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

MicroVention, Inc.
Worldwide Headquarters
1311 Valencia Avenue
Tustin, CA 92780 USA
MicroVention UK Limited
MicroVention Europe, S.A.R.L.
MicroVention Deutschland GmbH

PH +1.714.247.8000

PH +44 (0) 191 258 6777
PH +33 (1) 39 21 77 46
PH +49 211 210 798-0

COILS THAT

PERFORM
STENT ASSISTED COILING OF LEFT ACA ANEURYSM WITH THE BARRICADE COIL SYSTEM

PRE-TREATMENT

POST TREATMENT

“In this tortuous system, the Barricade coils were stable and conforming
without issues of catheter kickback, even when working close to the
neck, and they filled in the margins of neck very well.

”

-Gary R. Duckwiler, M.D.

COILS THAT

SAVE $

BARRICADE
COILS

SAVED
$17,900*
Images courtesy of Gary R. Duckwiler, M.D.
* Estimated savings in this case, data on file.
The Barricade Coil System is intended for the endovascular embolization of intracranial aneurysms and other neurovascular abnormalities such as
arteriovenous malformations and arteriovenous fistulae. The System is also intended for vascular occlusion of blood vessels within the neurovascular
system to permanently obstruct blood flow to an aneurysm or other vascular malformation and for arterial and venous embolizations in the peripheral
vasculature. Refer to the instructions for use for complete product information.
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1DYLJDWH$EODWH3DOOLDWH
7KH67$5™7XPRU$EODWLRQ6\VWHPis the proven leader in spine
RF ablation with thousands of patients treated.

6WHHUDEOHDQGQDYLJDWLRQDO
5)DEODWLRQLQVWUXPHQW

'XDOWKHUPRFRXSOHVIRU
DFWLYHWHPSHUDWXUHPRQLWRULQJ
RQDVLQJOHLQVWUXPHQW

&RPSDWLELOLW\ZLWK6WDELOL7®
ZKHQDXJPHQWDWLRQ
LQGLFDWHG

67$5&OLQLFDO6WXGLHV'HPRQVWUDWH
 )DVWGXUDEOHSDLQUHOLHI
 5DSLGLPSURYHPHQWLQPRELOLW\DQGTXDOLW\RIOLIH
 5HGXFWLRQRUGLVFRQWLQXDWLRQRISDLQPHGLFDWLRQ
 6LWHVSHFL¿FDEODWLRQ]RQHVDQGUHDOWLPHWHPSHUDWXUHPRQLWRULQJ
 0D\EHFRPELQHGZLWKUDGLDWLRQDQGRUFKHPRWKHUDS\

®

To learn more please visit our website at
ZZZG¿QHLQFFRPor call

,QGLFDWLRQV IRU 8VH The STAR™ Tumor Ablation System is indicated for palliative treatment in spinal procedures by ablation of metastatic
malignant lesions in a vertebral body. As with most surgical procedures, there are risks associated with the STAR procedure, including serious
complications. For complete information regarding risks, contraindications, warnings, precautions, and adverse events please review the System’s
Instructions for Use.
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The Foundation of the
ASNR Symposium 2016:
Emergency Neuroradiology
May 21-22
ASNR 54th Annual Meeting
May 23-26
Washington Marriott Wardman Park • Washington, DC

The Foundation of the
ASNR Symposium 2016:
Emergency Neuroradiology
Symposium 2016:

• Features world-renowned speakers providing a
comprehensive review of Emergency Neuroradiology and
neuroimaging issues in critical care.
• Highlighting Neuroimaging as an indispensable tool for
triage and management of both adults and children in
emergency settings.
• Review of efficient and appropriate use of CT and MRI that
are critical to the urgent management of brain, spine, head
& neck, and neurovascular emergencies, all of which will
be highlighted by expert faculty.
• Review best practices for traumatic and non-traumatic
emergencies, including methods to ensure optimal
workflow, image post-processing, PACS integration,
telemedicine, safety, and quality.
• Includes discussions of challenges and solutions for
providing 24/7 coverage that will be presented and debated.
•
Closing Reception of The Foundation of
The ASNR Symposium with a performance by
the comedy troupe, Capitol Steps.

ASNR 54th Annual Meeting:

• Focused programming on the latest products and services
to deliver the highest quality care in the realm of
Neuroradiology and allied professions.
• Informative updates on general Neuroradiology
showcasing specialty programming from the ASFNR,
ASHNR, ASPNR, ASSR, and SNIS.
• Concurrent lectures, original presentations, scientific
posters and educational exhibits throughout the week.
• Welcome Reception with Technical Exhibitors featuring
ASNR physician members jazz quartet entertainment.

Howard A. Rowley, MD,
ASNR 2016 Program Chair/President-Elect
Programming developed in cooperation with …
American Society of Functional Neuroradiology (ASFNR)
Christopher G. Filippi, MD
American Society of Head and Neck Radiology (ASHNR)
Lindell R. Gentry, MD
American Society of Pediatric Neuroradiology (ASPNR)
Erin Simon Schwartz, MD
American Society of Spine Radiology (ASSR)
Gregory J. Lawler, MD
Society of NeuroInterventional Surgery (SNIS)
Charles J. Prestigiacomo, MD

American Society of Neuroradiology (ASNR)
Committee Programming:
Health Policy Committee
Robert M. Barr, MD, FACR
Computer Science and Informatics (CSI) Committee
John L. Go, MD, FACR
Research Scientists Committee
Dikoma C. Shungu, PhD and Timothy P.L. Roberts, PhD

ASNR 54th ANNUAL MEETING
c/o American Society of Neuroradiology
800 Enterprise Drive, Suite 205
Oak Brook, Illinois 60523-4216
Phone: 630-574-0220
Scan Now
Fax: 630 574-0661
to visit
our website
www.asnr.org/2016

Smooth and stable.
Target Detachable Coils deliver consistently smooth deployment
and exceptional microcatheter stability. Designed to work
seamlessly together for framing, filling and finishing.
Target Coils deliver the high performance you demand.
For more information, please visit www.strykerneurovascular.com/Target
or contact your local Stryker Neurovascular sales representative.

Copyright © 2016 Stryker
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The Editors of AJNR are pleased to announce
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AMA Preferred Provider Offers and Services

AMA Preferred Provider Offers and Services

Special offers that fit you and
your practice’s needs.
Which savings would benefit you the most? Discounts on
pharmaceuticals, medical supplies and equipment? Or on
travel, practice financing, and financial and insurance services?
Now physicians can save in all of these professional and
personal categories and more through the AMA Preferred
Provider Offers and Services program.
Please activate your 2016 AMA membership by calling
(800) 262-3211 or visit ama-assn.org/go/join.

*

* Subsidiary of the American Medical Association.
© 2016 American Medical Asslocaition. All rights reserved.

MODERN IMAGING
AND RADIATION THERAPY:

APPROPRIATE, COLLABORATIVE AND TARGETED
67th ANNUAL SCIENTIFIC MEETING | GOLD COAST, AUSTRALIA

KEYNOTE SPEAKERS

RANZCR 2016
ranzcr2016.com

KEY DATES

Radiology

Radiation Oncology

Dr Russell Fritz
National Orthopedic Imaging Associates
San Francisco, USA

Dr Silvia Formenti
New York Presbyterian Hospital
New York, USA

Professor Fiona Gilbert
Cambridge University Hospitals
Cambridge, UK

Professor William Mendenhall
University of Florida
Florida, USA

Professor Meng Law
University of Southern California
Los Angeles, USA

Dr Colleen Lawton
Medical College of Wisconsin
Wisconsin, USA

Dr Claude Sirlin
University of California
San Diego, USA

Details published are correct at the time of design and are subject to change without notice.
For up to date information please visit ranzcr2016.com

Submit Your Abstract Now
ranzcr2016.com/abstract-information

Call for Abstracts Close
April 2016

Registrations Open
April 2016

INTERESTED IN SPONSORING AND/OR EXHIBITING?
Contact Helen McGowan at Helen@wsm.com.au or +61 3 9645 6311

13 – 16 OCTOBER 2016
GOLD COAST CONVENTION & EXHIBITION CENTRE
ranzcr2016.com

Simplify

the MOC Process

CMEgateway.org
It’s Easy and Free!
Log on to CME Gateway to:
• View or print reports of your CME credits from

multiple societies from a single access point.
• Print an aggregated report or certiﬁcate from

each participating organization.

Manage

your CME Credits Online

Available to Members of Participating Societies
American Board of Radiology (ABR)
American College of Radiology (ACR)
American Roentgen Ray Society (ARRS)
American Society of Neuroradiology (ASNR)
Commnission on Accreditation of Medical
Physics Educational Programs, Inc. (CAMPEP)

Radiological Society of North America (RSNA)
Society of Interventional Radiology (SIR)
SNM
The Society for Pediatric Radiology (SPR)

• Link to SAMs and other tools to help with

maintenance of certiﬁcation.

American Board
of Radiology (ABR)
participation!
By activating ABR in your organizational
proﬁle, your MOC–fulﬁlling CME and SAM
credits can be transferred to your own
personalized database on the ABR Web site.

Sign Up Today!
go to CMEgateway.org

Target® Detachable Coil
See package insert for complete indications,
contraindications, warnings and instructions
for use.
INTENDED USE / INDICATIONS FOR USE
Target Detachable Coils are intended to endovascularly
obstruct or occlude blood flow in vascular abnormalities of
the neurovascular and peripheral vessels.
Target Detachable Coils are indicated for endovascular
embolization of:
• Intracranial aneurysms
• Other neurovascular abnormalities such as arteriovenous
malformations and arteriovenous fistulae
• Arterial and venous embolizations in the peripheral
vasculature
CONTRAINDICATIONS
None known.
POTENTIAL ADVERSE EVENTS
Potential complications include, but are not limited to:
allergic reaction, aneurysm perforation and rupture,
arrhythmia, death, edema, embolus, headache,
hemorrhage, infection, ischemia, neurological/intracranial
sequelae, post-embolization syndrome (fever, increased
white blood cell count, discomfort), TIA/stroke, vasospasm,
vessel occlusion or closure, vessel perforation, dissection,
trauma or damage, vessel rupture, vessel thrombosis.
Other procedural complications including but not limited
to: anesthetic and contrast media risks, hypotension,
hypertension, access site complications.
WARNINGS
• Contents supplied STERILE using an ethylene oxide
(EO) process. Do not use if sterile barrier is damaged.
If damage is found, call your Stryker Neurovascular
representative.
• For single use only. Do not reuse, reprocess or
resterilize. Reuse, reprocessing or resterilization may
compromise the structural integrity of the device and/
or lead to device failure which, in turn, may result in
patient injury, illness or death. Reuse, reprocessing or
resterilization may also create a risk of contamination
of the device and/or cause patient infection or crossinfection, including, but not limited to, the transmission
of infectious disease(s) from one patient to another.
Contamination of the device may lead to injury, illness or
death of the patient.

• After use, dispose of product and packaging in
accordance with hospital, administrative and/or local
government policy.
• This device should only be used by physicians
who have received appropriate training in
interventional neuroradiology or interventional
radiology and preclinical training on the
use of this device as established by Stryker
Neurovascular.
• Patients with hypersensitivity to 316LVM stainless steel
may suffer an allergic reaction to this implant.
• MR temperature testing was not conducted in peripheral
vasculature, arteriovenous malformations or fistulae
models.
• The safety and performance characteristics of the Target
Detachable Coil System (Target Detachable Coils, InZone
Detachment Systems, delivery systems and accessories)
have not been demonstrated with other manufacturer’s
devices (whether coils, coil delivery devices, coil
detachment systems, catheters, guidewires, and/or
other accessories). Due to the potential incompatibility
of non Stryker Neurovascular devices with the Target
Detachable Coil System, the use of other manufacturer’s
device(s) with the Target Detachable Coil System is not
recommended.
• To reduce risk of coil migration, the diameter of the first
and second coil should never be less than the width of
the ostium.
• In order to achieve optimal performance of the Target
Detachable Coil System and to reduce the risk of
thromboembolic complications, it is critical that a
continuous infusion of appropriate flush solution
be maintained between a) the femoral sheath and
guiding catheter, b) the 2-tip microcatheter and
guiding catheters, and c) the 2-tip microcatheter and
Stryker Neurovascular guidewire and delivery wire.
Continuous flush also reduces the potential for thrombus
formation on, and crystallization of infusate around, the
detachment zone of the Target Detachable Coil.
• Do not use the product after the “Use By” date specified
on the package.
• Reuse of the flush port/dispenser coil or use with
any coil other than the original coil may result in
contamination of, or damage to, the coil.
• Utilization of damaged coils may affect coil delivery to,
and stability inside, the vessel or aneurysm, possibly
resulting in coil migration and/or stretching.

• The fluoro-saver marker is designed for use with a
Rotating Hemostatic Valve (RHV). If used without an
RHV, the distal end of the coil may be beyond the
alignment marker when the fluoro-saver marker reaches
the microcatheter hub.
• If the fluoro-saver marker is not visible, do not advance
the coil without fluoroscopy.
• Do not rotate delivery wire during or after delivery of the
coil. Rotating the Target Detachable Coil delivery wire
may result in a stretched coil or premature detachment
of the coil from the delivery wire, which could result in
coil migration.
• Verify there is no coil loop protrusion into the parent
vessel after coil placement and prior to coil detachment.
Coil loop protrusion after coil placement may result in
thromboembolic events if the coil is detached.
• Verify there is no movement of the coil after coil
placement and prior to coil detachment. Movement of
the coil after coil placement may indicate that the coil
could migrate once it is detached.
• Failure to properly close the RHV compression fitting
over the delivery wire before attaching the InZone®
Detachment System could result in coil movement,
aneurysm rupture or vessel perforation.
• Verify repeatedly that the distal shaft of the catheter is
not under stress before detaching the Target Detachable
Coil. Axial compression or tension forces could be stored
in the 2-tip microcatheter causing the tip to move during
coil delivery. Microcatheter tip movement could cause
the aneurysm or vessel to rupture.
• Advancing the delivery wire beyond the microcatheter
tip once the coil has been detached involves risk of
aneurysm or vessel perforation.
• The long term effect of this product on extravascular
tissues has not been established so care should be taken
to retain this device in the intravascular space.
Damaged delivery wires may cause detachment failures,
vessel injury or unpredictable distal tip response during
coil deployment. If a delivery wire is damaged at any
point during the procedure, do not attempt to straighten
or otherwise repair it. Do not proceed with deployment
or detachment. Remove the entire coil and replace with
undamaged product.
• After use, dispose of product and packaging in
accordance with hospital, administrative and/or local
government policy.

CAUTIONS / PRECAUTIONS
• Federal Law (USA) restricts this device to sale by or on
the order of a physician.
• Besides the number of InZone Detachment System units
needed to complete the case, there must be an extra
InZone Detachment System unit as back up.
• Removing the delivery wire without grasping the
introducer sheath and delivery wire together may result
in the detachable coil sliding out of the introducer
sheath.
• Failure to remove the introducer sheath after inserting
the delivery wire into the RHV of the microcatheter will
interrupt normal infusion of flush solution and allow back
flow of blood into the microcatheter.
• Some low level overhead light near or adjacent to the
patient is required to visualize the fluoro-saver marker;
monitor light alone will not allow sufficient visualization
of the fluoro-saver marker.
• Advance and retract the Target Detachable Coil carefully
and smoothly without excessive force. If unusual friction
is noticed, slowly withdraw the Target Detachable Coil
and examine for damage. If damage is present, remove
and use a new Target Detachable Coil. If friction or
resistance is still noted, carefully remove the Target
Detachable Coil and microcatheter and examine the
microcatheter for damage.
• If it is necessary to reposition the Target Detachable
Coil, verify under fluoroscopy that the coil moves with a
one-to-one motion. If the coil does not move with a oneto-one motion or movement is difficult, the coil may have
stretched and could possibly migrate or break. Gently
remove both the coil and microcatheter and replace with
new devices.
• Increased detachment times may occur when:
– Other embolic agents are present.
– Delivery wire and microcatheter markers are not
properly aligned.
– Thrombus is present on the coil detachment zone.
• Do not use detachment systems other than the InZone
Detachment System.
• Increased detachment times may occur when delivery
wire and microcatheter markers are not properly aligned.
• Do not use detachment systems other than the InZone
Detachment System.

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538
strykerneurovascular.com
Date of Release: MAR/2016

Copyright © 2016 Stryker
NV00018669.AA

AXS Catalyst™ 6
Distal Access Catheter
See package insert for complete indications,
complications, warnings, and instructions
for use.
INTENDED USE/INDICATIONS FOR USE
The AXS Catalyst Distal Access Catheter is indicated
for use in facilitating the insertion and guidance of
appropriately sized interventional devices into a selected
blood vessel in the peripheral and neurovascular systems.
The AXS Catalyst Distal Access Catheter is also indicated
for use as a conduit for retrieval devices.
CONTRAINDICATIONS
None known.
ADVERSE EVENTS
Potential adverse events associated with the use of
catheters or with the endovascular procedures include,
but are not limited to: access site complications, allergic
reaction, aneurysm perforation, aneurysm rupture, death,
embolism (air, foreign body, plaque, thrombus), hematoma,
hemorrhage, infection, ischemia, neurological deficits,
pseudoaneurysm, stroke, transient ischemic attack,
vasospasm, vessel dissection, vessel occlusion, vessel
perforation, vessel rupture, and vessel thrombosis.

EX_EN_US

WARNING
Contents supplied sterile using an ethylene oxide (EO)
process. Do not use if sterile barrier is damaged. If damage
is found, call your Stryker Neurovascular representative.
For single use only. Do not reuse, reprocess or resterilize.
Reuse, reprocessing or resterilization may compromise
the structural integrity of the device and/or lead to device
failure which, in turn, may result in patient injury, illness
or death. Reuse, reprocessing or resterilization may also
create a risk of contamination of the device and/or cause
patient infection or cross-infection, including, but not
limited to, the transmission of infectious disease(s) from
one patient to another.
Contamination of the device may lead to injury, illness or
death of the patient. After use, dispose of product and
packaging in accordance with hospital, administrative and/
or local government policy.
• Limited testing has been performed with solutions such
as contrast media, and saline. The use of these catheters
for delivery of solutions other than the types that have
been tested for compatibility is not recommended.
• Not intended for use with power injectors.
• If flow through catheter becomes restricted, do not
attempt to clear catheter lumen by infusion. Doing so
may cause catheter damage or patient injury. Remove
and replace catheter.

