalization of an acute intracranial vessel occlusion, hyperattenuated lesions
are frequently found on postinterventional cranial CT. They represent either blood or—more frequently—enhancement of contrast
agent. Here, we aimed to evaluate the prognostic value of these hyperattenuated intracerebral lesions.

MATERIALS AND METHODS: One hundred one consecutive patients with acute stroke in the anterior circulation who underwent
mechanical recanalization were included. Risk factors for hyperattenuated intracerebral lesions were assessed, and lesion volume was
compared with the volume of final infarction. Clinical outcome and relative risk of secondary hemorrhage were determined in patients
with and without any hyperattenuated lesions and compared.

RESULTS: The frequency of hyperattenuated lesions was 84.2%. Risk factors for hyperattenuated lesions were female sex, higher NIHSS
score on admission, and higher amount of contrast agent applied. On follow-up, 3 patients showed no infarction; 53 patients, an ischemic
infarction; and 45 patients, a hemorrhagic infarction. In all except 1 case, final volume of infarction (median = 92.4 mL) exceeded the volume
of hyperattenuated intracerebral lesions (median = 5.6 mL). Patients with hyperattenuated lesions were at a 4 times higher relative risk for
hemorrhagic transformation but had no significantly worse clinical outcome.

CONCLUSIONS: Our data show that the extent of postinterventional hyperattenuated intracerebral lesions underestimates the volume
of finalinfarction. Although hyperattenuated lesions indicate a higher risk of secondary hemorrhagic transformation, their presence seems
not to be of any prognostic value regarding clinical outcome.

ABBREVIATIONS: CCT = cranial CT; ECASS = European Cooperative Acute Stroke Study; HI = hemorrhagic infarction; IQR = interquartile range; PH = paren-

chymal hemorrhage

yperattenuated intracerebral lesions are a frequent finding

on postinterventional cranial CT following intra-arterial
reperfusion therapy in acute ischemic stroke.'” These hyperat-
tenuated lesions have been documented and described since the
1990s. It has been suggested that hyperattenuated lesions persist-
ing longer than 24 hours correlate with hemorrhagic lesions,
whereas hyperattenuated intracerebral lesions that are no longer
discernible on the 24-hour follow-up examination correspond to
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contrast enhancement.” The presence of hyperattenuated intra-
cerebral lesions was considered a risk factor for secondary hem-
orrhage accompanied by deterioration of neurologic symp-
toms.”® However, hyperattenuated lesions do not always indicate
hemorrhage, and rapid clearance of the contrast medium on
postinterventional cranial CT (CCT) has been reported to be a
good prognostic sign."® A recent small study found no increased
risk of symptomatic hemorrhage or negative clinical prognosis in
patients with hyperattenuated intracerebral lesions compared
with those without.® On the other hand, Costalat et al” recently
reported that hyperattenuated intracerebral lesions on postinter-
ventional CCT were significantly associated with poorer clinical
outcome. To our knowledge, larger studies on the prognostic
value of hyperattenuated intracerebral lesions are lacking to
date.

Thus, the aim of this study was to further evaluate the prevalence
of hyperattenuated lesions following mechanical recanalization of
acute vessel occlusions in the anterior circulation, to identify risk
factors for their occurrence, and to assess their prognostic value.
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FIG 1. Postinterventional CCT of 3 different patients with hyperattenuated lesions in the basal ganglia (A, arrows), cortex (B, arrows), and

cortical sulci (C, arrows).

MATERIALS AND METHODS
The study was approved by our institutional review committee,
and subjects or relatives gave their informed consent.

Study Population
All patients with acute stroke who were treated by endovascular
mechanical recanalization between February 2007 and February
2012 were identified retrospectively from our in-hospital data
base of angiographic records. Details on patient selection for en-
dovascular stroke treatment are given in the On-line Appendix.
Patients were included in the analysis if they fulfilled the fol-
lowing additional inclusion criteria:

o Availability of an initial, complete CT stroke protocol including
CCT, CTA, and CTP of evaluable diagnostic quality

e Occlusion of a large intracranial artery of the anterior circula-
tion (common trunk of the MCA or intracranial segment of
the ICA)

e Endovascular mechanical recanalization by retriever, suction
devices, and/or temporary stent performed

e Availability of a postinterventional CCT performed immedi-
ately after endovascular treatment to assess the prevalence of
hyperattenuated lesions

e Existence of follow-up CT performed 24 = 12 hours after treat-
ment (follow-up 1), to distinguish contrast enhancement ver-
sus hemorrhagic lesions as detailed below

e Availability of follow-up imaging (MR imaging if available,
otherwise CCT) performed >48 hours after treatment (fol-
low-up 2), to determine the final volume of the infarction and
to assess secondary hemorrhage

e Periprocedural and clinical parameters were derived from the
peri-interventional protocol and the clinical records as detailed
in the On-line Appendix. The patient’s clinical state on admis-
sion was rated by using the NIHSS, and clinical outcome was
measured in terms of the mRS 90 days after the event. An mRS
of 0—3 was defined as good, and an mRS of 4 or 5 and death
were considered poor outcomes.°
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Image Analysis
Image analyses were performed by 2 experienced neuroradi-
ologists in consensus. For details on imaging parameters and
image analysis see the On-line Appendix. Briefly, pretherapeu-
tic noncontrast CCT and CT perfusion were analyzed for the
presence of early signs of ischemia, according to the ASPECTS;
and CT angiography was analyzed for the presence and site of
the intracranial vessel occlusion. The presence and topo-
graphic distribution of hyperattenuated lesions were deter-
mined on the postinterventional CCTs (Fig 1). Hyperattenu-
ated lesions that were no longer discernible on the 24-hour
follow-up examination were defined as contrast enhancement;
hyperattenuated lesions that persisted on follow-up 1 were
considered hemorrhagic lesions.®

Final stroke lesion volume and type were determined on fol-
low-up 2 scans on the basis of the ASPECTS, also used for MR
imaging,'" and by manual volume measurements as described in
the On-line Appendix.

Statistical Analysis

Univariate comparisons between the 2 groups were performed
by using the Fisher exact test (categoric variables) and the
Mann-Whitney U test (continuous variables). For univariate
comparison of continuous variables among >2 groups, the
Kruskal-Wallis rank sum test was applied. To evaluate risk
factors for the incidence of hyperattenuated lesions, we per-
formed logistic regression analyses. The Fisher exact test, ORs,
and 95% CIs were determined to evaluate the association of
hyperattenuated lesions with the risk of hemorrhagic transfor-
mation within the first 3 weeks. Logistic regression analyses
with Akaike information criterion-based stepwise variable se-
lection were used to evaluate whether different clinical and/or
imaging factors were associated with clinical outcome. The
clinical and periprocedural parameters that were tested are
detailed in the On-line Appendix. We chose a value of P = .05
as a level of statistical significance.



FIG 2. Flow diagram of patient identification and imaging findings. HCLs indicate hyperattenuating intracerebral lesions; pCCT, postinterven-
tional cranial CT; CE, contrast enhancement; HT, hemorrhagic transformation.

RESULTS

One hundred one patients (63 women; median age, 71 years;
range, 30-98 years) matched the inclusion criteria and were en-
rolled in this study (Fig 2). Demographic and clinical patient data,
pretherapeutic imaging findings, and treatment details are sum-
marized in Table 1 and On-line Tables 1 and 2.

The overall prevalence of hyperattenuated lesions on postint-
erventional CCT was 84.2%. Median mean attenuation was 52
HU (interquartile range [IQR], 15 HU) and median maximum
attenuation was 94 HU (IQR = 61 HU) (Table 2). The basal
ganglia were involved in 72.3%. In 36 cases (35.6%), hyperattenu-
ated intracerebral lesions resolved on follow-up 1, which was per-
formed at a median interval of 17 hours after the postinterven-
tional CCT, and were, therefore, interpreted as contrast
enhancement, while hyperattenuated lesions persisted on fol-
low-up 1 in 49 cases (48.5%) and were thus interpreted as hem-
orrhagic lesions.

In univariate analysis, higher NIHSS scores on admission,

larger amount of contrast agent applied, and longer duration of
mechanical recanalization were significantly associated with hy-
perattenuated lesions (On-line Table 3). There was a tendency for
hyperattenuated lesions to be more frequently observed in pa-
tients who had not received IV thrombolysis, compared with
those with IV thrombolysis (P = .06); however, the difference was
not statistically significant. The amount of IV thrombolysis
showed no significant influence on the occurrence of hyperat-
tenuated lesions (P = .41). For details on clinical, imaging, and
therapy-related differences between patients with and without
hyperattenuated lesions, see On-line Table 3.

The multivariate analysis primarily confirmed results of the
univariate analyses. In the multivariate analysis, sex, NTHSS score
on admission, and amount of contrast agent applied emerged as
relevant influential factors on the occurrence of hyperattenuated
lesions, whereby female sex (OR, 5.13; 95% CI, 1.34-19.52),
higher NIHSS value (OR, 1.22; 95% CI, 1.02-1.46), and a higher
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Table 1: Demographic and clinical characteristics of the study
population (N = 101 patients)

No.*  No. (%) Median  IQR
Age (yr) 101 71 205
Sex 101
Men 38 (37.6%)
Women 63 (62.4%)
NIHSS score on admission 98 15 6
No. of CVRFs 81 1 1
Etiology of stroke 101
TOAST1 17 (16.8%)
TOAST 2 63(62.4%)
TOAST 3 5(5%)
TOAST 4 16 (15.8%)
Clinical outcome 98 4 2
Good (MRS 0-3) 34 (33.7%)
mRS 0 5(5%)
mRS 1 5(5%)
mRS 2 13(12.9%)
mRS 3 11(10.9%)
Poor (mRS 4-6) 64 (63.4%)
mRS 4 39 (38.6%)
mRS 5 14 (13.9%)
mRS 6 11(10.9%)

Note:—CVRF indicates cardiovascular risk factors; Trial of Org 10172 in Acute Stroke
Treatment (TOAST) 1, large-artery atherosclerosis; 2, cardioemboly; 3, dissection; 4,
unknown etiology.

#No. indicates number in which the parameter was available in this retrospective
study.

Table 2: Characteristics of hyperattenuated intracerebral lesions
reiarding Hounsfield units in patients with contrast
enhancement versus hemorrhagic lesions on follow-up 1and
patients with final ischemic-versus-hemorrhagic infarction,
respectively

HU Mean HU Maximum
No. Median IQR P Value Median IQR P Value
HCL on pCCT* 75 52 15 94 61
Follow-up 1 75
CE 29 45 4 72 19.5
<.001 <.001
HL 46 58 13.5 13 59.5
Final infarction ~ 74°
Ischemic 35 46 7 80 27
<.001 <.001
Hemorrhagic 39 58 T 109 68

Note:—HCL indicates hyperattenuated intracerebral lesion; CE, contrast enhance-
ment; HL, hemorrhagic lesion; pCCT, postinterventional cranial CT.

2 All patients with hyperattenuated intracerebral lesions in the basal ganglia and
cortex; patients with pure sulcal hyperattenuating lesions (n = 10) are excluded in this
calculation because Hounsfield unit values were not evaluated in these patients.

® One case with hyperattenuated lesions on postinterventional CCT had no infarc-
tion on follow-up 2 and was therefore excluded.

amount of contrast agent (OR, 1.0; 95% CI, 1.0-1.01) led to a
higher risk of hyperattenuated lesions (P overall = .001).

The median time between follow-ups 1 and 2 was 4 days. MR
imaging was available as follow-up 2 in 54 patients. Except for 1
patient, final volume of infarction (median, 92.4 mL; IQR, 177.7
mL) consistently exceeded the volume of hyperattenuated intra-
cerebral lesions (median, 5.6 mL; IQR, 16.2 mL). Of the 36 pa-
tients with contrast enhancement on follow-up 1, one patient
showed no infarction on follow-up 2, thirty-one patients devel-
oped pure ischemic lesions, and 4 cases demonstrated secondary
hemorrhagic transformation (HI) (HI1/2 [see On-line Appen-
dix], no parenchymal hemorrhage [PH]1/2). Of the 49 patients
with hemorrhagic lesions on follow-up 1, final lesions were pure
ischemic in 10 cases and hemorrhagic in 39 cases (HI1/2, n = 33;
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PH1,n = 6; PH2,n = 0). In 2 of the hemorrhagic lesion cases with
small hematomas on follow-up 2, localization of the bleeding did
notaccord with localization of hyperattenuated lesions on postin-
terventional CCT (Fig 3). Patients without any hyperattenuated
lesions (n = 16) showed no infarction on follow-up 2 in 2 cases, a
pure ischemic stroke in 12 cases, and a secondary hemorrhagic
transformation in 2 cases (all HI1/2, no PH1/2).

In the univariate analysis, the following factors were signifi-
cantly associated with poor clinical outcome: older age, higher
NIHSS scores on admission, lower ASPECTS on the initial CCT,
low degree of mismatch on CTP, longer time between initial CCT
and start of the intervention, and unsuccessful recanalization
(TICI 0, 1, or 2a) (On-line Table 4).

The multivariate analysis primarily confirmed results of the
univariate analyses. In the multivariate analysis, age, NIHSS score
on admission, ASPECTS on the initial CCT, degree of mismatch
on CTP, and recanalization result emerged as important influen-
tial factors on the clinical outcome, whereby older age (OR, 1.07;
95% CI, 1.02-1.12), higher NIHSS values (OR, 1.20; 95% CI,
1.02-1.40), lower ASPECTS values (OR, 0.77; 95% CI, 0.58—
1.02), lower degree of mismatch (OR, 0.78; 95% CI, 0.61-1.00),
and unsuccessful recanalization (OR, 0.02; 95% CI, 0.00-0.31)
led to a higher risk of poor clinical outcome (P overall = 1.5 X
1078).

DISCUSSION

Hyperattenuated intracerebral lesions are a common finding on
CCT following mechanical recanalization in ischemic stroke. Our
data show that female sex, a poor clinical condition on admission,
and a high amount of contrast agent applied during mechanical
thrombectomy correlate with their occurrence. Concerning their
prognostic value, we found hyperattenuated lesions significantly
more often associated with hemorrhagic transformation of the
infarction. However, hyperattenuated lesions seem to be no pre-
dictor of poor clinical outcome.

In the 1990s, Wildenhain et al' and Komiyama et al* were
among the first to document the occurrence of high-attenuation
lesions on CT scans immediately after intra-arterial thrombolysis
in acute stroke. Currently, hyperattenuated intracerebral lesions
on postinterventional CCT are considered a common finding, not
only following intra-arterial thrombolysis but also after mechan-
ical thrombectomy.

Compared with previous studies, the incidence of hyperat-
tenuated lesions on postinterventional CCT was fairly high in this
study (84% versus 25%-78%"%%%'>!%). However, most earlier

studies"®'*13

evaluated hyperattenuated lesions after IA throm-
bolysis, while data on hyperattenuated lesions following mechan-
ical recanalization is sparse. In studies with a comparable patient
collective, hyperattenuated intracerebral lesions on postinterven-
tional CCT were found in 40% and 54% of cases, respectively,®’
though other factors like a different number of patients, different
mechanical retrievers, revascularization rate, and anticoagulation
therapy may additionally influence the incidence of hyperattenu-
ated intracerebral lesions. Compared with Parrilla et al,? the per-
centage of patients who received IV thrombolysis before mechan-
ical recanalization was indeed higher in our collective (46.7%



FIG 3. A 47-year-old man with acute occlusion of the right MCA and mechanical recanalization. Postinterventional CCT (A) shows a hyperat-
tenuated intracerebral lesion in the right putamen (thin arrow) and early signs of ischemic infarction in the right anterior insula (thick arrow). MR
imaging (FLAIR in B, and T2* in C) 2 days following the event shows pure ischemic infarction in both localizations (right putamen and anterior
insula; thin and thick arrows in B and C). Furthermore, MR imaging shows an intracerebral hematoma (PH]) in the right parieto-occipital lobe
(arrowheads on B and C), where no hyperattenuated lesion was evident on postinterventional CCT. Clinical outcome of this patient was good

(MRS 1).

versus 73.3%); however, IV lysis was not found to be a risk factor
for the occurrence of hyperattenuated lesions.

Hyperattenuated intracerebral lesions do not represent a homo-
geneous kind of underlying parenchymal change but can reflect dif-
ferent pathologic changes. They correspond either to a primary or
secondary parenchymal hemorrhage or to enhancement of contrast
medium or a mixture of both. Unfortunately, there is no widely ac-
cepted definition for differentiating these phenomena. Referring to
Yoon et al (2004),* we distinguished 2 types of hyperattenuated le-
sions: 1) Hyperattenuated lesions resolving on follow-up 1 were clas-
sified as contrast enhancement, identical to those in Yoon et al; 2)
hyperattenuated lesions persisting on follow-up 1 were categorized as
hemorrhagic lesions in this study. We deliberately used a term differ-
ent from that of Yoon et al, who classified these lesions as contrast
extravasation, to stress that it is not only contrast material but also
blood crossing the blood-brain barrier. Using this definition, we
found contrast enhancement in 35.6% of patients and hemorrhagic
lesions in 48.5% of cases.

In accordance with previous studies, we found the basal gan-
glia most frequently involved with hyperattenuated intracerebral
lesions.>*®'> This might be related to the increased vulnerability
of the lenticulostriate arteries to ischemia. However, further
pathomechanisms seem to be involved in the occurrence of hy-
perattenuated intracerebral lesions. Regarding the differentiation
between contrast enhancement and hemorrhagic lesion, the most
widely accepted hypothesis assumes that contrast enhancement is
caused by leakage of contrast medium from vessels into the extra-
cellular spaces because of increased permeability of the BBB. On
the other hand, hemorrhagic lesions are supposed to be caused by
the potential contrast toxicity, which leads to degradation of the
basal lamina, associated with disruption of the BBB, and results in
cellular blood element extravasation from microvessels.'* Intra-
vascular injection of iodinated contrast media, especially superse-
lective infusion directly into the site of acute ischemic damage, has
been identified as a risk factor for disruption of the BBB.">™"*

Postulates for the mechanism of contrast neurotoxicity include
hyperosmolality, increased pinocytosis, and inherent chemotox-
icity of the contrast agents.'* Additionally, pressure transmission
from injections may contribute to BBB disruption and thus con-
trast extravasation. In our population, the amount of contrast
agent applied during mechanical recanalization showed signifi-
cant influence on the occurrence of hyperattenuated lesions on
postinterventional CCT. Furthermore, in vitro studies indicate
that the type of contrast media applied has an influence on the
occurrence and extent of intracerebral hemorrhage.'® However,
our study cannot give further evidence in this regard, because
low-osmolar, nonionic contrast was used consistently. Here, ad-
ditional evaluation is needed.

Furthermore, it might be anticipated that administration of
thrombolysis influences the risk of BBB damage. Thrombolytic
agents themselves could provoke injury to the microvascular per-
meability barrier, and exogenous plasminogen activators might
accelerate dissolution of the BBB, microvascular basal lamina,
and platelet-fibrin plugs, thereby increasing edema formation
and the risk of hemorrhage.'” In this context, the type of admin-
istration of thrombolysis seems to play an important role. TA
thrombolysis with direct administration of thrombolytics into the
core of the infarct has been linked to a higher risk of hemorrhage
compared with IV thrombolysis.'®?° In the present study, pa-
tients were included only if thrombolysis was given intravenously,
and all patients with mere or additional intra-arterial thrombol-
ysis were excluded. Hence, we found no significant association
between hyperattenuated intracerebral lesions and IV thrombol-
ysis, in accordance with former investigations.® Neither the appli-
cation of IV thrombolysis nor the amount of thrombolysis given
showed a significant influence on the occurrence of hyperattenu-
ated lesions on postinterventional CCT. Furthermore, other fac-
tors with conceivable impact on the occurrence of hyperattenu-
ated intracerebral lesions, like cardiovascular risk factors,
ASPECTS on initial CCT, type of retriever, recanalization success,
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or different time factors, showed no significant association. Only
regarding the NTHSS score on admission did our data deviate
from those of Parrilla et al (2012).® In our series, patients who
presented with major neurologic deficits were more prone to de-
velop hyperattenuated lesions following recanalization.

In summary, our multivariate analysis highlights the following
3 factors as significant predictors for the occurrence of hyperat-
tenuated lesions: 1) sex, 2) clinical condition on admission
(NIHSS score), and 3) the amount of contrast agent applied dur-
ing mechanical recanalization.

Prognostic Value of Hyperattenuated Intracerebral
Lesions

Besides imaging characteristics and etiologic factors of hyperat-
tenuated lesions on postinterventional CCT, their prognostic
value was a major objective of this study. Some investigators sug-
gested that hyperattenuated intracerebral lesions are highly asso-
ciated with the formation of severe hemorrhagic transformation
and/or parenchymal hematoma with neurologic deterioration
and should thus be considered as a negative prognostic predictor
for the procedure.”*'* In our population also, patients with hy-
perattenuated lesions demonstrated a clearly higher risk of devel-
oping a hemorrhagic infarction compared with patients without
hyperattenuated lesions. In patients with hyperattenuated lesions
on postinterventional CCT, a hematoma of =<30% of the in-
farcted area with some mild space-occupying effect (PH1) was
evident in 5.9% (n = 6) of patients, in whom hemorrhage did not
occur in the same localization as hyperattenuated lesions in 2
cases. Despite the increased risk for hemorrhagic transformation
in patients with hyperattenuated lesions on postinterventional
CCT, we, as well as Parrilla et al (2012), ® found no statistically
significant influence of hyperattenuated intracerebral lesions on
the clinical outcome. Accordingly, the post hoc analysis of the
data of the European Cooperative Acute Stroke Study (ECASS) I
trial identified only intracerebral hematomas in >30% of the in-
farcted area with significant space-occupying effect (PH2) but not
hemorrhagic transformation (HI1/2) or PH1 to be significantly
associated with clinical deterioration and impaired prognosis.*'
Even when we considered patients with contrast enhancement
separately from patients with hemorrhagic lesions, there was no
significant difference regarding clinical outcome in our collective,
contrary to Yoon et al (2004),* who suggested that extravasation
(like our hemorrhagic lesion) portended poorer outcome than
did enhancement.

Generally, occlusion of a proximal intracranial vessel is a seri-
ous disease, and our patient collective was severely clinically af-
fected, with a high risk of persisting neurologic deficits (total me-
dian NIHSS score on admission = 15 [IQR = 6], total median
mRS 90 days after the event = 4 [IQR = 2]). For this reason
mRS = 3 was still considered a good outcome when dichotomiz-
ing the scale.'’

Among factors for good clinical outcome, time from onset of
symptoms to recanalization is considered one of the key factors,
with an increasing time span to recanalization decreasing the
chances of success for the rescue of tissue at risk.”* In our inves-
tigation, various time factors were assessed but, as shown in pre-
vious investigations, did not show a statistically significant influ-
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ence on clinical outcome.® Only a short time between initial CCT
and beginning of the procedure of mechanical thrombectomy was
associated with better clinical outcome in the univariate analysis,
but it did not sustain multivariate testing. These results emphasize
that time alone might not be as essential as suggested because
other, more elusive factors, like collateralization, considerably de-
termine the evolution of cerebral infarction.>?

Our data agree with those in previous studies assigning signif-
icant influence on clinical outcome to the extent of mismatch in
the initial CTP and recanalization success.”> Furthermore, we
likewise found that age seems to play a critical role, implicating
that younger patients with stroke might benefit even more from
interventional stroke therapy.>® In our collective, a more favor-
able outcome was comprehensively evident in patients with lower
NIHSS scores” and higher ASPECTS on admission.

In the multivariate analysis, the following 5 factors emerged as
significant predictors for clinical outcome after mechanical re-
canalization of an acute intracranial vessel occlusion in the ante-
rior circulation: 1) age, 2) clinical condition an admission (NTHSS
score), 3) extent of early stroke signs (ASPECTS) on the initial
CCT, 4) mismatch in initial CTP, and 5) recanalization success of
the cerebral artery (TICI).

Limitations

In general, the retrospective design is the major limitation of this
study. Due to this approach, only the beginning of the procedure
of mechanical thrombectomy, instead of the exact time of recan-
alization, could be validly ascertained. In addition, time factors
were unknown in almost half of the patients, mainly in so-called
“wake-up-strokes” or in single patients who were transferred
from other hospitals where IV thrombolysis was applied without
documentation of time. Another drawback of the current study is
the image-based estimation of hemorrhagic transformation with-
out histopathologic correlation. Further experimental and patho-
logic studies are needed regarding changes in the cerebral micro-
vascular barriers in stroke and mechanical recanalization to
clarify underlying mechanisms of hyperattenuated intracerebral
lesions, particularly with respect to the differentiation between
contrast enhancement and hemorrhagic lesions. Potentially, by
using dual-energy CT, accurately differentiating between intra-
cranial hemorrhage and iodinated contrast medium staining
might be feasible,** but currently this technology is not generally
available. Furthermore, the lack of detailed information about
prior and further anticoagulation therapy is another limitation of
this study. An influence of this medication on the occurrence of
hyperattenuated lesions and/or hemorrhage might be conceiv-
able, but it was not an objective of this study. Further prospective
work is needed regarding this issue.

CONCLUSIONS

In summary, our data show that hyperattenuated intracerebral
lesions frequently occur on CCT following mechanical thrombec-
tomy in acute stroke of the anterior circulation. The extent of
these lesions underestimates the volume of final infarction; hence,
it is of limited predictive value. In our series, hyperattenuated
lesions were associated with a higher risk of hemorrhagic trans-
formation, which might be consequential for the postinterven-



tional drug management, and need to be evaluated circumstan-
tially in large, prospective studies. However, hyperattenuated
lesions cannot be used to forecast negative clinical outcomes.
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COMMENTARY

Hyperattenuated Intracerebral Lesions after Mechanical
Recanalization in Acute Stroke: Contrast and Compare

ummel et al" herein report their observations regarding hyper-

dense cerebral lesions (HCL) identified after mechanical re-
vascularization in acute ischemic stroke. They construct a nexus
between HCL and iodinated radiographic contrast material
(IRCM) deposition, which may either disappear within 24 hours
(enhancement) or persist as intracerebral hemorrhagic transfor-
mation lesions (HL). They analyzed the relationship of HCL to
clinical outcome and concluded that HCL indicated a higher risk
of secondary HL but that their presence does not seem to be of any
prognostic value for clinical outcome.

The latter conclusion seems predicated on a comparison
between 16 patients without HCL and 85 with HCL, in which
no statistical difference was identified between the 2 groups in
the modified Rankin Scale 0-3 outcome. A more convincing
conclusion regarding functional outcome might be derived if
the sample size of the 2 groups were larger or perhaps the
customary mRS 0-2 end points were analyzed. The small
group of 16 patients without HCL may well have been favor-
ably predisposed to a 93% revascularization and a 40% mRS
0-3 outcome. The subjects with HCL may have been otherwise
predisposed to a poorer 74% revascularization and a 33.7%
mRS 0-3 outcome. Lack of adjustment for relevant comorbidi-
ties leaves this question unresolved.

Within this HCL group, we are left to wonder about func-
tional outcome differences between the HCL-enhancement
group (n = 41) and the HCL-HL group (n = 43). We are told
that there was no significant difference. Due to the lack of
specific figures, we can only speculate on what percentage dif-
ference and/or P value might be sufficiently hypothesis-gener-
ating among those whose HCL disappear within 24 hours ver-
sus those in whom they persist and lead to hemorrhagic
transformation. A difference of 5% might be large enough to
promote further analysis, given sufficient sample sizes.

The authors are to be recognized for the very low PH rate,
all PH 1. After all, PH 1 is insignificant, with PH 2 the yardstick
of PH significance, according to the European Cooperative
Acute Stroke Study (ECASS) experience. But is it? In the Inter-
ventional Management of Stroke (IMS) I and II trials, symp-
tomatic intracerebral hemorrhages (ICHs) were composed of
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an equal number of PH 1 and PH 2s, and the 2 groups had
similar mean lesion (infarct + ICH) volume.> PH 1 and PH 2
status was, therefore, not defined so much by the PH volume,
but by lesion volume, in which PH 1s were associated with
larger infarcts and a larger denominator from which to deter-
mine the PH status as >30% (PH 2) or <30% (PH 1) lesion
volume. We hypothesize that endovascular (EV) revasculariza-
tion studies led to smaller lesions compared with IV treatment
of major arterial occlusive lesions, leading to an equal number
of symptomatic PH 1 and PH 2 values of equal mean volumes
in IMS Tand I, as opposed to large infarcts with a large number
of PH 2s in ECASS. The presence of all PH 1s and no PH 2s
raises the following question: How large were the lesion vol-
umes in the study of Lummel et al?' A mean volume of 92 mL
is reported in the HCL group. However, this volume is larger
than 61.6 mL reported for 109 anterior circulation subjects in
the Solitaire Retrospective Trial.” Surely the 92 mL would be
reduced if the 16 non-HCL cases were included.

This speculation leads us to other questions regarding the
study. The study population was selected on the basis of good
Alberta Stroke Program Early CT scores and CT perfusion, in
which patients without mismatch were excluded. They were
treated expeditiously with IV rtPA and EV mechanical revas-
cularization. Nevertheless, the reperfusion rates and the per-
centage mRS 0-2 were relatively low compared with the Soli-
taire Retrospective Trial, a reasonable comparator for such
retrospective analysis, in which 85% modified TICI 2b-3 was
achieved for the ICA terminus region and M1 occlusions.”
Why should patients with favorable advanced perfusion imag-
ing have relatively low reperfusion, with a relatively low per-
centage of good outcomes, with an HCL incidence at the upper
end of reported ranges? Where there is convergence of numer-
ous HCL, IRCM localization, suboptimal reperfusion rates,
and low functional outcome rates, are we missing an elephant
in the room?

One possible common denominator to the information
above is IRCM. That the HCL incidence correlated with EV
low-osmolar IRCM volume in a population that already had IV
IRCM infusion for CTA supports an IRCM-ICH hypothesis.



This is consonant with our animal work, in which increased
ICH was found in a rat temporary-occlusion model with intra-
arterial (IA) low-osmolar iohexol (Omnipaque; GE Health-
care, Piscataway, New Jersey) injection, as opposed to saline
injection, despite equal infarct edema.’

Supported by the Foundation of the American Society of Neu-
roradiology and Boston Scientific, Morales et al® studied 3 groups
of rats with the same model, with saline, low-osmolar iopamidol
(Isovue; Bracco Diagnostics, Monroe Township, New Jersey), or
iso-osmolar iodixanol (Visipaque; GE Healthcare) infused IA
postocclusion. They performed 3T MR imaging immediately
postinfusion and at 24 hours immediately before sacrifice. On MR
imaging and postmortem cut sections, the iodixanol rats had not
only smaller infarct edema but also less cortical ICH.® ICH and
infarct volumes were not significantly different in saline and iop-
amidol rats.

IfIRCM A is associated with smaller infarcts and less ICH than
saline or IRCM B in animals, is it too far-fetched to suggest that
IRCM may have an adverse effect in human use? Could IRCM A
use contribute to a higher percentage of mRS 0-2 than IA IRCM
B in humans? IMS III was designed to give insight into the poten-
tial clinical effects of IRCM in this respect. Operators recorded
contrast type and volume for later analysis. Symptomatic ICH was
sufficiently infrequent in IMS III and sufficiently multifactorial
that an IRCM-related smoking gun would be impossible to prove,
even if it existed. It is not clear that IA IRCM use contributes to
symptomatic ICH directly, independent of technical factors.

IMS III showed asymptomatic ICH to be significantly more
common when maintaining combined IV rtPA-EV treatment
compared with IV rtPA alone; at least it did not negate an IRCM-
ICH hypothesis. That Lummel et al' found a relationship between
procedural IRCM volume and HCL sustains a harmful IRCM
hypothesis as well. Analysis of the relationship of ICH and IRCM
type and volume in IMS III has been initiated, with interesting
preliminary results.

That ICH differences and mRS outcome differences might oc-
cur with isomolar-versus-low-osmolar IRCM is consistent with
the findings of Morales et al® and, furthermore, is supportive ofan
IRCM-HCL-ICH functional outcome hypothesis. Unfortunately,
IMS IIT stopped prematurely, and additional opportunities to
identify any effect were lost.