• Never advance or withdraw an intravascular device
against resistance until the cause of the resistance is
determined by fluoroscopy. Movement of the device
against resistance could dislodge a clot, perforate a
vessel wall, or damage the device.
PRECAUTIONS
• Carefully inspect all devices prior to use. Verify size,
length, and condition are suitable for the specific
procedure. Do not use a device that has been damaged
in any way. Damaged device may cause complications.
• To control the proper introduction, movement, positioning
and removal of the catheter within the vascular system,
users should employ standard clinical angiographic and
fluoroscopic practices and techniques throughout the
interventional procedure.
• Use the product prior to the “Use By” date printed on
the label.
• To prevent thrombus formation and contrast media
crystal formation, maintain a constant infusion of
appropriate flush solution through catheter lumen.
• Torquing the catheter may cause damage which could
result in kinking or separation of the catheter shaft.

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538
strykerneurovascular.com
Copyright © 2016 Stryker
NV00018756.AA

Date of Release: MAR/2016
EX_EN_US

Success accelerated.
With superior trackability, resilient design and strong
aspiration force, the AXS Catalyst™ 6 Distal Access Catheter
is designed for fast access and rapid revascularization with
Trevo® XP Retrievers.* †

*To facilitate revascularization with Trevo XP ProVue Retrievers.
†Bench test results. n=3 trackability, aspiration. n=1 kink resistance.
Bench test results may not necessarily be indicative of clinical
performance.

Copyright © 2016 Stryker
NV00018756.AA

Not for sale within the territory of the United States

ACCLINO® flex Stent

HIGH FLEXIBILITY
 For microcatheters with 0.017“ ID (Ø 3.5 and 4.5 mm)
and 0.021“ ID (Ø 6.5 mm)
 Repositionable up to 90 %

www.acandis.com
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Giant intracranial aneurysms at 7T
Dynamic contrast-enhanced MR in head and neck cancer
Volume-of-interest C-arm CT during endovascular treatment
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Publication Preview at www.ajnr.org features articles released in advance of print.
Visit www.ajnrblog.org to comment on AJNR content and chat with colleagues
and AJNR’s News Digest at http://ajnrdigest.org to read the stories behind the
latest research in neuroimaging.
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EDITORIAL

Current Evaluation of the Safety and
Efﬁcacy of Aneurysm Treatment
with the WEB Device
X L. Pierot, X A. Arthur, X L. Spelle, and X D. Fiorella

W

e read with interest the recent review of 6 European studies
of the Woven EndoBridge (WEB) aneurysm embolization
system (Sequent Medical, Aliso Viejo, California) for the treatment of wide-neck bifurcation aneurysms (WNBA).1 The WEB
was introduced in 2010 in Europe and has undergone important
evolution during the past 5 years. The devices involved have
moved from dual-layer to single-layer construction, with a reduction in the size of the microcatheter used to deliver the device.
This technique has been evaluated in several retrospective and
prospective good clinical practice (GCP) studies with independent monitoring of all patient data, independent analysis of all
adverse events, and independent adjudication of all anatomic results by a core laboratory. No other endovascular treatment for
intracranial aneurysms has been so thoroughly evaluated immediately after its commercialization.
The results of 2 early prospective, multicenter studies
(WEB Clinical Assessment of IntraSaccular Aneurysm Therapy
[WEBCAST] and the French Observatory) were recently published, demonstrating that the treatment with the WEB is both
feasible and safe.2,3 Because the study protocols were homogeneous, an analysis of the combined population of these 2 studies
was conducted.4 In this population of 113 patients with 114 aneurysms treated with WEB, the treatment was successfully performed in 96.5% of aneurysms. Thromboembolic events and intraoperative rupture were observed in 15.0% and 0.9% of
patients, respectively. However, these adverse events were not associated with permanent clinical worsening in most cases. Onemonth morbidity was 2.7%, and there was no mortality. At 1 year,
delayed morbidity was 0.0% and mortality (unrelated to the treatment) was 3.9% (mostly related to cancer or cirrhosis). These
safety numbers are comparable with those reported for aneurysm
coiling.5,6
In the same population, anatomic results were evaluated at 1
year, and adequate occlusion was reported in 82.0% (including
complete occlusion in 56.0% and neck remnant in 26.0%). The
rate of neck remnant was low compared with standard coiling as
reported in the Clinical and Anatomical Results in the Treatment
of Ruptured Intracranial Aneurysms (CLARITY) series: 46.0% in
aneurysms treated with bare coils and 49.0% in aneurysms treated
with Matrix detachable coils (Stryker, Kalamazoo, Michigan).7
Certainly longer follow-up is needed to evaluate the anatomic
stability of this treatment, and very long-term follow-up (5 years)
is foreseen in these prospective GCP studies. In a retrospective
European series, anatomic results were reported stable between
midterm (mean, 13 months) and long-term (mean, 26 months)
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follow-up, with adequate occlusion at long-term in 84.2% of aneurysms, including complete occlusion in 68.4% and neck remnant in 15.8%.8,9
The stability of occlusion after WEB treatment is probably
related to appropriate device sizing. The frequency and the role of
the so-called “compression” phenomenon in the long-term stability of aneurysm occlusion remain unknown. Further analysis of
the combined WEBCAST and French Observatory cohorts will
provide further insight into these 2 points. Moreover, as the device itself and our understanding of the procedure continue to
evolve, it is likely that early and long-term occlusion rates will be
even better in future studies.
It is probably not feasible and not ethical to evaluate the WEB
in a randomized trial versus other aneurysm treatments. The
WEB device is dedicated to a very specific subgroup of intracranial
aneurysms (WNBA). Against which technique should the WEB
be evaluated in a randomized trial (surgical clipping, balloonassisted coiling, stent-assisted coiling, or flow diversion)? The
safety and efficacy of these techniques for treatment of WNBA
have not been evaluated in prospective, GCP studies—probably
an essential first step before designing and powering a randomized controlled trial.
In summary, the WEB device is the first to be precisely and
extensively evaluated for safety and efficacy since the beginning of
its clinical use. Initial results have shown good safety and efficacy
at midterm follow-up in comparison with the published literature
for coil embolization of similar aneurysms. Further efficacy evaluation is foreseen in long-term follow-up of existing studies and
new studies, which will be conducted to evaluate the latest generation of the device (WEBCAST2) and its efficacy in ruptured aneurysms (CLinical Assessment of WEB device in Ruptured aneurysms [CLARYS]). A prospective GCP trial is also underway in the
United States with more than 100 of 150 planned patients already
enrolled.
Disclosures: Laurent Pierot—RELATED: Consulting Fee or Honorarium: Sequent
Medical; UNRELATED: Consultancy: Medtronic, MicroVention, Neuravi; OTHER:
Principal Investigator for WEB studies (WEBCAST, French Observatory, WEBCAST2).
Adam Arthur—UNRELATED: Consultancy: Codman,* Medtronic,* MicroVention,*
Penumbra,* Sequent Medical,* Silk Road,* Stryker*; Grants/Grants Pending: Sequent Medical,* Siemens,* Penumbra*; OTHER: investor: Valor Medical; research
support: Codman, Penumbra, Sequent Medical, Siemens; OTHER: Principal Investigator for the WEB Intrasaccular Therapy study (WEB-IT). Laurent Spelle—RELATED:
Consulting Fee or Honorarium: Sequent Medical; UNRELATED: Consultancy:
Medtronic, Stryker; OTHER: Principal Investigator for WEB study (CLARYS). David
Fiorella—RELATED: grant: Siemens,* Sequent Medical,* MicroVention*; Consulting
Fee or Honorarium: Medtronic, Johnson & Johnson, MicroVention, Penumbra; Support for Travel to Meetings for the Study or Other Purposes: MicroVention, Penumbra, Codman/Johnson & Johnson, Medtronic; OTHER: Consultancy: Medtronic/
ev3, Sequent Medical, MicroVention, Penumbra, Johnson & Johnson/Codman;
research support: Siemens, Penumbra, Sequent Medical, MicroVention; OTHER: Principal Investigator for WEB-IT. *Money paid to the institution.

REFERENCES
1. Armoiry X, Turjman F, Hartmann DJ, et al. Endovascular treatment
of intracranial aneurysms with the WEB device: a systematic review
of clinical outcomes. AJNR Am J Neuroradiol 2015 Nov 19. [Epub
ahead of print] CrossRef Medline
2. Pierot L, Costalat V, Moret J, et al. Safety and efficacy of aneurysm

3.

4.

5.

6.

treatment with WEB®: results of WEBCAST Study. J Neurosurg
2015 Sep 18. [Epub ahead of print] Medline
Pierot L, Moret J, Turjman F, et al. WEB treatment of intracranial
aneurysms: clinical and anatomic results in the French Observatory. AJNR Am J Neuroradiol 2015 Oct 29. [Epub ahead of print]
CrossRef Medline
Pierot L, Spelle L, Molyneux A, et al; WEBCAST and French Observatory Investigators. Clinical and anatomical follow-up in patients
with aneurysms treated with the WEB device: 1-year follow-up report in the cumulated population of 2 prospective, multicenter series (WEBCAST and French Observatory). Neurosurgery 2016;78:
133– 41 CrossRef Medline
Pierot L, Spelle L, Vitry F; ATENA Investigators. Immediate clinical
outcome of patients harboring unruptured intracranial aneurysms
treated by endovascular approach: results of the ATENA study.
Stroke 2008;39:2497–504 CrossRef Medline
Cognard C, Pierot L, Anxionnat R, et al; Clarity Study Group. Results

of embolization used as the first treatment choice in a consecutive
nonselected population of ruptured aneurysms: clinical results of
the Clarity GDC study. Neurosurgery 2011;69:837– 41; discussion 842
CrossRef Medline
7. Pierot L, Cognard C, Ricolfi F, et al; CLARITY investigators. Midterm anatomic results after endovascular treatment of ruptured intracranial aneurysms with Guglielmi detachable coils and Matrix
coils: analysis of the CLARITY series. AJNR Am J Neuroradiol 2012;
33:469 –73 CrossRef Medline
8. Lubicz B, Klisch J, Gauvrit JY, et al. WEB-DL endovascular treatment of wide-neck bifurcation aneurysms: short- and midterm results in a European study. AJNR Am J Neuroradiol 2014;35:432–38
CrossRef Medline
9. Pierot L, Klisch J, Liebig T, et al. WEB-DL endovascular treatment of wide-neck bifurcation aneurysms: long-term results
in a European series. AJNR Am J Neuroradiol 2015;36:2314 –19
CrossRef Medline

AJNR Am J Neuroradiol 37:586 – 87

Apr 2016

www.ajnr.org

587

REVIEW ARTICLE

Dynamic Contrast-Enhanced MR Imaging in Head and Neck
Cancer: Techniques and Clinical Applications
S. Gaddikeri, R.S. Gaddikeri, T. Tailor, and Y. Anzai

ABSTRACT
SUMMARY: In the past decade, dynamic contrast-enhanced MR imaging has had an increasing role in assessing the microvascular
characteristics of various tumors, including head and neck cancer. Dynamic contrast-enhanced MR imaging allows noninvasive assessment
of permeability and blood ﬂow, both important features of tumor hypoxia, which is a marker for treatment resistance for head and neck
cancer. Dynamic contrast-enhanced MR imaging has the potential to identify early locoregional recurrence, differentiate metastatic lymph
nodes from normal nodes, and predict tumor response to treatment and treatment monitoring in patients with head and neck cancer.
Quantitative analysis is in its early stage and standardization and reﬁnement of technique are essential. In this article, we review the
techniques of dynamic contrast-enhanced MR imaging data acquisition, analytic methods, current limitations, and clinical applications in
head and neck cancer.
ABBREVIATIONS: AIF ⫽ arterial input function; DCE–MR imaging ⫽ dynamic contrast-enhanced MR imaging; EES ⫽ extracellular extravascular space; GCA ⫽
gadolinium contrast agent; HNC ⫽ head and neck cancer; Kep ⫽ transfer function from EES to the plasma space; Ktrans ⫽ volume transfer constant; Ve ⫽ extravascular
extracellular volume fraction

H

ead and neck cancer (HNC) accounted for approximately
3% of all new cancers and 2% of all cancer-related deaths
in 2010 in the United States.1 Conventional cross-sectional
imaging (CT and MR imaging) plays an important role in assessing locoregional extension of a primary tumor and gross
nodal metastases. The shortcomings of conventional imaging
include failure to identify early locoregional recurrence, detection of nodal metastasis in normal-sized lymph nodes, prediction of tumor response to treatment, and treatment monitoring in patients with HNC. CT perfusion has been reported to
provide vascular information about HNC, though there is increasing concern for exposure to ionizing radiation.2 FDGPET is also widely used for initial staging and monitoring response to treatment. However, there is increasing restriction in
the number of FDG-PET scans that any patient can undergo
during the entire treatment course.3
Dynamic contrast-enhanced MR imaging (DCE–MR imag-
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ing) is an imaging technique in which rapid sequential MR images
are obtained through an area of interest before, during, and after a
bolus administration of contrast material. This process allows quantification of various vascular biomarkers, such as blood volume,
blood flow, permeability, and wash-in and washout properties.
Angiogenesis (formation of new vessels) is one of the hallmarks of cancer because it is necessary for tumor survival and
growth. This process of neoangiogenesis results in tortuous and
leaky vessels because the vessel walls in tumor may be discontinuous.4 Characteristics of tumor microvasculature include lack of
muscularis propria, widened interendothelial junctions, and a
discontinuous or absent basement membrane, all of which contribute to increased permeability.4 It has been reported that the
degree of angiogenesis in a tumor correlates well with tumor biology.5,6 Well-differentiated tumors may have near-normal microvasculature, whereas poorly differentiated tumors have disorganized
and leaky vessels.5 The leaky blood vessels are inefficient in the delivery of oxygen, thus potentially contributing to tumor hypoxia. The
process of gadolinium leakage from intravascular-to-extravascular
compartments depends on multiple factors such as blood flow to
tissue, microvascular attenuation, vascular permeability, and fractional volume of extracellular extravascular space (EES).7 These biologic features can be assessed by DCE–MR imaging.
In this article, we review the technical considerations of
DCE–MR imaging, qualitative and quantitative analysis, and potential clinical applications in HNC.

FIG 1. Flow chart demonstrating a typical quantitative method of data analysis. The information from the T1 mapping and dynamic data is used
to estimate the changes in T1 relaxivity during the dynamic scan, which, in turn, provides the information of tissue gadolinium concentration. By
ﬁtting the tissue gadolinium concentration and arterial input function data in to commonly used “2-compartment” models (extended Toft or
adjusted Brix model), various parameters can be assessed. The difference between the Toft and extended Toft model is the inclusion of
assessment of blood plasma volume per unit tissue volume in the later version.

Technique
Basic Principles of DCE–MR Imaging. Following intravenous administration, gadolinium contrast agent (GCA) travels through
the microvasculature and leaks from the intravascular compartment to the EES by passive diffusion, altering signal intensity of
the tissue by changing the relaxation rates of water protons. The
changes in relaxation and signal depend on how GCA distributes
within the tissues. The transfer function from plasma to EES is
commonly referred to as volume transfer constant (Ktrans) (Fig 1).
As the concentration of intravascular GCA decreases, GCA starts
moving from the EES back into the plasma space. The transfer
function from EES to the plasma space is referred to as (Kep) (Fig
1).8 DCE–MR imaging uses rapid T1-weighted imaging to measure the relaxivity changes resulting from gadolinium leakage in
and out of the EES. T1-relaxation is generally assumed to be proportional to the degree of concentration of GCA in the EES.9 The timeconcentration curve often reveals the dynamics of GCA accumulation and washout across time. With the knowledge of concentration
of GCA (signal intensity) in the EES and vascular compartment (arterial input function [AIF]) with time, DCE MR imaging allows
quantitative assessment of vascular function in HNC.

Data Acquisition
The DCE-MR image acquisition consists of 3 steps: 1) a baseline
T1 mapping before administration of GCA, 2) dynamic data acquisition, and 3) arterial input function assessment.
Baseline T1 Mapping. To obtain accurate kinetic fitting of
DCE–MR imaging data, T1 mapping is critical.10 The basic as-

sumption for pharmacokinetic modeling of DCE–MR imaging
data is that tissue T1 relaxivity (and hence the signal intensity of
tissue) at each time point is directly proportional to the tissue
concentration of GCA.11 However, this relationship is not always
linear because it is influenced by the T1 characteristics of the native tissue.12 To compensate for this nonlinear relationship between signal intensity and tissue GCA concentration, baseline T1
mapping and equilibrium magnetization at each imaging time
point are essential.12,13 The T1 values calculated on a voxel-byvoxel basis are termed the T10 map.
Various techniques of imaging data acquisition for T1 mapping
are described in the literature, such as variable flip angle techniques
(double flip angle versus multiple flip angle),14,15 the inversion recovery technique,16,17 and the Look-Locker technique.18,19 Originally, the Look-Locker technique was reported to have a high degree
of accuracy and precision20,21 within a reasonable acquisition time,22
compared with the conventional inversion recovery technique.23
More recently, it has been reported that the multiple flip angle technique provides more accurate and robust T1 mapping and kinetic
parameter estimation than the double flip angle technique. Furthermore, T1 mapping by using multiple flip angles can be obtained with
a short scan time without sacrificing signal-to-noise ratio. As such,
multiple flip angle T1 mapping is the preferable method of choice for
DCE–MR imaging in HNC.24
Dynamic Data Acquisition. The dynamic data acquisition follows
immediately after baseline T1 mapping. The images are acquired
before, during, and after intravenous gadolinium administration.
The critical component of high-quality DCE–MR imaging is high
AJNR Am J Neuroradiol 37:588 –95
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Table 1: Dynamic sequence at the University of Washington is performed on a 3T scanner
Parameters
Philipsa
Coil
16-Channel neurovascular coil
Parallel imaging
SENSE
Sequence
3D-T1WI FFE
TR/TE for T1 mapping
MFA for T1 mapping
TR/TE/FA for dynamic imaging
FOV
Voxel
Section thickness
Signal averaging
Number of sections per dynamic scan/section
orientation
Temporal resolution
Total T1 mapping acquisition time
Total dynamic acquisition time
Fat saturation
Contrast injection

5.2/2.5 ms
30°, 20°, 15°, 10°, and 2°
5.2/2.5 ms/5°
212 ⫻ 149 mm2
0.95/0.95/3.00 mm3
3 mm
NSA: 1
20/Axial

Siemensb

GEc

iPAT
3D-T1WI FISP or
3D-T1WI FLASH

ASSET
3D-T1WI FSPGR

ACQ: 1

NEX: 1

3.6 seconds
26.5 seconds
6.10 minutes
No
Single dose of 20-mL gadoteridol (ProHanced)
injected at a rate of 5 mL/s through a
peripheral arm vein, followed by a 20-mL
saline ﬂush with a power injector

Note:—FFE indicates fast-ﬁeld echo; FSPGR, fast-spoiled gradient recalled; MFA, multiple ﬂip angles; SENSE, sensitivity encoding; iPAT, integrated parallel acquisition technique;
ASSET, array spatial sensitivity encoding technique; NSA, number of signal averages; ACQ, acquisitions; FA, ﬂip angle.
a
Phillips Healthcare, Best, the Netherlands.
b
Siemens, Erlangen, Germany.
c
GE Healthcare, Milwaukee, Wisconsin.
d
Bracco Diagnostics, Princeton, New Jersey.

Table 2: Commonly used model-free (semiquantitative) parameters for DCE-MRI analysis
Parameter
Deﬁnition
Area under curve
Area under the signal intensity or gadolinium dynamic curve
Relative signal intensity
St/S0
Initial slope or enhancement slope/rate
Maximum or average slope in the initial enhancement
Washout slope/rate
Maximum or average slope in the washout phase
Peak enhancement ratio or maximum signal
(Smax ⫺ S0)/S0
enhancement ratio
Tmax or time to peak
Time from contrast arrival to peak
Maximum intensity–time ratio
PER/Tmax

Units
a.u.min or mmol.min/L
NA
a.u/min
a.u/min
NA
S
S⫺1

Note:—St indicates MR signal intensity at time t; S0, precontrast signal intensity; Smax, maximum signal intensity; a.u, arbitrary unit; min, minute; PER, peak enhancement ratio;
Tmax, time to maximum enhancement; NA, not applicable; S, seconds.

temporal resolution (2– 4 seconds). This allows accurate assessment of the hemodynamic process as GCA passes through the
microvasculature in the tissue of interest. Higher temporal resolution may compromise SNR and/or coverage (number of sections). The trade-offs among temporal resolution, SNR, and spatial resolution need to be carefully balanced because a reasonable
SNR and spatial resolution (in-plane resolution, 0.5–1.7 mm) are
required for adequate assessment of tumor vascular function.25
The dynamic sequence can be tailored depending on the planned
method for data analysis. For example, high spatial resolution
with reasonable temporal resolution imaging is sufficient for a
“semiquantitative” time-intensity curve analysis, whereas a very
high temporal resolution with reasonable spatial resolution is
critical for “quantitative” kinetic analysis.
The application of DCE–MR imaging has been reported with
both 1.5T and 3T scanners.26-30 Various types of fast 2D and 3D
T1-weighted sequences have been described, including fast spinecho T1WI,31-34 FISP35-40 fast-spoiled gradient recalled acquisition,29,41-44 turbo fast-field echo,28,45-47 and turbo FLASH.48,49
Application of parallel imaging for DCE–MR imaging has increased temporal resolution by severalfold,50 and thus fast 3D
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acquisitions are gradually replacing 2D acquisitions in DCE–MR
imaging. Details of the dynamic sequence practiced at the University of Washington are summarized in Table 1.
Arterial Input Function. Another crucial component of DCE–MR
imaging is the assessment of an AIF. The AIF estimates the rate of
change in the concentration of contrast in the plasma (vascular
space) with time. An accurate AIF is essential for quantitative
analysis of dynamic data by using any of the currently available
analytic methods. Generally, AIF is commonly obtained from
the dynamic dataset.51-53 The changes in signal intensity during the passage of GCA can be measured simultaneously in
both the blood vessels and the tissue of interest. AIF allows
conversion of the blood plasma signal intensity to intravascular contrast agent concentration on implementation of a calibration algorithm. Any visible large artery within an area of
interest can be selected for AIF with the dynamic dataset. For
HNC imaging with DCE–MR imaging, the carotid and vertebral arteries are well-suited for AIF selection because they run
along the long axis of the neck and are of relatively large
caliber.54

Table 3: Commonly used quantitative parameters in the DCE-MRI pharmacokinetic analysis
Parameter
Deﬁnition
Units
Volume transfer constant between EES and blood plasma
Min⫺1
Ktrans
Ve
EES volume per unit tissue volume
NA
Blood plasma volume per unit tissue volume
NA
Vp
Rate constant from EES to blood plasma
Min⫺1
Kep or K21
Kpe or K12
Rate constant from blood plasma to EES
Min⫺1
Kel
Elimination rate constant
Min⫺1
Amp or AH
Amplitude of the normalized dynamic curve
NA
Note:—Amp or AH, amplitude of the normalized dynamic curve; NA, not applicable; Min, minute.

rameters on the time-intensity curve are
listed in Table 2. The time-intensity
curve obtained following placement of
an ROI on the tumor provides a rough
estimate of how fast the GCA enters and
exits the tumor. It has been reported that
malignant tumors have a longer time to
peak and lower relative maximum enhancement compared with benign lesions in the head and neck.59 The prolonged time to peak and lower relative
maximum enhancement were also
noted in metastatic lymph nodes compared with benign lymph nodes among
patients with HNC.42 The limitation of
this semiquantitative analysis is that the
semiquantitative parameters do not
necessarily have physical correlates;
rather, they may represent mixed measures. For example, the area under curve
is a combination of tissue blood flow
vascular permeability and fractional interstitial space and is, therefore, not an
accurate estimate of blood volume.
Therefore, the physiologic meanings of
these parameters remain ambiguous
as to what biologic property they
represent.25

Quantitative Methods
Quantitative analysis of DCE–MR imaging data is based on the generalized pharmacokinetic models. The 2 most important assumptions of these models are the
following: 1) GCA is distributed in ⱖ1
compartment of the human body, and 2)
distribution of the contrast agent in a particular compartment is uniform.
A typical quantitative method of data
analysis is outlined in the flow chart (Fig
1). The most frequently used pharmacokinetic models in head and neck
DCE–MR imaging data analysis include
and Kermode model (Toft
FIG 2. A 57-year-old male patient with T2N3bM0 undifferentiated nasopharyngeal cancer. Pre- the Toft29,30,45,60,61
the Brix model,28,34
treatment gadolinium-enhanced axial T1-weighted MR imaging of the neck demonstrates meta- model),
static right level IIb lymph nodes (A). Parametric maps (C, D, and E) show higher volume transfer and their modifications (Fig 1). These
constant (Ktrans ⫽ 0.26/min), Kep, and area under curve, respectively. Axial contrast-enhanced
are based on the assumption of a “2neck CT at 6 months post-chemoradiation treatment demonstrates a favorable response to
compartment model,” in which the
treatment (B).
GCA is distributed into the “central”
and “peripheral” compartments. The
Data Analysis
central
compartment
consists
of intravascular extracellular
DCE–MR imaging is commonly analyzed with semiquantitative
volume
fraction
(blood
plasma),
and the peripheral compartanalysis or quantitative analysis.
ment consists of extravascular extracellular volume fraction
(Ve). The Toft model generally requires the knowledge of AIF
Semiquantitative Method
and T1 mapping for accurate assessment of quantitative paThe semiquantitative method is a model-free analysis by using
rameters. Fitting the DCE–MR imaging data into 1 of these
the observed data points on a time-intensity curve. It
models allows estimation of various model-base parameters,
is a simple and easily implementable method by using commerwhich potentially aids in the understanding of tumor physiolcially available software.31,35-41,44,55-58 Commonly calculated paAJNR Am J Neuroradiol 37:588 –95
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oxygen or chemotherapy drugs to the
tissue. In addition, this inefficiency
causes increased interstitial fluid pressure, which ultimately reduces tumor
perfusion, further facilitating tumor
hypoxia.64 Although a study by Newbold indicated that tumors with higher
Ktrans were associated with hypoxia defined by pimonidazole and carbonic anhydrase staining, and hence poor outcome,46 others reported that tumors
with lower Ktrans were associated with
poor response.27,29,61,65 Ktrans generally
reflects a combination of perfusion and
permeability. Lower Kep is also reported
to correlate with poor response to treatment.61 A tumor with higher Ktrans,
highly perfused tumor has higher oxygenation, better delivery of chemotherapeutic drugs, likely explaining
improved treatment response.66-67
Skewness of Ktrans is also reported to
predict treatment response, that a tumor
with larger skewed Ktrans has a worse
prognosis potentially reflecting tumor
heterogeneity.29
DCE–MR imaging has been reported
to be useful for various applications in
HNC imaging, such as differentiating
squamous cell carcinoma from lymphoma and undifferentiated carcinomas,68 detecting metastatic lymph
nodes,42 assessing tumor cell proliferation and microvessel attenuation,55,69
and predicting early treatment response
and treatment outcome.27-29,41,46,61
We searched MEDLINE, PubMed,
FIG 3. A 52-year-old male patient with squamous cell carcinoma of the right palatine tonsil. Pretreatment axial contrast-enhanced neck CT demonstrates metastatic right level II lymph nodes (A). Para- and Google for the literature published
metric maps (C, D, and E) show a lower volume transfer constant (Ktrans ⫽ 0.06/min), Kep, and area during the most recent 6-year interval
under curve, respectively. Gadolinium-enhanced axial T1-weighted MR imaging of the neck at 12
(2008 –2013) containing all of the folmonths post-chemoradiation treatment demonstrates an unfavorable response to treatment (B).
lowing: DCE–MR imaging, HNC, and
ogy and pathology.62 Frequently used parameters that can be
quantitative (model-based) analysis of dynamic data for pretreatobtained from quantitative DCE–MR imaging data are summent assessment and/or monitoring treatment response. The Onmarized in Table 3.
line Table summarizes various studies in the literature and their
Quantitative methods of data analysis provide parameters
respective contributions to DCE–MR imaging of HNC by using
quantifying microvasculature physiology and tumor biology. Advarious quantitative methods. Early assessment of treatment reditionally, the model-based parameters are more precise and response is critical for advanced head and neck cancers. The quesproducible and are reported to be independent of scanners and
tion remains as to whether pretreatment measures of DCE patissue type.63 Hence, these parameters may be potentially useful
rameters suffice to address the treatment response or it is
for sequential follow-up to determine treatment response in an
necessary to measure changes in DCE parameters to access
individual patient and also as biologic markers for predicting and
treatment response. Figs 2 and 3 demonstrate 2 patients with
monitoring the therapeutic efficacy in multicenter trials.
HNC with nodal metastasis exhibiting different responses to
chemoradiation.
Clinical Applications of DCE–MR Imaging in Head and

Neck Cancer
One of the most exciting aspects of DCE–MR imaging application
in HNC is its potential to serve as an imaging biomarker for hypoxia. The abnormal tumor vessels are inefficient in the delivering
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Challenges
DCE–MR imaging of HNC is clearly in its early stage. Substantial
variability exists in quantification methods, parameter choice,

and analytic methods. Many factors in the data acquisition and
analysis can affect the reliability of results in DCE–MR imaging
studies. For example, the accuracy and precision of the pharmacokinetic parameter estimates are largely determined by SNR,
temporal resolution of the MR image, AIF, and estimation of
T1 mapping.70 Systematic errors can be introduced from various sources, such as the breakdown of linearity in the gadolinium concentration calibration curve and inaccuracy of T1
mapping.71,72
Standardization of data acquisition and analysis will facilitate
the translation of DCE–MR imaging to clinical settings, in particular to multicenter clinical trials.73 The DCE–MR imaging subcommittee of the Radiological Society of North America Quantitative Imaging Biomarkers Alliance initiative provides guidelines
for data acquisition, analysis, and quality control on 1.5T systems.
The image intensity should be converted to gadolinium concentration through the use of a multiple flip angle precontrast T1 map
after corrections for patient motion, B1 field inhomogeneity, and
coil sensitivity.74 The pharmacokinetic parameter Ktrans (Toft
model) and area under curve (model-free parameter) are recommended as standard quantitative end points that should be used
in clinical trials and practice.
Another challenge with DCE–MR imaging parameters is validation with tumor histology and hypoxia. A potential reason includes tumor heterogeneity at the subvoxel level. Therefore, some
authors suggest that DCE–MR imaging parameters may be better
validated with immunohistochemical measurements averaged
over several fields randomly picked from the ROI.73

CONCLUSIONS
Although DCE–MR imaging has the potential to provide biologic
information of tumor angiogenesis and vascular function in
HNC, its technical development is still in an early stage. The standardization of image acquisition and data analysis is critical to
moving forward with a multicenter head and neck tumor registry
and in determining the clinical role of DCE–MR imaging in head
and neck oncologic imaging.
Disclosures: Tina Tailor—RELATED: Grant: American Society of Head and Neck Radiology, William N. Hanafee Award.
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PRACTICE PERSPECTIVES

ICD-10: History and Context
X J.A. Hirsch, X G. Nicola, X G. McGinty, X R.W. Liu, X R.M. Barr, X M.D. Chittle, and X L. Manchikanti

ABSTRACT
SUMMARY: In recent months, organized medicine has been consumed by the anticipated transition to the 10th iteration of the International Classiﬁcation of Disease system. Implementation has come and gone without the disruptive effects predicted by many. Despite the
fundamental role the International Classiﬁcation of Disease system plays in health care delivery and payment policy, few neuroradiologists
are familiar with the history of its implementation and implications beyond coding for diseases.
ABBREVIATIONS: CM ⫽ Clinical Modiﬁcation; CMS ⫽ Centers for Medicare and Medicaid Services; CPT ⫽ Current Procedural Terminology; ICD ⫽ International
Classiﬁcation of Disease; RUC ⫽ Specialty Society Relative Value Scale Update Committee; WHO ⫽ World Health Organization

T

he International Classification of Disease (ICD) system was
created for the accurate tracking of diseases within a population. Across the years, it has become an integral part of the payment infrastructure of the US health care system along with the
Current Procedural Terminology (CPT) coding system for medical procedures. As our knowledge of disease advances and the US
health care system payment policy evolves from volume to value,
so must the ICD system. Now that ICD-10 is finally implemented
after 2 congressionally legislated delays, the physician community
remains wary of potential upheaval related to complex changes
required for billing systems. We believe a review of the history of
the International Classification of Disease system will be useful to
the practicing neuroradiologist.