Lummel et al' briefly discussed potential mechanisms of the
harmful effects of IRCM on the basement membrane contribut-
ing to HCL and ICH. Effects may, in fact, be additive. Did the
IRCM used contribute to blood-brain barrier disruption or apo-
ptosis of initially viable cells? Could IRCM effects be IRCM-spe-
cific: Is there a tissue osmotic effect of smaller monomeric IRCM
molecules that is reduced or overcome by larger molecular intra-
vascular dimers at the capillary and BBB level? Did a thrombotic
effect of IRCM at the precapillary level contribute to reduced per-
fusion and worse outcomes? Did vasospasm generated by large

guide catheters in the ICA and by devices in the MCA contribute
to pressure-flow alterations during IRCM guide-catheter injec-
tions, contributing to HCL and potential sequelae? Did IV IRCM
prior to EV treatment contribute to these phenomena? Is there a
target at the BBB level that can be engaged to reduce or overcome
adverse effects of thrombolytic therapy associated with mechani-
cal revascularization?”

I have been personally concerned about the relationship of
IRCM and outcome for many years during the IA-thrombolysis
era. With the advent of mechanical revascularization, I thought
this issue would now be relegated to a lower rung on the ladder of
stroke-therapy-related concerns. Reported excellent revascular-
ization rates and outcomes would overshadow any small harmful
effect that IRCM might add. Identifying a less-harmful effect of
one IRCM versus another may be a more reasonable option.
Clearly, IRCM is not the primary determinant of EV outcomes.
Nevertheless, an effect in 3%-5% of subjects could mean the dif-
ference between success and futility in a trial. Lummel et al" leave
me with the impression that there is still much to understand
about IRCM and their use.
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ORIGINAL RESEARCH
INTERVENTIONAL

Angioarchitectural Characteristics Associated with
Complications of Embolization in Supratentorial Brain
Arteriovenous Malformation

J.Pan, H.He, L. Feng, F. Vifiuela, Z. Wu,, and R. Zhan

ABSTRACT

BACKGROUND AND PURPOSE: Embolization is animportant therapeutic technique in brain arteriovenous malformations; however, little
has been reported on the factors contributing to complications. We retrospectively reviewed a large series of supratentorial brain AVMs
to identify the angioarchitectural characteristics that might be associated with the complications of embolization and poor clinical
outcomes.

MATERIALS AND METHODS: The clinical and angiographic features of 130 consecutive patients with supratentorial brain AVMs emboli-
zed with ethylene-vinyl alcohol copolymer in our hospital from 2005-2008 were retrospectively reviewed. None of these patients had
prior embolization. Complications were classified as transient neurologic deficits, persistent neurologic deficits, and death. Univariate and
multivariate analyses were conducted to assess the angiographic features in patients with and without complications.

RESULTS: Twenty-three complications occurred in 130 embolization procedures, 13 (10%) were transient neurologic deficits (9 ischemic
and 4 hemorrhagic), 9 (6.92%) were persistent neurologic deficits (7 ischemic and 2 hemorrhagic), and 1 death occurred. By univariate
analyses, eloquent cortex (OR, 2.57; 95% Cl, 1.08—3.42) and exclusive deep venous drainage (OR, 4.56; 95% Cl, 1.28-9.67) were correlated
with procedural complications. The impaction of eloquent cortical location (P = .001) and exclusive deep venous drainage (P = .035) on
complications were also demonstrated by multivariate analysis. Eloquent cortex mainly resulted in permanent ischemic neurologic deficit;
occlusion of drainage vein was significantly correlated with periprocedural hemorrhage in supratentorial brain AVMs with subtotal and
partial embolization.

CONCLUSIONS: In a retrospective study on supratentorial brain AVMs with first-time embolization, 6.92% of patients had permanent
neurologic deficit or death. Eloquent cortical location and exclusive deep venous drainage were associated with complications.

ABBREVIATIONS: sbAVM = supratentorial brain arteriovenous malformation; EVOH = ethylene-vinyl alcohol copolymer; PVA = polyvinyl alcohol

mbolization is an important adjunctive therapy to microsurgery
and radiosurgery in the multidisciplinary management of arte-
riovenous malformations.' > Recent advances in endovascular em-
bolization techniques including flow-directed microcatheters and
the liquid embolic agents n-butyl-cyanoacrylate and ethylene-vinyl
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alcohol copolymer (EVOH; Onyx, ev3, Irvine, California)* make it
possible to cure AVMs with embolization alone.>®

Because endovascular treatment might result in hemorrhage
and ischemic neurologic dysfunction, embolization of unrup-
tured AVMs remains controversial, particularly in supratentorial
brain AVMs (sbAVMs), which have a lower risk of hemorrhage
than infratentorial AVMs. The reported complication rates of

27719 and were associated with

embolization varied from 3-11%
angiographic features.”

In the present study, we retrospectively reviewed 130 patients
with sbAVMs to identify angioarchitectural characteristics that
might be associated with the complications of embolization and

poor clinical outcomes.

MATERIALS AND METHODS
All patients referred to our institution were assessed by a multi-
disciplinary team of neuroradiologists, neurosurgeons, and neu-



rologists for the therapeutic option on the basis of CT, MR imag-
ing, and DSA. A total of 130 consecutive patients with sbAVMs
were diagnosed and embolized with Onyx for the first time during
the period January 1, 2005 to December 31, 2008, and their de-
mographic, clinical, and angioarchitectural data were reviewed
retrospectively. Patients with prior treatment (surgical removal,
embolization, radiosurgery) were excluded from the study.

Initial SbAVM presentation was defined as hemorrhage, isch-
emic neurologic deficit, headache, seizures, and incidental find-
ings. Angioarchitectural characteristics such as location and size
of AVM, arterial feeders and coexisting aneurysms, venous drain-
age, and venous morphology were retrospectively evaluated.

AVM locations were grouped into eloquent cortex, nonelo-
quent cortex, midline region (ventricle, corpus callosum), and
deep region (basal ganglia, internal capsule, and thalamus). Spet-
zler-Martin grade was assessed in each AVM, and sizes were clas-
sified into small (3 cm), medium (3 cm and 6 cm), and large (6
cm). Arterial feeders were categorized as terminal and perforat-
ing. Terminal feeding arteries were prominent arteries that con-
nected directly to the nidus, whereas perforating feeders referred
to the pattern of several small, short arteries arising from a large
parent artery and penetrating brain parenchyma to reach the
AVM nidus. The presence of coexisting arterial aneurysms was
divided into perinidal and intranidal aneurysms. Remote flow-
related or unrelated aneurysms were not taken into account in
this study. Venous drainage was noted as deep, superficial, and
combined groups. Venous morphology was described according
to the presence or absence of ectasia and stenosis. Ectasia was
defined as focal dilations that were at least twice the size of the
venous diameter. A 50% focal reduction of the venous diameter
was considered as a significant stenosis.

Embolization degree was classified into partial (<90%), sub-
total (=90%), and complete (100%) embolization. Neurologic
deficits were assessed by a neurosurgeon/neurologist according to
NIHSS. CT and MR imaging were performed after embolization
to identify postprocedural hemorrhage and ischemia. Postproce-
dural mRS was assessed, and complications of embolization were
categorized as transient (new onset of neurologic deficit that re-
solved completely within 7 days) and persistent neurologic deficit.
Neurologic deficits were further divided into ischemic and
hemorrhagic.

The data were managed and analyzed by use of SPSS software
(version 13.0; IBM, Armonk, New York). We conducted analyses
stratified by each variable (age, sex, nidus size, etc) to evaluate its
impact on complications of embolization. Furthermore, multi-
variate analyses (backward conditional logistic regression) were
conducted after the adjustment for some variables that demon-
strated and correlated with a significantly increased risk of embo-
lization complications in univariate analyses to assess the effect of
modification and interaction among potential risk factors. A
probability value of <.05 was considered statistically significant
in each analysis.

RESULTS

Of the 130 patients with sbAVM who underwent embolization,
there were 78 men and 52 women, ranging from 5—64 years of age
(mean, 30.27 = 12.45 years). Initial presentations included 79

Table 1: Demographic and clinical characteristics of 130 patients
with sbAVM embolization

Characteristics No. (%)
Sex
Male 78 (60%)
Female 52 (40%)
Age, y
<18 27 (20.77%)
18-49 100 (76.92%)
=50 3(2.31%)
Initial presentation
Hemorrhage 79 (60.77%)
Ischemia 11(8.46%)
Headache 13 (10%)
Seizures 20 (15.38%)
No symptoms 7 (5.38%)

Table 2: Preprocedual angioarchitectural characteristics of 130
patients with sbAVM embolization

Angiographic Features No. (%)

Location

Eloquent cortex 44 (33.85%)

Noneloquent cortex 62 (47.69%)

Midline 12(9.23%)

Deep 12(9.23%)
Size

<3cm 32(24.62%)

3-6 cm 80 (61.54%)

=6 cm 18 (13.85%)
No. of feeders

1 17 (13.08%)

2 28 (21.54%)

=3 85 (65.38%)
Arterial feeders classification

Terminal 95 (73.08%)

Perforating 35(26.92%)
No. of draining veins

1 55 (42.31%)

2 37 (28.46%)

=3 38(29.23%)
Venous drainage classification

Exclusive superficial 79 (60.77%)

Exclusive deep 16 (12.31%)

Combined 35 (26.92%)
Venous morphology

Venous reflux 35(26.92%)

Venous ectasia 29 (22.31%)

Venous stenosis 46 (35.38%)
Coexisting aneurysm

Intranidal 30(23.08%)

Perinidal 7(5.38%)
Spetzler-Martin classification

Il 50 (38.46%)

Il 36 (27.69%)

% 30(23.08%)

v 14(10.77%)

spontaneous hemorrhages, 11 ischemic manifestations, 13 head-
aches, 20 seizures, and 7 nonsymptomatic (Table 1).

The preprocedural angioarchitectural characteristics are sum-
marized in Table 2. Most the sbAVMs were medium-sized
(61.54%) and located in noneloquent cortices (47.69%). Perfo-
rating feeders were found in 35 cases (26.92%), whereas 16 pa-
tients (12.31%) had exclusive deep venous drainage. Coexisting
aneurysm was noted in 37 cases, of which, 30 (23.08%) were in-
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Table 3: Hemorrhagic complications in 38 sbAVMs with
obliteration of draining vein

Table 5: Demographic, clinical, and angioarchitectural

characteristics predictive for embolization complications by

univariate analysis

Subtotal
Complication Embolization Complete® (Near Complete®) Partial Characteristics OR (95% Cl) P Value
Hemorrhage 0 2(0) 3 Sex
No hemorrhage 8 8(4) 7 Male 0.84(0.33-2.10) 75
Note:—y” test. Agey
2P < .05, significant difference. <18 0.89 (0.31-2.41) 78
18-49 109 (0.37-2.76) 84
Table 4: Complications of embolization in 130 patients with =50 116 (0.17-11.36) 1.01
sbAVMs Initial presentation
Complications No. (%) Hemorrhage 1.15 (0.59-2.94) 49
TND Ischemia 0.65(0.14-3.27) 1.00
Ischemic 9(692%) ??ad“he o Eg-g;‘igg; o
N o, elzures . O/—=L. .
PNI-[;emorrhaglc 4(3.08%) No symptoms 0.91(0.17-4.39) 70
) o Location
ISChem'i ) U (5'380@ Eloquent cortex 2.57 (1.08-3.42) .02
Hemorrhagic 2(1.54%) Noneloquent 0.38 (0.24-0.86) 02
Death cortex
Hemorrhagic 1(0.77%) Midline 0.55(0.19-2.42) 79
Note:—TND indicates transient neurologic deficit; PND, persistent neurologic deficit. Deep 141(0.29-2.85) Sl
Size
tranidal anegws.ms. .According to the Spet?ler—Martin grading 3S_36ccr:1 (:gg Eg:;:]z;;))) ;z
system, the distribution of sbAVMs were 16 in grade I (12.31%); =6 @m 245 (0.57-5.32) 17
34 in grade II (26.15%); 36 in grade III (27.69%); 30 in grade IV No. of feeders
(23.08%); and 14 in grade V (10.77%). 1 0.39 E0~06—1-54)) 38
. . . 2 175(0.76-3.21 26
All patlénts were embolized with Onyx. The average 1.1umber - 085 (0.47-3.84) 7
of catheterized feeders was 1.26, and the volume of embolic agent Aesdtiesien ef fasdlas
was 0.3~9.5 mL (average, 2.5 = 1.77 mL). Endovascular treat- Terminal 0.61(0.35-1.97) 32
ment achieved complete embolization in 28 patients, subtotal in Per:(zirating 164 (0.79-4.58) 25
. s 1. . .. No. of draining veins
26' patients, and partial in 76 patler'lts. In the procedure., draml.ng 1 073 (0.43-2.96) 98
veins were unexpectedly occluded in 38 cases and associated with 2 1.57 (0.58-3.63) 34
hemorrhage in 5 cases (Table 3). Among the patients who had =5 0.62(0.34-1.89) 43
subtotal embolization, 4 were nearly complete, with the residual Drainage classification
AVM imately 1% of thei dural vol Exclusive superficial 1.04 (0.77-2.52) .90
s approximately 1% of their preprocedural volumes. Ssive dee 456 (128-9.67) 00
After embolization, there were 13 transient neurologic deficits Combined 0.24 (0.09-0.53) 03
(9 were ischemia and 4 were hemorrhage), 9 persistent neurologic Venous morphology
deficits (7 ischemia and 2 hemorrhage), and 1 death occurred Venous reﬂux, 191(0.51-2.98) 77
. K Venous ectasia 2.24(1.32-9.88) 26
(hemorrhage) (Table 4). Eloquent cortex location was the main Venous stenosis 150 (0.26-2.34) 19
risk factor of symptomatic cerebral ischemia and ischemic persis- Coexisting aneurysm
tent neurologic deficit (5/7, 71.4%) after embolization (P < .05). Intranidal 0.99(0.23-3.81) 22
. X Perinidal 1.52 (3.72-8.50) 61
The number of catheterized feeders and the volume of embolic Spetzler-Martin
agent were not significantly correlated with postprocedural com- classification
plications (P > .05). -l 2.32(0.21-9.87) 48
By univariate analyses (Table 5), eloquent cortex location :I\I/ 01568] 3)272 O_;IS(;)S) ];g
(OR, 2.57; 95% CI, 1.08-3.42) and exclusive deep venous drain- v 0.é3 (0'.06—1.0429) 1:00
age (OR, 4.56; 95% CI, 1.28-9.67) were correlated with postpro- Embolization degree
cedural complications (P < .05). Eloquent cortical location was Complete 0.87(0.27-3.02) 27
. . . . . . . i Subtotal 0.71(0.40-1.60) 13
associated with persistent ischemic neurologic deficit (P < .05); il 192 (121-4.07) e
occlusion of the drainage vein was significantly correlated with Venous occlusion 126 (6.94—ﬁ.83) ‘84

postprocedural hemorrhage in AVMs with subtotal and partial
embolization (Table 3). The impact of eloquent cortical location
(P = .001) and exclusive deep venous drainage (P = .035) on
embolization complications were demonstrated by backward
conditional logistic regression.

Spetzler-Martin classification of 130 sbAVMs significantly
changed after embolization (Table 6), with significantly more pa-
tients in grade I than before the procedure (33.33% versus
16.31%, P < .05), and patients in other grades decreased. There
were significantly more patients with an mRS of 0 and fewer pa-
tients with an mRS of 1 after embolization (Table 6), partly attrib-
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uted to the recovery from their initial hemorrhage or ischemic

event.

DISCUSSION

Endovascular embolization is an important part of the multimo-
dality treatment for brain AVMs.''""* Improvements in micro-
catheter technology and embolic agents, especially n-BCA and
EVOH, have led to an increased curative rate of brain AVMs.>%!!

Furthermore, embolization can reduce the size and flow of AVMs,



Table 6: Spetzler-Martin classification and mRS score before and
after embolization in 130 patients with sbAVMs

Table 7: Embolization complications by n-BCA and/or Onyx
according to the literature (11 series)

Preprocedural, Postprocedural,
Grade No. (%) No. (%)
Spetzler-Martin
classification
[ 16 (16.31%) 34 (33.33%)°
I 34 (26.15%) 20 (19.61%)
I 36 (27.69%) 28 (27.45%)
\Y 30(23.08%) 16 (15.69%)
v 14(10.77%) 4(3.92%)
mRS
0 10 (7.69%) 29 (22.31%)
1 79 (60.77%) 54 (41.54%)°
2 19 (14.62%) 20 (15.38%)
3 11(8.46%) 11(8.46%)
4 5 (3.85%) 12(9.23%)
5 6 (4.62%) 3(2.31%)
6 0(0%) 1(0.77%)
Note:—)” test.

2P < .05, significant difference.

improving the safety and efficacy of microsurgery and radiosur-
gical treatment for brain AVMs.'*'® In this series of 130 sbAVMs
that underwent embolization for the first time, there was com-
plete embolization in 28 patients (21.54%) and subtotal emboli-
zation in 26 patients (20%). In addition to the cases of complete
obliteration of brain AVMs, patients in Spetzler-Martin grade I
increased significantly after embolization (preprocedural, 16.31%
versus postprocedural, 33.33%; P < .05) and the average Spetzler-
Martin grade in the series declined (preprocedural, 2.94 versus
postprocedural, 1.86; P < .05).

Either curative or adjuvant embolization can result in post-
procedural hemorrhage and ischemia. Recent studies reported
morbidity ranging from 3-11%, and mortality from 0-
40, 24578 1119-26 with associations to angioarchitecture, embolic
agents, microcatheters, and the manipulator’s skills. Studies on
different embolization materials, such as silk,** polyvinyl alcohol
(PVA) and coil,”® Onyx,'! and n-BCA,** showed 1.4%, 13%,
19.5%, and 50% rates for morbidity and 0%, 0%, 2.9%, and 1.9%
for rates of mortality, respectively. Frizzel and Fisher*” reviewed
32 series of brain AVM embolization studies and revealed that
permanent neurologic deficit and mortality were 9% and 2% be-
fore 1990, decreasing to 8% and 1% after 1990. Because some
embolic agents such as PVA and isobutyl cyanoacrylate are no
longer in use and new materials such as Onyx have been widely
adopted, the complications of embolization should be reassessed.
Moreover, the statistical bias caused by different embolic materi-
als, different locations of AVMs, and technical-related complica-
tions need to be evaluated. We reviewed 11 series of embolization
by use of n-BCA and Onyx (Table 7)>*>7%1119-22 and retrospec-
tively studied sbAVMs treated by flow-directed microcatheters
and liquid embolic agents in 5 recent years. We found a compli-
cation rate of 6.4-21%, permanent neurologic deficit of 1.6—
12.2%, and mortality rate of 0-2.9%.

Complications of embolization can be categorized into tech-
nical-related and non—technical-related. Technical-related com-
plications included vascular perforation, normal branch occlusion,
and bleeding caused by catheter removal. Recent improvement in
flow-directed microcatheter and nonadhesive embolic agents has
reduced the risk of microcatheter delivery and removal. In our

Complication, PND, Mortality,

Series [Reference| Patients Materials % % %
Taylor et al [2] 201  n-BCA/Onyx 21 n 2
Van Rooij et al [4] 44 Onyx 13.8 4.6 23
Katsaridis et al [5] 101 Onyx 14.9 79 29
Ledezma et al [7] 168 n-BCA 16.1 6.5 12
Haw et al [8] 306 n-BCA 6.4 39 0
Panagiotopoulos 82  Onyx 19.5 3.8 24
etal [T

Jayaramanetal[19] 192 n-BCA/Onyx 15.7 1.6 0
Starke et al [20] 275 n-BCA 14 25 0
Hauck et al [21] 107 Onyx 17 122 0
Velat et al [22] 88  n-BCA/Onyx 13.6 45 22
Present study 130 Onyx 177 6.9 0.8

Note:—PND indicates persistent neurologic deficit.

series with sbAVM embolization, contrast extravasation was
noted in 3 cases during the procedure. None of these 3 patients
ended with persistent neurologic deficit because of timely occlu-
sion of microperforation sites. The technical-related complica-
tion rate in the present study was 2.31%, less than the results of
Ledezma et al” and less than our non—technical-related complica-
tions (21/130, 16.15%).

Non-technical-related complications are mainly associated
with angioarchitectural characteristics of brain AVMs. Periproce-

dural hemorrhage rate was 3-15%,%>°

probably related to he-
modynamic changes and alteration in nidus pressure.>>>! Picard
et al*® demonstrated that venous outflow obstruction was corre-
lated with hemorrhagic presentation after embolization. Further-
more, by progressively blocking draining veins in an AVM model,
Hademenos and Massoud®? revealed that venous stenosis or oc-
clusion would result in redistribution of blood flow in the nidus
and cause intranidal hypertension. Nonetheless, not all venous
occlusion resulted in hemorrhage; the extent and severity of out-
flow obstruction matter as well. In the present study, venous oc-
clusion occurred in 29.23% of all 130 cases and did not correlate
with embolization complications in the univariate model. In the
38 patients with venous occlusion, no postprocedural hemor-
rhagic presentation occurred when the AVM was completely or
nearly completely embolized, whereas a significantly higher hem-
orrhage rate was seen in the subtotal and partial embolization
group (0% versus 23.81%, P < .05). This result suggested that
imbalance between inflow and outflow could be a predictive fac-
tor of postprocedural hemorrhage and that to avoid rupture of the
residual AVM, sbAVMs should be completely or nearly com-
pletely embolized as soon as possible when venous outflow ob-
struction is identified.

Normal perfusion pressure breakthrough related to disrup-
tion of cerebral vascular autoregulation®® and delayed venous
thrombosis have been postulated as the etiologies of periproce-
dural hemorrhage. There was no normal perfusion pressure
breakthrough in our series because blood pressure was tightly
controlled in all patients immediately after embolization. One
patient with subtotal embolization (and reserved draining veins)
had severe brain edema, which could be attributed to delayed

venous thrombosis and stagnation. Purdy et al*

suggested that
delayed venous outflow obstruction might occur because of slug-
gish blood flow rather than direct venous occlusion by embolic

agents.
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Although hemorrhage results in poorer outcome, ischemic
events were the most common complications of AVM emboliza-
tion.>*>781119°22 Gixteen patients (12.31%) in our series had
cerebral infarction after embolization, with persistent neurologic
deficits in 7 patients. Because of rapid shunting and complex an-
gioarchitecture, perinidal or intranidal normal arteries were very
difficult to identify, and neurologic deficits could result from oc-
clusion of these arteries. The present study revealed that sbAVMs
located in eloquent cortices had a significantly higher rate of post-
procedural persistent ischemic neurologic dysfunction.

In addition to AVM location, other angioarchitectural charac-
teristics that contribute to nonmanipulated complications of em-
bolization remain controversial.>”®'%2%3+37 Haw et al® re-
viewed 306 consecutive patients and 513 embolization sessions
from 19842002 at the University of Toronto and suggested that
the factors associated with complications included the presence of
a high-flow fistula or fistulous component to the nidus, eloquent
cortex involvement, or venous glue embolization. The long inter-
val of data collection (1984-2002) could have undermined the
validity of these conclusions because significant advancement in
the embolization technique occurred during this time period.
Among all angiographic parameters investigated in 168 consecu-
tive patients and 295 embolization sessions, Ledezma et al” found
that Spetzler-Martin grades III-V were significantly associated
with unfavorable outcomes and embolization complications. Go-
bin et al’® revealed that embolization complications were 0%
(grade II), 5% (grade III), 15% (grade IV), and 22% (grade V)
in their 125 patients studied on Spetzler-Martin classification.
On the other hand, studies of Hartmann et al*® and Kim et al'°
failed to demonstrate the correlation between Spetzler-Martin
grade and embolization complication and found that emboli-
zation sessions were the primary factor for postprocedural
complications.

To eliminate the statistical bias caused by embolization ses-
sions, we studied the complications of first-time embolization of
130 sbAVMs and demonstrated that postprocedural complica-
tions were associated with eloquent cortical location (OR, 2.57;
95% CI, 1.08-3.42) and exclusive deep venous drainage (OR,
4.56; 95% CI, 1.28-9.67) but not with Spetzler-Martin classifica-
tion in univariate and multivariate models. The result suggested
that the required multiple sessions in large AVMs but not the
AVM size itself might be associated with procedural complica-
tions.'®?° The higher complication rate in sbAVMs with exclusive
deep venous drainage could be related to the relative lack of a
collateral drainage pathway, making them prone to venous out-
flow obstruction by embolic agents. This observation may also be
confounded by the deep location of these AVMs. Thus, sbAVMs
with functional cortex and exclusive deep venous drainage would
be more difficult to treat and would be at greater risk for emboli-
zation complications than the other types of sbAVMs.

CONCLUSIONS

Embolization is a safe treatment technique for supratentorial
AVM, with the development of flow-directed microcatheters and
liquid embolic agents. Eloquent cortical location and exclusive
deep venous drainage were significantly associated with emboli-
zation complications, and venous outflow occlusion in cases with
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subtotal and partial embolization might be a predictive factor for
periprocedural hemorrhage.
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Acute Bleeding in the Head and Neck: Angiographic Findings
and Endovascular Management

L.-B. Zhao, H.B. Shi, S. Park, D.g. Lee, J.H. Shim, D.H. Lee, and D.C. Suh

ABSTRACT

BACKGROUND AND PURPOSE: Life-threatening bleeding in the head and neck requires urgent management. This study evaluated the
angiographic findings related to head and neck bleeding and presents endovascular management techniques.

MATERIAL AND METHODS: Sixty-one consecutive patients who presented with acute bleeding in the head and neck areas and subse-
quently underwent endovascular therapy between January 2002 and October 2012 were included in our study. We evaluated the angio-
graphic findings, techniques, and results of endovascular management.

RESULTS: Contrast leakage (n = 10), pseudoaneurysm (n = 20), or both (n = 10) were the most common life-threatening angiographic
findings (66%) and were the foci of immediate embolization or endoluminal vessel reconstruction. Seventeen patients (28%) had hyper-
vascular staining of the tumor or mucosa, and 4 patients (6%) did not have any abnormal findings. The acute bleeding was successfully
controlled by endovascular management according to the bleeding foci. Carotid arterial lesions, so-called “carotid blowout,” required recon-
structive or deconstructive therapy. Bleeding of the external carotid artery required specific branch embolization by a combination of various
embolic materials. No procedure-related complications occurred except in 1 patient who experienced acute infarction caused by thromboem-
boli from the covered stent. Seventeen patients (28%) were retreated due to rebleeding after the mean 20-month follow-up.

CONCLUSIONS: Contrast leakage or a pseudoaneurysm or both seen on angiography are active bleeding foci and targets for therapy in
patients with acute bleeding in the head and neck area. Despite different bleeding-control strategies according to vessel involvement,
endovascular treatment is safe and effective for controlling hemorrhage.

ABBREVIATIONS: CBS = carotid blowout syndrome; ECA = external carotid artery

Acute bleeding in the head and neck area occurs due to various  life-threatening therapy complication.® In addition to tumor-re-

causes and often is a life-threatening situation. If conserva-
tive management is unsuccessful, conventional angiography fol-
lowed by endovascular treatment can have a major role in local-
izing the source of the bleeding and obliterating bleeding foci,
thus leading to immediate and complete hemostasis.
Head and neck cancers are the main cause of intractable hem-
orrhage from local tumor irradiation or spontaneous tumor
bleeding.'™ Acute rupture of irradiated, large vessels is a rare but
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lated bleeding, there is also iatrogenic bleeding related to surgical
procedures or craniomaxillofacial trauma, which can also lead to
intractable, life-threatening bleeding.

The distribution of bleeding foci is diverse and can range from
large vessels, such as the internal or common carotid arteries, to
small branches of the external carotid artery (ECA). Identification
of the lesion location is mandatory when performing an angio-
graphic procedure and analyzing the angiographic findings be-
cause the exact localization of the bleeding site is associated with
immediate bleeding control.

The endovascular management of bleeding arising from the
extracranial carotid arteries, the so-called “carotid blowout syn-
drome,” has been extensively r<3p0rted.7’14 However, to our
knowledge, the exact extent of the carotid blowout syndrome
(CBS) in patients with acute bleeding has not been evaluated or
compared with that of patients without CBS, despite the com-
pletely different application of endovascular hemostatic tech-
niques for CBS versus non-CBS lesions. Therefore, we present our



FIG1. A 24-year-old male patient who presented with intractable epistaxis after sagittal split ramus osteotomy. A, Lateral left ECA arteriogram
shows a pseudoaneurysm at the internal maxillary artery segment at the pterygopalatine fossa. B, A microcatheter was advanced to the distal
maxillary artery beyond the pseudoaneurysm that was embolized by using a coil. C, Selective injection of the left facial artery shows collaterals
from the ascending artery to the distal maxillary artery via the infraorbital artery. Note the absence of filling of the pseudoaneurysm from

retrograde flow of the distal maxillary artery.

experience of endovascular management of 61 patients with acute
head and neck bleeding from a variety of causes, with an emphasis
on the angiographic results and the subsequent endovascular
management according to the angiographic findings. We also
compared the differences between patients with and without tu-
mors related to the causative angiographic features, treatment

outcome, and rate of endovascular retreatment.

MATERIALS AND METHODS

Patients

Sixty-one consecutive patients (49 men and 12 women; 17-79
years of age [mean age, 53 years]) who presented with acute hem-
orrhage in the head and neck and were subsequently treated by
endovascular therapy between January 2002 and October 2012
were included from the neurointerventional data base of our in-
stitution. Three bleeding sites were classified according to the le-
sion location with or without an open wound in the mucosa or
= 32), nasal
cavity (n = 20), or head and neck area (n = 9). The estimated

skin: bleeding or hematoma in the oral cavity (

causes of bleeding were head and neck cancers (1 = 36) associated
with prior radiation treatment (n = 33) or tumor bleeding itself
(n = 3). Non-tumor-related bleeding (n = 25) included iatro-
genic complications (n = 13), trauma (n = 5), refractory idio-
pathic epistaxis (n = 3), intraosseous mandibular arteriovenous
malformation (n = 1), invasive fungal sinusitis (n = 1), a history
of antiplatelet medication (n = 1), or history of liver transplanta-
tion (n = 1). Iatrogenic bleeding (n = 13) included postsurgery
(n = 8), postbiopsy (n = 4), and post-C-line insertion (n = 1).
Regarding the 8 patients with postsurgical bleeding, in 3, it oc-
curred after maxillofacial plastic surgery; in 3, after endoscopic
sinus surgery; in 1, after posterior cervical fusion; and in 1, after
wide excision of recurrent left tonsillar cancer.

There was no commercial involvement in the design, conduct,
or analyses of this study. The institutional review board of the
Asan Medical Center approved both the study design and use
of clinical data, and all patients provided written informed
consent.

Procedures

All procedures were performed with the patient under local
anesthesia. High-resolution digital fluoroscopy with biplane
road-mapping capability and subtraction techniques was
used. Angiography usually began by using a 4F angiocatheter
with a 0.035-inch inner diameter, which can also be used as a
guiding catheter for a microcatheter. If further procedures us-
ing a covered stent were required, a 9F guiding catheter was
introduced.

Bilateral selective angiography of the common, internal, and
external carotid arteries was performed. Regarding patients with
neck bleeding or hematoma, both sides of the thyrocervical or
costocervical trunks were also investigated. If the patients pre-
sented with massive bleeding or hemodynamic instability, the
most likely injured vessels were first evaluated to manage the
bleeding immediately, and the remaining vessels were studied if
indicated.

Angiographic findings of pathologic vascular lesions were re-
corded as being caused by contrast leakage, pseudoaneurysms
combined with contrast leakage, pseudoaneurysms, fistula, tu-
mor, or hypervascular mucosal staining or as negative (without
abnormal findings). Lesion locations were recorded as branches
of the ECA, the carotid arteries including the internal carotid
artery, the common carotid artery, and the carotid artery bulb or
the thyrocervical or costocervical trunks.