History
Pre-ICD-10. Some scholars track the origin of ICD to 1763. The
French physician and botanist Dr François Bossier de Sauvages de
Lacroix developed a categorization of 10 distinct classes of dis-
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eases, which were further divided into 2400 unique diseases.1 Sauvages de Lacroix was a contemporary and friend of the Swedish
naturalist Carl Von Linné, considered the father of modern taxonomy. His classification system, built on earlier work by the
English physician Thomas Sydenham, was similar to methods
used by botanists at the time. Recognizing the importance of disease classification, the first International Statistical Congress held
in Brussels in 1853 appointed Jacob Marc d’Espine and William
Farr to develop a system of classifying causes of mortality that
could be used across borders and languages.2 This was the genesis
of what became known as the “International List of Causes of
Death.” History will prove the sagacity of these early thought leaders. In 1893, Jacques Bertillon, a Parisian statistician, and his committee established the first “International List of Causes of
Death.”3 At around that time, the “International List of Causes of
Death” was presented in the United States at the International
Statistical Institute, and in 1898, various countries in North
America, including the United States, adopted this system.4
Across time, this “International List of Causes of Death” was updated and published about once per decade in 1900, 1910, 1920,
1929, and 1938.5
The many twists and turns taken by this process during the
half-century described are beyond the intended scope of this article. Suffice it to say that challenges were raised to the development of a reporting system for morbidity. In 1948, the World
Health Organization (WHO) took charge of the classification system, which was expanded the following year to include coding for
causes of morbidity in addition to mortality. The system was rechristened the International Classification of Disease system.2,4
Under the auspices of the WHO, ICD development continued in
a more predictable manner. The first 5 versions of the ICD system

were each entirely contained within a single volume. That volume
included an alphabetic index and a tabular list. By the sixth revision,
the coding system included morbidity and mortality designations
and required 2 volumes. Most important, ICD-6 expanded to include a section on psychiatric disorders. This sixth version was now
called the Manual of the International Statistical Classification of Diseases, Injuries, and Causes of Death (http://apps.who.int/iris/bitstream/10665/70934/2/ICD_10_1967_v1_eng.pdf). Revisions have
continued on an approximately decade-by-decade basis under the
WHO, and the seventh and eight revisions were published in 1957
and 1968.3
In what could be called a parallel effort, the United States Public Health Service adapted the ICD to index hospital records and
classify surgical procedures (ICDA) and published this system in
1962. The seventh edition of the ICD, therefore, expanded to include materials thought to be necessary for categorizing needs for
hospitals. The Public Health Service went on to publish an eighth
revision of the ICD, specifically focused on the unique needs of
the United States known as ICDA-8. It had additional focus on
morbidity and mortality reporting.3
The ICD-9 was published in 1977 by the Department of
Knowledge Management and Sharing of the World Health Organization. ICD-9 was an important transition to increased granularity with 4-digit-level categories and a variety of optional 5-digit
subdivisions. It was also pivotal in moving the system out of the
WHO once ICD became a part of the public domain. ICD-9Clinical Modification (CM) was the next expansion in the United
States. The intention was to allow diagnostic coding of inpatient,
outpatient, and physician office (nonfacility) use. It was developed by the National Center for Health Statistics. The CM expansion provided an opportunity to capture enhanced morbidity
data and to update more frequently. This system is updated on
October 1 of each year. ICD-9-CM was by now a 3-volume set
with the first 2 volumes pertaining to diagnostic codes and the
third containing procedural codes, though the latter never gained
the popularity and widespread use in the United States of those
developed through the Current Procedural Terminology process.
The Centers for Medicare and Medicaid Services (CMS) and the
National Center for Health Statistics both contribute to the oversight of the ICD-9-CM.3 In 1983, the Inpatient Prospective Payment System was adopted to pay for hospital care in the Medicare
program, which insures the elderly and those with chronic disease. ICD-9-CM volumes 1, 2, and 3 were used for assigning cases
to the Diagnoses-Related Groups used to derive payment
amounts.
The Tenth Edition. Neuroradiologists might be surprised to learn
that work on ICD-10 began ⬎30 years ago. Historically, updates
occurred approximately once per decade. The initial effort on
ICD-10 concluded in 1992. The ICD-10-CM was then introduced
for its annual process of review in 1992. ICD-10 is much more
granular than ICD-9, with an expansion from 17,000 codes to
approximately 155,000. US-based providers might be further surprised to find out that many other countries transitioned to some
form of ICD-10 many years ago. For example, Canada introduced
a modified system, ICD-10-CA, in 2000. The international version of ICD-10 is used in ⬎100 countries for cause-of-death reporting and statistics. In 2003, the Health Insurance Portability

and Accountability Act of 1996 named ICD-9 as the code set for
reporting diagnoses and procedures in electronic administrative
transactions.6 On January 16, 2009, the US Department of Health
and Human Services published a regulation requiring the replacement of ICD-9 with ICD-10 as of October 1, 2013.
ICD-10-CM uses the same basic hierarchical structure as ICD9-CM. The first 3 digits represent common traits, with each subsequent character providing greater specificity. ICD-10-CM is alphanumeric, with a possible 7 digits of specificity as opposed to
the 5 digits of the ICD-9. An oddity is that the letter U is the only
letter not used.7 Other noteworthy changes include the addition
of information relevant to ambulatory and managed care and
greatly expanded injury codes that reflect the site of injury. Given
the dramatic changes occurring within organized medicine in
2013, some authors called for a delay in the implementation of
ICD-10 from the original planned date of October 1, 2013.8 This
idea gained greater traction when the American Medical Association formally adopted a policy that favored delaying implementation.8,9 The original implementation date was extended by the
Department of the Health and Human Services in the latter half of
2012 to October 1, 2014.10 There was continued discomfort regarding implementation of ICD-10 by the 2014 date. The Protecting Access to Medicare Act of 2014 was primarily considered in
the context of providing a temporary patch for the sustainable
growth rate.11,12 Embedded within that legislation was a further
delay in the implementation of ICD-10 until October 1, 2015.12
Finally October 1, 2015, was the date that ICD-10-CM went live in
the United States.

Relationship to Current Procedural Terminology
Procedural reimbursement in the United States involves a complex interplay between the American Medical Association and the
Centers for Medicare and Medicaid Services. In the mid-1960s,
the American Medical Association, working with multiple major
medical specialty societies, developed an iterative coding system
for describing medical procedures and services. This system was
termed the Current Procedural Terminology coding system.13
The first edition of CPT (1966) primarily described surgical procedures. CPT when first established did not have a relationship
with reimbursement. With time, CPT became critical not only to
procedural reimbursement but also, assuming additional roles in
administrative management, tracking new procedures and evolving aspects of pay for performance as we describe below.
The Health Insurance Portability and Accountability Act required the Department of Health and Human Services to name
national standards, including specifying code sets, for electronic
transactions of health care information. This resulted in an expansion of CPT beyond procedure and service reporting into the
tracking of new services and procedures, as well as facilitating the
reporting of measures useful for pay for performance. The revised
CPT codes are accepted by Medicare for use in claims processing
and have been incorporated wholesale into the coding system of
Medicare, designated the Health Care Common Procedure Coding System.13
CPT is a work product that is owned by the American Medical
Association. A concurrent activity is known as the American
Medical Association Specialty Society Relative Value Scale Update
AJNR Am J Neuroradiol 37:596 –99
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Committee. This committee is colloquially known as the RUC,
and it attempts to provide a scale of relativity across the range of
medical procedures in making recommendations for reimbursement values to CMS.14,15 CMS representatives attend the RUC
meetings, and CMS considers the recommendations of the RUC
before ultimately deciding the reimbursement for medical services. The American Society of Neuroradiology is represented at
both the Current Procedural Terminology and the Specialty Society Relative Value Scale Update Committees.

DISCUSSION
After several legislatively mandated delays, ICD-10-CM went live
on October 1, 2015. Implementation is costly but, nonetheless,
required.16 Our belief is that ultimately the enhanced granularity
will be useful not only for disease tracking but also for serving as
necessary infrastructure for reimbursement of value over volume
in the evolving US health care delivery system. The evolving payment paradigm requires sophisticated tracking tools such as
ICD-10 to accurately gauge the effectiveness of the treating provider or treating institution, as well as tracking costs of these therapies. Without an increase in the granularity of disease classification, bending the US health care system cost curve by rewarding
value over volume would not be possible. With that scenario in
mind, coding mistakes are a real and a potentially costly possibility. While CMS has reluctantly agreed to allow a 1-year grace
period for coding mistakes, there is no guarantee that commercial
carriers will follow suit.
As ICD-10-CM granularity has increased, a seldom-discussed
but realistic question is the ongoing relevance of CPT. With
⬎150,000 distinct codes, including those that describe procedures, one could imagine a circumstance in which sufficient granularity would be available to raise questions about the need for
CPT codes. As outlined above, Current Procedural Terminology
arose to meet a specific need in the mid-1960s. The CPT system is
embedded in calculations of the CMS of relativity in the reimbursement system we currently use.
Additionally, providers need to be very aware of “high-risk”
codes. These are ICD-9 codes that map to multiple different
ICD-10 variations. In fact, there are ⬎3600 instances in which
ICD-10-CM codes can map to multiple different ICD-9-CM
codes. Conversely, and more unusual, there are ⬎500 codes that
are more specific in the ICD-9-CM than in ICD-10-CM.17
Organized medicine often faces unfunded mandates. This one
is noteworthy because of its cost. A 2008 study18 predicted that
implementation of ICD-10 would cost typical practices between
$83,292 and $2.7 million, depending on the size of the practice,
though a more recent study nearly tripled those estimates.16 In
addition, cash flow disruptions have been predicted to range from
$50,000 to $15 million for large practices.18,19 Large hospital systems can spend vast sums of money implementing a new electronic medical record.20 Moreover, while information technology
has the power to deliver powerful improvement in the delivery
of medical care, it could also be accused of depersonalizing that
care. We make these points to contextualize the challenges of
unfunded mandates such as ICD-10 in this era of remarkable
expenditures.21
While ICD-10-CM implementation is only occurring in the
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United States in 2015, readers of this vignette will recall that work
on it started ⬎30 years ago and that previously, updates to the
system occurred on a reasonably semi-predictable 10-year basis.
Work on ICD-11 has already been ongoing for quite a few years. A
beta draft was published on-line in 2012 for initial consultation
and commenting and a completed product is expected by 2018.22

CONCLUSIONS
ICD-10-CM has been noteworthy for the controversy that has
surrounded its implementation. It is a far more granular system
than its predecessor, allowing better disease tracking, but this
granularity also leads to physician anxiety in the context of payment policy. The transition to ICD-10-CM is inconsistently supported by payers and has been hampered by other regulatory requirements related to the Affordable Care Act to which providers
are subject.
Neuroradiologists have enjoyed continuous, multiyear representation at the 2 committees that are integrally involved in determining physician reimbursement in the United States. CPT is 1
of the 2 committees. With the increasing granularity associated
with ICD-10-CM, in the setting of a new payment paradigm, one
might begin to wonder about how that system might impact current procedural coding. Internationally, as US doctors embrace
ICD-10-CM, it is worth remembering that work has begun on
ICD-11. We can only presume that transitioning to this system is
a number of years off in the United States. One can only wonder
what Sauvages de Lacroix would think about the seismic transitions that have occurred since he proposed classifying diseases in
1763.
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ADULT BRAIN

Clinical Applications of Simultaneous PET/MR Imaging Using
(R)-[11C]-Verapamil with Cyclosporin A: Preliminary Results on a
Surrogate Marker of Drug-Resistant Epilepsy
X J.-W. Shin, X K. Chu, X S.A. Shin, X K.-H. Jung, X S.-T. Lee, X Y.-S. Lee, X J. Moon, X D.Y. Lee, X J.S. Lee, X D.S. Lee, and X S.K. Lee

ABSTRACT
BACKGROUND AND PURPOSE: The development of resistance to antiepileptic drugs is explained well by the transporter hypothesis,
which suggests that drug resistance is caused by inadequate penetration of drugs into the brain barrier as a result of increased levels of
efﬂux transporter such as p-glycoprotein. To evaluate the brain expression of p-glycoprotein in patients with drug-resistant epilepsy,
including neocortical epilepsy, we developed a noninvsive quantitative analysis including asymmetry indices based on (R)-[11C]-verapamil
PET/MR imaging with cyclosporin A, a p-glycoprotein inhibitor.
MATERIALS AND METHODS: Six patients with drug-resistant epilepsy, 5 patients with drug-sensitive epilepsy, and 8 healthy controls
underwent dynamic (R)-[11C]-verapamil PET/MR imaging with an intravenous infusion of cyclosporin A. Asymmetry indices [(Right Region ⫺
Left Region)/(Right Region ⫹ Left Region) ⫻ 200%] of the standard uptake values in each of the paired lobes were calculated.
RESULTS: All patients with drug-resistant epilepsy had signiﬁcantly different asymmetry from the healthy controls, whereas all patients
with drug-sensitive epilepsy had asymmetry similar to that in healthy controls. In the temporal lobe, the asymmetry indices of patients with
left temporal lobe drug-resistant epilepsy were more positive than those of healthy controls (healthy controls: 4.0413 ⫾ 1.7452; patients:
7.2184 ⫾ 1.8237; P ⫽ .048), and those of patients with right temporal drug-resistant epilepsy were more negative (patients: ⫺1.6496 ⫾ 3.4136;
P ⫽ .044). In addition, speciﬁc regions that had signiﬁcant asymmetry were different between the lateral and medial temporal lobe epilepsy
groups. In the frontal lobe, the asymmetry index of patients with right frontal lobe drug-resistant epilepsy was more negative than that in
healthy controls.
CONCLUSIONS: We conﬁrmed that statistical parametric mapping analysis by using asymmetry indices of (R)-[11C]-verapamil PET/MR
imaging with cyclosporin A could be used as a surrogate marker for drug-resistant epilepsy, and this approach might be helpful for
localizing or lateralizing the epileptic zone.
ABBREVIATIONS: AI ⫽ asymmetry index; CS ⫽ cyclosporin A; DRE ⫽ drug-resistant epilepsy; DSE ⫽ seizure-free drug-sensitive epilepsy; Pgp ⫽ p-glycoprotein;
SPAM ⫽ statistical probabilistic anatomic mapping; SUV ⫽ standard uptake value; TLE ⫽ temporal lobe epilepsy; VPM-PET/MR-CS ⫽ (R)-[11C]-verapamil PET and MR
imaging with intravenous infusion of cyclosporin A without serial arterial sampling

E

pilepsy, which is characterized by recurrent spontaneous seizures, is one of the most common neurologic disorders.1 Despite the development of third-generation antiepileptic drugs
during the past 3 decades, 20%–30% of patients with epilepsy
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remain resistant to drug treatment.2,3 The mechanisms of drug
resistance in epilepsy remain unclear. Among the mechanisms of
drug resistance in epilepsy, increasing experimental and clinical
evidence supports the transporter hypothesis.4 Several studies
have suggested that the increased expression of efflux transporters, such as p-glycoprotein (Pgp), at the blood-brain barrier in the
focal tissue limits the penetration of antiepileptic drugs into the
focus.5,6 In the human brain, Pgp exhibited a highly localized
Please address correspondence to Sang Kun Lee, MD, PhD, Department of Neurology, Seoul National University Hospital, 101, Daehangro, Jongro-Gu, Seoul 110-744,
South Korea; e-mail: sangkun2923@gmail.com
Indicates open access to non-subscribers at www.ajnr.org
Indicates article with supplemental on-line tables.
Indicates article with supplemental on-line photo.
http://dx.doi.org/10.3174/ajnr.A4566

overexpression on the vascular endothelium and the end-feet of
the vascular glia in cases of drug-resistant epilepsy (DRE).7
Consequently, the problem of drug resistance in epilepsy
might be resolved by the development of a new treatment strategy
targeting the transporter mechanism. In developing such a strategy, surrogate markers should objectively pinpoint the expression
of transporters such as Pgp. More important, surrogate markers
should be used noninvasively to render the technique readily applicable in clinical practice. Several recent clinical trials have evaluated Pgp expression in humans via positron-emission tomography by using the Pgp substrate (R)-[11C]-verapamil and Pgp
inhibitors, such as tariquidar or cyclosporin A (CS).8,9 Several
investigators have performed (R)-[11C]-verapamil PET in patients with epilepsy to compare the expression of Pgp between
patients with DRE and healthy controls, by using the percentage
changes in verapamil influx or the efflux rate before and after Pgp
inhibitor injection. However, to our knowledge, there has been no
study for MRI-negative neocortical epilepsies, and previous
methods were applied only to medial temporal lobe epilepsy
(TLE). Furthermore, they confirmed that the change in the verapamil influx rate was smaller in patients with DRE compared with
healthy controls; this difference necessitated the use of complex
analytic methods, including invasive serial arterial sampling,
which has limited applicability in clinical practice.
Another problem is that in (R)-[11C]-verapamil PET, it is impossible to find focal hypo- or hyper-radio uptake regions because
when one uses the Pgp inhibitor, individually distinct Pgp functions of the whole brain and regional differences in Pgp expression may result in interindividual variability of radiotracer uptake
in the whole brain and specific brain regions.10,11
Therefore, to develop a more feasible surrogate marker that
can be used in clinical practice, we performed (R)-[11C]-verapamil PET and MR imaging with intravenous infusion of cyclosporin A without serial arterial sampling (VPM-PET/MR-CS).
The subject population comprised patients who were drug-resistant and seizure-free with various types of epilepsy, MRI-negative
neocortical epilepsy. We analyzed the data by using statistical
probabilistic anatomical mapping (SPAM) with the asymmetry
index (AI) of the standard uptake value (SUV). We hypothesized
that Pgp activity is higher in the epileptic foci compared with the
contralateral normal area in patients with drug-resistance, and
the asymmetry will be larger than that in healthy individuals or
patients who are seizure-free.

epilepsy” (DSE) was defined as a well-controlled state, free of
all seizures, in a patient receiving antiepileptic drugs for at least
1 year before PET scanning. We investigated the baseline characteristics and the results of the previous video electroencephalography monitoring, brain MR imaging, single-photon
emission CT, and [18F]-fluorodeoxyglucose-PET examinations in each patient (On-line Table 1).
Healthy control subjects (age range, 20 – 40 years) without
other disorders, including neurologic or psychiatric disorders,
who were not taking any drugs were recruited through a notice on the
bulletin board of the Biomedical Research Institute of the Seoul National University Hospital. Before inclusion, all subjects underwent a
screening interview, neurologic and general medical examinations,
complete blood count, and routine biochemical (liver and kidney
function) testing. This study was approved by the institutional review
board at Seoul National University Hospital and was performed in
accordance with the Investigational New Drug application of the
Korea Food and Drug Administration and was registered at
www.ClinicalTrials.gov (NCT02144792).

MATERIALS AND METHODS

PET Data Analysis and Acquisition of Asymmetry Indices

Subjects

PET images were coregistered to the subject’s T1 MR images
and spatially normalized to a T1 template provided by statistical parametric mapping by using SPM8 software (http://www.
fil.ion.ucl.ac.uk/spm/software/spm8) (Fig 1). Voxelwise calculations of SUV, [Voxel Intensity (Bq/mL)/Injected Dose (Bq)/
Body Weight (g)], was performed in each dynamic PET frame.
Dynamic SUVs in 98 brain ROIs were obtained by using the
population-based SPAM, which was constructed by incorporating anatomic and functional variabilities among 152 healthy
volunteers and automatically labeling brain structures in functional data in the Montreal Neurological Institute space.13,14
Because the uptake of (R)-[11C]-verapamil in the choroid

Patients with epilepsy (age range, 18 –53 years) who were either
drug-resistant or drug-sensitive were recruited between January 2013 and March 2014 from epilepsy clinics led by an epileptologist (S.K.L.) at Seoul National University Hospital. All
patients had been examined for 24 hours by using video electroencephalography monitoring, and patients with DRE had
previously undergone presurgical evaluation. “DRE” was defined as the failure of adequate trials of 2 tolerated and appropriately chosen and used antiepileptic drugs schedules
(whether as monotherapies or in combination) to achieve sustained freedom from seizures.12 “Seizure-free drug-sensitive

PET/MR Imaging and Experimental Procedures
The PET imaging procedures in our study were performed as
described previously.8 Participants underwent a 60-minute
PET scan after an intravenous injection of 370 MBq of
(R)-[11C]-verapamil radiotracer (range, 333– 407 MBq). Simultaneous acquisitions of 3D dynamic PET images and T1weighted MR images were performed by using a Biograph
mMR (Siemens, Erlangen, Germany). During the scans, subjects were instructed to lie in a supine position with their heads
affixed to a device designed to minimize movement. After routine
corrections such as normalization, ultrashort echo time MR imaging– based attenuation, scatter, and decay corrections, the PET
imaging data acquired in list mode were reconstructed by using a
filtered back-projection. The dynamic volumetric images were sequenced by using the following framing: 8 ⫻ 2.5, 16 ⫻ 5, 10 ⫻ 60,
and 10 ⫻ 240 seconds. To evaluate Pgp expression, we initiated intravenous CS infusion (2.5 mg/kg/h and 50 mg/mL; Sandimmune; Novartis Pharmaceuticals, Basel, Switzerland) 1 hour
before the acquisition of the PET/MR imaging scans. CS infusion
was continued during the PET scan to a maximum of 2 hours
from the start of the infusion. Blood samples were taken before
and after the PET scan to determine CS concentrations by highperformance liquid chromatography.
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plexus results in a spillover of radioactivity into the neighboring medial temporal structures, including the hippocampus,
parahippocampal gyrus, and amygdala, our investigator
(S.A.S.), who was unaware of the participants’ clinical statuses,
masked out the choroid plexus in the individual normalized
PET image; volumes for the hippocampus of the individually
modified SPAM maps were calculated (On-line Table 2). Static
SUVs were then obtained as the weighted mean of the dynamic
SUVs during the 2.5- to 40-minute scans with the frame duration as weight. On the basis of the static SUVs in each cortex,
AIs were calculated by using the equation [(Right Region ⫺
Left Region)/(Right Region ⫹ Left Region) ⫻ 200%] for all the
respective participants.
If Pgp is overexpressed in the right region, the SUV of (R)[11C]-verapamil in the right region is smaller than that in the left
region, resulting in a negative AI. If Pgp is overexpressed in the
left region, the SUV in the left region is smaller than that in the right
region, resulting in a positive AI. We compared asymmetry in healthy
controls and patients with epilepsy by using the AIs. To compare the
AIs between patients with lateral TLE and the medial TLE group, AIs
were assessed in 6 ROI pairs of the temporal lobe. The medial temporal structures included the hippocampus, amygdala, and parahippocampal gyrus. The lateral temporal structures included the superior, middle, and inferior temporal lobes (Fig 2).

Genotyping Methods
We used the genotyping method described by Kim et al.15 Genotyping of the ABCB1 2677G⬎T, 1236C⬎T, and 3435C⬎T singlenucleotide polymorphisms was performed by using validated
TaqMan SNP Genotyping Assays (Applied Biosystems, Foster
City, California).

Statistical Analyses
Statistical analyses were performed by using SPSS for Windows
(Version 21.0; IBM, Armonk, New York). A Mann-Whitney U
test and Fisher exact test were used to compare the basal characteristics between the DRE and DSE groups, including age, sex,
duration of epilepsy, and the number of antiepileptic drugs taken.
In addition, AIs of healthy controls, patients with DRE, and those
with DSE were compared by using a Mann-Whitney U test. Associations between ABCB1 polymorphisms and whole-brain SUVs
and associations between serum concentration of CS and wholebrain SUVs were determined by using Spearman correlations. A P
value ⬍ .05 was considered significant.

RESULTS
Ten healthy men (median age, 27 years; range, 22–36 years), 6
patients with DRE (median age, 37 years; range, 26 –52 years), and
5 patients with DSE (median age, 25 years; range, 18 –53 years)
underwent VPM-PET/MR–CS. Data from 2 healthy controls and
1 patient with DSE were excluded due to technical errors. In 2
healthy controls, the PET/MR imaging stopped working during
the scan. One patient with DSE did not receive the full dose of
cyclosporin A due to the infusion pump stopping during the
PET/MR imaging. No difference in basal characteristics was
found between the patients with DRE and those with DSE, except
for the duration of epilepsy (DRE: median, 20.5 years; range, 5– 42
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years; DSE: median, 2.6 years; range, 1– 4 years; P ⬍ .001), number of antiepileptic drugs (DRE: median 3.5; range, 2– 4; DSE:
median, 1.1; range 1–3; P ⫽ .009), and seizure frequency (DRE:
median, 10.3 per month; range, 0.2–30 per month; DSE, no seizure event per month; P ⬍ .001).
There was interindividual variability in the radioactivity of
the whole brain in healthy participants, and regional distributions of radioactivity were different in each individual (On-line
Fig 1A). Moreover, radioactivity of the whole brain was independent
of the serum concentration of CS (r ⫽ .100, P ⫽ .701) and ABCB1
up-regulation (On-line Fig 1B and On-line Table 3).
Five healthy controls reported hot flushes in the body during
the infusion of CS, and 1 healthy control had mild nausea. However, no other side effects were observed during the experimental
period.

Different Values of AIs in Patients with DRE and Healthy
Subjects
All patients with DRE had more asymmetry between ipsilateral
ROIs and contralateral ROIs than healthy subjects, while there
were no significant differences in AIs between patients with DSE
and healthy controls (Figs 3 and 4). In TLE, PET data from 3
patients with left temporal lobe DRE showed significantly more
positive AIs than those from healthy controls (healthy controls:
4.0413 ⫾ 1.7452; patients: 7.2184 ⫾ 1.8237; P ⫽ .048), suggesting
that Pgp overexpression was in the left temporal area. PET data
from 2 patients who had right temporal lobe DRE showed significantly more negative AIs than those from healthy controls (patients, ⫺1.6496 ⫾ 3.4136; P ⫽ .044), suggesting Pgp overexpression in the right temporal area (Fig 3B).
PET data from a patient who had a right frontal lobe DRE
showed the largest negative AI. This means that the SUV of the
right frontal lobe in this patient was much lower than that of the
left frontal lobe and that the AI of this patient was different from
AIs of healthy controls (healthy controls: ⫺1.9963 ⫾ 1.6329; patient, ⫺9.0502) (Fig 3A).
In addition, we compared AIs in the temporal lobe between
patients with drug-resistant and drug-sensitive left TLE. AIs in
patients with DRE were larger than those in patients with DSE,
though this result was not statistically significant (DRE: 7.2183 ⫾
1.8237; DSE: 3.9473 ⫾ 0.5101, P ⫽ .100).

Possibility of Localization by Using VPM-PET/MR–CS
We investigated whether localization of the epileptic focus is
possible by using our method. We compared the characteristics of AIs between the medial TLE and lateral TLE groups. The
lateral TLE group had significantly different AIs from those of
healthy subjects in the superior (healthy subjects: 3.7592 ⫾
2.7825; patients: 15.0673 ⫾ 10.2462; P ⫽ .024) and middle
temporal gyri (healthy subjects: 0.4077 ⫾ 3.0872; patients:
7.3093 ⫾ 1.9225; P ⫽ .012), but not in the medial temporal
structures. Moreover, significant differences in AIs were observed between patients with medial TLE and healthy subjects
in the hippocampus but not in the lateral structures (healthy
subjects: 10.4622 ⫾ 4.9800; patients: ⫺4.2948 ⫾ 2.7194; P ⫽
.044) (On-line Table 4).

FIG 1. (R)-[11C]-verapamil PET/MR uptake images after 1 hour of CS infusion in a patient who had drug-resistant left neocortical temporal lobe
epilepsy. The color scale reﬂects the SUV as shown by the heat map.

FIG 2. T1-weighted MR images (axial view, A) marking volumes of interest including the frontal, parietal, temporal, occipital cortices, and
temporal ROIs (B), including the hippocampus, amygdala, parahippocampus, superior temporal gyrus, middle temporal gyrus, and inferior
temporal gyrus by the population-based SPAM. A, Red indicates the frontal cortex; cyan, the temporal cortex; green, the parietal cortex; yellow,
the occipital cortex. B, Red indicates the hippocampus; violet, the amygdala; cyan, the parahippocampus; blue, the superior temporal gyrus;
green, the middle temporal gyrus; yellow, the inferior temporal gyrus.

DISCUSSION
The primary objective of this study was to confirm the usefulness
of noninvasive quantitative PET methods including SPAM, with
AIs of the SUVs as a surrogate marker in DRE. We also wanted to
determine whether this method could help us localize the epileptic zone. In our study, significant asymmetry of Pgp expression
was confirmed in all patients with DRE compared with healthy
controls, and the absolute values of AIs in patients with drugresistant left TLE also were larger than those in healthy subjects
and patients with drug-sensitive left TLE. There was no difference
between the DSE group and healthy controls. In addition, we were

able to find different asymmetry patterns between patients with
lateral TLE and those with medial TLE.
Two previous studies examined patients with DRE by using
(R)-[11C]-verapamil PET. In a pilot study, (R)-[11C]-verapamil
PET was performed in 7 patients with drug-resistant TLE who had
hippocampal atrophy.16 In this study, the increased efflux of (R)[11C]-verapamil in the ipsilateral region was more pronounced
than in the contralateral region, though this difference was not
statistically significant. In a recent case-control study, 14 patients
with drug-resistant TLE caused by unilateral hippocampal sclerosis underwent (R)-[11C]-verapamil PET with tariquidar; when
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Apr 2016

www.ajnr.org

603

compared with patients with DSE, the influx of (R)-[11C]-verapamil was less significantly increased in the patients with drugresistant TLE.17 In our study, AIs of the left TLE group were more
positive than those in healthy controls, suggesting an overexpression of Pgp in the left temporal lobe and a low uptake of (R)[11C]-verapamil. The AIs of the right TLE were also more negative
than those in healthy controls. In addition, asymmetries in patients with drug-resistant left TLE were larger than those in patients with drug-sensitive left TLE. Considering the coherence of

the results of several studies, including our results, (R)-[11C]verapamil PET might serve as an important and useful noninvasive surrogate marker for DRE.
To our knowledge, this is the first report to confirm that (R)[11C]-verapamil PET could facilitate evaluation of a surrogate
marker in patients with DRE including neocortical epilepsy. In
addition to lateral temporal lobe epilepsy, a patient who had drugresistant MRI-negative right frontal lobe epilepsy had different
asymmetry in the frontal lobe than healthy subjects. This patient
had a much larger negative AI than the
healthy controls, suggesting an overexpression of Pgp in the right frontal lobe.
In addition, there also was no difference
in drug-sensitive frontal lobe epilepsy.
For localization, we tried to compare
the asymmetry patterns between patients with DRE with medial TLE and
lateral TLE. All patients with lateral TLE
had a significant asymmetry in the superior and middle temporal gyrus, but not
in the medial temporal structures.
FIG 3. A, Asymmetry indices of the frontal lobes in healthy controls and in patients with drug- Moreover, 2 patients with medial TLE
resistant or drug-sensitive right frontal lobe epilepsy. B, AIs of temporal lobes in healthy controls
and patients with DRE or DSE temporal lobe epilepsy. Filled squares are diagnosed right temporal had significantly different asymmetry in
lobe epilepsy, and blank squares and triangles are diagnosed left temporal lobe epilepsy. When the hippocampus, but not in the lateral
the AI was positive, the standard uptake value of (R)-[11C]-verapamil in the left region was lower temporal structures. Given the different
than that in the right region in each paired lobe. The bars represent mean ⫾ SD. DRFE indicates
drug-resistant frontal lobe epilepsy; DSFE, drug-sensitive frontal lobe epilepsy; DRTE, drug-resis- patterns between the medial and lateral
tant temporal lobe epilepsy; DSTE, drug-sensitive temporal lobe epilepsy.

FIG 4. The time-activity curves of (R)-[11C]-verapamil in the frontal lobe of a healthy subject (A); the temporal lobe of a healthy subject (B); the
frontal lobe of patient 6, who had drug-resistant right frontal lobe epilepsy (C); and the temporal lobe of patient 2, who had drug-resistant left
temporal lobe epilepsy (D). The blue line indicates right lobe; the red line, left lobe.
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TLE groups, this method could be helpful in localizing the epileptic zone.
Among the cases, a second patient (patient 2) had the longest
standing drug-resistant left TLE, and decreased SUV in all of the
left lobes indicated broad Pgp overexpression in the left hemisphere (data not shown). Considering that the DRE group, including this patient, had a longer duration of disease than the DSE
group, seizure duration might be an important factor in the overexpression of Pgp. We also analyzed the relationship between the
duration of epilepsy and the absolute value of the AIs in patients
with left DRE and DSE TLE (n ⫽ 6) by using the Spearman nonparametric correlation coefficient and found a significant correlation (r ⫽ 0.928, P ⫽ .008). Indeed, a recent study investigated
the correlation between Pgp overexpression and clinical features
(age, age at the onset of habitual seizures, duration of seizure
history, seizure frequency per year, and number of Pgp inducers
or substrates taken). There was a positive correlation among seizure frequency, number of medications that induce Pgp, and
overexpression of Pgp, with no other significant relationships observed.7 Given the various results from many studies, there is
ongoing debate regarding which clinical features affect the overexpression of Pgp, and additional studies are required to address
this issue.
The use of (R)-[11C]-verapamil PET with a Pgp inhibitor in
humans presents several difficulties. First, high dosages of Pgp
that cannot be used in (R)-[11C]-verapamil PET could be used
with a medium dosage of a Pgp inhibitor to increase the baseline
signal and thus create larger differences in the brain concentrations of the tracer between the healthy and diseased brain.9 At an
acceptable dose, 17%–58% of Pgp inhibition with tariquidar (2– 8
mg/kg) and 38%–50% of Pgp inhibition with CS (2.5 mg/kg/h)
were observed by evaluating Pgp inhibition on (R)-[11C]-verapamil PET imaging.18 However, interindividual variability regarding affinity and response to the substrate or inhibitor may
also complicate the outcome when using a moderate dose of a Pgp
inhibitor.19 Our data also showed individual variability among all
the participants, similar to that observed in previous studies.10 In
addition, the interindividual variability was unrelated to polymorphisms of the ABCB1 gene, including 3435T/T carriers, which
had influenced the influx rate of the Pgp substrate drug in a previous study.20
Given the small sample size in our study, we could not determine the influence of these polymorphisms on regional Pgp activity statistically. Also, several studies have shown that the effect
of Pgp inhibitors is rapid, and the Pgp function is promptly restored on the elimination of the inhibitors.21,22 Our study showed
a rapid decrease in the radioactivity of the whole brain soon after
the infusion of Pgp inhibitor was terminated, despite the maintenance of the serum concentration of CS (data not shown). Therefore, a novel Pgp inhibitor with enhanced affinity and a longer
half-life for binding Pgp will be required. This study has several
limitations. First, due to the small sample size in each group, we
were unable to detect statistically significant differences in patients with frontal lobe epilepsy. However, despite the small sample size, we showed robust differences in the asymmetry patterns
of patients with DRE and healthy controls and patients with DSE.
Second, our study did not consider cerebral blood flow measure-

ments. The regional uptake of (R)-[11C]-verapamil can become
dependent on regional cerebral blood flow when Pgp is partially
inhibited.23 However, because (R)-[11C]-verapamil is a low-extraction radiotracer, its uptake is considered insensitive to
changes in cerebral blood flow.10 In addition, Muzi et al8 reported
that the CS modulation of Pgp increased the blood-brain transfer
of (R)-[11C]-verapamil into the brain by 73%, and this increase
was significantly greater than changes in blood flow by 13%.
Despite some problems with the use of VPM-PET/MR-CS,
considering the different asymmetry in the DRE group, but not in
the DSE group, from that of healthy subjects, the AI could be a
useful surrogate marker of DRE in clinical practice. If one used
SPAM with the AI of VPM-PET/MR-CS, it might be possible to
predict the drug response in each patient and consider the appropriate surgical treatment more proactively. In addition, patients
with DRE exhibiting Pgp overexpression could be treated with a
Pgp inhibitor. A recent pilot study reported that the adjunctive
use of verapamil (120 mg/day), which was used as a Pgp inhibitor
in patients with DRE, improved the response rate.24 In the future,
our method should be applied to more variable neocortical epilepsy cases.