If bleeding was localized to the ECA or its branches, they were
occluded by using polyvinyl alcohol particles (150~250 wm),
Gelfoam (Phadia, Uppsala, Sweden), glue, fibered platinum or
detachable coils, or a combination of these embolic materials.
Collateral cerebral circulation via the circle of Willis, leptomen-
ingeal vessels, or the ophthalmic artery was evaluated by using
compression angiographic studies if bleeding originated from the
internal or common carotid artery. The covered nitinol stent
(NITI-S Stent; Taewoong Medical, Seoul, Korea), composed of a
self-expanding nitinol wire covered with polytetrafluoroethylene,
was used in patients with incomplete collaterals determined on a
compression test performed during the procedure or if there was

AINR Am J Neuroradiol 35:360—66 Feb 2014 www.ajnr.org 361



FIG 2. A19-year-old female patient who presented with intractable epistaxis after maxillofacial
plastic surgery. A, An external carotid angiogram shows a large pseudoaneurysm (short thick
arrows) and a fistula (long thin arrow) with an arteriovenous shunt. Note the early filling veins
(short thin arrows). B, An angiogram obtained following coil embolization of the maxillary
artery at the aneurysm site shows retrograde filling of the remaining shunt through the
infraorbital artery (short thick arrows) via the facial artery and the zygomatico-orbital
branch (short thin arrows) of the superficial temporal artery. C, An angiogram obtained the
following day revealed a slightly smaller but still remaining fistula with persistent bleeding.
Note the retrograde filling as indicated on B by the same arrows. D, The bleeding was finally
controlled after additional coil embolization via the zygomatico-orbital branch (short thin

arrows, B) into the fistula.

no time to perform occlusion or a compression test due to unsta-
ble vital signs due to massive bleeding.” The diameters and lengths
of the stents were 10 X 70 mm or 10 X 50 mm. Because the stent
adheres to the polytetrafluoroethylene graft by using polyure-
thane, it is composed of polyurethane on its outer surface and the
polytetrafluoroethylene sheet on its inner surface.® Antiplatelet
medication with 200 mg of aspirin and a loading dose of 300 mg of
clopidogrel was administered immediately after stent placement
if patients were not already taking these medications. After the
revascularization procedure, maintenance doses of 100 mg of as-
pirin and 75 mg of clopidogrel were given; 75 mg of clopidogrel
for at least 6 months and 100 mg of aspirin as a permanent med-
ication were also given. The common carotid artery or ICA was
completely occluded in patients with uncontrolled massive ca-
rotid hemorrhage if good collateral cerebral circulation was seen
on the compression test.

We collected data on the procedural and clinical outcomes,
complications resulting from the procedures, additional re-
peated treatments, and survival data from the patients’ medical
records.
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RESULTS

Angiographic Findings

The On-line Table summarizes the pa-
tients’ angiographic findings and the
baseline characteristics. Forty patients
(66%) presented with bleeding signs at
the time of their angiographic proce-
dure, including 20 cases of pseudoaneu-
rysm (Fig 1), 10 cases of contrast leak-
age, and 10 cases of pseudoaneurysm
combined with contrast leakage. A fis-
tula was present in a patient with a large
pseudoaneurysm caused by postopera-
tive injury of the maxillary artery in the
pterygopalatine fossa (Fig 2). No bleed-
ing sign was seen in 21 patients (34%),
including 17 with hypervascular tumor
or mucosal staining (28%) and 4 with
negative findings (6%). Angiographic
bleeding foci were identified as CBS in
25% (15/61) and non-CBS in 75% (46/
61) of our patients. CBS involved the in-
ternal (n = 6) or common (n = 8) ca-
rotid artery or the carotid artery bulb
(n = 1). There was non-CBS in the
ECAs in 40 patients, in the thyrocervical
trunks in 2 patients, and in 4 patients
with negative angiographic findings.
Thirty-six patients (36/61, 59%) were
identified as having tumor-related
bleeding versus 25 patients (25/61,41%)
with non-tumor-related bleeding.

Procedural Outcome

Forty-six patients underwent transarte-
rial embolization treatment: The lesions
were located in the ECAs in 40 patients,
at the thyrocervical trunks in 2, and neg-
ative angiographic findings existed in 4 patients. For these pa-
tients with negative findings, embolization of the ipsilateral ECA
branches with polyvinyl alcohol particles on the bleeding side was
performed in 3 for prevention of rebleeding, while the other pa-
tient was embolized on both sides of the ECA branches. As to the
15 patients with bleeding lesions located on the ICA, common
carotid artery, or bulb, 10 underwent covered stent insertion and
the other 5 underwent ICA or common carotid artery occlusion
by embolization.

Clinical Outcome and Recurrent Bleeding

Initial hemostasis was achieved in all patients. There were 17
(28%, 17/61) patients who underwent repeated endovascular
management due to rebleeding. Seven of these patients experi-
enced recurrent bleeding during the same hospital stay; 4 had
rebleeding in the same vascular locations, and 3, in different loca-
tions. Five of these 7 patients had head and neck cancers, and 3
presented with CBS. Ten patients were readmitted due to rebleed-
ing after discharge (Fig 3), and they subsequently underwent en-
dovascular retreatment at a mean interval of 2 months (range,



FIG 3. Endovascular treatment for recurrent bleeding approximately 2 months and 15 days after
the initial embolization of the left ECA in a 45-year-old male patient with tonsil cancer. A, At the
time of the first bleeding, the right facial and nearby maxillary arteries showing irregularities were
regarded as the origin of the initial bleeding site and were embolized with coils as shown in B. B,
Left common carotid arteriogram obtained at the time of the second bleeding reveals a tiny
pseudoaneurysm (white arrow) in the proximal segment of the left superior thyroidal artery.
Note the coils used in the previous embolization. C, Glue was used for embolization of the left
superior thyroidal artery, and the final angiogram shows no residual pseudoaneurysm filling. The

patient’s bleeding was controlled thereafter.

1-6 months) after their initial endovascular treatment: 8 patients
had head and neck cancers (5 of these 8 patients presented with
CBS), 1 had juvenile angiofibroma, and 1 had an intraosseous
mandibular arteriovenous malformation.

Complications and Follow-Up

One patient experienced occlusion of the ipsilateral middle cere-
bral artery branches during the covered stent placement and acute
infarction in the corresponding vascular territory, probably due
to no premedication with an antiplatelet agent. This patient pre-
sented with massive neck bleeding and had a history of radiation
therapy for supraglottic cancer. The bleeding originated from
rupture of the exposed carotid artery through the ulcerated mu-
cosa. When he was brought to the angiography suite with manual
compression of the bleeding site, his vital signs were unstable due
to the uncontrollable massive bleeding, despite an urgent trans-
fusion. The angiogram showed a common carotid artery blowout
with massive, active, contrast leakage. Covered stent placement

was immediately introduced to control
the active bleeding. An angiogram
obtained after stent-graft placement
showed successful hemostasis and
multiple embolic occlusions of the
MCA branches. MR imaging per-
formed the following day showed
acute right MCA territorial infarction.
The patient’s neurologic status subse-
quently improved and became stable
(modified Rankin Scale = 2) for 17
months; then the patient was lost to
follow-up (Fig 4).

Delayed cerebral infarcts were pres-
ent 3 or 4 months after endovascular
treatment, respectively, in 2 patients
who underwent stent placement for
CBS. The deficit seen in the first patient
resulted from embolization or ligation
of the internal carotid artery performed
to control recurrent CBS after stent
placement. In the second patient, it re-
sulted from occlusion of the covered
stent or local progression of nasopha-
ryngeal carcinoma. No neurologic defi-
cits were found in the patients who ini-
tially underwent obliteration of the
entire involved carotid artery by using
coil embolization.

Extrusion of the coils previously
placed for embolization was observed in
4 patients in whom the carotid arteries had
been exposed to the infected wound cav-
ity. These patients subsequently under-
went ligation (n = 3) or re-embolization
(n = 1) of the involved carotid artery. No
brain abscess developed in our series, and
no complications were seen in patients
who underwent embolization of the ECA
or its branches.

Of the 36 patients with head and neck cancers, 8 did not expe-
rience any further bleeding events during the mean follow-up
time of 27 months (range, 12-59 months). Twenty-four of these
patients with cancer died due to recurrent or progressive tumor
growth-related problems, with a mean survival time of 3 months
(range, 1-10 months). As for the other 4 patients with cancer, 3
were lost to follow-up 1 month after the initial endovascular treat-
ment, and the other was lost after 3 months.

Among the 10 patients who presented with CBS and under-
went covered stent placement, 7 died within 1-10 months (me-
dian, 2 months). The exact cause of death could not be deter-
mined in these patients because they were regarded as having
terminal-stage cancer. Two patients were lost to follow-up after 1
month. One patient with an infarct in the right middle cerebral
artery territory was followed for 17 months (Fig 4).

Two patients without tumor died of traumatic intracranial
hemorrhage: One patient died from a car collision 1 week follow-
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FIG 4. A 5l-year-old male patient with a history of supraglottic cancer who presented with massive bleeding at the ulcerative wound site in the
right neck. After tracheostomy, he became drowsy and developed left-sided weakness in both the upper and lower extremities. A, A common
carotid arteriogram shows extensive contrast leakage due to massive bleeding. No filling of the internal carotid artery from the common carotid
artery (arrow) was seen. B, Bleeding was stopped following deployment of a covered stent. C, There is an occlusion of the right middle cerebral
artery at the proximal M2 segment (arrow). D, Diffusion-weighted image obtained the next day shows a territorial infarct in the right MCA
territory. E, CT scan obtained 17 months later shows the old infarction in the right middle cerebral artery territory, though the patient’s weakness

had improved and he walked without assistance.

ing endovascular treatment, and the other died of an event related
to liver transplantation 7 months after embolization.

DISCUSSION
Our study revealed that angiographically detected active bleeding
signs, such as contrast leakage and/or pseudoaneurysm requiring
urgent endovascular treatment, were noted in 66% of our pa-
tients. As to the patients in whom a pseudoaneurysm was only
identified at the time of the angiography, management similar to
that of the patients with active bleeding was also required because
the risk of delayed or repetitive massive hemorrhage is very high,
even though these patients may not present with active bleeding
when brought to the angiography suite. Nonselective particle em-
bolization in the external carotid arterial branches was sufficient
as a preventive measure in those patients who showed only hyper-
vascular staining (28%) or normal angiographic findings (6%).
When we categorized our patients as CBS versus non-CBS
according to the lesion involvement, 25% were CBS and immedi-
ately required either reconstructive or deconstructive manage-
ment of the carotid artery to control life-threatening bleeding, as
we previously reported.””® Non-CBS, in 75% of our patients, in-
cluded those with lesions located at the branches of the ECA or the
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thyrocervical trunks. An active angiographic bleeding sign of con-
trast leakage and/or a pseudoaneurysm was seen in 56% of pa-
tients who presented with non-CBS, thus indicating direct injury
to the arterial branches. When one treats injured vessels as a
bleeding focus in branches of the ECA, the stumps proximal and
distal to the lesions should be identified and embolized together,
as shown in Fig 1. For example, when there is a pseudoaneurysm
or fistula in the maxillary artery, the distal maxillary artery beyond
the bleeding focus of the injured vessel should be identified by
selective angiography of the ipsilateral facial artery. If only the
proximal segment is embolized, as shown in Fig 2, a collateral to
the distal maxillary artery, such as the facial artery, can flow into
the injured vessel in retrograde fashion. Therefore, a collateral
through the other side of a stump may cause bleeding recurrence
due to incomplete embolization.

When we divided our patients into tumor-versus-nontu-
mor groups, we found that head and neck cancer was the main
cause of acute bleeding in our series and was present in 59% of the
patients. Previous radiation therapy, recurrent carcinoma, and
surgical complications such as infection and fistula formation
may all contribute to the onset of such bleeding and may make



controlling it more difficult.'*'>'® Repeated bleeding in such pa-
tients is also a common and troublesome problem. 7 In our series,
the rate of endovascular retreatment for rebleeding in patients
with cancers (36%) was higher compared with that for patients
without tumor (16%), which can be attributed to carcinoma re-
currence, radiation therapy, or surgical complications (Fig 3).

Tatrogenic acute bleeding was found in 21% (13 patients) of
our patients and included those who had undergone surgery (n =
8), biopsy (n = 4), and C-line-insertion—associated bleeding
complications (n = 1). Among the 8 patients who presented with
uncontrolled oronasal hemorrhage after surgeries, 5 showed ac-
tive contrast leakage or pseudoaneurysm on angiography. Maxil-
lofacial surgical procedures, such as orthognathic surgery, may be
associated with significant blood loss and, infrequently, life-
threatening hemorrhage caused by injury to the vascular struc-
tures in the pterygopalatine fossa, such as the pterygoid venous
plexus, the descending palatine arteries, the sphenopalatine arter-
ies, or the maxillary artery itself, leading to acute epistaxis.'®
Pooled data revealed that in 72% of the Le Fort osteotomies, an
arterial source was the culprit, whereas in almost 19% of the cases,
the source of hemorrhage was venous. In the remaining cases, the
exact source was unidentifiable. In mandibular sagittal split os-
teotomies, an arterial source was the cause of hemorrhage in
48.2%, and a venous source, in 20.6% of the cases."” In cases in
which damage to the inferior alveolar artery, internal maxillary
artery, or facial artery was suspected, blood loss ranged from 1500
to 3000 mL.>* In these cases, obvious bleeding signs will be more
likely on angiograms compared with those with lesions located in
veins or with unidentifiable sources.

There were 5 trauma patients (8%) in our series, and all pre-
sented with massive bleeding. Trauma is the ninth leading cause
of death worldwide, and traumatic injury of a vessel is a relatively
common occurrence in the emergency department.*' With injury
caused by either blunt or penetrating forces, these patients pre-
sented with acute bleeding due to laceration or fistula of vessels as
aresult of penetrating injury or bone fractures. For these patients,
anterior and posterior nasal packing as the initial measure used to
manage massive oronasal hemorrhage is supported by the pub-
lished medical literature.?> Other conventional techniques, such
as cauterization or ligation of the ECA and reduction and fixation
of a facial fracture, can secure hemostasis in most remaining cases.
Infrequently, the bleeding may become intractable and thus life-
threatening.>*** If conventional techniques fail to stop the bleed-
ing, transarterial embolization of relevant vessels may be effective
as it was in our patients in whom all the bleeding foci were iden-
tified at the branches of the ECA, which were successfully embo-
lized without rebleeding or complications after transarterial
embolization.

Although endovascular management for acute head and neck
bleeding has been extensively reported, especially regarding the
management of CBS and bleeding with head and neck cancers,
little emphasis has been placed on studying the angiographic find-
ings or on the differences in treatment outcome and the rate of
endovascular retreatment between patients with and without tu-
mors. In this study, we present our 11 years of clinical experience
with endovascular management of head and neck acute bleeding
caused by various pathologic etiologies. We studied the angio-

graphic findings and compared the differences in the angio-
graphic findings, endovascular techniques, clinical outcomes, and
the rate of endovascular retreatment among patients with and
without tumors.

There are several limitations to our study. Because our series
was a retrospective analysis, comparative application of different
endovascular methodologies used to control the bleeding was not
tested. Even though our series is rather large, the incidence and
comparison of CBS versus non-CBS or tumor-related versus non-
tumor-related bleeding can be more accurately evaluated or com-
pared by performing a multicenter registry.

CONCLUSIONS

Acute bleeding in the head and neck is a common life-threatening
situation. If conventional techniques fail to stop the hemorrhag-
ing, conventional angiography can have an important role in lo-
calizing the bleeding foci and controlling the bleeding by endo-
vascular treatment, which is a safe and effective therapy for the
management of hemorrhage.
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CLINICAL REPORT
INTERVENTIONAL

Recanalization of Symptomatic Vertebral Ostial Occlusion in
Patients with Acute or Subacute Stroke

S. Park, D.-G. Lee, J.H. Shim, D.H. Lee, and D.C. Suh

SUMMARY: Vertebral artery recanalization in symptomatic stenosis/occlusion remains controversial, as no definite evidence exists
regarding this topic. There are only a few reports regarding the feasibility and safety of recanalization in the first segment of the vertebral
artery with atherosclerotic vertebral ostial occlusion. We report our experience treating first segment occlusion in 8 patients and present
a balloon protection technique used to reduce the thromboembolic burden during the stent placement procedure. The outcome at 3
months showed an mRS =2 except for a patient with a poor initial status with basilar artery occlusion. Revascularization of a rather long
first segment occlusion is technically feasible and can be safely performed by use of embolic protection methods.

ABBREVIATIONS: BA = basilar artery; DUS = Doppler ultrasonography; NIHSS, = National Institutes of Health Stroke Scale on admission; PcomA = posterior

communicating artery; VA = vertebral artery; V1 = first segment of the vertebral artery.

Atherosclerotic lesions of the vertebral artery (VA) origin are a
potential cause of posterior circulation ischemia, which has
approximately a 20% to 50% risk for vertebrobasilar TIA or
stroke.' The VA ostium is known to be the most common site for
atherosclerosis of the posterior circulation.” Patients with symp-
tomatic severe (> 70%) ostial VA stenosis face an 11% annual risk
for recurrent stroke or TIA while receiving medical treatment.’
Early understanding of the stroke mechanism of VA ostial le-
sions was focused on their hemodynamic nature, which com-
monly presents with TIA including dizziness.* After a few case
series that described an embolic infarct originating from vertebral
ostial occlusive disease,” artery-to-artery embolism was also con-
sidered as an important cause of the stroke mechanism in lesions
in the first segment of the VA (V1).° A large series of patients
revealed that half of the artery-to-artery embolic strokes in the
posterior circulation were the result of VA ostial lesions.” The
presence of a clot in the vertebral ostial plaque provides the cause-
and-effect relationship between vertebral arterial ostial lesions
and posterior circulation stroke.® Even a large ulcer in the verte-
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bral arterial ostium has been described as adding to the possibility
of the vertebral arterial ostium as a source of emboli.”

The optimal treatment of patients with symptomatic severe
ostial VA stenosis is still unclear.” The only randomized trial com-
paring endovascular with medical treatment is the Carotid and
VA Transluminal Angioplasty Study.'® This study did not show a
separate result for the small number of its patients (n=16) with
VA stenosis, though it failed to demonstrate the benefit of angio-
plasty of carotid and vertebral stenosis.

Although several articles have dealt with revascularization of
vertebral ostial lesions, they mostly have described revasculariza-
tion of vertebral arterial stenosis."' To our knowledge, only a few
case reports have demonstrated anecdotal evidence of revascular-
ization for vertebral ostial occlusion.'? Therefore, we present the
revascularization procedure and the outcome of vertebral ostial
occlusion in strokes related to artery-to-artery embolism.

MATERIALS AND METHODS
Case Series
Eight consecutive patients (12%) were identified among 68 con-
secutive patients who were treated by angioplasty and/or stent
placement for atherosclerotic stenosis or occlusion in the V1 seg-
ment between January 2002 and October 2012. There were 7 men
and 1 woman with a median age of 67 years (age range, 54—75
years). Informed consent was obtained from each patient or their
relative. This study was approved by our institutional review
board.

The patients’ baseline characteristics are listed in the On-line
Table. Patients with acute stroke who were within 6 hours of
symptom presentation (n=1) were treated according to our insti-
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tution’s inclusion criteria, which had been modified after other
previously reported IV or intra-arterial thrombolytics.'> Patients
with vertebrobasilar insufficiency or lacunar syndromes where
vascular imaging results did not show any corresponding isch-
emic lesion were excluded from the analysis. All patients under-
went a standard etiologic work-up, including blood tests (hemo-
globin, white cell and platelet counts, prothrombin time,
activated partial thromboplastin time, serum electrolytes, glu-
cose, urea, creatinine, transaminases, and cholesterol levels); 12-
lead electrocardiography; cranial CT and/or MR imaging (axial
T2, intermediate-weighted images, fluid-attenuated inversion re-
covery, time-of-flight MR angiography, DWI, and contrast-en-
hanced MRA of the cervical vessels at 1.5T or 3T). The following
ancillary investigations were carried out at the discretion of the
neurologist treating the patient with stroke: neurovascular sonog-
raphy, perfusion-weighted images, CTA, transthoracic echocar-
diography, and 24-hour electrocardiographic monitoring. The
severity of the neurologic deficit was assessed on admission by a
neurologist by use of the National Institutes of Health Stroke Scale
on admission (NTHSS,) and is shown in the On-line Table. The
study patients did not have cardiogenic problems suggesting the
possibility of cardioembolism. The patient symptoms and signs
varied at the time of presentation according to the time from the
onset or the extent and degree of the acute ischemic lesion seen on
DWTI. Although there was only dizziness experienced by 2 patients
at the time of hospital admission, both of these patients had a
history of fluctuating neurologic deficits including dysarthria or
sensory changes in the upper extremity.

Two patients (patients 5 and 6) had taken oral antiplatelet
agents (ie, aspirin and/or clopidogrel) and a statin for 1 month
when the severe VA ostial stenosis related to dizziness was de-
tected. One patient (patient 8) had taken aspirin for 1 month for
stroke prevention and without undergoing any vascular imaging.
The remaining patients did not take any antiplatelet medication,
probably because they did not have any symptoms until an acute
stroke developed because of VA occlusion.

Cerebral Angiography and Revascularization Procedures
The lesion characteristics were then further studied by DSA.
The contralateral VA, the posterior communicating artery
(PcomA) from the anterior circulation, and the thyrocervical
and costocervical trunks were evaluated to determine the col-
lateral supply distal to the occluded vertebral segment. The
PcomaA size was designated as normal if it was visible on MRA
without any hypoplasia of the ipsilateral P1 segment of the
posterior cerebral artery.

The procedures were performed via the transfemoral route
with the patient under local anesthesia. Cerebral angiography,
which was performed with a 4F angiocatheter, included examina-
tion of both internal carotid arteries and both subclavian arteries,
including both VAs. An optimal subclavian arteriogram was ob-
tained to reveal the entire segment of the occluded VA by demon-
stration of collateral channels via the thyrocervical or costocervi-
cal trunks, as well as the presence of the anterior spinal artery and
the status of the intracranial posterior circulation including the
basilar artery (BA). The angiographic assessment of the external
carotid artery-VA anastomosis via the occipital artery and the
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ascending pharyngeal artery, both of which are known to be ef-
fective collateral pathways in proximal VA stenosis, was also per-
formed unless collateral filling of the VA was demonstrated via the
ascending or deep cervical artery from the subclavian artery.'*"”

After analysis of the complete angiogram, we inserted a 6—9F
guiding catheter in the subclavian artery. After placement of the
guiding catheter, a 4F catheter was then passed alonga 0.035-inch
guidewire through the occluded segment and a distal balloon (ie,
PercuSurge; Medtronic, Minneapolis, Minnesota), was then in-
troduced via the 4F angiocatheter, as shown in Figs 1 and 2. The
location of the 4F catheter tip in the free lumen was identified by
the suctioning of thrombotic debris in the distal segment beyond
the occlusion and the regurgitation of blood. Once protective dis-
tal occlusion was achieved, suction of the proximal ICA segment
was followed by angioplasty and/or stent placement.

If the position of the guiding catheter was unstable, we inserted an
additional sturdy guidewire as a supportive wire into the ipsilateral
brachial artery. The occluded segment was probed by using a 0.014—
0.035-inch guidewire.'®'® In 3 patients, we used the exchange tech-
nique after passing the occluded V1 segment by using a combination
of a 4F angiocatheter and a 0.035-inch guidewire (Figs 1 and 2). Once
the guidewire was introduced, subsequent angioplasty by use of a
2—4-mm diameter angioplasty balloon was followed by stent place-
ment. The degree and occlusion length were measured with clear
delineation of the vertebral ostium with pixel shift on DSA. A self-
expandable stent was placed with minimal protrusion to the subcla-
vian artery to minimize distal migration of the stent and to properly
cover the atherosclerotic lesion in the occluded segment. Poststent-
ing angioplasty was performed if there was residual stenosis. In 2
patients with vertebral ostial occlusion with concomitant embolic
occlusion of the basilar artery demonstrated on MRA and DSA, we
revascularized the BA by using a self-expandable stent because me-
chanical thrombolysis or the introduction of urokinase to reduce the
clot burden was not effective.

Preprocedural antiplatelet conditioning with 200 mg of aspi-
rin and a loading dose of 300 mg of clopidogrel was given if the
patients were not already taking these medications. The heparin
was adjusted to achieve an activated clotting time of 2-2.5 times
that of the baseline. After the revascularization procedure, main-
tenance doses of 100 mg of aspirin and 75 mg of clopidogrel were
given. Also given were 75 mg of clopidogrel for at least 6 months
and 100 mg of aspirin as a permanent medication.

Immediate results were evaluated according to the angio-
graphic patency of the stented segment. Postprocedural precon-
trast CT or MR imaging scanning was then performed within 24
hours to identify any new infarction or hemorrhage. The NITHSS
and a 3-month mRS were compared to assess the clinical results of
the procedures. Follow-up imaging was obtained in 4 patients
with Doppler ultrasonography (DUS) (n=2) or CTA (n=2). For
all patients treated with stent placement, routine angiographic
follow-up was recommended 6—12 months after the procedure.
However, patients who were at high risk for procedural compli-
cations during angiography and who had no symptoms or signs of
ischemia, as well as patients who declined the recommendation,
did not undergo routine follow-up angiography and, instead, un-
derwent CTA or transcranial DUS which are noninvasive diag-
nostic tools used for follow-up in patients who have undergone



FIG1. A70-year-old man presented with severe dizziness and ataxia. DWI showed a wedge-shaped infarct in the left cerebellar hemisphere (A)
and multifocal infarcts in the right occipital lobe (B). C, An angiogram of the right subclavian artery showed occlusion of the hypoplastic right VA
at the C4 level (arrow). Both internal carotid arteriograms showed poor development of both PcomAs (not shown). D, An arteriogram of the left
subclavian artery shows occlusion of the V1segment. Note the filling of the anterior spinal artery arising from the costocervical trunk in the late
phase of the angiogram (arrowheads). E, Final angiogram after stent placement shows good patency of the occluded VA and good filling of the
posterior circulation. F, Good patency of the stented lumen was seen on follow-up DUS 4 months later and without any neurologic deficit

(mRS=0).

V1 stent placement, as we already reported.'” We evaluate the
mobile V1 segment with DUS because, in most patients, the
stented segment can be seen without difficulty. The implanted
stent is also a good anatomic landmark for clear visualization of
the lumen. Restenosis on CTA was determined by reconstituted
delineation of traced-stented vessel segments by Advanced Vessel
Analysis (Siemens, Erlangen, Germany) along the stented vessel.

RESULTS

Angiographic and Imaging Findings

Angiographic analysis revealed that all vertebral occlusions oc-
curred in the dominant VA. The mean length of the occlusions
was 43 mm (range, 10—69 mm). The contralateral VA was hyp-
oplastic in all patients; it barely filled the BA (n=4), only filled the
posteroinferior cerebellar artery (n=2), and was occluded in the
proximal segment (n=2). The PcomA filled the distal aspect of
the BA in 2 cases. Other patients showed no PcomA contribution

to the BA flow. The PcomA was not well developed in any of these
patients, thus suggesting that hypoperfusion-associated stump
embolism was the primary stroke mechanism in these patients.
The proximal stump of the V1 occlusion in the subclavian artery
was barely able to be identified, thus suggesting that the occlusion
was related to an atherosclerotic ostial plaque lesion leading to a
tight occlusion. The deep cervical artery contribution was the pri-
mary angiographic collateral at the C3—4 levels of the VA distal to
the occluded segment, as seen on DSA. The anterior spinal artery
filling from the costocervical trunk was identified in 2 patients.
There was no collateral development via the anterior spinal artery
in our study patients.

Results revealed acute infarct in the cerebellum, brain stem,
thalami, and occipital lobes in all 8 patients. The infarct lesions
seen on DWI varied in size from focal or localized to territorial.
Two patients had focal ischemic lesions in the middle cerebral
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FIG 2. Diagram showing the recanalization process in patients with V1 segment occlusion. A, Smooth probing and traversing of the occluded
segment by a 0.035-inch guidewire are followed by the introduction of a 4F angiocatheter (or a guiding catheter), which can also allow the
passage of a PercuSurge protective balloon guidewire. B, Passage of the occluded segment can be identified by free regurgitation of blood as
well as suction of debris beyond the occluded segment. Under distal balloon protection (C), angioplasty is followed by stent placement (D).

artery territory, probably caused by concomitant perforator
infarcts.

Recanalization Outcome

Endovascular revascularization was successful in 7 of 8 patients.
Revascularization failed in 1 patient because of failed guidewire
passage through the occluded vertebral ostium. Each patient’s
data are summarized in the On-line Table. Poststenting angio-
plasty was required in all patients because of elastic recoiling of the
vertebral ostial lesion after angioplasty and stent placement. After
postdilation, there was no significant residual stenosis. In 2 pa-
tients with concomitant BA occlusion that was identified as a
thromboembolism on both MRA and DSA, we deployed a self-
expanding stent in the BA in 1 patient and thrombolysis with
100,000 U of urokinase followed by a self-expanding stent in the
BA in the other patient.

There were neither immediate (<24 hours) nor delayed (=24
hours) complications except for 1 complication in a patient in
whom a microguidewire remained in the BA and detached in the
femoral artery because of inadvertent anchoring to the stent strut
while advancing the microguidewire beyond the deployed stent in
the mid-BA to the remaining basilar top occlusion. CT perfusion
the next day showed good patency of the stented vessels, and DWI
5 days later showed localized infarcts in the cerebellum and the left
temporal lobe, but without any symptom aggravation. This pa-
tient improved to NIHSS, 6 from NIHSS, 9, had an mRS score of
1 at the 3-month follow-up, and showed good patency of the
stented lumen on CTA without any symptom recurrence during
the 2.5-year follow-up period. Therefore, the rate of technical
complications was 12.5% (95% CI, 2.24%-47.10%). However,
there were no clinical complications in all 8 patients (95% CI,
0.00%-32.44%).

No hemorrhage or aggravation was seen in any patients, based
on images taken during the following 24 hours after the procedure
(n=5). Three patients did not undergo an imaging study because
there was no clinical symptom aggravation and these patients had
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relief of their symptoms. Seven patients scored =2 in the mRS at
3 months. A patient with BA occlusion presented with a poor
clinical condition (NTHSS_=17), resulting in a poor outcome at 3
months (mRS=5). There was good patency and no in-stent reste-
nosis in 2 patients, as seen on DUS (n=2) after 4 months and 10
months, respectively. Another patient (patient 6) monitored with
CTA at 5 months after the procedure showed 40% restenosis at
the ostium but without symptom recurrence. Other study pa-
tients did not undergo imaging follow-up and had no symptom
recurrence.

DISCUSSION

Approximately 7.6% of patients who clinically manifest athero-
sclerotic disease have an asymptomatic VA stenosis or occlusion
visible on DUS.?° However, to our knowledge the incidence of
stroke caused by V1 occlusion has not been reported in the general
population. Our study showed that stroke caused by V1 segmental
occlusion was responsible for 12% of the recanalization proce-
dures performed in the V1 segment. Our patients revealed dom-
inant VA occlusion with insufficient or occluded flow through the
contralateral VA.

Large-artery disease, especially in the V1 segment of the VA, is
known to demonstrate topographic heterogeneity of the cerebel-
lar infarcts, as seen in our study, which revealed a wide range of
posterior circulation infarcts related to vertebral ostial occlusion
strokes.”! Artery-to-artery embolism from the stump of the oc-
cluded V1 segment seems to be involved more often in large arte-
rial embolic stroke than in hemodynamic stroke.>* The preva-
lence of the so-called “VA stump syndrome” is 1.4% in patients
with posterior circulation stroke, the rate of recurrence of isch-
emic stroke is 25%, and it shows unfavorable outcomes in 25% of
patients with posterior circulation stroke.*> A low-flow state in
the stump might cause thrombus formation that can lead to distal
embolism.>* Retrograde filling of the blood flow via the C3—4
collaterals through thyrocervical or costocervical trunks, or C1-2



anastomosis via the occipital artery or the ascending pharyngeal
artery, slowly fills the occluded segment, and sluggish blood flow
forms a clot as a source of emboli to the posterior circulation.*”
Although the number and distribution of acute ischemic le-
sions in our patients were too varied to categorize them into a
specific stroke pattern, such findings may suggest rather re-
mote artery-to-artery embolism from the VA ostial stump in a
relatively hypoperfused posterior circulation. However, the as-
sociation of a perforator infarct cannot be excluded in this
small number of patients.

Several studies have shown that thromboembolism caused by
erosion of the plaque surface, or plaque rupture, can contribute to
posterior circulation infarcts.”>"*> As VA-origin plaques are hard,
smooth, and concentric and are less prone to ulceration or intra-
mural hemorrhage, they are therefore known to have less risk for
embolism than carotid bifurcation plaques.”® However, acute
thrombus formation at the stump or due to plaque rupture can
cause sudden occlusion of the V1 segment as well as a large throm-
bus burden.””*®

The endovascular treatment of VA atheromatous disease
remains controversial, as its natural history is poorly under-
stood and no randomized trials have assessed the effectiveness
and long-term outcome of this therapy.”® There were a few
anecdotal case reports regarding the protection technique in
recanalization of a V1 occlusion by use of a flow-reversal tech-

2031 or a distal filter protection device.>> Our clinical

nique
experience has shown that smooth passage of a 0.035-inch
guidewire could be followed by the introduction of a 4F angio-
catheter, which allows clot aspiration and also accepts a distal
balloon system with a 0.014-inch outer diameter. A more rigid
microguidewire can also be used for probing the occluded seg-
ment. We performed vertebral ostial stent placement by using
a self-expandable stent'® because of its long lesion coverage,
radial flexibility, and conformability to the tortuousness and
longitudinal flexibility of a nitinol stent.>’

Endovascular recanalization of the occluded V1 can be war-
ranted for patients in whom stroke has developed despite medical
treatment or for patients with tandem lesions. The timing of re-
canalization therapy must be at least in the subacute stage because
recanalization 2 months after the onset of symptoms failed in one
of our study patients. In addition to medical treatment of acute or
subacute occlusion of the V1 segment, a recanalization procedure,
if required, must be done in the acute or subacute stage of occlu-
sion because successful recanalization may not be achieved in
chronic occlusion or may not be necessary when there is good
development of collaterals.'®'” In acute stroke with poor clinical
status, recanalization should not be hesitated as a first-line of
treatment. In patients with subacute stroke without alleviation of
symptoms, recanalization could be an option to improve clinical
status and to prevent further embolic stroke. Although surgical
bypass can be performed for vertebral ostial occlusion, surgical
morbidity seems to be significant and these procedures require
shunt appliances.”* If a lesion is not accessible via the endovascu-
lar route, surgical treatment may be considered if there is no re-
sponse to maximal medical therapy or if there is enough of a distal
stump in the occluded V1 segment.*

Study Limitations

There were several limitations to our study. For example, the sam-
ple size of the study was relatively small, and the number of im-
aging follow-ups was limited in this patient cohort, thus making
us unable to evaluate the rate of restenosis. Our series was based
on a retrospective analysis, which can create bias for this recana-
lization procedure and which cannot predict the final outcome of
patients with V1 ostial occlusion without performing a random-
ized controlled comparison. Therefore, recanalization should be
used with caution in patients with symptomatic V1 occlusion.
Other possibilities, such as dissection or vasculitis, could not be
completely excluded. However, a small stump caused by tight
stenotic atherosclerotic plaque differs from a normal-looking
stump caliber, as shown in dissection.”® Intravascular DUS can be
helpful in making the differential diagnosis.”” Lastly, because the
follow-up period of our study was short and the long-term clinical
benefits of recanalization treatment still remain unclear, such
benefits should be more thoroughly evaluated in future studies.

CONCLUSIONS

The thrombus burden of an occluded V1 segment is variable and
can cause a serious embolic infarct in the posterior circulation.
Revascularization of a vertebral ostial occlusion can be achieved
with good clinical results by use of strategic revascularization
based on the V1 occlusion stroke mechanism. In some patients,
passage of the occluded segment can be performed safely by gentle
probing with use of a guidewire followed by introduction of an
angiocatheter. Subsequent recanalization by angioplasty and
stent placement can be successfully performed under balloon pro-
tection in some patients. Re-establishment of the antegrade ver-
tebrobasilar blood flow via endovascular recanalization might be
an option used to decrease stroke recurrence in selected patients
with acute posterior circulation stroke caused by an ostial V1 seg-
ment occlusion.
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ORIGINAL RESEARCH
HEAD & NECK

Imaging Findings of Head and Neck Dermatofibrosarcoma
Protuberans

G.G. Millare, N. Guha-Thakurta, EM. Sturgis, A.K. El-Naggar, and J.M. Debnam

ABSTRACT

BACKGROUND AND PURPOSE: Dermatofibrosarcoma protuberans is a rare, locally aggressive sarcoma of the skin in children and adults,
usually involving the trunk and extremities and less commonly the head and neck. Despite clinical reports in the literature on the
management of dermatofibrosarcoma protuberans, there are limited articles describing its imaging features.

MATERIALS AND METHODS: We retrospectively reviewed the demographics and imaging findings in all 24 patients with pathologically
proven dermatofibrosarcoma protuberans of the head and neck seen at a tertiary cancer center between 2001 and 2010.

RESULTS: Twenty-two of the 24 lesions were nodular and well circumscribed; 19 of the 24 were located on the scalp. On imaging, all 24
lesions involved subcutaneous tissues. The lesions ranged in size from 0.6 -9.5 cm (mean, 3.7 cm; standard deviation, 2.3 cm). Twelve lesions
involved the soft tissues either at or extending directly to the midline. Thirteen lesions were associated with bulging of the skin surface.
Fourteen lesions were imaged with CT and 14 with MR imaging. Whereas variable enhancement patterns were noted on CT and MR imaging,
dermatofibrosarcoma protuberans was usually T2-hyperintense and demonstrated marked enhancement. None of the lesions was asso-
ciated with bone invasion, perineural spread, or nodal/distant metastasis.

CONCLUSIONS: Knowledge of the imaging characteristics of dermatofibrosarcoma protuberans may alert neuroradiologists to include
dermatofibrosarcoma protuberans in the differential diagnosis of lesions about the head and neck with similar imaging characteristics.

ABBREVIATIONS: DFSP = dermatofibrosarcoma protuberans; PDGFB = platelet-derived growth factor B-chain; PDGF-R = platelet-derived growth factor

receptor tyrosine kinase

Dermatoﬁbrosarcoma protuberans (DFSP) is a rare, locally
aggressive sarcoma of the dermis with a high cure rate."”
DESP often presents in the third or fourth decade of life, most
commonly involving the trunk (50—60%) or proximal extremi-
ties (20-30%) and less commonly involving the head and neck
(10-15%).”* DFSP grows in an infiltrative manner and has the
capacity for local recurrence, though it rarely metastasizes.>°

The imaging features of DFSP of the trunk and extremities are
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nonspecific, including low signal on T1 and high on T2 on MR
imaging, with uniform enhancement after contrast administra-
tion.””® CT findings include isoattenuated to hypoattenuated
lesions without calcifications and uniform (small lesions) to het-
erogeneous (large lesions) enhancement after contrast adminis-
tration.” Previously published reports on DFSP have highlighted
its clinical features, but only a few small series have outlined its
imaging features.”®'® The purpose of this study was to more
comprehensively define the CT and MR imaging appearance of
DEFSP of the head and neck.

MATERIALS AND METHODS
This study was approved by the Institutional Review Board of The
University of Texas MD Anderson Cancer Center, which waived
the requirement for informed consent. We retrospectively re-
viewed the demographics and radiologic images of 24 patients
with pathologically proven DFSP of the head and neck seen at our
institution between 2001-2010.

Fourteen patients underwent CT of the head and neck, and 14
patients underwent MR imaging of the head and neck. The CT
examinations were performed after intravenous administration
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Patient demographics and image appearance

Age,
Patient  Years/Sex Location CT Enhancement Pattern MR Appearance (T2) MR T1 Enhancement
1 3/M Parietal midline scalp NA Hyperintense Marked homogeneous
2 68/M Right cheek Homogeneous NA NA
3 37/M Frontal paramedian scalp Homogeneous NA NA
4 66/M Frontal midline scalp Heterogeneous Hyperintense Marked homogeneous
5 39/F Frontal midline scalp NA Hyperintense Mild
6 46/F Frontal midline scalp NA Hyperintense Marked homogeneous
7 25/F Right parietal paramedian scalp Minimal NA NA
8 29/F Right pre-auricular region Homogeneous NA NA
9 58/F Frontal midline scalp NA Hyperintense Marked homogeneous
10 31/F Right parietal scalp near midline Heterogeneous Hyperintense Marked heterogeneous
n 45/M Left parietal paramedian scalp Minimal NA NA
12 42/M Parietal scalp near midline NA Hyperintense Marked heterogeneous
13 48/F Parietal midline scalp Homogeneous NA NA
14 15/F Frontal paramedian scalp NA Iso-/hypointense Marked homogeneous
15 40/M Frontal paramedian scalp Homogeneous NA NA
16 25/M Parietal scalp to midline Heterogeneous NA NA
17 64/F Midline chin Minimal NA NA
18 36/M Midline occipital scalp NA Hyperintense Marked heterogeneous
19 34/M Right frontal scalp NA Hypointense Marked homogeneous
20 72/F Right posterior neck Homogeneous Hyperintense Marked heterogeneous
21 55/M Left face to midline NA Iso-/hypointense Marked homogeneous
22 42/M Parieto-occipital scalp Homogeneous Hypointense Marked homogeneous
23 31/F Parietal scalp to midline Homogeneous NA NA
24 40/F Parietal scalp NA Hyperintense Marked homogeneous

Note:—NA indicates not applicable.

of contrast material. Soft tissue and bone windows were evaluated
in all patients. MR imaging sequences included axial T1 precon-
trast, orthogonal T1 postcontrast, and T2-weighted sequences
(Table).

The following imaging features were documented: lesion size,
location, enhancement pattern, calcification, and perineural
spread; associated osseous abnormality; and presence of nodal or
distant metastasis.

RESULTS

Clinical Features

The patients ranged in age from 15-72 years (mean, 42.5 years;
median, 40 years) and included 12 women and 12 men. Seventeen
patients presented with a primary, untreated tumor, and 7 pa-
tients presented with recurrent disease. The most common pre-
senting symptom was a slowly enlarging mass (n = 18). Six pa-
tients described a history of trauma before development of a
slowly growing mass at the same site as the trauma. The trauma
occurred 2 years before presentation in 2 patients, 6-11 years
before presentation in 3 patients, and as a child in 1 patient. DFSP
was diagnosed through biopsy in all 24 patients.

Imaging Findings

On imaging, 19 lesions involved the scalp; other locations in-
cluded the posterior neck (n = 1), left face to midline (n = 1),
pre-auricular region (n = 1), chin (n = 1), and cheek (n = 1). All
24 lesions involved the subcutaneous soft tissues. Eighteen lesions
extended up to the skin surface, and, of these, 13 were associated
with bulging of the skin, 2 were associated with an exophytic fun-
gating component, and 2 were associated with skin retraction; 1
was associated with none of these findings. Twelve of the lesions
involved the soft tissues either at (n = 6) or near the midline (n =
6). The lesions ranged in size from 0.6-9.5 cm (mean, 3.7 cm;
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standard deviation, 2.3 cm). Twenty-two of the 24 lesions were
nodular and well-circumscribed; the nodules were singular in 13
cases, coalescent in 6 cases, and multiple but separated in 3 cases.
Two lesions had an infiltrative pattern; both manifested as recur-
rences in the operative field. None of the patients had evidence of
osseous destruction, cervical lymph node, or distant metastasis.

CT Findings

The 14 lesions imaged with CT demonstrated enhancement that
was either minimal (n = 3), heterogeneous (n = 3) (Fig 14), or
homogeneous (n = 8). There was no evidence of calcification, and
none of the lesions demonstrated CT evidence of perineural
spread. Osseous destruction was absent; however, thinning of the
underlying calvaria (Fig 1B) was seen in 2 patients (patients 10
and 16).

MR Imaging Findings

All 14 lesions imaged with MR were T1-isointense to muscle (Fig
2A); 10 lesions were T2-hyperintense (Fig 2B) and 4 were iso-
intense to hypointense to muscle. T1 postcontrast enhancement
patterns ranged from mild (# = 1) to markedly heterogeneous
(n = 4) or markedly homogeneous (n = 9) (Fig 2C,-D). Neither
perineural spread nor bone involvement was present in any case.

Pathologic Findings
Most the lesions were found in the lower dermis and the subcu-
taneous tissue. All tumors manifested spindle cell proliferation
arranged in light storiform patterns. Although infiltrative with
ill-defined boundaries, the cells were bland and lacking mitotic
activity and nuclear pleomorphism.

Seven patients presented to our institution with recurrent dis-
ease after having undergone resection at other centers. In 6 of the
7 patients, the pathologic specimens from the initial resection



FIG1. A3l-year-old woman (patient10) with DFSP of the right parietal scalp. Contrast-enhanced
axial CT in soft tissue (A) and bone window (B) shows a 6.1 X 4.8-cm heterogeneously enhancing
mass (A, arrow) that bulges the skin surface outward and thins underlying calvaria (B, arrow).

FIG 2. A 31-year-old man (patient 1) with DFSP of the parietal midline scalp. MR imaging shows
a 3.5 X 1.8-cm Tl-isointense, T2-hyperintense, coalescing nodular mass with marked homoge-
neous enhancement in the parietal midline scalp (arrows). A, Axial noncontrast T1. B, Fast spin-
echo T2 with fat saturation. C, T1 postcontrast axial with fat saturation. D, T1 postcontrast

coronal with fat saturation.

were submitted and reviewed by our pathology department. In all
6 patients, DFSP was present at the surgical margins.

Treatment

The lesions were treated with surgical excision (n = 9), excision
and radiation (n = 8), excision and chemotherapy (n = 3), che-
motherapy (n = 3), or all 3 treatments (n = 1). All of the patients
were still alive at the time of this report.

DISCUSSION

DEFSP typically presents as a slow-grow-
ing, painless, and firm subcutaneous nod-
ule.'" The lesions can be multiple and
may coalesce to form an indurated plaque
(Fig 3), which on clinical examination is
often violaceous.'>'* The growth rate is
variable; some lesions remain stable in
size for many years, whereas others dem-
onstrate slow progressive growth.'* DFSP
can arise in healthy skin or in areas of re-
peated trauma, vaccination sites, irradi-
ated skin, or scars.!® Six patients in our
series had a history of local trauma before
the development of DFSP, and the inter-
val between the trauma and development
of DESP varied. Tattoo sites also show a
predilection for benign and malignant
changes and should be evaluated during
regular skin examinations; DFSP should
be considered in the differential diagnosis
of neoplasms arising within areas of
tattoos.'®

In our series, DFSP lesions ranged in
size from 0.6-9.5 c¢m, and half were lo-
cated at or extended to the midline. Vari-
able enhancement was noted on CT (Fig
1A), similar to prior reports.>*> On MR
imaging, almost all of the cases showed
marked enhancement (Fig 2C,-D), which
has not previously been reported.”®* None
of thelesions was associated with perineu-
ral spread, nodal, or distant metastases.
No osseous destruction was demonstrat-
ed; however, calvarial thinning was seen
in 2 patients. These 2 patients (patients 10
and 16) had the largest lesions, which sug-
gests that the thinning could be related to
a pressure effect. Although none of the le-
sions in our series showed intracranial ex-
tension, this has been described in 2 case
reports.'®!”

None of the patients in our series had
local or nodal metastasis, perineural
spread, or bone destruction. In contrast,
2-3% of all patients with squamous cell
carcinoma of the skin have metastasis,
which occurs almost exclusively through
lymphatic channels and only rarely through
hematogenous spread.'® Perineural spread
occurs in basal cell carcinoma, squamous cell carcinoma, and mela-
noma (desmoplastic), usually involving cranial nerves Vand VII.'>*°

Bony destruction is uncommon with skin tumors, but when
bone destruction is noted on imaging, malignant melanoma and
squamous cell carcinoma should be considered.”'

Histologically, DFSP is an infiltrative soft tissue neoplasm of
the dermis and subcutaneous tissues. DFSP is composed of bland,
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FIG 3. Photographs of 2 patients with DFSP. A, Patient 16, a 25-year-old man with a large DFSP
of the scalp extending from the midline near the vertex down to the left lower parietal region
with subcutaneous infiltration. B, Patient 10, a 31-year-old woman with a large DFSP of the right

paramedian posterior parietal scalp.

FIG 4. Pathologic specimen of DFSP. A, Hematoxylin and eosin stain. Elongated spindle cells
with a storiform (whorled) pattern arranged around foci of collagen or vascular spaces, radiating
outward (arrows). B, CD34 stain. The specimen is positive for CD34 staining. Fat entrapment is

noted with a honeycomb pattern (arrow).

elongated spindle cells with a storiform, or whorled, pattern ar-
ranged around foci of collagen or vascular spaces, radiating out-
ward like the spokes of a wheel (Fig 4A).>* Infiltration around fat
cells may produce a honeycomb appearance of the fat (Fig 4B).>*
Immunohistochemical analysis may assist if the diagnosis as
DESP is positive for CD34 staining (Fig 4B), with a reported sen-
sitivity of 84-100%.%°* Because other skin lesions are also pos-
itive for CD34 staining, CD34 is not specific for DESP; however,
CD34 positivity in combination with the histologic features
makes the diagnosis.

At the genetic level, the critical initiating event in DFSP devel-
opment is rearrangement of chromosomes 17 and 22 in the form
of a supernumerary ring chromosome [r (17; 22)] or a reciprocal
translocation [t (17; 22)]. Either of these rearrangements results
in chimeric fusion of the genes encoding the platelet-derived
growth factor B-chain (PDGFB) and the collagen type 1 a;-chain,
which in turn results in autocrine activation of the platelet-de-
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rived growth factor receptor tyrosine ki-
nase (PDGF-R), which triggers the prolif-
eration of DFSP tumor cells.***°
Treatment options include complete
surgical excision, including wide excision
and Mohs micrographic surgery, radia-
tion, and imatinib mesylate.>'"*! Ima-
tinib, a competitive tyrosine kinase inhib-
itor, is currently approved by the Food
and Drug Administration for the treat-
ment of adult patients with unresectable,
recurrent, and/or metastatic DFSP, and
this may in turn facilitate tumor resection
and or decrease disfigurement.?* After lo-
cal resection, the 5-year survival rate is
93-100%.*>* In agreement with these
previously reported findings, none of the
patients in our series had died of disease at
the time of this report. Local recurrence
occurs in 20-55% of cases.'>'*?> Most
within 3
only 30% occur after 5

local recurrences

11,12,35,
bl

occur
years
years.”> The lungs are the most common

12,30,36,37
and

site of distant metastasis,
metastasis has been reported to occur in
5— 6(%) Of Cases.13,14,34,35,38,39

Differential diagnoses of other cutane-
ous neoplasms that could be confused
with DFSP include dermatofibroma, epi-
dermal cyst, peripheral nerve sheath tu-
mor, nodular fasciitis, cavernous heman-
gioma, liposarcoma, nodular type of
melanoma, and mycosis fungoides.>"*>*!
Dermatofibroma can have imaging find-
ings similar to DFSP on CT and MR im-
aging but is most frequently seen in the
extremities, whereas DFSP is most com-
monly seen in the trunk.*>** Epidermal
cyst, most commonly an incidental find-
ing, does not enhance on both CT and
MR, unless infected, whereas DFSP shows variable enhancement
on CT and MR imaging.***> Peripheral nerve sheath tumors are
usually close to a major nerve, with certain signs such as split fat or
fascicular or target sign, which are absent in DFSP.*>*¢ Plexiform
neurofibromas tend to be asymmetric and diffuse, whereas DFSP
most commonly is nodular.*”*® Clinically, patients with plexi-
form neurofibromas have neurofibromatosis type 1. Nodular fas-
ciitis can be indistinguishable from DFSP by imaging. However,
on MRI, one may see fascial tail sign, which is the linear extension
of the lesion along the fascia, which also may appear to be en-
hanced. Nodular fasciitis favors the upper extremity, whereas
DFSP favors the trunk."®*"** Cavernous hemangioma has low
attenuation on CT, and calcifications are common, features not
seen in DFSP.*>* Liposarcoma contains fat, which is not present
on DFSP.** The nodular type of melanoma is mostly clinically
blue to black, and DESP is often violaceous. Melanotic melanoma
is hyperintense on T1-weighted images and hypointense on T2-



weighted images. Melanomas can have associated lymphadenop-
athy and osseous destruction not usually found in DESP.**>">2
Mycosis fungoides is the most common type of cutaneous T-cell
lymphoma. CT findings include skin thickening, edema, soft tis-
sue infiltration, lymphadenopathy, and systemic manifestations,
not typically found in DFSP.*>>* The imaging findings of DFSP
are nonspecific, but the combination of imaging findings, loca-
tion of the lesion, and clinical features of the lesion help narrow
the differential diagnosis of these cutaneous lesions mimicking
DESP.

Limitations of the study include the retrospective nature of the
review. Similar imaging studies were not available for each pa-
tient, and, for the 7 patients presenting to our center with recur-
rent disease, the initial imaging of the primary lesion was not
submitted for interpretation. However, the pathologic specimens
for 6 of the 7 patients with recurrent DFSP were reviewed by our
pathology department. DFSP was present at the surgical margins
in all 6 specimens, which suggests that recurrent disease may be
associated with incomplete surgical resection. This is in keeping
with published reports of high recurrence rates in patients with
positive surgical margins.>® The most significant prognostic fac-
tor in patients with DFSP has been the extent of surgical
resection.”

CONCLUSIONS

DEFSP of the head and neck region typically involves the dermis of
the scalp, is often well-circumscribed with a nodular appearance,
presents as a subcutaneous mass of variable size, often occurs near
the midline, and is associated with bulging of the skin surface.
Variable enhancement patterns are noted on CT, but, on MR
imaging, DFSP is usually T2-hyperintense with marked enhance-
ment. There is a high propensity for local recurrence but a low
incidence of bone invasion, perineural spread, and nodal or dis-
tant metastasis. Neuroradiologists should be familiar with the im-
aging appearance of DFSP and include DFSP in the differential
diagnosis of head and neck dermal tumors with similar imaging
characteristics.
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Fractional Change in Apparent Diffusion Coefficient as an
Imaging Biomarker for Predicting Treatment Response in Head
and Neck Cancer Treated with Chemoradiotherapy

M. Matoba, H. Tuji, Y. Shimode, I. Toyoda, Y. Kuginuki , K. Miwa, and H. Tonami

ABSTRACT

BACKGROUND AND PURPOSE: ADC provides a measure of water molecule diffusion in tissue. The aim of this study was to evaluate
whether the fractional change in ADC during therapy can be used as a valid predictive indicator of treatment response in head and neck
squamous cell carcinoma treated with chemoradiotherapy.

MATERIALS AND METHODS: Forty patients underwent DWI at pretreatment and 3 weeks after the start of treatment. The pre-
treatment ADC, fractional change in ADC, tumor regression rate, and other clinical variables were compared with locoregional
control and locoregional failure and were analyzed by using logistic regression analysis and receiver operating characteristic analysis.
Furthermore, progression-free survival curves divided by the corresponding threshold value were compared by means of the

log-rank test.

RESULTS: The fractional change in ADC,

primary?’

ratenode,

univariate analysis, the fractional change in ADC,;;..,,

the fractional change in ADC

fractional change in ADC

Hoder Primary tumor volume, nodal volume, tumor regression

N stage, and tumor location revealed significant differences between locoregional failure and locoregional control (P < .05). In

noder TUMOT regression rate, 4., N stage, and tumor

location showed significant association with locoregional control (P < .05). In multivariate analysis, however, only the fractional change in

ADC
ADC

primary

primary

control. Progression-free survival of the 2 groups divided by the fractional change in ADC

(P < .05).

CONCLUSIONS: The results suggest that the fractional change in ADC

was identified as a significant and independent predictor of locoregional control (P = .04). A threshold fractional change in
of 0.24 revealed a sensitivity of 100%, specificity of 78.7%, and overall accuracy of 84.8% for the prediction of locoregional

at 0.24 showed a significant difference

primary

primary 15 @ valid imaging biomarker for predicting treatment

response in head and neck squamous cell carcinoma treated with chemoradiotherapy.

ABBREVIATIONS: AADC = fractional change in ADC; HNSCC = head and neck squamous cell carcinoma; ATV = tumor regression rate; LRC = locoregional control;

LRF = locoregional failure

pproximately two-thirds of patients with head and neck

squamous cell carcinoma (HNSCC) present with advanced-
stage disease, and regional lymph node involvement is common.'
Surgery with or without adjuvant chemotherapy and/or radiation
therapy remains a mainstay of treatment in advanced HNSCC,
but radical radiation therapy alone or concurrent chemoradio-
therapy as a definitive treatment has become a standard manage-
ment option for many patients with HNSCC to improve the pa-
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tient’s quality oflife via organ preservation. Despite these rigorous
treatment methods, however, locoregional disease failure occurs
in as many as 30%—40% of cases.>” Therefore, if a reliable indi-
cator of response to radiation therapy or chemoradiotherapy be-
fore or at an early stage of treatment could be found, patients
whose prognoses are likely to be unfavorable with current ap-
proaches might be selected for alternative strategies, improving
their chances of success and sparing them from ineffective treat-
ment with unnecessary toxicity. It has been impossible, however, to
reliably predict early individual treatment response despite careful
evaluation by using traditional clinical predictors such as tumor size,
clinical stage, tumor location, and lymph node involvement.*

DWI extracts information from the diffusion of water mole-
cules in tissue. Water molecule diffusion motion can be quanti-
fied by using the ADC. In general, highly cellular cancers have
more restricted diffusion, resulting in lower ADC values, while
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FIG 1. Patient selection criteria.

Table 1: Patient characteristics

Characteristics No. of Patients (n = 35)

Age (yr)
Median 66.2
Range 33-79
Male/female 30:5
Tumor location
Supraglottis 3
Oropharynx 9
Hypopharynx 9
Larynx 10
Oral cavity 4
T stage (UICC 2002)
T 1
T2 14
T3 8
T4 12
N stage (UICC 2002)
NO 3
N1 7
N2 20
N3 5

Note:—UICC indicates Union for International Cancer Control.

cancer treatments causing cell death increase water diffusion and
lead to a rise in ADC.?

In HNSCC, recent clinical studies have applied DWI to the
prediction of treatment response to neoadjuvant chemotherapy,
radiation therapy, or chemoradiotherapy before or at an early
stage of treatment, revealing that pretreatment ADC correlates
with treatment response and that ADC changes at 1, 2, and 4
weeks after the start of treatment can predict treatment re-
sponse.® In addition, it has been reported that ADC changes at 3
weeks posttreatment can predict treatment response with higher
accuracy than morphologic imaging assessment.'® Studies evaluat-
ing the predictive value of DWI for treatment response post-radia-
tion therapy and/or chemotherapy are limited, however, and the op-
timal timing of the evaluation of the DWT and ADC analysis method
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for predicting the treatment response has
not been established, to our knowledge.

The aim of this study was to evaluate
the usefulness of the fractional change in
ADC (AADC) during therapy for predic-
tion of treatment response in patients
with HNSCC treated with chemoradio-
therapy compared with the other clinical
variables and to identify whether the
AADC during therapy can be used as a
valid imaging biomarker for prediction of
treatment response.

MATERIALS AND METHODS
Patient Population
This prospective study was approved by
the Committee on Clinical Study at our
institution, and written informed consent
was obtained from all patients. The study
population consisted of patients with his-
tologically confirmed primary HNSCC
who were treated with chemoradiother-
apy between January 2008 and September
2012 at our institution. Patient selection was performed accord-
ing to the inclusion and exclusion criteria for this study, summa-
rized in Fig 1. Forty patients who met these criteria were enrolled
in this study. Five patients were excluded from the data analysis: 2
who refused the proposed treatment, 2 for whom the MR image
quality was poor due to a low signal-to-noise ratio or artifacts, and
1 who died within 3 months after therapy with unknown disease
status. Eventually, 35 patients were eligible for the present analysis.
Patient characteristics are displayed in Table 1. All tumors were
staged according to the 2002 Union for International Cancer Control
Tumor, Node, Metastasis staging system.

Treatment and Follow-Up

All patients underwent concurrent chemoradiotherapy. External
radiation therapy was administered in 2-Gy daily standard frac-
tions by using 4-MV x-ray, and CT-based 3D conformal radiation
therapy was mandatory. The gross tumor volume and the bulky
lymph nodes were treated with up to 60-70 Gy (median, 68.4 Gy).
A prophylactic nodal area was irradiated with up to 40-50 Gy
(median, 44.6 Gy). Patients received concurrent chemotherapy by
using S-1 and cisplatin: S-1 at the dose of 60 mg/m? for 3 weeks
followed by 1 week of rest plus weekly cisplatin at the dose of 30
mg/m” for 3 weeks followed by 1 week of rest (n = 25) or cisplatin,
100 mg/m”>, at weeks 1 and 4 (n = 10). Chemotherapy was re-
peated every 4 weeks for 2 courses.

Pretreatment diagnostic examinations included contrast-en-
hanced CT in all patients, ['*F]FDG-PET/CT in 20 patients, and
panendoscopy with biopsy in all patients. For routine pretreat-
ment examinations, MR imaging with DWI was performed in all
patients. Pretreatment MR imaging with DWI was performed
from 1 to 10 days before the start of treatment, and a second MR
imaging with DWT was performed at 3 weeks after the start of
treatment. In the previous study of the usefulness of DWT in pre-
dicting the response to neoadjuvant chemoradiotherapy for



FIG 2. Time line illustrating the consecutive methodologic steps in this study.

HNSCC, a significant ADC change to predict the treatment re-
sponse was obtained at a cumulative dose of 30 Gy. ' Therefore, in
this study, the second MR imaging with DWI was performed at 3
weeks after the start of treatment, reaching a cumulative dose of
30 Gy to the primary tumors and metastatic nodes. After the treat-
ment, patients were followed to evaluate locoregional control
(LRC) by clinical examination and a panendoscopy, followed by
biopsy in cases of suspected residual disease.

In addition, routine follow-up contrast-enhanced CT and MR
imaging were performed every 6 months during the follow-up
period. The follow-up period was designated as the total time of
follow-up starting at treatment completion and ending with ei-
ther tumor recurrence or at the last patient contact without tumor
recurrence. Tumor recurrence was defined at primary and nodal
sites by a persistent or recurrent mass with either histopathologic
proof or an increase in lesion size on serial CT or MR imaging
examinations. A time line describing the consecutive methodo-
logic steps in this study is shown in Fig 2. The progression-free
survival period was defined as the time between assignment and
disease progression, death, or last known follow-up. The median
follow-up period for all patients was 30.8 months (range, 7-56
months); the median follow-up in survivors (no evidence of dis-
ease) was 37.6 months (range, 24—56 months).

MR Imaging and Imaging Analysis

Diffusion-Weighted MR Imaging. MR imaging was performed by
usinga 1.5T system (Avanto; Siemens, Erlangen, Germany) with a
neck coil or a neurovascular coil. All sequences extended from the
skull base to the thoracic outlet. The imaging protocol consisted
of the following: T2-weighted axial and coronal images acquired
by using a turbo spin-echo sequence (TR/TE = 4000/90 ms,
512 X 256 matrix), and T1-weighted axial images acquired by
using a gradient recalled-echo sequence (TR/TE = 630/12 ms,
512 X 256 matrix). DWI was performed with a single-shot spin-
echo echo-planar imaging sequence by using a short inversion
recovery time for fat suppression (TR/TE/TI = 4000/68/180 ms,
512 X 256 matrix). The sequence was repeated for 3 values of the
motion-probing gradients (b=0, 90, and 800 s/mm?). The mo-
tion-probing gradients were placed on the 3 directions with the
same strength. The FOV was 25 cm, and the section thickness was
6 mm with an intersection gap of 3 mm. The ADC map was re-
constructed for each pixel by the b-values of 90 and 800 s/mm? by
using the standard software on the console (syngo; Siemens).

Imaging Analysis. All primary tumors
and lymph nodes diagnosed as metastatic
nodes on pretreatment clinical and imag-
ing assessment were evaluated on MR im-
aging with DWT performed from 1 to 10
days before the start of treatment and MR
imaging with DWI performed at 3 weeks
after the start of treatment, respectively.
Because the images of HNSCC are subject
to artifacts induced by continuous physi-
ologic motion such as breathing and swal-
lowing as well as susceptibility artifacts,
automated evaluation of serial changes in
ADC, such as a histogram-based or voxel-
wise approach incorporating registered image datasets between
treatment interval examinations, may be needed to decrease in-
terpretation error. Therefore, in this study, the mean value of
ADC of the whole tumor and the mean change in ADC during
treatment were used. ROIs were independently placed over all
targeted lesions on every section of the ADC map, and the ADC
values for the sections were averaged to obtain the mean value of
ADC of the whole tumor for each of the patients at each measure-
ment time point. For region-of-interest placements in the lesions,
care was taken to include the solid portions of the lesions and to
exclude any obviously cystic or necrotic areas in reference to the
T2WI. In addition, these ROIs were used to measure the whole
tumor volume. In each primary tumor and metastatic node,
whole tumor volume was calculated by multiplying each cross-
sectional area by the section thickness. These procedures were
performed separately and independently by 2 observers (M.M.
and Y.K., with 15 and 20 years of experience in head and neck MR
imaging, respectively) who were blinded to the information re-
garding local failure or control. All ADC and tumor volume mea-
surements were performed twice by each observer.

The AADC at 3 weeks for each primary tumor and metastatic
node was calculated on the basis of the ADC values at pretreat-
ment and 3 weeks after the start of treatment by using the formula

AADC = (ADCyy, - AADC,,.)/ADC,,

where ADC,,. represents the pretreatment ADC values and
ADC,,, represents the ADC values at 3 weeks after the start of
treatment.