CONCLUSIONS
On the basis of the results obtained to date, we confirmed the
importance of Pgp expression in DRE by using a noninvasive
method including SPAM analysis with AIs. Therefore, an AI obtained by using VPM-PET/MR-CS might be used as a surrogate
marker of Pgp expression in patients with epilepsy and might
serve as an important prognostic factor for individualized drug
therapy. Moreover, the results showing that ipsilateral lesions had
low SUVs and the difference in asymmetry patterns between medial and lateral temporal epilepsy groups showed that our method
may be a useful tool for localization of the epileptic zone. In the
future, prospective studies by using VPM-PET/MR-CS in patients
with recent-onset epilepsy are necessary for assessing predictive
value.
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ADULT BRAIN

Cortical Cerebral Blood Flow, Oxygen Extraction Fraction, and
Metabolic Rate in Patients with Middle Cerebral Artery
Stenosis or Acute Stroke
X Z. Liu and X Y. Li

ABSTRACT
BACKGROUND AND PURPOSE: With the advances of magnetic resonance technology, the CBF, oxygen extraction fraction, and cerebral
metabolic rate of oxygen can be measured in MRI. Our aim was to measure the CBF, oxygen extraction fraction, and cerebral metabolic
rate of oxygen use in patients with different severities of middle cerebral artery stenosis or acute stroke by using the arterial spin-labeling
and susceptibility-weighted imaging techniques.
MATERIALS AND METHODS: Fifty-seven patients with MCA stenosis or acute stroke were recruited and classiﬁed into 4 groups: mild
MCA stenosis (group 1), severe MCA stenosis (group 2), occluded MCA (group 3), and acute stroke (group 4). Arterial spin-labeling and SWI
sequences were used to acquire CBF, oxygen extraction fraction, and cerebral metabolic rate of oxygen.
RESULTS: The oxygen extraction fraction in hemispheres with mild MCA stenosis (group 1) was remarkably higher than that in the contralateral
hemisphere. In addition, hemispheres with severe MCA stenosis (group 2) had signiﬁcantly lower CBF and a signiﬁcantly higher oxygen extraction
fraction than the contralateral hemisphere. Hemispheres with occluded MCA (group 3) or acute stroke (group 4) had a signiﬁcantly lower CBF and
cerebral metabolic rate of oxygen and a signiﬁcantly higher oxygen extraction fraction than the contralateral hemisphere.
CONCLUSIONS: The oxygen extraction fraction gradually increased in groups 1–3. When this offset a decrease in CBF, the cerebral
metabolic rate of oxygen remained at a normal level. An occluded MCA led to reduction in both the CBF and cerebral metabolic rate of
oxygen. Moreover, the oxygen extraction fraction and cerebral metabolic rate of oxygen signiﬁcantly increased and decreased, respectively, in the occluded MCA region during acute stroke.
ABBREVIATIONS: ASL ⫽ arterial spin-labeling; Hct ⫽ hematocrit; CMRO2 ⫽ cerebral metabolic rate of oxygen; HR ⫽ high-resolution; OEF ⫽ oxygen extraction
fraction; rCBF ⫽ relative cerebral blood ﬂow; rCMRO2 ⫽ relative cerebral metabolic rate of oxygen; rOEF ⫽ relative oxygen extraction fraction; Yv ⫽ venous oxygen
saturation

A

reduction in cerebral blood flow in brain tissue is typically
accompanied by a compensatory increase in the oxygen extraction fraction (OEF) to maintain normal neuronal function.1
However, the risk of stroke is greatly increased once the maximum OEF is achieved.2 The presence of increased OEF in stroke is
an independent predictor of subsequent stroke in patients.3,4
Consequently, both CBF and OEF are important indicators for
stroke; however, neither parameter sufficiently predicts the risk of
this condition. It is possible to use both parameters and the arterial oxygen content to derive cerebral metabolic rate of oxygen
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(CMRO2) use, which is of critical importance in the occurrence of
stroke.1
Positron-emission tomography provides the most accurate in
vivo OEF and CMRO2 measurements; however, it is expensive
and requires administration of radioactive isotopes. Both OEF
and CBF can be determined using MR susceptometry and arterial
spin-labeling (ASL).5,6 MR susceptometry uses gradient-echo
phase maps to estimate oxygen saturation in segments of the jugular and gray matter veins.7,8 This technique requires blood vessels to have a substantially greater length than the diameter.7,8
Susceptibility-weighted imaging is a type of MR susceptometry
that can obtain measurements of venous oxygen saturation by
using the phase difference between the venous blood and surrounding tissue.9,10 ASL is a noninvasive technique that can measure CBF.11,12 The gray matter CMRO2 can be obtained from
local CBF and OEF measurements.
Most previous PET studies have focused on OEF and CMRO2
in patients with an occluded carotid artery; few studies have inAJNR Am J Neuroradiol 37:607–14
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Table 1: Number, age, clinical characteristics, Hct, and Hb of the healthy subjects and
patients
Age Mean
Range Age Males Females
Groups
No.
Hb
(yr)
(yr)
(No.)
(No.)
Hct (×10−2)
Healthy subjects
10 40–67 55.9
5
5
34.9 ⫾ 12.6 13.1 ⫾ 1.2
Mild stenotic MCA
Group 1
13 37–65 50.4
6
7
40.2 ⫾ 4.9 14.2 ⫾ 1.4
Severe stenotic MCA
Group 2
11 45–75 58.0
6
5
39.2 ⫾ 5.1
13.1 ⫾ 2.1
Occluded MCA
Group 3
16 36–72 58.5
8
8
39.8 ⫾ 4.4 13.8 ⫾ 2.3
Patients with acute stroke
Group 4
17 38–73 57.6
9
8
40.3 ⫾ 6.6 13.6 ⫾ 2.1
Note:—Hb indicates hemoglobin.

vestigated the stenotic or occluded middle cerebral artery.13,14 To
the best of our knowledge, no studies have assessed CBF, OEF, and
CMRO2 relative to the degree of MCA stenosis. To address this
question, we measured CBF, OEF, and CMRO2 in patients with
different degrees of MCA stenosis or stroke via ASL and susceptibility-weighted phase imaging.

MATERIALS AND METHODS
Subjects
This prospective study was approved by the institutional review
board, and written informed consent was obtained from all subjects or their guardians. Ten healthy volunteers (5 men, 5 women)
with a mean age of 55.9 years (age range, 40 – 67 years) were enrolled in the study. All volunteers had normal findings on neurologic examination and brain MR imaging, no stenotic middle cerebral or carotid artery, and no history of neurologic disease.
Eighty-four patients with MCA stenosis or acute stroke were recruited in the study and underwent clinical evaluation, laboratory
testing, MR imaging examination, and color Doppler sonography to
assess the cervical vasculature. Inclusion criteria were as follows: 1)
unilateral stenosis of the M1 segment of the MCA or unilateral acute
MCA stroke, 2) no stenosis in the internal carotid and/or common
carotid artery, 3) no extracranial-intracranial vessel bypass operation, and 4) no motion artifacts in the susceptibility-weighted or ASL
images. Periodic stripe-like artifacts in the phase-code direction of
the images were identified as motion artifacts. One and 5 patients
were excluded due to motion artifacts and bilateral MCA stenosis,
respectively. Six patients were excluded because no sonographic examination of the cervical vasculature had been performed, and 10
patients were excluded because arteriosclerosis was found in the internal carotid and/or common carotid artery by color Doppler ultrasongraphy. Five patients were excluded because 5 veins were not detected in the SWIs in a unilateral hemisphere. Subsequently, 57
patients (29 men, 28 women) with a mean age of 55.9 years (age
range, 37–75 years) were included in the study. Nine patients had a
history of hypertension, 6 had diabetes mellitus, and 4 had both comorbidities. Fourteen patients had an acute unilateral MCA stroke.
The time between symptom onset and MR imaging examination in
patients with acute stroke was between 12 and 65 hours, with a median of 32 hours. All subjects and patients underwent measurements
for hemoglobin (grams per deciliter) and hematocrit (Hct) levels
within 3 days of MR imaging examinations.
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Patient Categorization

Classification of the degree of MCA stenosis was based on the diameter of the vessel
at the point of maximal narrowing relative
to the normal distal lumen diameter,
which was obtained from high-resolution
(HR) T2-weighted images. For data analysis, MCA stenosis was graded as mild
(⬍50% diameter reduction) or severe
(⬎50% diameter reduction) stenosis or
occlusion.
Patients were divided into 4 groups:
3 without and 1 with stroke (Table 1).
Patients without stroke were classified
according to the degree of MCA narrowing: mild MCA stenosis (group 1), severe MCA stenosis (group 2),
and occluded MCA (group 3). All patients had normal findings
on brain MR imaging, except on the MR angiography, with an
acceptable level of white matter abnormalities (ie, pencil-thin lining of periventricular hyperintensity and foci of high signal intensity in the deep white matter) for subjects older than 60 years of
age. The white matter abnormalities were not high signals in the
diffusion-weighted images. The lesions in these patients with
acute stroke were located in the region of the MCA. The number,
age, and clinical characteristics of the various subgroups are listed
in Table 1.

MR Imaging Measurements
All MR imaging examinations were performed on a 3T whole-body
scanner (Signa HDxt; GE Healthcare, Milwaukee, Wisconsin) with
an 8-channel head coil. The MR imaging acquisition protocols included axial T2-weighted imaging, diffusion-weighted imaging, 3D
time-of-flight MRA, HR-T2WI, SWI, and pulsed-continuous ASL.
The total scan time for each patient was approximately 18 minutes.
T2WI parameters were as follows: TR, 9600 ms; TE, 117 ms;
TI, 2400 ms; section thickness, 6 and 1.0 mm gap between sections; FOV, 24 ⫻ 24 cm2; matrix size, 288 ⫻ 256; and NEX, 2.
Axial single-shot spin-echo echo-planar sequences were used to
acquire DWI with the following parameters: TR/TE, 4000/70 ms;
b factors, 0 and 1000 s/mm2; matrix size, 128 ⫻ 128; FOV, 24 ⫻ 24
cm2; NEX, 4; section thickness, 6 mm; and section gap. 1 mm.
3D TOF MRA was performed with the following parameters:
TR/TE, 20/3.4 ms; flip angle, 20°; FOV, 22 ⫻ 22 cm2; matrix size,
384 ⫻ 192; and section thickness, 1.6 mm. The HR-T2WI sequence
was perpendicular to the stenotic M1 segment of the MCA shown on
3D TOF MRA. HR-T2WI sequence parameters were as follows: TR/
TE, 2800/60 ms; FOV, 12 ⫻ 12 cm2; matrix size, 512 ⫻ 256; section
thickness, 2 mm; section gap, 0.5 mm; and NEX, 4. Figure 1 shows
representative MRA and HR-T2WI findings.
A 3D single-shot fast spin-echo with an in-plane spiral readout
acquisition was performed to generate the quantitative CBF maps
for ASL. The ASL pulse parameters were the following: point, 512;
arm, 8; postlabeling delay, 2025 ms; NEX, 3; FOV, 22 ⫻ 22 cm2;
spatial resolution, 3.4 ⫻ 3.4 ⫻ 2 mm3; section thickness, 2.0 mm;
scan locations, 44; and bandwidth, 62.5. The acquisition time was
4 minutes 26 seconds.
For axial 3D SWI, a fully flow-compensated 3D fast low-angle
shot sequence was used with the following parameters to obtain

FIG 1. Representative MR angiography and high-resolution T2weighted imaging ﬁndings. A, 3D time-of-ﬂight MRA reveals an occlusive left middle cerebral artery. B, Plaque with heterogeneous signal
intensity was present in the MCA lumen on HR-T2WI.

the OEF: TR/TE, 55.9/12.1 ms; NEX, 1; matrix, 448 ⫻ 384; flip
angle, 15°; and FOV, 22 ⫻ 22 cm2. The acquisition time was 6
minutes 50 seconds.
After acquisition, the magnitude and phase images were reconstructed. The phase images were processed with high-pass filtering to remove unwanted phase shifts (field variations) from the
main magnet.9

FIG 2. Illustration of MR susceptometry for determining Yv. A, A
phase image obtained from susceptibility-weighted imaging. B,
Zoomed view of the phase image for the gray matter, with the vein as
the representative phase value within the vessel. The rectangle shows
the ROI of the gray matter, including the vein.

efficiency, which is a combination of both label pseudocontinuous ASL (0.8) and background suppression (0.75), ␣, is 0.6 (0.8 ⫻
0.75); the labeling time, , is 1.5 seconds; ⌬S is the difference
between the reference and labeled image signal intensities; and
SO, the signal intensity of the proton density–weighted reference
image.
Oxygen consumption manifests as16:
4)

Theory
The principle of MR susceptometry is based on the measurement
of differences in susceptibility between a candidate cerebral vein
and its surroundings as obtained from axial phase images.15 The
cerebral veins can be approximated as infinitely long cylinders
parallel to a static magnetic field. The differences in susceptibility
between the vein and tissue manifest as9:
1)

⌬  vein-tissue ⫽ 2  ⫻ ␥ ⫻ ⌬  vein-tissue
⫻ 共cos2⫺1/3兲 ⫻ B0 ⫻ TE,

where ␥ is the gyromagnetic ratio, TE is the echo time, B0 is the
main magnetic strength, and  is the angle between the vein and
B0. Meanwhile, ⌬vein-tissue is the susceptibility shift between the
vein and tissue, as follows9,16:
2)

⌬  vein-tissue ⫽ ⌬  do ⫻ Hct ⫻ 共1 ⫺ Y v 兲,

where ⌬do (deoxygenated blood) is 0.27 ppm,15 Hct is the blood
hematocrit, and Yv is the venous oxygen saturation. Under normal conditions, arterial oxygen saturation is nearly 100%. Consequently, OEF can be approximated as OEF ⫽ 1 ⫺ Yv.9
CBF was calculated by using the following equation17:
3)

CBF ⫽  关1 ⫺ exp共⫺Tsat/T1gm兲兴
exp
⫻

冋

W
T1B

冉 冊册


2␣T1B 1 ⫺ exp ⫺
T1B

⫻

⌬S
,
SO

where the partition coefficient, , is 0.9; the time of saturation
performed before imaging, Tsat, is 2.0 seconds; the longitudinal
relaxation time (T1) of gray matter for 3T, T1gm,18 is 1.2 seconds;
the postlabel delay, W, is 2.0 seconds; the longitudinal relaxation
time (T1) of blood for 3T, T1B,18 is 1.4 seconds; the labeling

CMRO2 ⫽ 共Y a ⫺ Y v兲 ⫻ CBF ⫻ Ca,

where Ya is the arterial oxygen saturation approximated as 1, CBF
is brain-blood perfusion, and Ca is the oxygen concentration of
blood per 100 mL. Ca is determined by using the hemoglobin level
and O2 carrying capacity per gram of hemoglobin. For a healthy
person, this is 55.6 mol O2.16 In this study, we obtained the
CMRO2 by measuring Yv in the gray matter candidate veins by
using SWI and determining the local CBF in the region supplied
by the MCA by using ASL.

Image Processing
Susceptibility-weighted and ASL images were transferred to the
workstation (AW4.4, GE Healthcare) for postprocessing. SWI
was reconstructed as axis magnitude and phase images. High-pass
filtering (32 ⫻ 32 Hanning) was performed on the phase images
to remove variance in the background field.
The phase value measurements of the candidate vein (V) and
surrounding tissue (T) were based on methods proposed by Fan
et al16 and Fujima et al.19 V and T were measured in ROIs by
using a square ROI (20 ⫻ 20 pixels) containing the gray matter
candidate vein placed on the phase image (Fig 2). When the length
of the vessel exceeds 6⫻ its diameter, it can be fitted to the longcylinder model in MR susceptometry.8 Consequently, we selected
veins that had a length of at least 6⫻ their diameter. The orientation of the vein in the gray matter was verified as parallel to B0 by
tracing the vessel through several adjacent axial, sagittal, and coronal sections. The sagittal and coronal sections were reconstructed from the phase axis section. When there was a tilt angle of
the vein, it was calculated as follows8:
5)

 ⫽ tan⫺1

再冑

冎

关共 x1 ⫺ x2兲 2 ⫹ 共 y1 ⫺ y2兲 2 兴/⌬z 2 ,

where x1 and y1 are the coordinates of the vein measured for
phase in the axis section, x2 and y2 are the coordinates of the vein
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candidate veins were not available. Data
from 5 patients were excluded due to
this.
The ASL data were postprocessed by
using an automated reconstruction
script to generate CBF maps. This included motion correction, pair-wise
subtraction between control and labeled
images, and the generation of mean-difference images and quantitative CBF
maps.
Regional perfusion in both MCAs
was measured by ROIs based on a published template for healthy subjects and
patients (Fig 3).20 The ROIs of the regional CBF in each hemisphere were
2100 – 4000 mm2. The regional CBF of
tissue supplied by the MCA was quantified in both hemispheres from the top to
bottom sections (15–20 sections), and
the data were averaged. The regional
CMRO2 was calculated for the tissue
supplied by the MCA by using Yv and the
local CBF values.
All patients with acute stroke had
lesions located in the region around
the MCA. The stroke regions were not
included in the ROIs of CBF
measurement.

Statistical Analysis
All data were analyzed by using SPSS
19.0 (IBM, Armonk, New York). Paired
t tests were used to compare CBF, OEF,
FIG 3. Placement of the ROI for cerebral blood ﬂow measurements on an arterial spin-labeling CBF
and CMRO2 between hemispheres in
map. The ROI was positioned from the top (A) to the level of the thalami (B) in a 50-year-old patient
each subject. The ratios of the mean conwith an occlusive MCA. C and D, Anatomic images corresponding to A and B.
tralateral/lesion hemispheric CBF, OEF,
Table 2: Statistical results for the CBF, OEF, and CMRO2 in healthy subjects
and CMRO2 values were calculated and
CBF (mL/100 g/min)
OEF (%)
CMRO2 (mol/100 g/min)
defined as the relative CBF (rCBF), OEF
Left
Right
Left
Right
Left
Right
(rOEF), and CMRO2 (rCMRO2) in the
53.4 ⫾ 8.6
54.4 ⫾ 9.6
36.8 ⫾ 3.1
37.4 ⫾ 3.3
146.8 ⫾ 29.7
151.6 ⫾ 32.6
patient groups. Analysis of variance and
T
1.028
1.269
1.366
Student-Newman-Keuls tests were conP
.331
.236
.205
ducted to compare rCBF, rOEF, and
rCMRO2 among the groups. A P value
in the fifth axis section above or below the phase axis section, and
of ⬍ .05 was statistically significant.
⌬z is the section thickness ⫻ 5. Subsequently, the mean and SD
phase values were calculated in the ROI.
RESULTS
The definition of V was the darkest pixel or the average of at
The largest diameter that an ischemic lesion demonstrated on
least 4 dark pixels of similar phase value in the largest vessels (Fig
DWI was 1.8 –5.4 cm (median value, 2.6 cm).
2).16,19 Estimation of T was by using the average phase value up
The diameter of the vessel at the point of maximal narrowing
16,19
For 1
to the threshold value (mean ⫾ 2 SDs) in the ROI.
relative
to the normal distal lumen diameter was 0.675 ⫾ 0.105
candidate vein, V and T were measured 3 times by an expericm,
0.371
⫾ 0.078 cm, 0 cm, and 0.298 ⫾ 0.254 cm in groups 1, 2,
menter who was blinded to the vascular results and the values
3,
and
4,
respectively.
The tilt angle of all veins lay in the 10°–34°
were averaged. The ⌬vein-tissue value was calculated as V ⫺ T.
range
(mean
values,
25.8°⫾
5.1°).
We randomly chose 5 candidate veins on each side of the region in
For
the
control
subjects,
the
mean gray matter Yv, CBF, OEF,
the cerebral cortex supplied by the MCA for each subject, to oband
CMRO
of
the
hemispheres
supplied by the MCA was
tain 5 average ⌬vein-tissue values. The veins in the stroke regions
2
0.629
⫾
0.032
(0.579
–
0.674),
55.7
⫾
9.4 (31.9 – 67.4) mL ⫻ 100
were not included in the measurement. Data were excluded if 5
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Table 3: Statistical results of the paired t test for the CBF, OEF, and CMRO2 in the 4 patient subgroups
Contralateral Stenosis
CBF (mL/100 g/min)