In addition, the tumor regression rate (ATV) for each primary
tumor and metastatic node was calculated on the basis of the
tumor volume at pretreatment and 3 weeks after the start of treat-
ment by using the formula

ATV = (Tvpre - TVSW)/TVpre)

where TV,

pre
represents the tumor volume at 3 weeks after the start of treatment.

represents the pretreatment tumor volume and TV,

Statistical Analysis

The intraobserver and interobserver variability of region-of-in-
terest placement for the measurement of ADC and tumor volume
of primary tumors and metastatic nodes was analyzed by calcu-
lating the interclass correlation coefficient for single measure-
ments (0—0.20 is considered poor; 0.21-0.40, as fair; 0.41-0.60,
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FIG 3. A 68-year-old man with hypopharyngeal cancer (poorly differentiated squamous cell
carcinoma). A, Pretreatment transverse T2-weighted MR image shows a primary hypopharyn-
geal cancer (arrow). B, The pretreatment ADC map derived from the DWI shows that the
corresponding ADC value was 111 X 10 mm?/s for the manually placed region of interest
covering the tumor. C, At 3 weeks after the start of treatment, the T2-weighted MR image
at 3 weeks of treatment

shows a mass with marked regression (arrow). D, The AADC
is 0.69.

primary

as moderate; 0.61-0.80, as good; and 0.81-1.00, as excellent cor-
relation). The pretreatment ADC; AADC; primary tumor vol-
ume; primary nodal volume; ATV; and the other clinical variables
such as age, T stage (T1-2 versus T3—4), N stage (NO—1 versus
N2-3), and tumor location (hypopharynx or oral cavity versus
others) were compared with LRC and locoregional failure (LRF)
by using a Mann-Whitney U test. The univariate/multivariate
nominal logistic analysis was used to assess the correlation be-
tween LRC and the same variables described above. Then, a
receiver operating characteristic analysis with the area under
the curve was used to investigate the discriminatory capability
of the significant predictive value of LRC. For calculation of the
sensitivity, specificity, and accuracy of the significant predic-
tive value of LRC, the optimal threshold was determined by
giving equal weighting to sensitivity and specificity on the re-
ceiver operating characteristic curve.

Finally, to determine the usefulness of AADC for the predic-
tion of prognosis after chemoradiotherapy, we compared pro-
gression-free survival for the 2 groups divided by the optimal
threshold value by using the Kaplan-Meier method followed by
the log-rank test.
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Statistical ~calculations were per-
formed by using statistical analysis soft-
ware (Statistical Package for the Social
Sciences, Version 15.0; IBM, Armonk,
New York), and P values < .05 were con-

sidered statistically significant.

RESULTS

Treatment Outcome

During the follow-up period, complete
LRC was achieved in 21 of 35 patients
(60%). Four of 35 patients (11.4%) devel-
oped an isolated local recurrence. Five of
35 patients (14.3%) developed a regional
recurrence without primary tumor recur-
rence. Five of 35 patients (14.3%) devel-
oped a simultaneous locoregional tumor
recurrence. Patients with locoregional re-
currence were treated with salvage sur-
gery and/or neck dissection with or with-
out adjuvant chemotherapy. In patients
whose tumors were inoperable, only che-
motherapy was performed. Three of 35
patients (8.6%) died during the follow-up
period because of the extent of local re-
current tumor.

Observer Agreement

The intraobserver and interobserver
agreement for the ADC measurement was
0.81 and 0.73 on primary tumors and 0.91
and 0.82 on metastatic nodes, respec-
tively. The intraobserver and interob-
server agreement for the tumor volume
measurement was 0.80 and 0.70 on pri-
mary tumors and 0.92 and 0.83 on meta-

static nodes, respectively.

Analysis of Variables for Treatment Response

All DWI examinations of eligible patients for the present analysis
were performed successfully. A representative case is shown in
Fig 3.

Comparison of variables in LRC and LRF and univariate and
multivariate analysis of variables in association with LRC are
summarized in Table 2. The AADC,;,...,» AADC
tumor volume, primary nodal volume, ATV,

node» Primary

N stage, and

node’

tumor location revealed significant differences between LRC and
LRF; however, there was no significant difference in ADC, ;a1
ADC, 40 ATV imary> 3ge; and T stage. In univariate logistic anal-
ysis, AADC i mary» AADC ATV

cation showed significant association with LRC. Primary tumor

N stage, and tumor lo-

node> node>

volume and primary nodal volume showed no significant associ-
ation. In multivariate logistic analysis after variable selection with

the use of the forward stepwise method, only AADC was

primary
identified as a significant and independent predictor of LRC.
The receiver operating characteristic analysis resulted in a

threshold AADC 0f0.24 and an area under the curve of 0.9.

primary



Table 2: Comparison of variables in LRC and LRF/univariate and multivariate analysis of variables in association with LRC

Comparison of Variables

Univariate Analysis Multivariate Analysis

LRC LRF P Value P Value OR 95% ClI P Value OR 95% ClI

ADC,mary 118029  124+03 NS NS

ADC,_,. 1.09 = 0.05 115 + 0.03 NS NS

AADCPrimary 0.6 =031 023 £0.23 .0003 004 6.85X107* 048 X10°—0.1 04 142X107° 021X107°—0.94
AADC, g 047 x00 0.32 = 0.04 .01 03 178 X1072 046 X10°—0.69 NS

Primary tumor volume (mm?) 9,612 18,886 32,122 =+ 65,012 .03 NS

Primary nodal volume (mm?®) 706 = 11,048 4,788 *+ 6,999 .01 NS

ATV iy 072014 069013 NS NS

ATV, oo 071+ 019 0.56 £ 0.19 .02 002 123 X107° 0.52 X10°-0.29 NS

Age (yr) 693967 669126 NS NS

T (T1=2 vs T3-4) 7/14 8/6 NS NS

N (0-1vs 2-3) 7/14 3/1 .02 .02 416 123-21.55 NS

Tumor location (hypopharynx 417 9/5 003 .03 0.22 0.05-0.88 NS

or oral cavity vs others)

Note:—NS indicates a P value >.05.

FIG 4. Progression-free survival of patients with head and neck squamous cell carcinoma as-
sessed by AADC. The graph shows that the median progression-free survival period of patients
with AADC = 0.24 was significantly longer than that of patients with AADC < 0.24 (P < .05).

The 2-by-2 contingency table based on a AADC,,,; ..., of 0.24
revealed a sensitivity of 100%, specificity of 78.7%, positive pre-
dictive value of 76.7%, negative predictive value of 100%, and
overall accuracy of 84.8% for the prediction of LRC.

The progression-free survival curves in patients with
AADC = 0.24 and AADC,,;,0ry < 0.24 are shown in Fig 4.
The median progression-free survival period of patients with
AADC < 0.24 was 11.5 = 7.6 and that of patients with
AADC,imary = 0.24 was 32.8 = 8.2. The difference in progres-
sion-free survival between the 2 groups divided by the threshold
value of AADC

primary

primary

was significant (P < .05).

primary

DISCUSSION

In previous clinical studies evaluating the use of DWI to predict
treatment response to radiation therapy or chemoradiotherapy in
HNSCC, 2 ADC parameters—namely, pretreatment ADC and
the change in ADC during or early after treatment—have been
shown to be useful. Kim et al® reported the usefulness of pretreat-
ment ADC for predicting the treatment response of neck lymph
nodes at the end of treatment. In addition, Hatakenaka et al”
reported the usefulness of pretreatment ADC for predicting local
failure during follow-up after chemoradiotherapy or radiation
therapy. On the other hand, Vandecaveye et al® reported that the
change in ADC at 2 and 4 weeks of treatment correlated signifi-

cantly with the LRC and was more accu-
rate than volumetric changes for the
prediction of treatment outcome. In ad-
dition, King et al® reported that a strong
significant correlation was found between
LRF and serial change in ADC. Thus, the
optimal timing of the evaluation of ADC
and its analysis method for predicting the
treatment response to chemotherapy or
chemoradiotherapy in HNSCC have not
been established.

In the current study, the AADC; ,0ry
at 3 weeks of treatment was significantly
lower for lesions with LRF than for those
with LRC, and in the multivariate analy-
sis, only AADC,,,; a0y
cant association with LRC. By contrast,

revealed a signifi-
pretreatment ADC, ;,,,.,, Was not statisti-

cally correlated with LRC. In addition, the
AADC i mary threshold value of 0.24 resulted in 100% sensitivity
and 100% negative predictive value for the prediction of LRC. The

high negative predictive value of AADC may help to predict

primary
patients with LRF of chemoradiotherapy at the early phase of
treatment. Furthermore, in comparison of progression-free sur-
vival by using the AADC,, ;,,,..,, threshold value of 0.24 for distin-
guishing the LRC group from the LRF group, the patients with
AIXDCprirnary
with AADC
AIX])Cprin]ary

sponse to chemoradiotherapy but that pretreatment ADC

= 0.24 showed better prognosis than those
< 0.24. Therefore, our results indicate that

primary
is a potential predictive indicator of treatment re-
primary
is not. However, further studies that prospectively use the thresh-
olds obtained in this study are necessary to determine the real
significance of AADC,;ary
patients with HNSCC treated with chemoradiotherapy.

In many previous clinical and animal model studies, tumors

for prediction and management of

showing a rise in the ADC at an early phase of treatment showed a
better treatment response than those with little or no ADC
rise.'>'? Although the mechanism of rise in the ADC at an early
phase of treatment following cytotoxic and radiation treatment in
experimental and human tumors is not fully understood, it has
been speculated that a rise in ADC might be attributed to an
increase in the fractional volume and diffusion of water molecules
in the extracellular space that occurs with the disorganized micro-
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structure in necrosis and apoptosis in response to treatment.'*
Therefore, AADC at an early phase of treatment seems to reflect
the degree of tumor cell damage resulting from the treatment.
However, because the treatment response may be attributed to
differences in tumor aggressiveness, the treatment method, or the
intensity of treatment, the use of only a single ADC measurement
at pretreatment appears to be inadequate for the prediction of
treatment response. Therefore, evaluating the AADC may be nec-
essary for the prediction of treatment response.

The induction of tiny regions of liquefaction necrosis at the
early phase of treatment may interfere with ADC measurement.'®
For this reason, there may be a misleading and misrepresentative
rise in ADC despite the persistence of viable tumor components.
In the ADC measurement in our study, it may have been difficult
to distinguish tiny liquefaction necrosis from lesions at 3 weeks of
treatment because the lesions were visually associated on the ADC
map in reference to T2WI for tumor heterogeneity. Therefore, we
used the mean value of ADC of the whole tumor and the mean
change in ADC during treatment. The use of the mean change in
ADC may be explained by the fact that the specificity and positive
predictive value of AADC were low in the current study. In brain
tumor, quantification of diffusion changes has evolved from the
mean change in ADC to a voxel-by-voxel approach, termed the
“functional diffusion map,” as a biomarker for treatment re-
sponse.'® In the functional diffusion map, treatment response is
evaluated on the basis of the fractional volume of significantly
increased ADC within tumor. In the study by Galbén et al'” of the
functional diffusion map of HNSCC, the change in ADC assessed
by the functional diffusion map was superior to the percentage
change of the mean ADC in prediction of disease control after
chemoradiotherapy. Therefore, in the future, more automated
evaluations, such as a voxel-by-voxel approach, may be needed to
estimate the change in ADC during treatment more accurately.
However, it may be difficult to implement it in routine examina-
tions for organs outside the brain due to differences in the orien-
tation of images and artifacts induced by continuous physiologic
motion.

In many previous studies that used DWT to examine the treat-
ment response in HNSCC, a maximum b-value of 1000 s/mm?
was used.®'° Preferentially, a standardized ADC calculation by
using at least 3 b-values, including a maximum b-value exceeding
500 s/mm?, should be performed.'® In the current study, a max-
imum b-value of 800 s/mm? was used to limit the possible effects
of distortion due to susceptibility artifacts and to reduce the sig-
nal-to-noise ratio on the ADC value; such factors are problems at
high b-values. In this study, only 2 patients were excluded from
this study due to a low signal-to-noise ratio or artifacts of DWIL.
The merit of ADC values differs with b-values because they are
influenced by tissue perfusion and T2 time, and it may be desir-
able for accurate ADC measurement that 1 of the b values not be
zero. Therefore, in this study, ADC values were calculated from
b-values of 90 and 800 s/mm?, and DWI with a b-value of zero was
used for image registration.

With regard to the relationship between the ADC of metastatic
nodes and treatment response, Kim et al® reported that the change
in ADC of metastatic nodes within the first week of chemoradio-
therapy was more useful for predicting treatment response than
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pretreatment ADC. In addition, Vandecaveye et al® reported that
the change in the ADC of metastatic nodes at 2 and 4 weeks after
the start of treatment correlated significantly with 2-year LRC. In
this study, AADC,, .. revealed a significant difference between
LRC and LRF and showed a significant association with LRC in
univariate analysis. Therefore, our results were comparable with
theirs, and it was suggested that the change in ADC of metastatic
nodes during treatment may be useful for the prediction of treat-
ment response and/or LRC. The primary sites of HNSCC are gen-
erally located at the air-tissue interface and in areas prone to mo-
tion artifacts induced by physiologic motion such as breathing
and swallowing. Therefore, in DWI, the primary sites seem to be
more influenced by physiologic motion and susceptibility arti-
facts than cervical lymph nodes. In addition, in variability analysis
of region-of-interest placement for measurements of ADC, in-
traobserver and interobserver agreement of the metastatic nodes
tended to be higher than those of the primary tumors in this study.
Therefore, although only the AADC ;...
nificant and independent predictor of LRC in this study, the pos-

was identified as a sig-

sibility that ADC values from the metastatic nodes may predict
LRC in patients with HNSCC treated with chemoradiotherapy
was thought to have great clinical significance.

The value of the primary tumor volume and T stage as a prog-
nostic factor in HNSCC has been reported in published studies for
multiple subsites and different treatment modalities.”'® How-
ever, in the current study, primary tumor volume and T stage did
not show a significant correlation with LRC. Most previously
published studies included patients treated with single-technique
therapy (radiation therapy or surgery alone). However, in this
study, all patients were treated with definitive concurrent chemo-
radiotherapy. There have been many reports that definitive con-
current chemoradiotherapy leads to better clinical outcome than
single-technique therapy in HNSCC.?® Therefore, it was specu-
lated that clinical outcome after definitive concurrent chemora-
diotherapy might not be significantly influenced by primary tu-
mor volume or T stage.

In patients with HNSCC treated with chemoradiotherapy,
controversies remain concerning the role of neck dissection for
the management of the neck with bulky lymph node involve-
ment.?" There is no consensus on the treatment of patients with a
complete regional response after treatment. With regard to the
regional recurrence after chemoradiotherapy, it has been re-
ported that lymph node residual size and the regression rate of
nodal maximal diameter or nodal volume after treatment might
be useful for the prediction of regional recurrence.”*** In this
study, we evaluated the usefulness of the tumor regression ratio at
3 weeks after the start of chemoradiotherapy for prediction of
LRC. As a result, ATV, . revealed a significant difference be-
tween LRC and LRF and showed significant association with LRC
in univariate analysis. Therefore, if prediction of regional recur-
rence is possible by the tumor regression rate of metastatic nodes
during treatment, it has great clinical significance. In the future, it

node

would be interesting to evaluate whether ATV, 4. may be a useful
criterion to guide clinical decisions regarding neck dissection after
chemoradiotherapy.

There are limitations to our study. First, the patient popula-

tion was relatively small and heterogeneous, including those with



tumors from various head and neck sites. Also in this study, pa-
tients with oral cavity cancer were included. Surgery is usually the
preferred treatment option in patients with oral cavity carcinoma,
but these patients whose disease was considered inoperable be-
cause of tumor extent and/or medical reasons were enrolled in
this study. Therefore, further studies with a large number of pa-
tients without potential selection bias are needed because direct
comparison among DWT and other predictive or prognostic fac-
tors is necessary to show the actual clinical significance of our
findings. Second, the biologic differences in squamous cell carci-
nomas due to differences in smoking and alcohol use as well as
molecular markers such as epidermal growth factor receptor ex-
pression and human papillomavirus infection have been sug-
gested as prognostic factors.>* In particular, human papillomavi-
rus—positive oropharyngeal carcinoma has emerged as a new
entity with an excellent overall survival rate, but the patients in
this study were not tested for human papillomavirus infection.

CONCLUSIONS

DWI provides information that may be used as a predictive im-
aging biomarker of LRC in patients with HNSCC treated by che-
moradiotherapy. The AADC
a valid predictive clinical factor, showing a significant association

at 3 weeks during treatment is

primary

with LRC. Thus, sequential DWI may help to avoid ineffective
treatment and unnecessary toxicity, allowing chemoradiotherapy
to be selectively used for appropriate patients.
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HEAD & NECK

Yield of Neck CT and Barium Esophagram in Patients with
Globus Sensation

L. Alhilali, S.-h. Seo, B.F. Branstetter IV, and S. Fakhran

ABSTRACT

BACKGROUND AND PURPOSE: Globus sensation is common and difficult to treat. The purpose of our study was to compare the
diagnostic and therapeutic efficacy of barium esophagram and neck CT in patients with isolated globus sensation, to determine which of
these modalities should be preferred in the evaluation of this condition.

MATERIALS AND METHODS: We retrospectively identified patients presenting with isolated globus sensation from January 1, 2005, to
December 31, 2012, who underwent neck CT or barium esophagram. We calculated the proportion of patients with abnormal findings,
tabulated the nature of the abnormality, and reviewed the medical records to determine whether imaging changed management.

RESULTS: One hundred forty-eight neck CTs and 104 barium esophagrams were included. Five (3.4%) patients with neck CTs and 4 (3.9%)
with barium esophagrams demonstrated significant findings related to the history of globus sensation. Of these, 1(0.7%) neck CT and 1(1.0%)
barium esophagram resulted in a change in clinical management.

CONCLUSIONS: Imaging evaluation of the patient with uncomplicated globus sensation is unlikely to identify clinically significant imaging
findings and is very unlikely to result in a change in clinical management, with a combined therapeutic efficacy of 0.8%. Thus, the routine

use of imaging in the evaluation of patients with globus sensation cannot be recommended.

ABBREVIATIONS: DE = diagnostic efficacy; GS = globus sensation; TE = therapeutic efficacy

G lobus sensation (GS), an intermittent or persistent painless
sensation of a foreign body or lump in the throat, is a long-
lasting and often frustratingly difficult-to-treat clinical entity." It
is a relatively common condition, accounting for up to 4% of new
referrals to otolaryngology clinics, with a prevalence of up to 35%
in males and over 50% in females, with a relative peak in middle
age.”™ A range of etiologies has been suggested and described,
including lingual and tonsillar hypertrophy, psychogenic factors,
cervical osteophytes, upper aerodigestive tract malignancy, thy-
roid disease, and esophageal motor disorders.”® More recently,
there has been increasing focus on gastroesophageal reflux disease
as a cause of GS.”"'? The myriad potential etiologies of GS have
made it difficult to establish standard treatment and imaging
strategies for affected patients.
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The imaging approach to the patient with GS varies widely in
clinical practice. A neck CT, usually ordered with contrast, is well-
suited to detect many structural causes of GS and is a useful tool to
exclude a large upper aerodigestive tract malignancy, while a bar-
ium esophagram is well-suited for detailed evaluation of esopha-
geal motility and mucosal and submucosal lesions of the esopha-
gus. While a barium esophagram may also detect (but cannot
exclude) intermittent esophageal reflux, if evaluation for esopha-
geal reflux is of primary concern, then esophageal manometry,
endoscopy, esophageal pH monitoring, or a trial of empiric ther-
apy is the preferred diagnostic test.'**°

The imaging approach to the patient with GS varies widely in
clinical practice. Because an evidence-based approach to imaging
GS is lacking in current clinical practice, practitioner and locore-
gional biases strongly influence the decision to use neck CT or
barium esophagram. This may adversely impact the clinical value
of these studies because the value of a diagnostic test is largely
dependent on the prevalence (or the clinician’s estimate of the
pretest probability) of the target disorder, and abnormalities de-
tectable on neck CT and barium esophagram are statistically un-
likely etiologies in a general sample of patients with GS. Because
overuse of diagnostic tests contributes to both the rising cost and



the overall quality of health care, defining the value of diagnostic
tests has become an important goal of health care reform. We
conducted the present study to determine the incidence and na-
ture of abnormalities on neck CT and barium esophagram exam-
inations performed in the work-up of patients with isolated GS
and to assess which imaging technique contributed most effec-
tively to the clinical management of these patients.

MATERIALS AND METHODS

Patient Selection and Image Acquisition

Our institutional review board approved this study with a waiver
of informed consent. All neck CT and barium esophagram exam-
inations included in this study were performed as part of routine
clinical care, and the results were retrospectively reviewed.

We searched our enterprise-wide medical records, encom-
passing 20 academic and community hospitals, in an effort to
identify patients with neck CT or barium esophagram studies per-
formed for the evaluation of GS. Radiology reports from January
1, 2005, to December 1, 2012, were searched by using the key
words “globus,” “lump in throat,” and “globus sensation.” Neck
CT or barium esophagram studies were excluded if performed on
patients with a known history of upper aerodigestive or esopha-
geal malignancy (either primary or secondary), lymphoma, prior
history of neck, esophageal, or gastric surgery, or palpable abnor-
mality on clinical examination. Demographic data collected in-
cluded age and sex. Clinical data collected from a retrospective
review of the electronic medical record and radiology report in-
cluded presenting symptom, presentation to the emergency de-
partment versus outpatient clinic, specialty of ordering clinician,
imaging results, and postimaging clinical management.

Neck CT was performed with 16- or 64-section multidetector
row CT scanners (Lightspeed VCT: GE Healthcare, Milwaukee,
Wisconsin). CT acquisitions were performed according to stan-
dard protocols by scanning from the thoracic inlet to the skull
base by using a helical technique with 1.0 pitch, 2.50-mm colli-
mation, 160 maximal mA, 120 kV(peak), and 22-cm FOV. In
patients who received contrast, 100 mL of iopamidol (Isovue 370;
Bracco, Princeton, New Jersey) contrast material was typically
administered by power injector at 1-2 mL per second into an
antecubital vein with an 80-second delay before postcontrast im-
aging commenced (minor variations in the rate and time delay of
contrast injection between various sites during the time period of
this study were present).

Barium esophagrams were obtained by using a double-con-
trast technique as biphasic examinations. The studies included up-
right left posterior oblique double-contrast views of the esophagus
obtained with an effervescent agent, sodium bicarbonate/tartaric
acid (Baros; Lafayette Pharmaceuticals, Lafayette, Indiana) and a
250% weight/volume high-attenuation barium suspension (E-
Z-HD ; Bracco Diagnostics, Monroe Township, New Jersey) and
prone right anterior oblique single-contrast views with a 50% weight/
volume low-attenuation barium suspension (Entrobar; Lafayette
Pharmaceuticals). Pharyngeal anatomy was assessed with sequential
swallows of low-attenuation barium suspension with the patientin a
standing position from multiple projections, by using both video
fluoroscopy and cine fluoroscopy, typically set to 4 frames/second.

Esophageal motility was evaluated by having the patient take

multiple (usually 2-5) separate swallows of low-attenuation bar-
ium while in the prone right anterior oblique position, with the
radiologist evaluating the progression of primary esophageal peri-
stalsis from the thoracic esophagus through the gastroesophageal
junction during the real-time examination. At the end of the
study, the patient was rotated to the supine and right lateral posi-
tions for assessment of spontaneous gastroesophageal reflux; pro-
vocative techniques including the Valsalva maneuver were per-
formed at the discretion of the radiologist.

Diagnostic and Therapeutic Efficacy

To determine the value of neck CT and barium esophagram in the
work-up of GS, we used the 2 categories of efficacy as defined by
the American College of Radiology Committee on Efficacy.'” Di-
agnostic efficacy (DE) is the number of studies with a new or
progressive major finding divided by the total number of studies
and is an indicator of the value of the study in assisting in a diag-
nosis. Therapeutic efficacy (TE) is the number of studies resulting
in a change in clinical management divided by the total number of
studies and is an indicator of the influence on patient clinical
management.

Data Analysis

Confidence intervals for proportions in the demographic data
and for therapeutic and diagnostic efficacy were calculated for
pertinent imaging findings by using a continuity correction.'®

RESULTS

Patient Selection and Image Acquisition

One hundred fifty-nine neck CTs and 110 barium esophagrams
performed for GS were initially evaluated. Among patients with
neck CT studies, 5 were excluded for a palpable abnormality on
clinical examination, 1 was excluded due to a history of Burkitt
lymphoma involving the neck, 1 was excluded due to a history of
prior lung cancer with esophageal invasion and erosion, and 4
were excluded due to prior surgery involving the neck (thyroglos-
sal duct cyst removal and vocal cord polyp removal) or esophagus
(prior Nissen fundoplication in 2 patients). Among patients with
esophagrams, 5 were excluded due to a history of neck (thy-
moma), esophageal (Nissen fundoplication, repair of paraesoph-
ageal hernia, prior esophageal web with multiple dilations), or
gastric (prior gastrojejeunostomy) surgery, and 1 was excluded
due to a history of tonsillar carcinoma. The remaining 148 neck
CTs, of which 140 (94.6%) were contrast-enhanced, and 104 bar-
ium esophagrams were included in our study. Five patients had
both a neck CT and barium esophagram in the timeframe of the
study and were included within both groups. Demographic and
clinical characteristics are summarized in Table 1.

Slightly less than half of the neck CTs were ordered by otolar-
yngologists. Slightly more than half of the esophagrams were or-
dered by primary care physicians. The specialties of ordering phy-
sicians are shown in Table 2.

Diagnostic and Therapeutic Efficacy

Four of the 104 barium esophagrams (DE, 3.9%; 95% CI, 1.5%-—
9.5%) demonstrated previously unknown clinically important
findings in the evaluation of GS. Two revealed mild indentation of

AJNR Am J Neuroradiol 35:386—-89  Feb 2014  www.ajnr.org 387



Table 1: Patient demographics and clinical characteristics

Barium
Neck CT  Esophagram Total
No. of patients 148 104 252
No. of males (%) 55(37) 63 (61) 118 (47)
Age (yr) (mean, range) 55 (18-91) 55 (17-91) 55 (17-91)
Emergency setting (%) 22 (15%) 3(3%) 25 (10%)
Diagnostic efficacy 5(3.4%) 4(3.9%) 9 (3.6%)
Therapeutic efficacy 1(0.7%) 1(1.0%) 2(0.8%)
Table 2: Ordering clinicians by specialty
Barium
Neck Esophagram  Total
CT (%) (No.) (%) (%)
Otolaryngology 70(47)  31(30) 101(40)
Gastroenterology 10 (7) nm) 21(8)
Internal medicine/primary care 40 (27) 58 (56) 98 (39)
Emergency department 22 (15) 3(3) 25(10)
Other® 6(5) 1(0.9) 703)

@ Each ordering 3 or fewer studies: General Surgery, Orthopedic Surgery, Geriatrics,
Hematology-Oncology, Rheumatology.

the posterior esophagus from cervical spondylosis, 1 revealed
minimal narrowing of the distal esophagus, and 1 revealed
marked esophageal dysmotility with a suggestion of a distal
esophageal stricture. Only the study revealing minimal narrowing
of the distal esophagus was documented to have changed clinical
management (TE, 1.0%; 95% CI, 0.2%-5.2%), with the patient
eventually receiving pneumatic dilation of a benign esophageal
stricture on subsequent endoscopy, with resulting resolution of
his or her GS. The patient with marked dysmotility and suggestion
of a distal esophageal stricture had normal endoscopic examina-
tion findings.

Five of the 148 neck CTs (DE, 3.4%; 95% CI, 1.5%-7.7%)
demonstrated previously unknown major findings in the set-
ting of a GS work-up. One demonstrated thickening of the upper
third of the esophagus, 1 revealed questionable abnormal en-
hancement of the larynx, 1 showed an infected thyroglossal duct
cyst, and 2 demonstrated hypertrophy of the lymphoid tissue of
the Waldeyer ring. Of all neck CT studies, only the study demon-
strating an infected thyroglossal duct cyst was documented to
have changed clinical management (TE, 0.7%; 95% CI, 0.1%-—
3.7%). The 2 patients with hypertrophy of the lymphoid tissue of
the Waldeyer ring on CT had negative flexible laryngoscopic ex-
amination findings, while the patient with thickening of the upper
third of the esophagus had negative flexible laryngoscopic and
esophagogastroduodenoscopy study findings. This last patient’s
GS was thought to be secondary to depression and resolved ap-
proximately 1 year after the abnormal CT finding. The patient
with questioned abnormal enhancement of the larynx had a flex-
ible laryngoscopic examination that revealed mild interarytenoid
erythema and edema attributed to laryngeoesophageal reflux, for
which the patient had already started treatment.

When we considered both types of imaging studies together,
the overall diagnostic efficacy of imaging in patients with GS was
3.6% (95% CI, 1.9%—6.7%), while the overall therapeutic efficacy
was 0.8% (95% CI, 0.2%—2.8%).

Of the studies with previously unknown major findings, 4
were ordered by otolaryngologists (DE, 0.040; 95% CI, 0.016—
0.097), 4 were ordered by primary care physicians (DE, 0.041;
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95% CI, 0.016—0.100), and 1 was ordered by an emergency de-
partment physician (DE, 0.040; 95% CI, 0.007-0.195). Of the
studies that changed management, 1 was ordered by an otolaryn-
gologist (TE, 0.010; 95% CI, 0.002—0.054) and 1 was ordered by a
primary care physician (TE, 0.010; 95% CI, 0.002-0.056).

DISCUSSION

The purpose of this study was to compare the diagnostic and
therapeutic efficacies of barium esophagrams and neck CT's in the
evaluation of GS. Our results indicate that the diagnostic and
therapeutic efficacy of imaging GS with either of the 2 modalities
is extremely low. Unsuspected abnormalities were found in <4%
of patients, and less than half of those induced a change in clinical
management.

Imaging plays a role in the evaluation of GS in those patients
with a known history of upper aerodigestive or esophageal malig-
nancy (either primary or secondary); lymphoma; history of neck,
esophageal, or gastric surgery; or palpable abnormality on clinical
examination; thus, the importance of a careful and detailed his-
tory and physical examination cannot be overstated. On the basis
of the findings of this study, however, we cannot endorse the
routine use of imaging—with barium esophagram or neck
CT—in the evaluation of the patient with GS without these mod-
ifying risk factors.

There is no consensus on the diagnostic approach to the pa-
tient with GS. Most practitioners will combine a detailed history
and physical examination, with special attention to symptoms
suggestive of upper aerodigestive tract malignancy—such as dys-
phagia, odynophagia, weight loss, and hoarseness— gastroesoph-
ageal reflux, or potential psychological history, and physical ex-
amination of the neck.*” Some authors advocate routinely
prescribing antireflux medications,'® while others favor the rou-
tine use of nasolaryngoscopy?’; still others advocate the use of
various radiologic modalities to evaluate GS.>"*?

In the past, many otolaryngologists advocated the routine use
of rigid endoscopy in patients presenting with GS. Endoscopy for
GS accounted for >7% of all endoscopy cases during a 12-month
period in 1 review>’; however, recent articles have questioned the
limited added value provided by rigid endoscopy in light of its
associated risks (both of the procedure and accompanying anes-
thesia), costs, and patient discomfort and have suggested that an
outpatient transnasal fiberoptic flexible endoscopic examination
be used instead.”**>*>*

Reliance on imaging may be, at least in part, driven by a fear of
missing a potentially treatable aerodegestive tract malignancy.
Despite concern that this potentially life-threatening disease may
at times present with isolated GS, our results confirm those of
multiple prior studies in which no pharyngeal or esophageal ma-
lignancy was found in patients presenting with GS and undergo-
ing a barium esophagram.”®*>*” Furthermore, our study identi-
fied no cases of pharyngeal or esophageal malignancy in patients
presenting with isolated GS and undergoing neck CT.

Given the potential psychosocial component underlying GS, it
may be argued that a negative finding on an imaging study could
be reassuring to the patient and play a role in improvement or
resolution of clinical symptoms. While it would be difficult to
undertake an evidence-based assessment of such a treatment



model, given the current focus on efficient and economic use of
limited health care resources, we cannot endorse the routine use
of a study that will almost never yield positive findings.

We would also caution that overuse of imaging for clinical
symptoms such as GS that lacks correlation with an identifiable
radiographic finding will inevitably lead to discovery of incidental
findings with a high prevalence in the general population and
without a strong link to the clinical entity that led to imaging. In
the setting of a symptom such as GS whose underlying mecha-
nism is poorly understood, such incidental findings are of un-
known clinical significance and, once demonstrated on imaging,
may lead to overtreatment of patients. In our study, as in previous

studies,?®*”

many otherwise asymptomatic abnormalities such as
small hiatal hernias, mild gastroesophageal reflux, and esophageal
dysmotility, with a high prevalence in the general population and
without a strong link to GS, were demonstrated.

The principal limitation to our study is the relatively large
number of exclusion criteria used. Given that patients presenting
with GS may have a history of prior head and neck or gastric
conditions, one may argue that our results are applicable to only a
small subset of patients presenting with GS. However, our exclu-
sion rate of <7% does not suggest that this would affect our over-
all conclusion. A second limitation is the relatively small number
of patients in our study, especially given the 7-year timeframe
during which the study was conducted. If anything, this would
suggest that clinicians in our academic hospital system are more
selective than average when requesting imaging, lending more
credence to our findings. Additionally, our study is retrospective
in nature. While we may infer that studies with no significant
findings did not affect clinical management, it is impossible to
know whether clinical management would have been the same in
the absence of a negative imaging study or a different work-up
pathway would have been followed without the reassurance that a
negative imaging report brings.

CONCLUSIONS

Imaging evaluation of patients with uncomplicated GS is unlikely
to identify a clinically significant imaging finding and is very un-
likely to result in a change in clinical management, with an overall
therapeutic efficacy of 0.8%. Thus, the routine use of imaging in
the evaluation of patients with uncomplicated GS cannot be
recommended.
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Actinomycosis in the Mandible: CT and MR Findings

Y. Sasaki, T. Kaneda, J.W. Uyeda, H. Okada, K. Sekiya, M. Suemitsu, and O. Sakai

ABSTRACT

SUMMARY: Mandibular actinomycosis is an uncommon disease. We retrospectively reviewed 6 patients with pathologically proven mandib-

ular actinomycosis who underwent both CT and MR imaging to evaluate the characteristic imaging findings. CT results showed an irregularly

marginated lesion with increased bone marrow attenuation, osteolysis, and involvement of the skin in all patients. Periosteal reaction and

intralesional gas were seen in 4 patients. MR imaging results revealed low signal on TI-weighted and high signal on T2-weighted images of the

mandible, and moderate heterogeneous enhancement was seen in all patients who received intravenous contrast. Cervical lymphadenopathy

was not observed. Involvement of the masseter, lateral pterygoid, and medial pterygoid muscles was seen in 4 patients, whereas parotid gland and

submandibular gland as well as parapharyngeal space involvement were seen in 3 patients. Familiarity with the imaging findings of mandibular

actinomycosis may help to diagnosis this entity.

ABBREVIATION: MA = mandibular actinomycosis

M andibular actinomycosis (MA) is an uncommon disease
caused by Actinomyces israelii." Actinomycosis infection
typically manifests as a chronic disease resulting in multiple ab-
scesses, firm soft tissue masses, and the presence of sulfur granules
in exudates or tissues.> When the infection involves bone, osteol-
ysis is likely to occur.” In the maxillofacial region, infection is
frequently of odontogenic origin, the result of oromaxillofacial
trauma, dental manipulation, or dental caries.!1°

Intraoral and panoramic radiographs are often used to assess var-
ious diseases and conditions of the maxilla and mandible in the den-
tal clinic,” but the imaging findings are often nonspecific, and differ-
entiating actinomycosis from other inflammatory or infectious
conditions or from neoplastic processes is difficult and often neces-
sitates additional imaging.>* A few reports have described imaging
findings of actinomycosis in the head and neck,>**®'" but the CT
and MR imaging characteristics of MA have not been fully described.
The purpose of this study was to evaluate the characteristic CT and
MR imaging findings of MA.
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CASE SERIES

Patients

After institutional review board approval, a retrospective review
of our imaging data base was performed to identify patients with
pathologically proven MA between April 2006 and November
2008. Both the dental history and the chief presenting complaint
were evaluated, and the preoperative initial imaging diagnosis was
reviewed. Histologic diagnosis was established after surgical exci-
sion in all patients.

Imaging Analysis

CT studies were performed with a 64-row multidetector CT scanner
(Aquilion 64; Toshiba Medical Systems, Tokyo, Japan) with the fol-
lowing parameters: reconstruction thickness, 0.5 mm; tube voltage,
120 kV; tube current, 100 mA; and field of view, 240 mm X 240 mm.
In all cases, multiplanar reformations in the coronal and sagittal
planes were provided (1.0 mm X 3.0 mm). All images were recon-
structed by use of bone and soft tissue algorithms and evaluated in
bone and soft tissue windows, respectively (bone window, level: 500,
width: 2800; soft tissue window, level: 30, width: 300). MR imaging
was performed by use of a 1.5T MR scanner (Intera Achieva 1.5T;
Philips Healthcare, Best, the Netherlands) with a head coil. Axial and
coronal spin-echo T1-weighted images (TR, 500—600 ms; TE, 9.0
ms; section thickness, 6 mm), turbo spin-echo T2-weighted images
(TR, 6000—8000 ms; TE, 130 ms; section thickness, 6 mm), and STIR
(TR, 2500 ms; TE, 50 ms; T1, 180 ms; and section thickness, 6 mm)
images were obtained in all patients. Contrast was administered in 1



FIG 1. A 68-year-old woman with discharge of pus on the right side of the face. A, Panoramic radiograph reveals a large osteolytic region
(arrows), with a floating tooth (arrowhead), in the right mandibular body crossing the midline. Axial CT in bone (B) and soft tissue (C) windows
reveals an ill-defined osteolytic lesion in the right mandibular body crossing the midline (arrows). Note extensive demineralization of the buccal
and lingual cortices and extensive soft tissue infiltrative change extending to the skin (arrowheads). D and E, Coronal CT in soft tissue window
shows bone destruction and fistula from the mandible to the skin (arrows). F, Axial Tl-weighted MR image shows heterogeneous, low signal
intensity in the lesion involving the mandible and surrounding soft tissues (arrow). G, Contrast-enhanced axial Tl-weighted MR image shows
heterogeneous mass with moderate contrast enhancement in the lesion involving the mandible and surrounding soft tissues (arrow). H, Coronal
T2-weighted MR image shows a fistula (arrow).  and J, Axial STIR MR images shows multiple mildly reactive nodes with increased signal intensity
in levels 1A and IB (arrows). K, Photomicrograph of a specimen shows actinomycotic granules (arrowheads) and presence of sequestra (arrows)
(hematoxylin-eosin stain, original magnification X 200).
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FIG 2. A 40-year-old man with discharge of pus on the right side of the face. A, Axial CT in soft
tissue window reveals extensive soft tissue (outer layer fat around mandible) infiltrative change
extending to the skin (arrow). B, Contrast-enhanced axial CT scan in soft tissue window reveals a
heterogeneous, moderately enhancing mass in the lesion and extensive soft tissue (outer layer fat
around mandible) infiltrative change extending to the skin (arrow). Axial TI-weighted (C) and
contrast-enhanced axial TI-weighted (D) MR imaging reveals heterogeneous, low signal intensity
in the lesion involving the mandible and surrounding soft tissues (arrow). Note this lesion shows
diffuse and moderate contrast enhancement of the soft tissue and marrow space.

FIG 3. A 28-year-old man with swelling of the right mandibular region. A, Axial CT in bone window
shows a heterogeneous osteolytic lesion with periosteal reaction in the posterior body to ramus of
the right mandible (arrows). B, Axial CT in soft tissue window shows extensive soft tissue infiltrative
change extending to the skin (arrow), masseter muscle (arrowhead), and parotid gland (thin arrow).

margin, attenuation or signal intensity of
the lesions, associated osteolysis or sclero-
sis, periosteal reaction, intralesional gas,
fistula formation, enhancement pattern of
the lesions, and presence of cervical
lymphadenopathy in levels I and II were
recorded. The margins of the lesions were
classified as either well- or ill-defined.
Lymphadenopathy was defined as a
lymph node > 10 mm in the short axis or
by the presence of an intranodal abscess. A
lymph node measuring < 10 mm in the
short axis with increased signal intensity
on STIR images but without intranodal
abscess was considered to be a reactive
node.

Imaging Findings

Review of our imaging data base re-
vealed 6 patients with pathologically
proven MA (3 men and 3 women; mean
age, 51 years; age range, 28 —68 years). A
history of extraction of the third molar
was seen in 3 patients. On physical ex-
amination, all patients had pain and
swelling of the affected areas suggestive
of chronic inflammation or infection,
but a neoplastic process could not be
completely excluded. Therefore, these
patients underwent CT and MR imaging
studies. Some patients had multiple
findings involving muscles and/or pa-
rotid and submandibular glands. The
number of various organs involved is
more than the number of patients.

All 6 patients underwent unen-
hanced CT scanning, and 1 of 6 patients
subsequently received an additional
contrast-enhanced CT scan. The lesions
demonstrated irregular margins with
soft tissue inflammatory changes,
which extended to the surface of the
skin in all cases (Figs 1 and 2), and a
soft tissue fistula was seen in 4 patients
(Fig 1). Periosteal reaction was ob-
served in 4 patients (Fig 3). Moderate
heterogeneous contrast enhancement
was seen in a patient who received in-
travenous contrast administration
(Fig 2). Intralesional gas was seen in 4
patients (Fig 4) (Table 1).

On MR imaging scans, the lesions
demonstrated signal intensity similar to
muscle on T1-weighted images (Figs 1

patient who underwent CT scanning and 2 patients who underwent  and 2), and intermediate to high signal intensity on T2-weighted

MR imaging. Two radiologists (Y.S. and T.K.) independently re-  images. Heterogeneous, moderate enhancement was seen

viewed the CT and MR images, and any discrepancy was solved ~ within the lesions, bone marrow, and affected soft tissues in 2

by consensus of the 2 radiologists. The location, extension,  patients who received intravenous contrast (Figs 1 and 3). Ad-
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jacent soft tissue involvement was seen in all patients on MR
imaging. Involvement with inflammatory change of the masseter
muscle was seen in 4 patients. Four patients had involvement of the
masseter, lateral pterygoid, and medial pterygoid muscles (Fig 4).
Three patients had involvement of the parotid and submandibular
glands. The parapharyngeal space was affected in 3 patients (Figs 1
and 2) (Table 2).

Pathologic cervical lymphadenopathy was not seen in any pa-
tients, but reactive-appearing nodes were visualized in levels I and
II in all patients (Fig 1).

DISCUSSION

Actinomycosis is an unusual chronic suppurative bacterial infec-
tion usually caused by A israelii that most often affects the cervi-
cofacial region, accounting for approximately 50% of all pa-
tients.> Most reports note a predilection for male patients with a
male-to-female ratio of 3:1-4:1.""

FIG 4. A 66-year-old woman with swelling of left mandibular region. A, Axial CT in soft tissue
window demonstrates foci of air adjacent to the left mandible (arrow) and swelling of masseter
and medial pterygoid muscle (arrowheads). B, Axial STIR MR image shows extensive inflammation
in the left masseter muscle, medial pterygoid muscles, parotid gland (arrowheads), and mandib-

ular bone marrow (arrow).

Table 1: CT imaging features of MA

The clinical diagnosis of actinomycosis is difficult, as it may
mimic a neoplasm.>* The most common clinical finding of acti-
nomycosis is a firm palpable mass with a subacute clinical course.*
Approximately half of patients present with a low-grade fever.”
Because actinomycosis species are anaerobic bacteria that cannot
penetrate healthy tissue, mucosal breakdown is a prerequisite for
infection.” Roughly half of patients have a history of local trauma
resulting in mucosal breakdown, with poor dental hygiene, caries,
oral trauma, dental extraction, and an immunocompromised sta-
tus being important predisposing factors.> A presumptive diag-
nosis of actinomycosis can be made by identification of sulfur
granules in an abscess or in the secretions from a sinus tract,® but
only 10% of actinomycotic infections are correctly diagnosed at
the time of initial presentation.” The diagnosis of actinomycosis is
made most accurately by isolation of Actinomyces species in cul-
tures of clinical specimens.® The visualization of actinomycotic
granules in exudates or in histopathologic tissue sections is

strongly supportive of the diagnosis.”
In the literature, an enhancing soft
tissue mass with invasion in the cervico-
facial region and rarefying osteomyelitis
in MA have been described.> In our
study, all lesions had ill-defined, infiltra-
tive margins with surrounding soft tis-
sue inflammatory response that ex-
tended to the skin. Soft tissue fistula/
sinus tract formation and intralesional
gas were seen in 4 of 6 patients; these
findings are useful to differentiate acti-
nomycosis from other infection. Osteo-
myelitis caused by actinomycosis dem-
gas
anaerobic breakdown or fistulas within

onstrates  intralesional from
the mouth, whereas mandibular osteo-
myelitis caused by other organisms does

not typically result in fistulas or intral-

CT Imaging Findings

Patient No/ Contrast Intralesional Periosteal
Age (y)/Sex Enhancement Margin Density Gas Fistula Osteolysis Reaction Sequestra Lymphadenopathy
1/40/M Mod. heterog. Irregular Low—intermed. - + + + + -
2/34/M Not done Irregular  Low—intermed. + + + — - —
3/66/F Not done Irregular Low—intermed. + - + + + -
4/28/M Not done Irregular  Low—intermed. — + + + + —
5/78/F Not done Irregular  Low—intermed. + + + + + —
6/68/F Not done Irregular Low—intermed. + - + - - -

Note:—F indicates female; M, male; Low—intermed., low to intermediate; Mod. heterog., moderate heterogeneous.

Table 2: MR imaging features of actinomycosis in the mandible

MRI Findings
Gadolinium Cellulitis Adjacent Inflammation of Inflammation of Lymph
Patient No Enhancement to the Facial Skin Masseter Muscle Pterygoid Muscle Adenopathy

1 Moderate heterogeneous + - -

2 Not done + + — —
3 Not done + + + —
4 Not done + + + -
5 Not done + + + —
6 Moderate heterogeneous + + + -

Note:—+ indicates findings present; —, findings absent.
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esional gas.'> MR imaging has higher accuracy in the detection of
inflammatory and infiltrative changes in the surrounding soft tis-
sue extending to the skin,'? particularly in the muscles of masti-
cation, though visualization of gas is challenging. Although bone
marrow signal changes of MA were similar to osteomyelitis sec-
ondary to other causes,'” very extensive soft tissue inflammatory
and infiltrative changes in the surrounding soft tissues extending
to the skin may be useful in the differentiation of actinomycosis
from osteomyelitis due to other causes. In particular, extensive
soft tissue inflammation extending to the skin surface and form-
ing fistulas appeared to be characteristic for actinomycosis.

Lymphadenopathy is thought be a relatively uncommon finding
in actinomycosis because the organism does not spread via the lym-
phatic system secondary to the size of the bacterium."* None of our
patients showed lymphadenopathy measuring more than 10 mm in
the short axis, though mildly reactive nodes with increased signal
intensity on STIR images but without intranodal abscess were seen in
all patients. An et al'* reported that cervical lymphadenopathy was
present in approximately 40% of mandibular osteomyelitis cases
from ordinal bacterial infection. Therefore, absence of lymphade-
nopathy may be suggestive of MA rather than other acute or chronic
infections or malignant tumors, particularly in patients with exten-
sive soft tissue changes with fistula formation.

CONCLUSIONS

CT and MR imaging findings of MA were reviewed. Characteris-
tics imaging findings including the presence of intralesional gas,
osteolytic changes with extensive inflammatory changes in the
surrounding soft tissue extending to the skin surface, fistula for-
mation, and absence of lymphadenopathy were frequently seen
and are helpful in narrowing the differential diagnosis.

Disclosures: Osamu Sakai—UNRELATED: Royalties: Sakai O. Head and neck imaging
cases. McGraw-Hill Companies.
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Arterial Spin-Labeled Perfusion of Pediatric Brain Tumors

K.W. Yeom, L.A. Mitchell, RM. Lober, P.D. Barnes, H. Vogel, P.G. Fisher, and M.S. Edwards

S @

ABSTRACT

BACKGROUND AND PURPOSE: Pediatric brain tumors have diverse pathologic features, which poses diagnostic challenges. Although
perfusion evaluation of adult tumors is well established, hemodynamic properties are not well characterized in children. Our goal was to
apply arterial spin-labeling perfusion for various pathologic types of pediatric brain tumors and evaluate the role of arterial spin-labeling
in the prediction of tumor grade.

MATERIALS AND METHODS: Arterial spin-labeling perfusion of 54 children (mean age, 7.5 years; 33 boys and 21 girls) with treatment-naive
brain tumors was retrospectively evaluated. The 3D pseudocontinuous spin-echo arterial spin-labeling technique was acquired at 3T MR
imaging. Maximal relative tumor blood flow was obtained by use of the ROl method and was compared with tumor histologic features and
grade.

RESULTS: Tumors consisted of astrocytic (20), embryonal (11), ependymal (3), mixed neuronal-glial (8), choroid plexus (5), craniopharyngi-
oma (4), and other pathologic types (3). The maximal relative tumor blood flow of high-grade tumors (grades Ill and 1V) was significantly
higher than that of low-grade tumors (grades | and Il) (P < .001). There was a wider relative tumor blood flow range among high-grade
tumors (2.14 = 1.78) compared with low-grade tumors (0.60 £ 0.29) (P < .001). Across the cohort, relative tumor blood flow did not
distinguish individual histology; however, among posterior fossa tumors, relative tumor blood flow was significantly higher for medullo-
blastoma compared with pilocytic astrocytoma (P = .014).

CONCLUSIONS: Characteristic arterial spin-labeling perfusion patterns were seen among diverse pathologic types of brain tumors in
children. Arterial spin-labeling perfusion can be used to distinguish high-grade and low-grade tumors.

ABBREVIATIONS: ASL = arterial spin-labeling; DIPG = diffuse intrinsic pontine glioma; DNT = dysembryoplastic tumor; OPG = optic pathway glioma; rTBF =
relative tumor blood flow; WHO = World Health Organization

B rain tumors are the most common solid tumors of childhood MR imaging is important in tumor diagnosis, surgical guid-

and are aleading cause of cancer deaths in children.! Unlike in
adults, these tumors predominate in the posterior fossa and have
more heterogeneous pathologic features, including embryonal
and mixed neuronal-glial types.” Because of their diverse histo-
logic presentation and biologic behavior, evaluation and treat-
ment of pediatric brain tumors remain complex.
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ance, and therapeutic monitoring of brain tumors. Various PWI
methods have shown clinical usefulness in adult glioma, includ-
ing the use of relative maximal CBV and relative CBF from DSC-
PWI to predict tumor grade and behavior.”'° Despite abundant
literature on adult brain tumors, few perfusion reports exist for

pediatric brain tumors,"*"'*

potentially because of technical chal-
lenges. For example, the most widely available T2*-weighted DSC
imaging often requires constant, high-flow contrast injection by
power injectors, double-dosing, and large-bore intravenous ac-
cess, which pose challenges in young children and infants.
Recent studies have shown that arterial spin-labeling (ASL)
may be a reliable alternative to DSC-PWT in the evaluation of
15-20

tumor perfusion and can predict adult glioma grade.'® ASL
has distinct advantages in children because of lack of contrast re-
quirement, high SNR, labeling efficiency, and the potential for CBF
quantification. Also, ASL can be repeated in cases of failed sedation or

patient motion, a frequent problem in children with brain tumors.
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Although ASL has become increasingly available clinically, no ASL
data exist on pediatric brain tumors. Our goal was to apply ASL
perfusion for diverse pathologic types of pediatric brain tumors and
evaluate the use of ASL perfusion for the prediction of tumor grade in
children.

MATERIALS AND METHODS

Patients

A total of 54 consecutive patients younger than 19 years old with
new primary brain tumors at our children’s hospital were retro-
spectively reviewed after approval by the institutional review
board (IRB-23336). The following inclusion criteria were used:
patients obtained ASL at 3T as part of routine MR imaging; had no
prior surgical resection, biopsy, or treatment of the tumor; under-
went subsequent resection or biopsy of the tumor except in cases
of optic pathway glioma (OPG) and diffuse intrinsic pontine gli-
oma (DIPG), where tissue sampling was not used for diagnosis as
part of standard care; and the solid component of the tumor ex-
clusive of cyst, hemorrhage, or necrosis was greater than 1 mL.
Patients with underlying cardiac disease, hypertension, or vascu-
lopathy that could alter ASL perfusion, as well as patients with
motion artifacts or dental braces or hardware that degrade ASL
imaging were excluded.

Imaging Methods

All patients were examined at 3T MR imaging (Discovery 750; GE
Healthcare, Milwaukee, Wisconsin) by use of an 8-channel head
coil. The technique used to perform perfusion ASL has been de-
tailed elsewhere.”' In brief, ASL was performed by use of a
pseudocontinuous labeling period of 1500 ms, followed by a
1500-ms postlabel delay. Whole-brain images were obtained with
a 3D background-suppressed FSE stack-of-spirals method, with a
TR of approximately 5 seconds. Multiarm spiral imaging was
used, with 8 arms and 512 points acquired on each arm (band-
width, 62.5 kHz), yielding in-plane and through-plane spatial res-
olution of 3 and 4 mm, respectively. A high level of background
suppression was achieved by use of 4 separate inversion pulses
spaced around the pseudocontinuous labeling pulse. The se-
quence required 5 minutes to acquire, including proton attenua-
tion images for CBF quantitation. An effort was made to position
the patients’ heads in the exact same position to minimize any
head tilting; all scans were performed in the axial plane. For
graphic prescription of the ASL, the sagittal image following the
3-plane localizer was used for alignment. Using the microsphere
methodology described by Buxton et al,>* we performed postpro-
cessing by using an automated reconstruction script that returned
CBF images directly to the scanner console. Other ASL parame-
ters were TR, 4632 ms; TE, 10.5 ms; FOV, 24 ¢cm x 24 ¢m; matrix,
512 X 8;and NEX, 3.

Imaging Analysis

For each tumor, ROIs were drawn around both the enhancing and
nonenhancing solid portions of the tumor at all available axial
levels of the ASL tumor blood flow map. Conventional MR imag-
ing, including T2WT and contrast-enhanced T1WI, was used to
cross-reference solid portions of the tumor to the ASL tumor
blood flow maps. Areas of cyst, necrosis, and gross hemorrhage
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(detected by the T2* gradient-recalled echo and noncontrast
TIWI) were avoided. A board-certified neuroradiologist (K.W.Y.)
with a Certificate of Added Qualification (7 years of experience)
selected ROIs blinded to clinical and pathologic data. A second
blinded board-certified neuroradiologist (P.D.B.) with a Certifi-
cate of Added Qualification (30 years of experience) indepen-
dently confirmed the appropriate ROI placement.

The maximal ASL signal was recorded for each ROI of the
tumor, and the 2 highest values were averaged. Maximal, rather
than mean, tumor blood flow was assessed, as prior studies have
used maximal blood volume or flow values to correlate glioma

4:7,9,16.23 and have shown that maximal rel-

grade and vascularity
ative tumor blood flow (rTBF) may be most sensitive for tumor
grade.®* To correct for age-dependent and patient-dependent
variations of mean cerebral perfusion,”> maximal tumor blood
flow was normalized to a 150-mm?” ROI in the contralateral gray
matter to produce the maximal rTBF. Prior tumor perfusion
studies have used various brain regions, including contralateral

10,17:20.26 o1 the cerebellum'” as an

white matter,>®? gray matter,
internal standard. For this study, contralateral gray matter, which
has a higher SNR than white matter, was chosen as a reference,
similar to the technique by Noguchi et al,** because a longer ar-
terial transit time of the white matter underestimates the ASL
signal.’”*® The control ROI in healthy gray matter was placed
independently by a blinded board-certified second-year neurora-
diology fellow (L.A.M.), also independently confirmed by a
blinded neuroradiologist (K.W.Y.). Sample ROI placement is
shown in Fig 1.

Enhancement of each tumor was graded by a blinded neuro-
radiologist (K.W.Y.) with the following scoring system: 0 = no
enhancement, 1 = < 50% enhancement of the solid tissue, 2 =
= 50% enhancement of the solid tissue.

Pathology Findings

All surgical specimens were reviewed by a board-certified pediat-
ric neuropathologist (H.V.; 30 years of experience). Tumors were
categorized according to the 2007 World Health Organization
(WHO) Classification of Tumors of the Central Nervous System.>
For this study, WHO grade III and IV tumors were considered
high grade; WHO grades I and II were considered low grade.

Statistics

We performed statistical analyses by using SPSS version 21 (IBM,
Armonk, New York) with an a priori significance level a = .05.
The Kruskal-Wallis test for independent samples was used for
comparison of the distribution of maximal rTBF and range be-
tween multiple tumor grades (low, high, or unspecified), specific
histologic types within those grades, different posterior fossa tu-
mors, and different locations for a given tumor type. A separate
analysis of posterior fossa tumors was performed to compare perfu-
sion differences among medulloblastoma, pilocytic astrocytomas,
and ependymoma (grades IT and IIT). Comparison of values between
2 groups, such as medulloblastoma and pilocytic astrocytoma, was
performed with the Mann-Whitney U test for independent samples.
DIPGs were excluded from the analysis because these tumors are
graded as WHO II-IV and typically do not have available pathologic



FIG1. Example of ROI placement is shown in a 2-year-old girl with a
posterior fossa atypical choroid plexus papilloma. A, Axial Tl-spoiled
gradient-recalled MR image. B, Axial T2-weighted MR image. C, Con-
trast-enhanced axial TI-spoiled gradient-recalled MR image shows en-
hancing mass with a cystic component. D, ASL perfusion map shows
ROI placement over the solid tumor and in the contralateral brain not
affected by the tumor.

specimens. The relationship between tumor volume and rTBF was
tested by Pearson correlation.

RESULTS

Patients

The mean age of the 54 participants was 7.5 years (median age, 6
years; age range, 2 months to 18 years). There were 33 boys and 21
girls. Surgical specimens were available in 49 of these patients.
Diagnoses in 4 patients with OPG and 1 patient with DIPG were
based on characteristic MR imaging and clinical presentation, as
these typically are not resected.

Tumor Pathologic Features

The tumors included 21 high-grade tumors (WHO Il and IV), 32
low-grade tumors (WHO I and II), and 1 DIPG with unspecified
grade. Tumor pathologic features by WHO grade, age, location,
and r'TBF are shown in the Table. Although OPGs are not typically
surgically sampled, prior studies have shown that they usually
represent grade I pilocytic astrocytoma® and are therefore con-
sidered low grade.

Comparison of High-Grade vs Low-Grade Tumors
The values of averaged maximal rTBF by tumor pathologic spec-
imen are shown in the Table. Both the maximal and averaged

maximal rTBF of the high-grade tumors (grades III and IV) were
significantly higher vs low-grade tumors (grades I and II) (P <
.001) (Fig 2). There was a wider range of rTBF (minimal to max-
imal rTBF) among high-grade tumors (2.14 * 1.78; median, 1.23;
range, 0.55-6.96) compared with low-grade tumors (0.60 * 0.29;
median, 0.54; range, 0.32-1.66) (P < .001).

High-Grade Tumors

Among high-grade tumors, individual histologic features were
not distinguished by rTBF (P = .377). The rTBF of glioblastoma
(3.70 = 1.89) was not distinguished from medulloblastoma
(2.87 = 1.74) or combined embryonal tumors (medulloblastoma,
primitive neuroectodermal tumor, atypical teratoid rhabdoid tu-
mor) (2.62 * 1.66) (P = .283 and P = .142, respectively). The
averaged maximal rTBF ranged from 2.43—6.49 for pediatric gli-
oblastoma and 0.98 —4.97 for medulloblastoma. Perfusion exam-
ples are shown in Fig 3.

Low-Grade Tumors

Among low-grade tumors, individual histologic features were not
distinguished by rTBF (P = .179). Their maximal rTBF was sim-
ilar to contralateral gray matter (range, 0.89—1.12). Pilocytic as-
trocytoma (1.05 = 0.18) most closely approximated contralateral
normal brain CBF, whereas dysembryoplastic tumors (DNTs)
(0.89 = 0.13) and OPG (0.80 = 0.09) were hypoperfused. There
was no difference in rTBF among pilocytic astrocytomas by loca-
tion (cerebrum, brain stem, cerebellum) (P = .670). Perfusion
examples are shown in Fig 4.

Posterior Fossa Tumors

There were 22 tumors after exclusion of DIPG, consisting of me-
dulloblastoma,? pilocytic astrocytoma,” ependymoma,® choroid
plexus papilloma,’ and ganglioglioma." Perfusion examples are
shown in On-line Fig 1. Among all posterior fossa tumors, rTBF
did not reliably distinguish individual histologic features (P =
.202). However, there was a significant difference in rTBF be-
tween medulloblastoma and pilocytic astrocytoma when com-
pared without consideration of other tumor types (independent-
sampled Mann-Whitney U test; P = .014). There was also a wider
range of r'TBF variability among medulloblastoma compared with
pilocytic tumors (P = .025) (On-line Fig 2).

Tumor Volume and Enhancement

There was no correlation between tumor volume and rTBF (P =
.459). The rTBF values were not different based on patterns of
contrast enhancement (P = .245).

DISCUSSION

Although abundant perfusion data exist in adult glioma regarding
tumor detection, pathologic correlates, and therapeutic response,
few studies have examined tumor perfusion in children. However,
it may not always be feasible or appropriate to apply adult glioma
data in the evaluation of pediatric tumors because of features
unique to the pediatric population.?'** For example, embryonal
tumors, such as medulloblastoma and primitive neuroectodermal
tumor, are rarely seen in adults; epidermal growth factor receptor
amplification and deletion of phosphate and tensin homolog
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Tumor pathologic features by WHO grade, age, location, and rTBF

Tumor Pathologic Feature WHO Grade Mean Age® Tumor Location rTBF®
High-grade tumors (lll and V) (n=21)
Glioblastoma (4) v 13+85 Cerebrum 3.70 =1.89
Anaplastic astrocytoma (1) n Cerebrum 3.60
CNS PNET (1) v Thalamus 132
Medulloblastoma (9) v 6137 PF 2.87 =174
Primary malignant melanoma (1) v 12 Cerebrum 170
Anaplastic ependymoma (2) M 3+28 PF 199 = 0.39
CNS ATRT (1) v Cerebrum 1.67
Choroid plexus carcinoma (1) M 3 months Lateral ventricle 7.96
DIPG (1) 1 Pons 170
Low-grade tumors (I and Il) (n=32)
Pilocytic astrocytoma (8) | 94+ 6.1 Cerebrum (1), cerebellum (3), brain stem (4) 1.05 £ 0.19
Hypothalamic astrocytoma (1) I 10 Hypothalamus—third ventricle 0.99
Angiocentric glioma (1) I 15 Cerebrum 0.94
DNT (2) | 55+49 Cerebrum 0.89 = 0.13
OPG (4) | 48 =15 Optic chiasm 0.80 = 0.09
Choroid plexus papilloma (3) | 56*+35 PF (2), lateral ventricle (1) 113+ 015
Atypical choroid plexus papilloma (1) I PF 134
Ganglioglioma (6) I 62*66 Cerebrum (5), brain stem (1) 145 * 0.54
Craniopharyngioma (4) I 12843 Suprasellar cistern 0.99 = 0.13
Atypical meningioma (1) I 8 months Cerebrum 1.60
Ependymoma (1) I PF 1.82
Unspecified grade (n=1)
DIPG (1) -1V Pons 135

Note:—ATRT indicates atypical teratoid rhabdoid tumor; PF, posterior fossa; PNET, primitive neuroectodermal tumor.

 Age in years, unless otherwise specified.

® FTBF equals the averaged maximal rTBF values from 2 different ROIs within the solid tumor.

FIG2. A bar graph showing comparison of high-grade and low-grade
neoplasms. Significantly higher mean rTBF (*) is seen in high-grade
compared with low-grade tumors. The error bars represent standard
deviation.

gene, commonly found in adult primary glioblastoma, are rarely
detected in pediatric glioblastoma.?™**> With increased use of an-
tiangiogenic therapies, including treatment of pediatric high-
grade astrocytomas and treatment-resistant medulloblastoma
and pilocytic astrocytoma, PWI may be a key to tumor surveil-
lance and identification of treatment-responsive tumor subtypes.

The benefits of ASL perfusion in children are well known,
including high labeling efficiency, SNR, and lack of contrast re-
quirement.”* Immature paranasal sinuses also likely contribute to
improved image quality of ASL, with reduced distortion artifacts
in the frontal and inferior brain regions in young children.*> Here,
we used spin-echo ASL that incorporates high-field parallel imag-
ing, pseudocontinuous labeling, and 3D imaging with back-

398 Yeom Feb 2014 www.ajnr.org

ground suppression, which has previously been shown to increase
sensitivity for CBF imaging.”® To our knowledge, our study is the
first to report ASL parameters of various pathologic types of pe-
diatric brain tumors and its use in correlating tumor grade in
children.