CMRO2 (mol/100 g/min)

OEF (%)

Group 1
51.9 ⫾ 9.5

50.7 ⫾ 11.2

T
P
Group 2
54.6 ⫾ 5.9

38.4 ⫾ 1.9

4.146
.002
54.0 ⫾ 10.3

T
P
Group 4

153.2 ⫾ 24.0

37.2 ⫾ 9.7

42.6 ⫾ 3.8

37.1 ⫾ 2.9

150.3 ⫾ 28.5

40.8 ⫾ 11.8

44.5 ⫾ 3.9

38.3 ⫾ 4.1

154.0 ⫾ 43.4

g⫺1 ⫻ min⫺1, 37.1% ⫾ 3.2% (32.6%– 42.1%), and 145.8 ⫾ 25.1
(100.6 –193.4) mol ⫻ 100 g⫺1 ⫻ min⫺1, respectively. There
were no significant differences in CBF, OEF, and CMRO2 between
the hemispheres (Table 2).
In group 1, significant differences between hemispheres
were observed in OEF, but not in CBF or CMRO2. The OEF in
hemispheres with mild MCA stenosis was significantly higher
than that in the contralateral hemispheres. Additionally, in
group 2, there were significant differences in CBF and OEF, but
not in CMRO2 (Table 3). Hemispheres with severe MCA stenosis had a significantly lower CBF and significantly higher
OEF than the contralateral hemispheres. Significant differences between hemispheres were observed for CBF, OEF, and
CMRO2 in groups 3 and 4 (Table 3). In addition, hemispheres
with occluded MCAs had a significantly lower CBF and
CMRO2 and significantly higher OEF than the contralateral
hemispheres.
There were significant differences in rCBF, rCMRO2 and
rOEF in the 4 patient groups (Table 4). rCBF and rCMRO2
values gradually decreased among groups, but rOEF values

125.3 ⫾ 35.3
2.926
.010

43.9 ⫾ 3.5

161.2 ⫾ 47.4

4.626
⬍.001

Table 4: Results of the analysis of variance test for the normal-to-lesion ratio of CBF, OEF,
and CMRO2 in the 4 patient subgroups
Group 1
Group 2
Group 3
Group 4
F
P
rCBF
0.98 ⫾ 0.11
0.87 ⫾ 0.11
0.70 ⫾ 0.17
0.74 ⫾ 0.17
10.617
⬍.001
rOEF
1.06 ⫾ 0.05
1.11 ⫾ 0.08
1.21 ⫾ 0.14
1.16 ⫾ 0.14
4.316
.009
1.03 ⫾ 0.15
0.98 ⫾ 0.15
0.84 ⫾ 0.21
0.86 ⫾ 0.23
3.041
.037
rCMRO2
Table 5: Results of the Student-Newman-Keuls test for the
normal-to-lesion ratio of CBF, OEF, and CMRO2 in the 4 patient
subgroups with increasing MCA stenotic severity
rCBF
rOEF
rCMRO2
Group 1
Group 2
⬎0.05
⬎0.05
⬎0.05
Group 3
⬍0.05
⬍0.05
⬎0.05
Group 4
⬍0.05
⬎0.05
⬎0.05
Group 2
Group 3
⬍0.05
⬎0.05
⬎0.05
Group 4
⬍0.05
⬎0.05
⬎0.05
Group 3
Group 4
⬎0.05
⬎0.05
⬎0.05

149.4 ⫾ 46.1
0.132
.898

6.128
⬍.001

5.898
⬍.001

155.5 ⫾ 22.9
0.377
.713

4.690
.001

6.295
⬍.001
55.3 ⫾ 9.5

40.6 ⫾ 4.2
4.027
.002

47.9 ⫾ 9.8

T
P
Group 3

T
P

38.5 ⫾ 3.9

0.796
.442

135.0 ⫾ 41.3
2.647
.018

gradually increased from group 1 to 3,
coincident with an increase in the degree of angiostenosis. Table 5 lists the
Student-Newman-Keuls results comparing the lesion-to-normal ratios in
the 4 patient groups.

DISCUSSION
In the present study, the mean venous oxygen saturation, Yv,
(0.629 ⫾ 0.032) of healthy subjects was similar to those in earlier
reports (0.64 ⫾ 0.04,6 0.638 ⫾ 0.03,7 0.628 ⫾ 0.05321) that were
measured in the sagittal sinus by using quantitative susceptibility
mapping.
Table 6 shows that the range of mean OEF measured by PET
has been reported as 35%– 43%.22-27 The OEF (37.1% ⫾ 3.2%)
calculated in this study was within this range. With a catheterderived arteriovenous approach, OEF at the right jugular bulb has
been calculated as 36% ⫾ 5%,23 which is very close to the OEF
calculated in this study.
CMRO2 measured by PET has been reported as ranging from
127 ⫾ 17.4 to 156 ⫾ 22.3 mol ⫻ 100 g⫺1 ⫻ min⫺1 (Table
6).22-27 The measurement location was typically global brain regions in these studies.22-25 The CMRO2 in gray matter was measured in 2 studies, and values of 156 ⫾ 22.3 or 184.9 ⫾ 20.1
mol ⫻ 100 g⫺1 ⫻ min⫺1 were reported.25,27 The ROI in this
study incorporated both gray matter and white matter supplied by the MCA. Gray matter CBF is 2.8 times that of white
matter,25 that is, CBF in white matter is significantly lower
than in gray matter. Therefore, CBF in the ROI is lower than in
the gray matter. The CBF decreased, leading to a decrease in
CMRO2 in the ROI. This means that CMRO2 found in this
study (145.8 ⫾ 25.1 mol ⫻ 100 g⫺1 ⫻ min⫺1) is lower than
gray matter CMRO2.25,27 Furthermore, quantitative susceptibility mapping– based CMRO2 measurements within left and
right cortical gray matter regions associated with MCA territories have been reported as 149.3 ⫾ 27.1 and 154.8 ⫾ 37.7
mol ⫻ 100 g⫺1 ⫻ min ⫺1.28 This finding indicates that the
measurement method and CMRO2 values in this study are
consistent with quantitative susceptibility mapping– based
AJNR Am J Neuroradiol 37:607–14

Apr 2016

www.ajnr.org

611

A 32 ⫻ 32 Hanning filter was used to
enhance the phase image in this study.
This resulted in ⬍1% Yv bias.16 Therefore, the effects on the quantification of
the vein-tissue phase caused by the 32 ⫻
32 Hanning filter can be safely ignored.
To the best of our knowledge, no previous studies have investigated changes in
CBF, OEF, and CMRO2 based on the severity of MCA stenosis. With the help of
HR-T2WI, we measured and classified the
degree of MCA stenosis, which has not
been published previously. Moreover,
ASL and SWI are noninvasive examinations compared with PET, making these
techniques attractive for a clinical setting.
As shown in Table 3, CBF significantly decreased in groups 2
and 3. In addition, OEF increased from groups 2 through 4, coincident with the severity of the MCA stenosis. This increase is a
compensatory mechanism to counteract the decrease in CBF and
stabilize cerebral oxygen metabolism, indicating a self-regulatory
mechanism in the brain.
Tables 4 and 5 show that a small increase in rOEF was present in patients with severe MCA stenosis (group 2) compared
with patients with mild MCA stenosis (group 1). Most interesting, rOEF was significantly higher in patients with occlusive MCA
(group 3) compared with patients with mild MCA stenosis. This
result demonstrates that collateral circulation can compensate for the
shortage in CBF in patients with mild MCA stenosis, but not in those
with severe MCA stenosis. Moreover, in mild or severe MCA stenosis, the CMRO2 of the hemisphere with MCA stenosis was similar to
or slightly lower than the contralateral CMRO2. This difference indicates that an increase in the OEF can balance a decrease in CBF in the
presence of mild or severe MCA stenosis, ultimately maintaining
brain oxygen availability. Conversely, when an occlusion was present
in the MCA, the CMRO2 of the affected hemisphere was significantly
lower than that of the contralateral hemisphere. These findings indicate that the presence of an occlusion prevents an increase in OEF to
offset the decrease in CBF, leading to a decrease in CMRO2. This
decrease in CMRO2 can disrupt normal cellular function or metabolism and ultimately lead to cell death. Furthermore, a decrease in
CMRO2 indicates that the OEF has reached a maximal or nearly
maximal level. Consequently, the risk of stroke is higher in patients
with severe stenosis or an occluded MCA than in the presence of mild
stenosis.
The CBF in stroke regions was significantly lower than that
in the normal brain. There can be significant measurement
errors if the stroke area is incorporated in the ROI; therefore,
we avoided the stroke region when measuring CBF in patients
with acute stroke. We observed that the OEF and CMRO2 significantly increased and decreased, respectively, in the territory of the occluded MCA during acute stroke. This observation is consistent with the findings of previous studies by using
PET.30-33 Tables 3–5 show that the CBF, OEF, and CMRO2
values of patients with acute stroke were similar to those of
patients in group 3, but not group 2. Conversely, the degree of
the angiostenosis in group 4 was similar to that of group 2, but

Table 6: Comparison of OEF and CMRO2 with published literature values determined by
using PET for healthy subjects
CMRO2
Mean Age
Study (Reference)
OEF (Mean) (Range)
(mol/min/100 g)
No.
(yr) (range)
0.44 ⫾ 0.06
147.0 ⫾ 22.3
70
53.1 (18–77)
Ito et al22,a
(0.36 ⫾ 0.06–0.51 ⫾ 0.04)
0.39 ⫾ 0.06
127.0 ⫾ 17.4
16
35 (21–46)
Hattori et al23,a
(0.30–0.51)
0.42 ⫾ 0.04
124.8 ⫾ 22.3
7
30 (18–60)
Coles et al24,a
0.35 ⫾ 0.06
156.0 ⫾ 22.3
8
NA (21–24)
Ibaraki et al25,b
0.43 ⫾ 0.06
135.9 ⫾ 8.9
7
69 (57–80)
Bremmer et al26,a
0.39 ⫾ 0.05
184.9 ⫾ 20.1
7
25.3 (NA)
Kudomi et al27,b
Note:—NA indicates not available.
a
Across subjects/brain regions.
b
Gray matter values.

CMRO2 measurements,28 suggesting the robustness of these
methods for the measurement of OEF and CMRO2.
The original phase-based regional oxygen metabolism
method used a multiecho sequence.16 Multiecho phase values
fit a straight line that is a phase against TE, and a new phase for
a TE is extrapolated from the straight line. The difference between the new phase and the measured phase is due to noise.
Multiecho sequences remove the effect of noise on phase measurements. The SD in Yv estimates due to noise is ⬍5% of
oxygen saturation, with a signal-to-noise ratio is as low as 10,16
whereas an ordinary phase image has an average SNR in the
range of 40 –70. This means that thermal noise within this SNR
range leads to proportionately small error values. In addition,
multiecho sequences require triple the calculations of singleecho sequences, which makes it difficult to apply the former in
clinical practice.
We reconstructed the magnitude and phase images by using
a single-echo sequence. The mean Yv (0.629 ⫾ 0.032) in this
study is similar to the value (0.638 ⫾ 0.03) measured in the
sagittal sinus by using a dual-echo sequence in healthy subjects.7 Furthermore, the OEF and CMRO2 values of the healthy
subjects in this study are in agreement with the values determined by using PET or MR imaging.22-28 These results demonstrate that the present method of OEF measurement is accurate; therefore, OEF measured by a single-echo sequence is
simple and useful.
An earlier study used standard approximate values for Hct and
hemoglobin16,28,29; however, Hct and hemoglobin were calculated directly from blood measurements in this study.
At present, there is controversy over the value of ⌬do.16 The 2
reported values (0.27 and 0.18 ppm) lead to a difference of approximately 13% in SvO2 estimates.7 We adopted 0.27 ppm in
this study on the basis of recently published research.15
The susceptibility reproduced by the long-cylinder approximation has excellent accuracy and precision when the length of a
vein exceeds 6⫻ its diameter8; therefore, a vein with a length of at
least 6⫻ its diameter can be used in the long-cylinder model in
MR susceptometry. On the basis of our observations, this standard is easy to meet in the veins of the brain.
All vessels were not parallel to the B0 field, and the tilt angle
was not equal to zero. Veins thread tortuously through the brain
sulcus. Therefore, significant lengths that are parallel to the B0
field are unlikely.
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not group 3. Table 5 shows that there was a significant difference in rCBF between groups 2 and 4. The OEF may have
reached its maximum value because of the markedly decreased
CBF in group 4, which consequently led to the acute stroke.
Most patients in group 3 had neurologic symptoms, such as
headache. Research has revealed that there is a high incidence
of stroke in patients with an increased OEF due to an occluded
carotid artery.34 As a result, patients with an increased OEF in
group 3 may have been close to having a stroke.
This study has several limitations. First, although we simplified the method as much as possible, it remains complex and
difficult to master for clinician doctors. Second, the controversy
regarding the value of ⌬do remains. Third, this method can only
obtain measurements for the entire MCA territory, not the regional OEF in the infarction area or penumbra.

CONCLUSIONS
The study obtained 2 primary results: 1) The OEF gradually increased from group 1 through 3. When the increased OEF compensated for a decreased CBF, CMRO2 remained at a normal
level; however, an occluded MCA led to a reduction in both CBF
and CMRO2. 2) The OEF and CMRO2 were significantly increased and decreased, respectively, in the territory around the
occluded MCA in acute stroke.
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ADULT BRAIN

Risk Factors for Growth of Intracranial Aneurysms: A
Systematic Review and Meta-Analysis
X W. Brinjikji, X Y.-Q. Zhu, X G. Lanzino, X H.J. Cloft, X M.H. Murad, X Z. Wang, and X D.F. Kallmes

ABSTRACT
BACKGROUND AND PURPOSE: Understanding risk factors for intracranial aneurysm growth is important for patient management. We
performed a meta-analysis examining risk factors for intracranial aneurysm growth in longitudinal studies and examined the association
between aneurysm growth and rupture.
MATERIALS AND METHODS: We searched the literature for longitudinal studies of patients with unruptured aneurysms. We examined
the associations of demographics, multiple aneurysms, prior subarachnoid hemorrhage, family history of aneurysm or subarachnoid
hemorrhage, smoking, and hypertension; and aneurysm shape, size, and location with aneurysm growth. We studied the association
between aneurysm growth and rupture. A meta-analysis was performed by using a random-effects model by using summary statistics from
included studies.
RESULTS: Twenty-one studies including 3954 patients with 4990 aneurysms with 13,294 aneurysm-years of follow-up were included. The
overall proportion of growing aneurysms was 3.0% per aneurysm-year (95% CI, 2.0%– 4.0%). Patient risk factors for growth included age
older than 50 years (3.8% per year versus 0.9% per year, P ⬍ .01), female sex (3.2% per year versus 1.3% per year, P ⬍ .01), and smoking history
(5.5% per year versus 3.5% per year, P ⬍ .01). Characteristics associated with higher growth rates included cavernous carotid artery location
(14.4% per year), nonsaccular shape (14.7% per year versus 5.2% per year for saccular, P ⬍ .01), and aneurysm size (P ⬍ .01). Aneurysm growth
was associated with a rupture rate of 3.1% per year compared with 0.1% per year for stable aneurysms (P ⬍ .01).
CONCLUSIONS: Observational evidence provided multiple clinical and anatomic risk factors for aneurysm growth, including age older
than 50 years, female sex, smoking history, and nonsaccular shape. These ﬁndings should be considered when counseling patients regarding the natural history of unruptured intracranial aneurysms.

U

nruptured intracranial aneurysms have a fairly high prevalence in the general population, with estimates of aneurysm
prevalence ranging from 2% to 8%.1,2 However, the incidence of
subarachnoid hemorrhage is substantially lower, estimated to be
10 –30 per 100,000 per year.3 In addition to rupture, aneurysms
can result in substantial morbidity secondary to cranial nerve palsies, headache, and even anxiety.4 Overall, there has been a trend
toward increased treatment of unruptured intracranial aneurysms with surgical clipping and endovascular coiling.5 With im-
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provement in operative and endovascular techniques as well as
postoperative care, the morbidity and mortality related to these
procedures has decreased with time.6 When counseling patients
with unruptured aneurysms, many practitioners discuss the risks
of surgical or endovascular treatment in the context of the natural
history of their aneurysms.4 Results from long-term follow-up
studies, such as the International Study of Unruptured Intracranial Aneurysms, the Small Unruptured Intracranial Aneurysm
Verification study (UCAS), are often used in discussing the natural history of unruptured aneurysms with patients.7-11
Risk factors for aneurysm growth are relatively understudied
compared with those of aneurysm rupture. However, many longitudinal observational studies may not follow patients long
enough to witness aneurysm rupture but will see aneurysm
growth during their short follow-up time. In addition, aneurysms
that grow on surveillance imaging are generally treated; this factor
potentially decreases the rupture rate in many longitudinal studies. Because growth itself may be a risk factor for rupture, an
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understanding of the clinical and anatomic risk factors for aneurysm growth is important.12 Therefore, we performed a systematic review and meta-analysis of all published studies examining
the clinical and anatomic risk factors for aneurysm growth. In
addition, we performed a separate analysis to determine the rupture rate of growing aneurysms. We hypothesized that factors
known to be associated with aneurysm rupture (ie, Japanese or
Finnish population, hypertension, older age, increasing aneurysm
size, previous SAH, and location) would also be associated with
growth.