Our results for neuronal-glial and astrocytic tumors are simi-
lar to nuclear medicine and adult perfusion studies. Similar to a
prior report by Kumabe et al’” that showed high uptake in their 3
cases of ganglioglioma by use of thallium-201 SPECT, tumor
blood flow was elevated compared with gray matter in 5 of 6
gangliogliomas in our study. In contrast, DNTs, which generally
have low growth potential,*® showed lower rTBF, similar to hy-
poperfusion pattern by use of iodine 123 N-isopropyl-p-iodoam-
phetamine or technetium Tc99m hexamethylpropyleneamine
oxime methods.”” In our study, rTBF for glioblastoma ranged
from 2.43-6.49, similar to the wide range of 1.18-5.86 reported
for adult high-grade gliomas.'®** Also, rTBF of 0.78—-1.37 for
grade I/II glioma was similar to the 0.59—-0.96 range reported for
adult low-grade gliomas."®** Different ASL techniques and refer-
ence brain regions may account for some variations. A wide rTBF
range for high-grade neoplasms suggests vascular heterogeneity,
which also has been noted for adult glioblastoma by use of DSC
perfusion.” The ability of ASL maps to depict tumor vascular het-
erogeneity and indicate higher tumor blood flow regions offers a
useful parameter, which could help direct biopsy of higher vascu-
lar density or more malignant regions.

Pilocytic astrocytomas are typically considered vascular with
characteristic hyalinized and glomerular vessel formation along
the cyst wall.** In our study, rTBF of pilocytic astrocytoma was
not elevated and was similar to contralateral gray matter. This
finding may be attributed to the characteristic capillary exchange
rate within the pilocytic tumor tissues, vessel density, and micro-



FIG 3. ASL perfusion (left) of various high-grade tumors and correl-
ative axial T2-weighted MR image (middle) and axial contrast-en-
hanced Tl-weighted MR image (right). A, Heterogeneous signal with
regions of high rTBF (arrows) is seen in a 2-month-old girl with a large
hemispheric glioblastoma. B, High rTBF signal (arrow) is seen in an
Tl-year-old girl. Biopsy of tumor just posterior to the necrosis showed
anaplastic astrocytoma histology. Given the presence of necrosis, this
was considered mixed anaplastic astrocytoma-glioblastoma. C, Mark-
edly high rTBF (arrow) is seen within choroid plexus carcinoma in a
3-month-old girl.

vascular architecture or integrity.*"**> Although not statistically
different, OPG consistently showed slightly lower perfusion than
other pilocytic astrocytomas. Given reports of increased mi-
crovessel density in OPG with more aggressive behavior,** exclu-
sion of OPG that required therapy could have biased toward a
subset of less vascular, or biologically less aggressive, OPG in our
cohort.

Although posterior fossa tumors comprise approximately
50% of pediatric brain tumors,** perfusion parameters of these
tumors are relatively unknown, in part, because of general tech-
nical challenges of DSC perfusion requiring large intravenous
access or power injection and posterior fossa susceptibility
artifacts when using the gradient-echo technique. Here, we
showed higher perfusion in medulloblastoma compared with pi-
locytic astrocytoma, which may complement DWT in distinguish-
ing these tumors, as previously described by Rumboldt et al.*
Although medulloblastoma, on average, showed higher rTBF
than ependymoma, overlap between these 2 tumors was seen be-
cause of wide perfusion variability of medulloblastoma.

Such heterogeneous perfusion among medulloblastoma is
noteworthy. Although medulloblastomas are classically catego-
rized based on the presence of densely packed round cells,
pathologic “variants” (large-cell or anaplastic medulloblastoma,

FIG 4. ASL perfusion (left) of various low-grade tumors and correla-
tive axial T2-weighted MR image (middle) and axial contrast-en-
hanced Tl-weighted MR image (right). A, Low rTBF is seen within the
pilocytic astrocytoma (arrow) with some tumor regions that show
ASL signal similar to the contralateral gray matter in a 9-year-old boy.
B, DNT shows low ASL signal (arrow) in a 9-year-old boy. C, Higher
rTBF (arrow) compared with DNT (B) is seen in a 3-year-old girl with
left frontal ganglioglioma.

desmoplastic medulloblastoma, and medulloblastoma with ex-
tensive nodularity) with unique histologic features and biologic
or clinical behavior are now recognized and incorporated in the
2007 WHO classification. Investigators have further shown het-
erogeneous imaging features®® and marked genetic diversity of
medulloblastoma with at least 4 unique molecular subgroups
(WNT, SHH, group C, and group D) having distinct transcription
profiles, chromosomal aberrations, and clinical behavior.*”*® Of
note, 4 of the 8 medulloblastomas with the highest rTBF (range,
2.16—4.97) demonstrated the most aggressive behavior, with
death occurring within 11 months of tumor diagnosis in 3 pa-
tients and the remaining patient classified as having high-risk dis-
ease at the time of the study because of leptomeningeal seeding.
Further studies are needed to determine perfusion and genomic
correlates and the potential prognostic role of perfusion imaging
in pediatric medulloblastoma.

We observed no significant difference in rTBF values on the
basis of the degree of contrast enhancement. Perfusion measure-
ments of tumors by ASL are much less sensitive to permeability
changes than the DSC methods, which are more affected by im-
paired blood-brain barrier function.***” It is likely that the ASL
signal of our tumors represented tumor perfusion on the basis of
vascular density as previously described by Noguchi et al.>

We recognized a few limitations in our study. Although most
of the patients presented with headaches, nausea or vomiting, and
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focal neurologic deficits, a small number of those with seizures,
specifically those with ganglioglioma or DNTs, could have pre-
sented with altered brain hemodynamics.>® Elevated intracranial
pressure from brain tumor could potentially reduce global cere-
bral perfusion and thereby decrease SNR and accuracy of the CBF
and tumor blood flow measurements. To mitigate this problem,
as well as age and other patient-dependent factors that could af-
fect cerebral perfusion, tumor blood flow was referenced to nor-
mal brain as an internal control. Also, given general unknown
effects of sedatives on ASL imaging, sedation status remains an
important consideration in pediatric imaging.** However, for rel-
ative ASL tumor blood flow measures, its effect is likely small
because of its focus on regional hemodynamic change, similar to
presumed insignificant effect on relative calculations obtained by
the DSC method.*® Prior investigators have shown that ASL un-
derestimates CBF in brain regions with delayed flow, such as the
white matter.?” It is possible that ASL could underestimate tumor
blood flow in cases of tortuous vasculature from angiogenesis
because of delay in signal arrival, and alternatively, overestimate
tumor blood flow in cases of vascular shunting. Despite reports of
fewer susceptibility artifacts compared with gradient-echo PWT,'”
many patients were excluded from our study because of dental
braces, which rendered the ASL nondiagnostic, an important fac-
tor in clinical implementation.

CONCLUSIONS

Characteristic ASL perfusion patterns were seen among diverse
pathologic types of brain tumors in children and can be used to
distinguish high-grade and low-grade tumors.

ICMJE Disclosures: Michael Edwards—UNRELATED: Grants/Grants Pending: Stan-
ford University,* Comments: Private funding from donors as well as National Insti-
tutes of Health and Brain Tumor Funding Grant Associations.
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Bannayan-Riley-Ruvalcaba Syndrome: MRI Neuroimaging
Features in a Series of 7 Patients

R. Bhargava, KJ. Au Yong, and N. Leonard

ABSTRACT

SUMMARY: Bannayan-Riley-Ruvalcaba syndrome is a congenital disorder characterized by macrocephaly, intestinal polyposis, lipomas,
and pigmented macules of the penis. There is limited published radiologic literature on the syndrome. The purpose of this study was to
review the brain MR imaging findings in Bannayan-Riley-Ruvalcaba syndrome as well as to compare and contrast the findings with other
brain disorders that also have brain cysts and white matter lesions. All brain MR imaging studies were reviewed in patients with a diagnosis
of Bannayan-Riley-Ruvalcaba syndrome from our hospital. All 7 patients were evaluated with brain MR imaging. MR imaging results showed
white matter cysts in the parietal lobe (7/7), frontal lobe (3/7), and temporal lobe (1/7). These were predominantly surrounded by white
matter T2 hyperintensities associated with macrocephaly. Cystic lesions on MR imaging in Bannayan-Riley-Ruvalcaba syndrome are
prevalent, and knowledge of this differential diagnosis can allow the radiologist to suggest a diagnosis of this condition in a child with

macrocephaly.

ABBREVATIONS: BRRS = Bannayan-Riley-Ruvalcaba syndrome; CS = Cowden syndrome; LDD = Lhermitte-Duclos disease; PTEN = phosphatase and tensin

homolog; VR = Virchow-Robin

B annayan-Riley-Ruvalcaba syndrome (BRRS) classically pres-
ents with macrocephaly, subcutaneous and visceral lipomata,
hemangiomata, hamartomatous intestinal polyps, and pigmented
macules involving the genitalia.

This autosomal dominant disorder is linked to germline mu-
tations of the phosphatase and tensin homolog gene (PTEN), a
tumor suppressor gene localized to 10q23 that has a significant
role in the molecular pathway of cellular proliferation, migration,
and apoptosis. In 1996, it was recognized that BRRS shared fea-
tures with Cowden syndrome (CS), another autosomal dominant
condition with multiple hamartomas.'

An estimated 65% of patients with a clinical diagnosis of BRRS
have a detectable PTEN mutation. When BRRS is not caused by
mutations or deletions of the PTEN gene, the cause of the condi-
tion is unknown.

Other features would include high birth weight, developmen-
tal delay, and intellectual disability (50%); a myopathic process in

Received April 14, 2013; accepted after revision May 27.

From the Departments of Radiology and Diagnostic Imaging (R.B.), and Medical
Genetics (N.L.), University of Alberta Hospital, Edmonton, Alberta, Canada; and
Department of Radiology and Diagnostic Imaging (KJ.A.), McMaster University

Medical Centre, McMaster Children’s Hospital, Hamilton, Ontario, Canada.

Please address correspondence to Kong Jung Au Yong, MB ChB, MRCS, FRCR, MBA,
Department of Radiology and Diagnostic Imaging, McMaster University Medical
Centre, McMaster Children’s Hospital, 1280 Main St West, Hamilton, ON L8S 4L8,
Canada; e-mail: kong.auyong@gmail.com

http://dx.doi.org/10.3174/ajnr.A3680

402 Bhargava Feb2014 www.ajnr.org

proximal muscles (60%); and joint hyperextensibility, pectus ex-
cavatum, and scoliosis (50%).?> Abnormal facial features include
frontal bossing, hypertelorism, down-slanting palpebral fissures,
depressed nasal bridge, strabismus, epicanthus inversus, small
beaked nose, long philtrum, thin upper lip, broad mouth, and
relative micrognathia.?

There are no agreed international criteria for the diagnosis of
BRRS. The criteria suggested by Marsh et al* should include at
least the following 4 features: macrocephaly, lipomatosis, heman-
giomas, and speckled penis in boys. The other criteria suggested
by Parisi et al® should include at least 2 of the following charac-
teristics: macrocephaly, hamartomas (including at least 1 lipoma,
hemangioma, or intestinal polyp), and penile macules in boys.
Although cancer was initially not believed to be a component of
the syndrome, people with BRRS and a PTEN mutation are cur-
rently thought to have the same cancer risks as those with CS.*

PTEN, on 10q23.3, encodes a major lipid phosphatase that
signals down the phosphoinositol-3-kinase/Akt pathway and ef-
fects G1 cell cycle arrest and apoptosis. Germline PTEN mutations
have been found to occur in 80% of classic CS, 60% of BRRS, up to
20% of Proteus syndrome, and approximately 50% of a Proteus-
like syndrome.® PTEN hamartoma tumor syndrome now encom-
passes 4 major clinically distinct syndromes associated with germ-
line mutations in the tumor suppressor PTEN.” CS is rarely
diagnosed before adolescence; BRRS is generally reported with a
childhood onset, often with delayed motor and intellectual devel-



Summary of MRI and clinical characteristic of 7 patients diagnosed with BRRS

Patient Age at Mutation Cyst
No. Sex MRI(y) Macrocephaly = PTEN  Development Physical Features WM Cyst Location
1 M 4 Yes Yes Autistic Abdominal hemangioma Yes fpt
2 M 065  Yes Yes Delay Café au lait spot, thyroid nodules, testicular Yes p
hamartomas, rectal and gastric polyps
3 M 27 Yes No protein Autistic Motor speech disorder Yes f.p
4 M 35 90th centile  No protein Delay Café au lait spot Yes
5 M 26 Yes No protein Delay Moles, thyroid nodules, intestinal polyps Yes p
6 M 77 Yes No protein Delay Moles, thyroid nodules, intestinal polyps Yes p
7 M 77 Yes Yes Delay Pigmentation of the glans penis, multiple thyroid Yes fp

nodules, and carcinoma

Note:—f indicates frontal; p, parietal; t, temporal.

opment. Most studies have failed to demonstrate a consistent ge-
notype—phenotype relationship between CS and BRRS, but re-
cently, studies have suggested that the unique features in the 2
syndromes may actually represent age-related penetrance of the
same condition.® People with CS and BRRS within the same fam-
ily (CS/BRRS overlap families) have been reported.’ Therefore,
early diagnosis of BRRS at a young age may allow patients to be
monitored for the onset of malignant disease.

With increased recognition of the syndrome, neuroimaging signs
such as AVMs and increased perivascular spaces have been recently
described.!®!! Therefore, it is important for radiologists to be aware
of the neuroimaging abnormalities found in patients with BRRS to
allow accurate diagnosis and provide preventive care. We have re-
viewed the neuroimaging features of 7 patients with BRRS.

MATERIALS AND METHODS

Local Human Research Ethics board approval was obtained to
review the clinical and imaging records of patients with BRRS
without patient consent. We searched the genetic disorder data
base at our institution for all cases of BRRS diagnosed since 1994.
All available MR imaging studies and clinical records were re-
viewed in patients with a diagnosis of BRRS.

All patients had a review by geneticists and were tested for the
PTEN gene mutation. To our knowledge, no diagnostic criteria
for BRRS have been set. We based our diagnosis heavily on the
presence of cardinal features of macrocephaly, developmental de-
lay/autism, characteristic triangular facial feature, prominent
forehead, malar hypoplasia, down-slanting palpebral fissures,
myopathic features, and pigmented macules of the glans penis
associated with the PTEN mutation.

All MR imaging was performed in routine clinical care by use
of 1.5T scanning. Standard 3D MPRAGE T1-weighted, fast spin-
echo T2-weighted, and FLAIR images were available for all pa-
tients. The MR imaging results in each patient were reviewed sep-
arately and then jointly by 2 pediatric neuroradiologists.
Systematic chart review was used to document the clinical details,
mode of presentation, patient demographics, clinical features,
and MR imaging brain features.

RESULTS

Since 1994, a total of 7 patients (all boys) have been diagnosed
with BRRS at the University of Alberta Hospital (Edmonton, Al-
berta, Canada), and all 7 were evaluated with brain MR imaging.
The accompanying table summarizes the neuroimaging and clin-
ical findings of these 7 patients.

Patient Demographics
The age at presentation ranged from 8 months—7.7 years. Patients
5 and 6 were siblings.

PTEN Gene
Three patients had the PTEN mutation and 4 had absence of the
PTEN protein, indicating an abnormality of PTEN.

Clinical Presentation

All 7 of our patients presented with developmental delay or au-
tism spectrum disorder. Skin pigmentation, nevi, or café au lait
spots were seen in 5 of 7 patients. Three patients had intestinal
polyps, and 4 had thyroid nodules. One patient had testicular
hamartomas. Thyroid carcinoma developed in another patient at
age 16 years.

The distinctive finding of penile macules in boys (seen in
67% of patients with BRRS) is a major criterion in BRRS but
may not appear until mid-childhood and was only seen in 2 of
our patients at presentation. PTEN mutations can have many
different phenotypes; therefore, our diagnosis of BRRS was
guided more specifically by the facial features; pigmented ma-
cules of the glans; myopathy; and subsequent determination of
intestinal hamartomatous polyps, which separates them from
Cowden and Proteus. The features of Cowden and Proteus,
which are also associated with PTEN mutations, were not seen
in our patients.

MR Imaging Brain Features

All of our 7 patients had MR imaging of the brain, as shown in the
accompanying figures (Fig 1). The imaging findings include CSF
signal intensity (hyperintense on T2 and hypointense on FLAIR)
and white matter cysts in the parietal lobes (7/7), frontal lobes
(3/7), and temporal lobes (1/7). These were associated with white
matter T2 hyperintensities predominantly around the cysts (7/7).
Additional findings in 1 patient included a cavum velum inter-
positum arachnoid cyst. All but 1 patient (above the 90th centile)
had extreme macrocephaly.

DISCUSSION
BRRS has been shown to affect the skin and central nervous sys-
tem. However, descriptions of neuroimaging studies are uncom-
mon in the literature. To our knowledge, no similar case series has
specifically studied the neuroimaging findings of BRRS.

In a recent study of 181 patients with pathogenic germline
PTEN mutations, 152 (94.4%) had macrocephaly as defined by a
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FIG1. ], Axial T2 image in patient 1 demonstrates bilateral cystic spaces in the biparietal periventricular white matter. 2, Axial T2 image in patient
2 demonstrating small cystic spaces in the parietal white matter associated with increased T2 signal of the periventricular white matter. 3,
Coronal T2 image in patient 3 demonstrates cystic spaces in the periventricular white matter of the parietal lobes. 4A, Axial T2 image in patient
4 demonstrates bilateral small parietal periventricular cyst associated with white matter T2 hyperintensities predominantly around the cysts. 4B,
An axial FLAIR image in patient 4 demonstrates pericyst hyperintensities and suppression of the VR space fluid. 5, Coronal T2 image of patient
5 demonstrates a well-defined small periventricular cyst in the parietal region. 6, Coronal T2 image in patient 6 demonstrates a well-defined small
periventricular cyst in the left parietal region. 7, Coronal T2 image in patient 7 demonstrates small periventricular cysts in the biparietal region.

head circumference of 2 SD over the mean. There was no signifi-
cant difference in age or sex. Macrocephaly was observed in all but
one of our patients. Studies on mice specimens with PTEN muta-
tions have shown megalencephaly.'? The size of the ventricles and
the extra-axial spaces in all of our patients were within normal
limits in keeping with megalencephaly.

Megalencephaly in BRRS is often associated with overgrowth
features but can be distinguished from other causes of megalen-
cephaly with overgrowth such as Soto syndrome, neurofibroma-
tosis type 1, Simpson-Golabi-Behmel, Fragile X, Weaver, and
macrocephaly-cutis marmorata telangiectatica congenita by use
of a combination of dysmorphic features, associated malforma-
tions, family history, and specific growth patterns.’’

All of our patients were referred for neuroimaging because of
developmental delay or autism. Cognitive impairment is reported
to be between 20%-50% in patients with BRRS, which is higher
than in those with CS at 10%.'* In a study of 18 patients with
autism with a head circumference range from 2.5-8.0 SD above
the mean and with autism spectrum disorder, 3 boys (17%) car-
ried germline PTEN mutations. Two of 7 patients in our study
have autistic spectrum disorder.'”> A total of 24 patients with
PTEN mutation, autism, macrocephaly, and some clinical find-
ings described in PTEN syndromes have been reported in the
literature.'® Approximately 25% of patients with BRRS have sei-
zures.'” Cortical malformation is considered rare in BRRS, with
only 3 cases associated with PTEN mutation reported in the liter-
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ature.'® None of our patients demonstrated any cortical malfor-
mation or midline defects. A small cavum velum interpositum
arachnoid cyst was found in 1 patient.

The PTEN gene, a tumor suppressor, contains a phosphatase
domain, and its protein product has phosphatase activity. Muta-
tions of this gene have been detected in glioblastoma cell lines and
tumors. In a large series, 74% (25/34) of glioblastomas demon-
strated loss of heterozygosity at the PTEN locus, and 60% (15/25)
of these cases contained somatic PTEN mutations of both alleles,
implicating the PTEN gene in tumor development.'”

Published case reports have described rare cases of menin-
giomas, frontal vascular hamartoma, intracranial lipomatous
hamartoma, and malignant intracranial human chorionic go-
nadotropin—secreting tumor in patients with BRRS.'*>°

The PTEN/PI3K pathway governs normal vascular develop-
ment and tumor angiogenesis.>' High-flow vascular malforma-
tions,' including dural AVM, ' hemangiomata, and vertebral an-
giomas,”” may exist in patients with BRRS.

In a study of 26 patients with PTEN mutation®, vascular
anomalies were found in 14 (54%) patients. Intracranial develop-
mental venous anomalies were found in 8 (89%) of 9 patients who
had brain MR imaging with contrast.>> High frequency of vascu-
lar malformations was noted in a study of 20 patients with CS,
where 5 patients had venous angiomas (3 associated with Lher-
mitte-Duclos disease [LDD]) and 2 patients had cavernous angi-



omas (1 associated with LDD) with a significant proportion re-
lated to LDD."*

No vascular anomalies were found in our 7 patients, but this
probably is an underestimate because none of our patients re-
ceived contrast material. More recently, congenitally enlarged VR
spaces have been described in a case of BRRS."'

Our 7 patients demonstrated cystic dilation of the VR spaces at
the white matter of the centrum semiovale and parietal region.
There were round, oval, or curvilinear well-defined cystic lesions
with smooth margins and isointense to CSF. On FLAIR imaging,
there was suppression of the VR space fluid. One follow-up MR
imaging study was available for comparison, and the cystic dila-
tion of the VR spaces appeared nonprogressive. Lok et al'* re-
ported cystic dilation of the VR spaces in 3 (15%) of 20 patients
(ages 3456 years) with CS. Merks et al** described a mother and
3 sons with CS/BRRS and variable phenotype: 1 family member
having macrocephaly, normal intelligence, and minimal pigmen-
tation abnormalities; another member with macrocephaly with
developmental delay; another with macrocephaly, delay and li-
poma; and the last family member having hemimegalencephaly,
Jadassohn naevus sebaceous, and neonatal demise. Two of the 3
sons have periventricular cyst or dilated perivascular spaces.

It is unknown if the cystic VR space dilations in our patients
constitute a physiopathologic marker, but the extent encountered
in our patients has not been described in unaffected children;
therefore, a causal relationship with the presenting signs is
probable.

The cystic dilation of VR spaces discussed above is nonspecific
and does not distinguish it from other diseases that cause white
matter brain cysts such as Soto syndrome, Lowe syndrome, mu-
copolysaccharidosis, and Van der Knaap syndrome; however, an-
cillary imaging findings allow for diagnosis of these conditions.
Soto syndrome is frequently associated with large ventricles, in-
creased extracerebral fluid, and midline anomalies.?® In Lowe
syndrome, hyperintensities on T2-weighted images and periven-
tricular cystic lesions have been described; however, the brain size
is usually below normal and is associated with white matter gliosis
(increased myo-inositol peak) mainly in the centrum semiovale,
atrophy, ventricular enlargement, and thinning of the corpus cal-
losum.?® The disease is also associated with bilateral congenital
cataracts, glaucoma, hypotonia, severe psychomotor retardation,
seizures, and disturbances of renal tubular function.?” Neuroim-
aging findings such as hydrocephalus, white matter lesions, brain
atrophy, MR spectroscopy changes (a low NAA/Cr and elevated
mlIns/Cr), and clinical phenotype can easily distinguish mucopo-
lysaccharidosis from BRRS. Thickening of the diploic space, sellar
abnormalities, or vertebral body changes seen on head MR imag-
ing can also allow for differentiation of a mucopolysaccharidosis
from BRRS. Finally, Van der Knaap syndrome is associated with
extensive white matter changes, and the cysts are usually subcor-
tical in position, sparing the deeper structures.”®

Our small retrospective study had some limitations. This fre-
quency of cerebral abnormalities in patients with BRRS was surely
an underestimate, as serial neuroimaging or contrast imaging has
not been performed. Because our study was small, we found it
difficult to draw statistically significant conclusions. All of the
patients in our study had been referred for a pediatric medical

opinion because of concerns about early motor development or
learning difficulties, and this ascertainment bias may have led to
an overestimate of the risk of learning difficulties in children di-
agnosed with BRRS.

CONCLUSIONS

Although a rare syndrome, the cystic lesions seen on brain imag-
ing findings in BRRS are quite prevalent. Future studies of larger
populations and long-term follow-up are needed to confirm our
preliminary MR imaging findings. Knowledge of the differential
diagnosis of macrocephaly and brain cystic lesions in the setting of
a white matter disorder can allow the radiologist to suggest a di-
agnosis of BRRS on brain MR imaging. Macrocephaly, together
with cystic VR spaces on MR imaging, may be a useful diagnostic
pointer, particularly when deciding which patients to test for
PTEN mutation.

Disclosures: Norma Leonard—RELATED: Payment for Writing or Reviewing the
Manuscript: University of Alberta (clarify).
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ORIGINAL RESEARCH
SPINE

Comparison of Dynamic Contrast-Enhanced 3T MR and 64-Row
Multidetector CT Angiography for the Localization of Spinal

Dural Arteriovenous Fistulas

S. Oda, D. Utsunomiya, T. Hirai, Y. Kai, Y. Ohmori, Y. Shigematsu, Y. Iryo, H. Uetani, M. Azuma, and Y. Yamashita

ABSTRACT

BACKGROUND AND PURPOSE: For the localization of spinal dural arteriovenous fistulas, it is not determined whether dynamic
contrast-enhanced MRA is more reliable than multidetector CTA. The aim of this study was to compare the agreement between
intra-arterial DSA, dynamic contrast-enhanced MRA at 3T, and 64-row multidetector CTA for the localization of spinal dural
arteriovenous fistulas.

MATERIALS AND METHODS: We enrolled 12 consecutive patients (11 men, 1 woman; age range, 46—83 years; mean, 65 years) who
underwent preoperative dynamic contrast-enhanced MRA at 3T and 6é4-row multidetector CTA. The spinal dural arteriovenous fistula
location was confirmed by intra-arterial DSA as the reference standard. Two reviewers independently evaluated the level of the artery
feeding the spinal dural arteriovenous fistula on the basis of continuity between the feeder and abnormal spinal vessels on 3T dynamic
contrast-enhanced MRA and 64-row multidetector CTA images. Interobserver and intermodality agreement was determined by calcula-
tion of the k coefficient.

RESULTS: On DSA, the vessel feeding the spinal dural arteriovenous fistula was the intercostal artery (7 cases), the lumbar artery (3 cases),
and the internaliliac artery or the ascending pharyngeal artery (1 case each). For the fistula level, interobserver agreement was excellent for
3T dynamic contrast-enhanced MRA (k = 0.97; 95% Cl, 0.92-1.00) and very good for 64-row multidetector CTA (k = 0.84; 95% ClI,
0.72-0.96). Intermodality agreement with DSA was good for 3T dynamic contrast-enhanced MRA (k = 0.78; 95% Cl, 0.49-1.00) and
moderate for 64-row multidetector CTA (k = 0.41; 95% Cl, 0.020—0.84).

CONCLUSIONS: For the localization of spinal dural arteriovenous fistulas, 3T dynamic contrast-enhanced MRA may be more reliable than
64-row multidetector CTA.

ABBREVIATIONS: DCE = dynamic contrast-enhanced; SDAVF = spinal dural arteriovenous fistulas; VR = volume-rendering; 64-CTA = 64-row multidetector CTA

pinal dural arteriovenous fistulas (SDAVF) are the most com-

monly encountered spinal vascular shunt lesions and a treat-
able cause of myelopathy.' The arteriovenous shunt is located
inside the dura mater close to the spinal nerve root, where the
arterial blood from a radiculomeningeal artery enters a radicular
vein. Shunt interruption by either neurosurgery or superselective
embolization is the basic treatment strategy,'™ and pretreatment
localization of SDAVF is important for their adequate treatment.
Catheter spinal DSA is the standard technique that accurately
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detects the location of SDAVF and their feeders. However, an
exhaustive search for the lesion by selective catheterization is
time-consuming and increases the amount of radiation exposure
and contrast material and is accompanied by risks for neurologic
complications.*?

Noninvasive imaging modalities such as multidetector CTA
and dynamic contrast-enhanced (DCE)-MRA reliably detect
SDAVF and may predict the level of their location.>™'" However,
the noninvasive technique more reliable for the localization of
SDAVF remains to be identified, and interobserver and intermo-
dality agreement for the location of SDAVF on CTA and DCE-
MRA studies has not been fully investigated.

In multidetector CTA, scanner performance can be improved
by adding detector rows,'? and, in DCE-MRA, higher magnetic
fields improve the image quality while reducing the acquisition
time.'? In the present study, we compared the agreement between
DSA, DCE-MRA at 3T, and 64-row multidetector CTA (64-CTA)
for the localization of SDAVE.
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Table 1: Summary of patients and SDAVF

To obtain 3D images of the vessels in-

Clinical Extent of Cord jected from the feeder and of the bony
CaseNo. Age,y Sex Manifestation Signal Abnormality Feeder Fistula Level structures, we acquired 3D rotational an-
1 46 M Paraparesis C2-C7 L, APhA M giographs by use of the same angiography
2 >8 M Parapleg@ 3-CM L. 1A s system. The parameters were 4.1-second
3 75 M Paraparesis T7-CM R, 1A T6 . . le. 240° with 2° i
4 60 M Paraplegia T8-CM RIA 7 rotation; rotatlo'n a'ng e, w1t' n-
5 58 M Paraparesis T5-CM R, IA 7 crements, resulting in 120 projections; ro-
6 78 M Paraplegia T7-T L IA T7 tation speed, 55°/s, acquisition matrix,
7 62 M Paraplegia T5-CM RIA T8 1024 X 1024; frame rate, 30 frames/s. The
. 5 F Quadrlpgresw €5-C6 R 1A ™ volume and the injection rate of the non-
9 76 M Paraplegia T6-CM R, LA L2 ionic iodinated 15 mlL
10 83 M Paraplegia T3_CM R LA L ioniciodinate contr.ast agent were 15m
1 58 M Paraplegia T5-CM L LA 13 and 1.5 mL/s respectively. We then recon-
12 52 M Paraplegia T3-CM L A S1 structed and analyzed the filling run-vol-

Note:—L indicates left; R, right; T, thoracic spine; L, lumbar spine; S, sacral spine; CM, conus medularis; APhA,
ascending pharyngeal artery; IA, intercostal artery; LA, lumbar artery; IIA, internal iliac artery; FM, foramen magnum.

MATERIALS AND METHODS

Study Population

Our study was approved by our institutional review board. Prior
informed consent for imaging examinations was obtained from
all patients or their relatives. Between October 2008 and Decem-
ber 2012, 23 patients were referred for spinal 64-CTA and DCE-
MRA at 3T and for the evaluation of possible SDAVF suspected on
the basis of combined spinal MR imaging and clinical findings.
Our inclusion criteria were a diagnosis of SDAVF on the basis of
spinal DSA scans and verified at surgery after spinal 3T DCE-
MRA and 64-CTA examinations. Exclusion criteria were renal
dysfunction (estimated glomerular filtration rate <30 mL/min
per 1.73 m?) and allergy to iodinated and gadolinium-based con-
trast materials. On the basis of these criteria, we enrolled 12 con-
secutive patients (11 men and 1 woman ranging in age from
46—83 years; mean age, 65 years). All patients presented with
congestive myelopathy and a diffuse, continuous hyperintense
cord lesion in various cord regions (Table 1), and all underwent
spinal CTA, MRA, and intra-arterial DSA. The interval between
CTA, MRA, and DSA studies ranged from 3-20 days (mean, 10
days).

DSA Technique

Diagnostic intra-arterial DSA through a femoral arterial approach
was performed in a biplane angiography suite (Allura Xper FD;
Philips Healthcare, Best, the Netherlands) by a trained neurora-
diologist and/or a neurosurgeon. The angiographic technique in-
cluded the selective manual injection of 3-5 mL of a 300-mg/mL
iodinated nonionic contrast agent into the intended arteries and
anteroposterior imaging at a rate of 3 frames/s. Images were ob-
tained with a 2048 X 2048 matrix; the FOV was 42 cm.

When DCE-MRA and CTA findings suggested the location of
the fistula, we first delivered a selective manual injection at the
anticipated level. If the fistula was identified, the contralateral
segmental artery and the segmental arteries ranging from 2 levels
above to 2 levels below the fistula were studied to ensure complete
evaluation of the fistula and the adjacent vasculature. If the fistula
site was not identified, additional injections were delivered into
segmental arteries from the supreme intercostal artery to the me-
dian sacral arteries, the bilateral internal iliac arteries, and the
bilateral vertebral, subclavian, costocervical, thyrocervical, and
external carotid arteries.
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ume by use of a dedicated commercially
available workstation (Philips Health-
care). The 3D images were recon-
structed in a 512 X 512 X 512 matrix with an isotropic voxel
size.

CT Data Acquisition

All CT studies were performed on a 64-detector CT system (Bril-
liance-64, Philips Healthcare) with a 0.5-second gantry rotation
speed, an x-ray tube voltage of 120 kV, and an x-ray tube current
of 412 mA. The collimation was 64 X 0.625 mm, the beam pitch
was 0.515, and the table speed was 20.6 mm per rotation. A dou-
ble-head power injector (Dual Shot-Type GX; Nemoto Kyorindo,
Tokyo, Japan) was used to administer a bolus of 350 mgl/mL
contrast medium (135 mL of iomeprol, lomeron; Bracco, Milan,
Italy) at 5.0 mL/s through a 20-gauge IV catheter in an antecubital
vein; the contrast agent was followed by a 40-mL bolus of saline
solution at the same rate.

Synchronization between the flow of contrast material and CT
acquisition was achieved by use of a computer-assisted bolus
tracking system. The CT attenuation value was monitored by a
radiology technologist. The anatomic level for monitoring was set
in the descending aorta at the T10 level on the scout CT image.
The trigger threshold was set at 250 HU for the aortic ROIL CT
data acquisition was started 10 seconds after triggering. Data were
acquired during a single breath-hold in the head-to-foot direc-
tion. The CT scan was from the level of the foramen magnum to
the groin.

The helical data were reconstructed in the axial plane with a
0.5-mm section thickness at 0.3-mm intervals before storage and
transfer to a workstation (M900QUADRA; Amin, Tokyo, Ja-
pan). The multiplanar reformation images, including oblique
coronal images with craniocaudal angulations and curved pla-
nar reformation images, were reconstructed at a voxel size of
0.4 X 0.4 X 0.7 mm to confer the greatest possible likelihood
that the spinal vessels were included in the scan. Volume-ren-
dering (VR) CTA images were also reconstructed for image
interpretation.

MR Data Acquisition

All MR studies were performed on a 3T MR imaging system
(Magnetom Trio, Siemens, Erlangen, Germany) equipped with a
phased-array spine coil. The patients were imaged in the supine



position with a 20-gauge intravenous catheter inserted into the
antecubital vein. Conventional MR imaging was with sagittal and
axial T1- and T2-weighted sequences.

A test bolus was delivered to determine the arrival time of the
contrast agent in the arteries feeding the spine. The intravenous
injection of 0.2 mL gadopentetate dimeglumine (Magnevist;
Bayer HealthCare Pharmaceuticals, Wayne, New Jersey) per kilo-
gram of body weight, delivered at a flow rate of 3 mL/s, was fol-
lowed by a 30-mL saline flush administered with an automated
power injector. On the basis of test bolus results, we injected the
contrast agent and started dynamic 3-phase DCE-MRA with a 3D
FLASH sequence in the coronal plane. To facilitate subtraction
DCE-MRA, 1 precontrast phase, composed of the exact same
pulse sequence parameters as the DCE-MRA sequence, was ac-
quired. The imaging data were acquired during breath-holding.
The FOV of contrast-enhanced MRA was positioned to cover the
entire T2 hyperintense cord and dilated vessels. If previous con-
trast-enhanced MR images were available, they were also used for
determining the positioning of the FOV. The acquisition param-
eters for the contrast-enhanced MRA sequence were TR/TE, 3.1
ms/1.1 ms; flip angle, 15° image matrix, 280 X 390; FOV, 400
mm; slab thickness, 78 mm; generalized autocalibrating partially
parallel acquisition, 2. The reconstructed voxel size and temporal
resolution were 1.4 X 1.2 X 1.5 mm and 17 seconds, respectively.
Subtracted maximume-intensity projection, partial MIP, and VR
DCE-MRA images in arterial and venous phases and their MPR
images were reconstructed for image interpretation.

Image Evaluation

Two independent readers (Y.K. and Y.O., with 23 and 14 years of
experience in neuroangiography, respectively) qualitatively eval-
uated the entire series of DSA images on a PACS workstation.
Disagreements were resolved by consensus. Two other readers
(T.H. and Y.L, with 21 and 8 years of experience in diagnostic
neuro-MR imaging, respectively), blinded to the clinical, CTA,
and DSA results, independently evaluated the DCE-MRA data on
a PACS workstation. In each case, the subtracted source, MPR,
MIP, partial MIP, and VR DCE-MRA images and conventional
MR imaging data were displayed with all regions visible. Two
other readers (D.U. and S.O., with 16 and 8 years of experience in
CTA, respectively), blinded to the clinical, DCE-MRA, and DSA
results, independently evaluated the CTA data on a PACS work-
station. In each case, the source, MPR, and VR CTA images were
displayed with all regions visible. Our software allowed the en-
largement of regions of special interest in any given spatial
orientation.

Each reviewer for DSA, DCE-MRA, and CTA recorded the
shunt level of the SDAVF on the basis of continuity between
the feeding artery and abnormal spinal vessels. When the 2 re-
viewers disagreed, final determinations were based on consensus
readings.

After the blinded study, the observers consensually reviewed
the reasons of incorrect interpretation for the fistula location with
the DSA findings. The observers also determined whether CTA
provided additional information to DCE-MRA with regard to the
fistula location of SDAVE.

Table 2: Summary of localization of SDAVF on DCE-MRA and DSA
DCE-MRA

Case ——————— Interobserver DCE- Intermodality
No. Reader1 Reader2 Agreement® MRA® DSA Agreement®
1 FM FM M M

T5 T5 T5 T5
3 T6 T6 T6 T6
4 T7 T7 T7 T7
5 T7 T7 T7 T7
6 T10 T10 11(92%) T0 17 10 (83%)
7 T8 T8 k = 0.97 T8 T8 k=078
8 L2 L3 [0.92-1.00] L2 T9 [0.49-1.00]
9 L2 L2 L2 L2
10 L2 L2 L2 L2
n L3 L3 L3 L3
12 Sl Sl Sl S1

Note:—Data are number of cases. Data in parentheses are the percentage of times
that results were concordant; data in brackets are 95% Cls.

FM indicates foramen magnum; T, thoracic spine; L, lumbar spine; S, sacral spine.

@ Agreement of DCE-MRA between reader 1and reader 2.

b Consensus reading of DCE-MRA of reader 1and reader 2.

< Agreement between the consensus reading of DCE-MRA of reader 1 and reader 2
and DSA.

Statistical Analysis

The level of interobserver agreement (between readers 1 and 2 for
DSA, DCE-MRA, and CTA) and of intermodality agreement (be-
tween consensus readings of DCE-MRA/CTA and DSA images)
with respect to the location of the SDAVF was determined by
calculating the k coefficient (k <0.20, poor; k = 0.21-0.40, fair;
k = 0.41-0.60, moderate; k = 0.61-0.80, good; k = 0.81-0.90,
very good; and k >0.90, excellent agreement) with a 95% CI. The
laterality of the fistula site was not put into the statistical analyses.
We also recorded the exact number and percentage of times when
the results from both readers and both modalities were in exact
agreement. MedCalc for Windows (MedCalc Software, Mari-
akerke, Belgium) was used for all analyses.

RESULTS

DCE-MRA, 64-CTA, and intra-arterial DSA were performed suc-
cessfully in all 12 patients. At qualitative evaluation of DSA, inter-
observer agreement for the fistula location was excellent (k = 1.0;
95% CI, 1.0-1.0). In 7 cases, the location of the SDAVF was the
thoracic spine (T5, T6, T8, T9, n = 1 each; T7, n = 3); in 3 it was
the lumbar spine (L2, n = 2 ; L3, n = 1). In the other 2 cases, the
SDAVF was located at the sacral (S1) or the cervical spine (fora-
men magnum). Thelocations of the feeders and fistulas identified
on DSA images are shown in Table 1.

Table 2 is a summary of DCE-MRA and DSA findings. In 11 of
12 cases (92%), both readers agreed on the fistula location on
DCE-MRA images, and interobserver agreement was excellent
(k =0.97;95% CI, 0.92—-1.00; Figs 1, 2, and 3). In 10 of 12 studies
(83%), the DCE-MRA (consensus reading) and DSA findings of
both readers coincided with respect to the fistula location. Inter-
modality agreement (DCE-MRA versus DSA findings) was good
(k = 0.78;95% CI, 0.49-1.00).

As shown in Table 3, both readers reviewing CTA images
agreed on the fistula location in 7 of 12 studies (58%); interob-
server agreement was very good (k = 0.84; 95% CI, 0.72—0.96;
Figs 1-3). In 7 of 12 studies (58%), the CTA (consensus reading)
and DSA findings of both readers coincided with respect to the
fistula location. Intermodality agreement (CTA versus DSA find-
ings) was moderate (k = 0.41; 95% CI, 0.020—0.84).
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FIG1. A 58-year-old man (case 5) with SDAVF at the T7 level. A, Reconstructed coronal MPR 3D angiogram demonstrates the fistula site at the
level of T7 on the right side (arrow) and the surrounding vertebrae. B, Subtracted coronal partial-MIP DCE-MRA image shows the fistula site at
the level of T7 on the right side (arrow). Two readers judged the fistula location as T7. C, On the coronal partial-MIP CTA image, the feeding
artery of the SDAVF is depicted to derive from the 7th thoracic level (T7) on the right side (arrow). Two readers judged the fistula location

as T7.

FIG 2. A 52-year-old man (case 12) with SDAVF at the S1 level. A, Catheter angiogram from the left internal iliac artery depicts the fistula site at
the level of S1(arrow). B, Subtracted coronal partial-MIP DCE-MRA image shows the fistula site at the S1level (arrow). Two readers judged the
fistula location as SI. C, On the oblique VR CTA image, 2 readers judged the fistula level to be at S1 (arrows). In the retrospective consensus
review, additional use of CTA images increased the observers’ confidence level of the diagnosis.

In the retrospective consensus reviews, the incorrect interpre-
tation on DCE-MRA and CTA was found in 2 of 12 (17%) and 5
of 12 (42%), respectively. The reasons for the incorrect interpre-
tation on DCE-MRA in the 2 cases were considered to be small
caliber of the feeder and the radicular vein at the spinal nerve root.
In the 5 cases on CTA, the incorrect interpretation was caused by
the overlap of bony structures and the vessels at the spinal nerve
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root in 3 cases, the scanning of inappropriate arterial phase in 1
case (Fig 3), and the presence of slight venous contamination in 1
case. Although there were no cases in which the observer’s judg-
ment for diagnosing the fistula location of SDAVF was changed by
CTA information, their confidence level in the diagnosis was fur-
ther increased by use of combined DCE-MRA and CTA images in
3 cases.



FIG 3. A76-year-old man (case 9) with SDAVF at the L2 level. A, Catheter angiogram from the right lumbar artery demonstrates the fistula site
at the level of L2 on the right side (arrow). B, Subtracted coronal partial-MIP DCE-MRA image shows the fistula site at the L2 level (arrow). Two
readers judged the fistula location as L2. C, On the coronal partial-MIP CTA image, 2 readers judged the fistula level to be at T7 and T8,
respectively (arrows). In the retrospective consensus review, the reason for their incorrect interpretation was considered to be scanning of

inappropriate arterial phase of CTA.

Table 3: Summary of localization of SDAVF at CTA and DSA
CTA

Case ————— Interobserver Intermodality
No. Reader1 Reader2 Agreement® CTA® DSA Agreement®
1 FM M M M

2 T5 T5 T5 T5

3 T6 T6 T6 T6

4 T8 T9 T9 T7

5 T7 T7 T7 T7

6 TIO T 7 (58%) ™m 717 7 (58%)

7 T8 T8 k= 0.84 T8 T8 k=041
8 L2 L3 [072-096] L2 T9  [0.02-0.84]
9 T8 T7 T8 L2

10 T9 T8 T9 L2

1L L3 L3 L3 L3

12 Sl S1 S1 Sl

Note:—Data are number of cases. Data in parentheses are the percentage of times
that results were concordant; data in brackets are 95% Cls.

FM indicates foramen magnum; T, thoracic spine; L, lumbar spine; S, sacral spine.

@ Agreement of CTA between reader 1and reader 2.

® Consensus reading at CTA of reader 1and reader 2.

< Agreement between the consensus reading at CTA of reader Tand reader 2 and DSA.

DISCUSSION

Our study showed that for the characterization of SDAVF, DCE-
MRA at 3T was more reliable than 64-CTA. We attribute the good
interobserver and intermodality agreement for DCE-MRA to 3
factors. First, we performed dynamic 3-phase contrast-enhanced
MRA with a parallel imaging technique. The DCE-MRA images

were acquired with the patients holding their breath, and this
allowed data acquisition with a temporal resolution of 17 s/vol-
ume, at which it was possible to differentiate the arterial and ve-
nous phases. Second, because we used a high-field 3T MR imaging
unit, our DCE-MRA studies benefited from 2 key conditions.
Namely, the theoretic signal-to-noise ratio at 3T is twice that at
1.5T, thus allowing for increased spatial resolution. The longer T1
values of tissues at 3T yield better background suppression and
contrast-to-noise ratios.'>*> Third, the DCE-MRA images that
we used provided a uniform background from the subtraction
technique, and this rendered the detection of subtle vascular le-
sions easier.

The spatial resolution was higher on 64-CTA than on 3T DCE-
MRA studies; however, intermodality agreement for the identifi-
cation of the location of the SDAVF was insufficient. In our study,
adequate arterial phase on CTA was not obtained in 2 (17%) of 12
cases. In our protocol, CT acquisition was performed by use of a
computer-assisted bolus tracking system, and its monitoring was
set in the descending aorta at the T10 level. However, the level of
feeders of SDAVF was variable: cervical to sacral vertebrae. There-
fore, adequate arterial phase on CTA may not always have been
obtained. The identification of feeding arteries and radicular veins
adjacent to the bones may have been hampered because of the
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similar attenuation of these structures. In our retrospective re-
views, the incorrect interpretation from this effect was found in 3
(25%) of 12 cases. Background suppression of bones can be
achieved on CTA scans by first acquiring a precontrast scan fol-
lowed by subtraction from the contrast-enhanced scan. However,
this would further increase radiation exposure and the noise level.

Zampakis et al” reported that the sensitivity of MRA and CTA
for determining the level of SDAVF was 40% and 90%, respec-
tively. Their results differ from ours. They used 2 different con-
trast-enhanced MRA techniques at 1.5T, that is, a first-pass ellip-
tical centric contrast-enhanced MRA technique in 7 patients and
an elliptical centric time-resolved imaging in constant kinetics
technique in 2 patients. They obtained single 3D volume data at
an acquisition time of 52 seconds with the former and 20 3D
volume datasets at 1.7 seconds of temporal resolution with the
latter technique, and they did not use subtraction. Under these
imaging conditions for contrast-enhanced MRA, they may not
have used the appropriate arterial phase for spinal MRA scans,
and this may have rendered difficult the interpretation of their
unsubtracted MRA images.

Compared with DCE-MRA, multidetector CTA generally pro-
vides for a shorter scan time, larger scan coverage, and higher
spatial resolution and facilitates the observation of enhanced ves-
sels with the surrounding bony structures. In our study, the ob-
server’s confidence level of the diagnosis was furthermore in-
creased by additional use of CTA in 3 (25%) of 12 cases. This is
thought to be a benefit for planning of diagnostic and interven-
tional spinal angiography. For surgical planning, the visualization
on CTA images of both vessels and bones may be advantageous.
On the other hand, a distinct disadvantage of CTA is the patient
exposure to ionizing radiation. A CT scan of the entire spinal cord
delivers an effective dose of approximately 20 mSv.'® To achieve a
radiation dose reduction, CT scanners with more detectors (eg,
256- or 320-detector CT scanners) and iterative reconstruction
algorithms might be useful.'” Further experimental and clinical
studies are required to clarify this issue.

Our study has some limitations. First, we did not compare
different 3D reconstructing techniques (eg, VR, MIP) for the dis-
play of SDAVF on DCE-MRA and CTA images. Although the
most suitable display method for evaluating SDAVF on DCE-
MRA and CTA scans remains to be identified, we used source,
MPR, MIP, and partial MIP images with or without VR images.
These are widely used in the clinical setting to evaluate MRA and
CTA studies. Second, our study population was relatively small.
Further studies with a larger number of patients with SDAVF are
needed to clarify the role of these techniques in the clinical setting.

CONCLUSIONS
In the localization of SDAVE, 3T DCE-MRA was more reliable
than 64-CTA. Thus, 3T DCE-MRA may be the first technique for
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evaluating localization of SDAVF. Additional use of 64-CTA
might increase the observer confidence level of the diagnosis.
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WARNING: NEPHROGENIC SYSTEMIC FIBROSIS (NSF)

Gadolinium-based contrast agents (GBCAs) increase the risk for NSF among patients with impaired

elimination of the drugs. Avoid use of GBCAs in these patients unless the di; ic inf ion is ial

and not available with non-contrasted MRI or other modalities. NSF may result in fatal or debilitating fibrosis
affecting the skin, muscle and internal organs.

o The risk for NSF appears highest among patients with:

o Chronic, severe kidney disease (GFR < 30 mL/min/1.73m?), or
o Acute kidney injury.

o Screen patients for acute kidney injury and other conditions that may reduce renal function. For patients at
risk for chronically reduced renal function (e.g. age > 60 years, hypertension, diabetes), estimate the
glomerular filtration rate (GFR) through laboratory testing (5.1).

o For patients at highest risk for NSF, do not exceed the recommended DOTAREM dose and allow a
sufficient period of time for elimination of the drug from the body prior to any re-administration [see
Warnings and Precautions (5.1)].

1 INDICATIONS AND USAGE

DOTAREM s a gadolinium-based contrast agent indicated for intravenous use with magnetic resonance imaging (MRI) in
brain (intracranial), spine and associated tissues in adult and pediatric patients (2 years of age and older) to detect and
visualize areas with disruption of the blood brain barrier (BBB) and/or abnormal vascularity. (1)

4 CONTRAINDICATIONS
History of clinically important hypersensitivity reactions to DOTAREM. (4)

5  WARNINGS AND PRECAUTIONS

5.1 Nephrogenic Systemic Fibrosis

Gadolinium-based contrast agents (GBCAs) increase the risk for nephrogenic systemic fibrosis (NSF) among patients with
impaired elimination of the drugs. Avoid use of GBCAs among these patients unless the diagnostic information is essential
and not available with non-contrast MRI or other modalities. The GBCA-associated NSF risk appears highest for patients with
chronic, severe kidney disease (GFR < 30 mL/min/1.73m2) as well as patients with acute kidney injury. The risk appears lower
for patients with chronic, moderate kidney disease (GFR 30 - 59 mL/min/1.73m2) and little, if any, for patients with chronic,
mild kidney disease (GFR 60 - 89 mL/min/1.73m2). NSF may result in fatal or debilitating fibrosis affecting the skin, muscle and
internal organs. Report any diagnosis of NSF following DOTAREM administration to Guerbet LLC (1-877-729-6679) or FDA
(1-800-FDA-1088 or www.fda.gov/medwatch).

Screen patients for acute kidney injury and other conditions that may reduce renal function. Features of acute kidney injury
consist of rapid (over hours to days) and usually reversible decrease in kidney function, commonly in the setting of surgery,
severe infection, injury or drug-induced kidney toxicity. Serum creatinine levels and estimated GFR may not reliably assess
renal function in the setting of acute kidney injury. For patients at risk for chronically reduced renal function (e.g., age > 60
years, diabetes mellitus or chronic hypertension), estimate the GFR through laboratory testing.

Among the factors that may increase the risk for NSF are repeated or higher than recommended doses of a GBCA and the
degree of renal impairment at the time of exposure. Record the specific GBCA and the dose administered to a patient. For
patients at highest risk for NSF, do not exceed the recommended DOTAREM dose and allow a sufficient period of time for
elimination of the drug prior to re-administration. For patients receiving hemodialysis, physicians may consider the prompt
initiation of hemodialysis following the administration of a GBCA in order to enhance the contrast agent's elimination. The
usefulness of hemodialysis in the prevention of NSF is unknown [see Dosage and Administration (2) and Clinical
Pharmacology (12)].

5.2 Hypersensitivity Reactions

Anaphylactic and anaphylactoid reactions have been reported with DOTAREM, involving cardiovascular, respiratory, and/or
cutaneous manifestations. Some patients experienced circulatory collapse and died. In most cases, initial symptoms occurred
within minutes of DOTAREM administration and resolved with prompt [see Adverse Reactions (6)].

e Before DOTAREM administration, assess all patients for any history of a reaction to contrast media, bronchial asthma
and/or allergic disorders. These patients may have an increased risk for a hypersensitivity reaction to DOTAREM.
Administer DOTAREM only in situations where trained personnel and therapies are promptly available for the treatment of
hypersensitivity reactions, including personnel trained in resuscitation.

e During and following DOTAREM administration, observe patients for signs and symptoms of hypersensitivity reactions.

5.3 Acute Kidney Injury

In patients with chronically reduced renal function, acute kidney injury requiring dialysis has occurred with the use of GBCAs.
The risk of acute kidney injury may increase with increasing dose of the contrast agent; administer the lowest dose necessary
for adequate imaging. Screen all patients for renal impairment by obtaining a history and/or laboratory tests. Consider follow-
up renal function assessments for patients with a history of renal dysfunction.

5.4 Extravasation and Injection Site Reactions
Ensure catheter and venous patency before the injection of DOTAREM. Extravasation into tissues during DOTAREM
administration may result in tissue irritation [see Nonclinical Toxicology (13.2)].

6 ADVERSE REACTIONS

GBCAs have been associated with a risk for NSF [see Warnings and Precautions (5.1)]. NSF has not been reported in
patients with a clear history of exposure to DOTAREM alone. For hypersensitivity reactions and acute kidney injury see
Warnings and Precautions (5.2) and (5.3).

6.1 Clinical Studies Experience

Because clinical trials are conducted under widely varying conditions, adverse reaction rates observed in the clinical trials of a
drug cannot be directly compared to rates in the clinical trials of another drug and may not reflect the rates observed in clinical
practice.

The data described below reflect DOTAREM exposure in 2813 patients, representing 2672 adults and 141 pediatric patients.
Overall, 55% of the patients were men. In clinical trials where ethnicity was recorded the ethnic distribution was 74%
Caucasian, 12% Asian, 4% Black, and 10% others. The average age was 53 years (range from 0.1 to 97 years).

Overall, 3.9% of patients reported at least one adverse reaction, primarily occurring immediately or several days following
DOTAREM administration. Most adverse reactions were mild or moderate in severity and transient in nature.

Table 1 lists adverse reactions that occurred in = 0.2% patients who received DOTAREM.

Table 1: Adverse R in Clinical Trials

Reaction Rate (%) n = 2813
Nausea 0.6%
Headache 0.5%
Injection Site Pain 0.4%
Injection Site Coldness 0.2%
Burning Sensation 0.2%

Adverse reactions that occurred with a frequency < 0.2% in patients who received DOTAREM include: feeling cold, rash,
somnolence, fatigue, dizziness, vomiting, pruritus, paresthesia, dysgeusia, pain in extremity, anxiety, hypertension,
palpitations, oropharyngeal discomfort, serum creatinine increased and injection site reactions, including site inflammation,
extravasation, pruritus, and warmth.

Adverse Reactions in Pediatric Patients

During clinical trials, 141 pediatric patients (7 aged < 24 months, 33 aged 2 - 5 years, 58 aged 6 - 11 years and 43 aged
12-17) received DOTAREM. Overall, 6 pediatric patients (4.3%) reported at least one adverse reaction following DOTAREM
administration. The most frequently reported adverse reaction was headache (1.5%). Most adverse events were mild in
severity and transient in nature, and all patients recovered without treatment.

6.2 Postmarketing Experience

The following additional adverse reactions have been identified during postmarketing use of DOTAREM. Because these

reactions are reported voluntarily from a population of uncertain size, it is not always possible to reliably estimate their

frequency or establish a causal relationship to drug exposure.

e bradycardia, tachycardia, arrhythmia

e hypersensitivity / anaphylactoid reactions including cardiac arrest, respiratory arrest, cyanosis, pharyngeal edema,
laryngospasm, bronchospasm, angioedema, conjunctivitis, ocular hyperemia, eyelid edema, lacrimation increased,
hyperhidrosis, urticaria

coma, convulsion, syncope, presyncope, parosmia, tremor

muscle contracture, muscle weakness

diarrhea, salivary hypersecretion

malaise, fever

NSF, in patients whose reports were confounded by the receipt of other GBCAs or in situations where receipt of other
GBCAs could not be ruled out. No unconfounded cases of NSF have been reported with DOTAREM.

o superficial phlebitis

7 DRUG INTERACTIONS
DOTAREM does not interfere with serum and plasma calcium measurements determined by colorimetric assays. Specific drug
interaction studies with DOTAREM have not been conducted.

8 USE IN SPECIFIC POPULATIONS

8.1 Pregnancy

Pregnancy Category C

There are no adequate and well-controlled studies with DOTAREM conducted in pregnant women. Limited published human
data on exposure to other GBCAs during pregnancy did not show adverse effects in exposed neonates. No effects on embryo
fetal development were observed in rats or rabbits at doses up to 10 mmol/kg/day in rats or 3 mmol/kg/day in rabbits. The
doses in rats and rabbits were respectively 16 and 10 times the recommended human dose based on body surface area.
DOTAREM should be used during pregnancy only if the potential benefit justifies the potential risk to the fetus.

While it is unknown if DOTAREM crosses the human placenta, other GBCAs do cross the placenta in humans and result in
fetal exposure.

Reproductive and developmental toxicity studies were conducted with gadoterate meglumine in rats and rabbits. Gadoterate
meglumine was administered intravenously in doses of 0, 2, 4 and 10 mmolkg/day (or 3.2, 6.5 and 16.2 times the
recommended human dose based on body surface area) to female rats for 14 days before mating throughout the mating
period and until gestation day (GD) 17. Pregnant rabbits were intravenously administered gadoterate meglumine at the dose
levels of 0, 1, 3 and 7 mmol/kg/day (or 3.3, 10 and 23 times the human doses based on body surface area) from GD6 to
GD19. No effects on embryo fetal development were observed in rats or rabbits at doses up to 10 mmol/kg/day in rats or 3
mmol/kg/day in rabbits. Maternal toxicity was observed in rats at 10 mmol/kg/day (or 16 times the human dose based on body
surface area) and in rabbits at 7 mmol/kg/day (23 times the human dose based on body surface area).

8.3  Nursing Mothers

It is not known whether DOTAREM is excreted in human milk. Limited case reports on use of GBCAs in nursing mothers
indicate that 0.01 to 0.04% of the maternal gadolinium dose is excreted in human breast milk. Because many drugs are
excreted in human milk, exercise caution when DOTAREM is administered to a nursing woman. Nonclinical data show that
gadoterate meglumine is excreted into breast milk in very small amounts (< 0.1% of the dose intravenously administered) and
absorption via the gastrointestinal tract is poor.

8.4 Pediatric Use

The safety and efficacy of DOTAREM at a single dose of 0.1 mmol/kg have been established in pediatric patients from 2 to 17
years of age. No dosage adjustment according to age is necessary in this population [See Dosage and Administration (2.1)
and Clinical Studies (14)]. The safety and efficacy of DOTAREM have not been established in pediatric patients below 2 years
of age. GFR does not reach adult levels until 1 year of age [see Warnings and Precautions (5.1)].

8.5 Geriatric Use

In clinical studies of DOTAREM, 900 patients were 65 years of age and over, and 312 patients were 75 years of age and over.
No overall differences in safety or efficacy were observed between these subjects and younger subjects. In general, use of
DOTAREM in elderly patients should be cautious, reflecting the greater frequency of impaired renal function and concomitant
disease or other drug therapy. No age-related dosage adjustment is necessary.

8.6  Renal Impairment
No DOTAREM dosage adjustment is recommended for patients with renal impairment. Gadoterate meglumine can be
removed from the body by hemodialysis [see Warnings and Precautions (5.1) and Clinical Pharmacology (12.3)].

10  OVERDOSAGE

DOTAREM administered to healthy volunteers and to patients at cumulative doses up to 0.3 mmol/kg was tolerated in a
manner similar to lower doses. Adverse reactions to overdosage with DOTAREM have not been reported. Gadoterate
meglumine can be removed from the body by is [See Clinical Phar (12.3)].

13 NONCLINICAL TOXICOLOGY

13.1 Carcinogenesis, Mutagenesis, Impairment of Fertility

Long-term animal studies have not been performed to evaluate the carcinogenic potential of gadoterate meglumine.

G ine did not mutagenic potential in in vitro bacterial reverse mutation assays (Ames test) using
Salmonella typhimurium, in an in vitro chromosome aberration assay in Chinese hamster ovary cells, in an in vitro gene
mutation assay in Chinese hamster lung cells, nor in an in vivo mouse micronucleus assay.

No impairment of male or female fertility and reproductive performance was observed in rats after intravenous administration
of gadoterate meglumine at the maximum tested dose of 10 mmol/kg/day (16 times the maximum human dose based on
surface area), given during more than 9 weeks in males and more than 4 weeks in females. Sperm counts and sperm motility
were not adversely affected by treatment with the drug.

13.2 Animal Toxicology and/or Pharmacology

Local intolerance reactions, including moderate irritation associated with infiltration of inflammatory cells were observed after
perivenous injection in rabbits suggesting the possibility of local irritation if the contrast medium leaks around the veins in a
clinical setting [see Warnings and Precautions (5.4)].

17  PATIENT COUNSELING INFORMATION

17.1 Nephrogenic Systemic Fibrosis

Instruct patients to inform their healthcare provider if they:

e have a history of kidney disease, or

e have recently received a GBCA.

GBCAs increase the risk for NSF among patients with impaired elimination of the drugs. To counsel patients at risk for NSF:

o Describe the clinical manifestations of NSF.

o Describe procedures to screen for the detection of renal impairment.

Instruct the patients to contact their physician if they develop signs or symptoms of NSF following DOTAREM administration,
such as burning, itching, swelling, scaling, hardening and tightening of the skin; red or dark patches on the skin; stiffness in
joints with trouble moving, bending or straightening the arms, hands, legs or feet; pain in the hip bones or ribs; or muscle
weakness.

17.2 Common Adverse Reactions

Inform patients that they may experience:

e Reactions along the venous injection site, such as mild and transient burning or pain or feeling of warmth or coldness at
the injection site.

o Side effects of headache, nausea, abnormal taste and feeling hot.

17.3 General Precautions

Instruct patients receiving DOTAREM to inform their physician if they:

e Are pregnant or breastfeeding.

e Have a history of allergic reaction to contrast media, bronchial asthma or allergy.
o Are taking any medications.
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DOTAREM

(gadoterate meglumine) Injection

IMPORTANT SAFETY INFORMATION'

WARNING: NEPHROGENIC SYSTEMIC FIBROSIS (NSF)
Gadolinium-based contrast agents (GBCAs) increase the risk for NSF among
patients with impaired elimination of the drugs. Avoid use of GBCAs in these
patients unless the diagnostic information is essential and not available with
non-contrasted MRI or other modalities. NSF may result in fatal or debilitating
fibrosis affecting the skin, muscle and internal organs.

o The risk for NSF appears highest among patients with:

— Chronic, severe kidney disease (GFR < 30 mL/min/1.73m?), or
— Acute kidney injury.

e Screen patients for acute kidney injury and other conditions that may reduce
renal function. For patients at risk for chronically reduced renal function
(e.g. age > 60 years, hypertension, diabetes), estimate the glomerular
filtration rate (GFR) through laboratory testing (5.1).

¢ For patients at highest risk for NSF, do not exceed the recommended
DOTAREM dose and allow a sufficient period of time for elimination of the
drug from the body prior to any re-administration (5.1).

Contraindicated in patients with a history of clinically important hypersensitivity
reactions to DOTAREM.

Macrocyclic and lonic...

DOTAREM

...There is only One.

The first and only macrocyclic and
ionic gadolinium agent in its class.'

In patients with chronically reduced renal function, acute kidney injury
requiring dialysis has occurred with the use of GBCAs. The risk of acute
kidney injury may increase with increasing dose of the contrast agent;
administer the lowest dose necessary for adequate imaging. Screen all
patients for renal impairment by obtaining a history and/or laboratory
tests. Consider follow-up renal function assessments for patients with a
history of renal dysfunction.

The most common adverse reactions associated with DOTAREM in
clinical studies were nausea, headache, injection site pain, injection site
coldness, and burning sensation.

For more information about DOTAREM, including full Boxed WARNING,
please see the Full Prescribing Information.

Please see adjacent Brief Summary of Prescribing Information.

DOTAREM is a registered trademark of Guerbet and is available by
prescription only.

GU07131063

References: 1. Dotarem [package insert]. Bloomington, IN: Guerbet LLC;
2013. 2. Data on file, Guerbet LLC.
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