MATERIALS AND METHODS
A comprehensive literature search of the data bases PubMed,
Ovid MEDLINE, and Ovid EMBASE was designed and conducted
by an experienced librarian with input from the authors. The key
words, “intracranial aneurysm,” “unruptured aneurysm,” “aneurysm,” “cerebral aneurysm,” “growth,” “natural history,” “rupture,” “longitudinal,” “morbidity,” “mortality,” “CT,” “MR imaging,” and “angiography,” were used in “and/or” combinations.
The search included all articles published on this topic from January 1960 to November 2014. All studies with longitudinal follow-up of unruptured intracranial aneurysms reporting growth
were included. Inclusion criteria were the following: 1) a series of
⬎10 patients, with available data on clinical and anatomic risk
factors for aneurysm growth; 2) a series with a mean or median
follow-up of at least 12 months; 3) studies published in English;
and 4) studies of a consecutive series of patients with unruptured
aneurysms undergoing clinical and/or angiographic follow-up.
Studies with ⬍10 patients, published, in a language other than
English, or with a mean or median follow-up of ⬍12 months were
excluded. Studies comparing the characteristics of ruptured and
unruptured intracranial aneurysms on presentation were excluded as well. Two reviewers selected the included studies. Inconsistencies were handled by a third reviewer with final say regarding inclusion or exclusion of a given study.
For each study, we extracted the following information for risk
factors for aneurysm growth: overall proportion of growing aneurysms, age (by using both 50 and 70 years as age cutoffs), ethnicity,
sex, aneurysm location (ICA, MCA, anterior cerebral artery/anterior
communicating artery, vertebrobasilar, and common carotid artery), posterior or anterior aneurysm location, aneurysm multiplicity, prior SAH, family history of aneurysm or SAH, hypertension,
smoking, aneurysm shape (saccular, lobular, daughter sac, fusiform),
saccular or nonsaccular morphology, and aneurysm size (by using 3,
5, 7, 10, 13, and 25 mm as cutoffs). In addition, we studied the association between aneurysm growth and rupture. Aneurysm size and
age could not be analyzed as continuous variables because these data
were obtained from summary data rather than individual patient
data. We chose the most commonly used age and size categories to
include the largest number of patients/aneurysms possible for this
study. The definition of aneurysm growth varied by study; however,
in general, “growth” was defined as an increase of at least 1–2 mm in
maximum aneurysm dimension.
We also collected the following information from each study:
patient-years of follow-up, aneurysm-years of follow-up, mean
overall follow-up, study population, study design, outcomes reported, imaging used in follow-up, and study risk of bias. Because
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the included studies were uncontrolled, we modified the Newcastle-Ottawa Quality Assessment Scale to assess the risk of bias.
Therefore, we assessed study risk of bias on the basis of the following questions: Did the study include all patients or consecutive
patients with clinical or angiographic follow-up versus a selected
sample? Were angiographic and clinical follow-up satisfactory,
thus allowing ascertainment of all outcomes? Was the case definition adequate (ie, the clinical and angiographic risk factors were
clearly stated)? Were outcomes well ascertained? Was the length
of longitudinal follow-up sufficient to estimate aneurysm growth
rates? Studies judged to be at low risk of bias were defined as those
with a predefined study protocol, high rates of imaging and clinical follow-up (at least 70% of angiographic and/or clinical follow-up during the study period), and adequate ascertainment of
clinical and anatomic risk factors for growth. Studies judged to be
at a high risk of bias were those that evaluated only a specific
subset of patients with unruptured aneurysms (ie, specific size,
location), had a lack of adequate ascertainment of clinical and
anatomic risk factors for growth and/or rupture, and had low
rates of angiographic or clinical follow-up.

Statistical Analysis
We estimated from each cohort the cumulative incidence
(event rate) and 95% confidence interval of the proportion of
aneurysms growing per year of follow-up for individual aneurysm characteristics and per patient-year for patient/clinical
characteristics. All data are reported on a per-year basis rather
than a per-patient or per-aneurysm basis. Event rates for each
intervention were pooled in a meta-analysis across studies by
using the DerSimonian and Laird random-effects models.13
Anticipating heterogeneity between studies, we chose this
model a priori because it incorporates within-study variance
and between-study variance. We also extracted a 2 ⫻ 2 table for
each studied outcome for interaction testing and calculated P
values for the comparisons between the previously mentioned
clinical and anatomic characteristics. Meta-regression was not
used in this study. Heterogeneity of treatment effect across
studies was evaluated by using the I2 statistic, in which I2
⬎50% suggested substantial heterogeneity.14

RESULTS
Literature Review
Our initial literature search yielded 1029 articles. Twenty-one
studies reported risk factors for aneurysm growth, including 3954
patients with 4990 aneurysms with 11,000 patient-years and
13,294 aneurysm-years of follow-up.9,12,15-33 Eleven of these
studies reported the rupture rate of growing aneurysms. Mean
patient follow-up was 4.9 years, and median was 3.2 years. The
characteristics of the included studies are provided in the On-line
Table. Details of our search are provided in Fig 1.

Risk Factors for Aneurysm Growth
Overall growth rate per aneurysm was 3.0% of aneurysms per
aneurysm-year (95% CI, 2.0%– 4.0%) (Fig 2). Patient risk factors
for aneurysm growth included age older than 50 years (3.8% per
year compared with 0.9% per year, P ⬍ .01), female sex (3.2% per

year versus 1.3% per year, P ⬍ .01), and prior smoking history
(5.5% per year versus 3.5% per year, P ⬍ .01).
By location, aneurysms with the highest growth rates included
cavernous carotid artery (14.4% per year), vertebrobasilar (3.6%
per year), and MCA aneurysms (3.3% per year). Overall, the
1029 unique articles identified and
screened
810 excluded based on abstract and
title alone
219 full-text articles retrieved for more
detailed evaluation

47 potentially relevant articles
identified

122 articles were excluded as they did
not report angiographic or clinical risk
factors for aneurysm growth and
rupture. 50 were excluded as they
reported aneurysm or subarachnoid
hemorrhage incidence and prevalence
rates, but did not include any
longitudinal follow-up of unruptured
aneurysms.
7 were excluded as they were either
duplicate publications or reported the
same study population twice. 19 were
excluded as they reported aneurysm
rupture but not growth.

21 articles with usable information
included in final study

growth rate was higher for posterior circulation aneurysms (3.8%
per year) compared with anterior circulation aneurysms (2.7%
per year, P ⬍ .01). Aneurysms with nonsaccular shape had higher
growth rates than saccular aneurysms (14.7% per year versus
5.2% per year, P ⬍ .01). Aneurysms of ⬍10 mm were associated
with growth rates of 2.9% per year, while aneurysms of ⬎10 mm
were associated with growth rates of 9.7% per year (P ⬍ .01).
Aneurysm multiplicity, family history, hypertension, and prior
history of SAH were not statistically associated with higher rates of
aneurysm growth (P ⬎ .05). These data are summarized in the Table.

Aneurysm Growth and Rupture
Ten studies examined the association between aneurysm growth
and rupture. Aneurysm growth was associated with a rupture rate
of 3.1% per year compared with 0.1% per year for nongrowing
aneurysms (P ⬍ .01).

Risk of Bias
Of the 21 studies included in our meta-analysis, 15 had a high risk
of bias, 4 had a moderate risk of bias, and 2 had a low risk of bias.
Studies at a high risk of bias reported higher rates of aneurysm

FIG 1. Flow diagram summarizing the search strategy for meta-analysis.

FIG 2. Forest plot for aneurysm growth meta-analysis.
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Risk factors for aneurysm growth

Overall growth rate
Age (yr)
50 or younger
50 or older
70 or younger
70 or older
Population
Japanese
Finnish
Sex
Male
Female
Aneurysm location
ICA
MCA
ACA/AcomA
VBA
Cavernous carotid artery
Anterior vs posterior
Anterior
Posterior
Multiple aneurysms
Yes
No
Prior SAH
Yes
No
Family history
Yes
No
HTN
Yes
No
Smoking
Yes
No
Shape
Saccular
Lobular
Daughter sac
Fusiform
Shape
Saccular
Nonsaccular
Size (mm)
⬍3
⬎3
⬍5
⬎5
⬍7
⬎7
⬍10
⬎10
⬍13
⬎13
Study risk of bias
High
Medium
Low

Proportion of
Growing Aneurysms
No. of
per Patient-Year
P
Studies
(95% CI)
I2 Value
21
3.0 (2.0–4.0)
95 –
6
3
5
1

0.9 (0.0–24.7)
3.8 (1.3–11.5)
2.4 (0.4–16.3)
2.5 (1.2–5.4)

93 ⬍.0001
96
96
.04
NA

9
1

2.7 (1.5–4.7)
2.4 (1.7–3.3)

82 –
NA –

12
12

1.3 (0.5–3.6)
3.2 (1.6–6.3)

90 ⬍.01
95

13
13
13
12
2

2.5 (1.1–5.5)
3.3 (1.4–7.9)
1.8 (0.8–4.2)
3.6 (1.3–9.9)
14.4 (5.1–40.2)

92 ⬍.01
87
89
85
75

14
13

2.7 (1.4–5.0)
3.8 (1.5–9.9)

95 ⬍.01
84

13
11

2.3 (1.1–4.8)
3.0 (1.7–5.4)

85
86

.80

9
8

2.2 (0.7–6.8)
4.7 (1.9–11.6)

92
95

.06

7
7

5.0 (1.6–15.1)
3.8 (1.5–9.3)

79
97

.58

11
11

3.9 (1.9–8.0)
4.0 (1.9–8.0)

92
93

.88

12
11

5.5 (3.0–9.9)
3.5 (1.7–7.1)

81 ⬍.01
94

4
2
1
1

5.2 (2.3–11.8)
15.2 (5.8–40.2)
16.7 (4.9–56.7)
13.7 (6.4–29.5)

75 ⬍.01
0
NA
NA

4
4

5.2 (2.3–11.8)
14.7 (8.6–25.2)

75 ⬍.01
0

4
15
9
13
11
10
15
10
15
5

4.1 (1.3–12.9)
5.2 (2.9–9.3)
2.3 (1.2–4.2)
6.5 (3.6–12.0)
2.5 (1.5–4.1)
9.2 (4.1–20.6)
2.9 (1.6–5.2)
9.7 (4.0–23.8)
3.0 (1.6–5.3)
8.1 (1.8–36.1)

88
87
89
84
90
84
96
81
96
83

15
4
2

2.9 (1.6–5.6)
1.7 (0.4–7.2)
1.7 (0.8–3.4)

95 ⬍.01
92
86

⬍.01
⬍.01
⬍.01
⬍.01
⬍.01

Note:—AcomA indicates anterior communicating artery; VBA, vertebrobasilar artery; HTN, hypertension; ACA, anterior cerebral artery; NA, not applicable.

growth (2.9% per year) compared with those with a low risk of
bias (1.7% per year).

DISCUSSION
This meta-analysis of 21 longitudinal studies examining the natural history of unruptured aneurysms highlights a number of im618
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portant risk factors for aneurysm growth. Overall growth rates of
2.5% of aneurysms per year are not negligible. Risk factors found
to be statistically associated with aneurysm growth included
larger aneurysm size, posterior circulation location, irregular aneurysm shape, smoking, and female sex. Aneurysm growth was in
itself a risk factor for rupture with growing aneurysms being ⬎30
times as likely to rupture compared with stable aneurysms. These
findings are noteworthy because they highlight important clinical
and anatomic risk factors for progression of intracranial aneurysms that can be used in counseling patients with unruptured
aneurysms. Risk factors for aneurysm growth have not been as
extensively studied as those for aneurysm rupture. This metaanalysis highlights the fact that aneurysm growth is not uncommon; and in the case of larger and irregularly shaped aneurysms
and aneurysms located in the cavernous carotid artery, growth
rates are rather high.
Overall, large previous studies have demonstrated that annual
aneurysm growth rates hover around 1.5%–2.5% of aneurysms/
year, similar to our findings.12,20,31,34 A number of factors have
been reported associated with aneurysm growth, including aneurysm size, location at a bifurcation or posterior circulation, young
age, hypertension, smoking, aneurysm multiplicity, and aneurysm lobulation.12,16,18,21,31 Our meta-analysis of nearly 4000 patients found that growth was associated with increasing age, female sex, smoking, irregular aneurysm shape, location in the
posterior circulation, cavernous carotid artery or MCA bifurcation, and larger aneurysm size.
The rupture rate of growing aneurysms varies substantially
across studies. In a study of 1002 patients with 1325 unruptured
aneurysms, Inoue et al20 found that the annual rupture risk after
aneurysm growth was 18.5%/person-year. Mehan et al12 found
that aneurysm growth was associated with an odds ratio of 55.9
for rupture on a multivariate analysis. Villablanca et al31 found
that annual rupture rates were ⬎10 times higher in growing compared with nongrowing aneurysms. Juvela et al22 also demonstrated a strong association between aneurysm growth and rupture. The series of Juvela et al, which has the longest follow-up of
any population-based study on the natural history of unruptured
aneurysms, demonstrated that 45% of aneurysms undergoing follow-up had some growth of ⬎1 mm during the lifetime of the
patient. Of these, 66% ruptured.22 In our meta-analysis, growing
aneurysms were ⬎30 times more likely to rupture than stable
ones, and the overall rupture rate of these aneurysms was 3.1%
per year.
Understanding factors associated with aneurysm growth is
also important because imaging surveillance of intracranial aneurysms is based on the principle that aneurysms that grow or
change morphology are less stable and thus more prone to rupture.4 Progression of the aneurysm is generally considered an indication to treat because growing aneurysms are known to be
associated with aneurysm rupture.35 Understanding factors associated with aneurysm growth could help in determining which
subset of aneurysms deserve the closest follow-up. For example,
in our study, aneurysms with daughter sacs or lobulations had a
14.7% growth rate per year, while the overall aneurysm growth
rate was 2.5% per year. These findings would suggest that such
aneurysms may require more regular imaging follow-up to detect

growth to allow intervention before future rupture. Ultimately,
further studies are needed to determine the best screening decisions for high-risk aneurysms.
Risk factors for aneurysm rupture have been more extensively
studied than aneurysm growth due to the substantial morbidity
and mortality rates associated with aneurysmal subarachnoid
hemorrhage.4 A number of large longitudinal studies on the risk
factors of aneurysmal rupture have been performed, which have
enhanced our understanding of the natural history of unruptured
aneurysms.7,9,10,22,33,36-39 Overall rupture rates in these studies
range from 1% to 1.4% per year.9,10,36,37 Clinical risk factors for
aneurysm rupture in these studies included hypertension, smoking, aneurysm multiplicity, prior history of SAH, family history,
and female sex.22 Anatomic risk factors included increased aneurysm size, the presence of a daughter sac, and posterior circulation
location.9,36 These factors are similar to those seen in our metaanalysis of aneurysm growth.
A number of models have been proposed to study the risks of
aneurysm rupture. The recently published PHASES score is based
on data from several large population studies comprising 8382
patients with 10,272 aneurysms.8 Risk factors for aneurysm rupture in this risk score include Japanese or Finnish descent, hypertension, age older than 70 years, larger aneurysm size, prior SAH,
and MCA/anterior cerebral artery/posterior communicating artery/posterior circulation aneurysm location. A higher PHASES
score is strongly associated with a higher risk of rupture. Our
study highlights a number of variables that were strongly associated with aneurysm growth that were not included in the original
PHASES score, including irregular aneurysm shape (ie, lobulation, daughter sac, fusiform), female sex, and smoking. Furthermore, aneurysm growth was found to be a strong predictor of
rupture. One recently published consensus study by Etminan
et al35 proposed a model for assessing treatment decisions for
unruptured aneurysms that combined variables, including clinical characteristics, family history, and aneurysm characteristics.
This study highlighted factors such as aneurysm growth, lobulation, and smoking history into their model as factors that would
sway the decision toward treatment rather than observation.35
Our study lends further evidence to support the conclusions of
this consensus group.

Strengths and Limitations
The strengths of our study include following an a priori established protocol, the comprehensive literature search that involved
multiple data bases, and the process of study selection performed
by independent reviewers. The main limitation of this analysis is
the lack of individual patient data, which makes prognostic analysis subject to confounding and ecologic bias. In addition, 15/21
studies having a high risk of bias further limits our results. Furthermore, many studies differed in their methods of classifications of aneurysm size, location, shape, definition of family history, and smoking history. Aneurysm growth was assessed with
various imaging modalities, including CTA, DSA, and MRA,
which could introduce some error or bias. In addition, studies had
variable thresholds for determining growth of the aneurysm. Aneurysm measurements could vary substantially on the basis of
software packages and imaging modalities used. In addition, there

is the possibility of inter- and intraobserver variability in assessing
aneurysm growth. There are no validated tools to evaluate the
methodologic quality of noncomparative series. Publication bias
is very likely in the setting of observational studies. The results of
this study are further biased because larger aneurysms are more
likely to be treated than smaller aneurysms; this treatment choice
clouds our understanding of the natural history of these lesions.
The results of our study may be biased because they are based on
only studies that reported risk factors for aneurysm growth. Last,
uniform assessment and reporting of complications in a standardized fashion were lacking. Nevertheless, this meta-analysis
provides useful prognostic data to share with patients and families
when assessing the natural history of intracranial aneurysms.

CONCLUSIONS
Overall growth rates of intracranial aneurysms are not negligible.
Risk factors for the growth of intracranial aneurysms included
nonsaccular aneurysm shape, larger aneurysm size, hypertension,
and female sex. Aneurysm growth is significantly associated with
rupture as well. These findings should be considered when counseling patients regarding the natural history of intracranial
aneurysms.
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Computational Identiﬁcation of Tumor Anatomic Location
Associated with Survival in 2 Large Cohorts of Human
Primary Glioblastomas
X T.T. Liu, X A.S. Achrol, X L.A. Mitchell, X W.A. Du, X J.J. Loya, X S.A. Rodriguez, X A. Feroze, X E.M. Westbroek, X K.W. Yeom,
X J.M. Stuart, S.D. Chang, X G.R. Harsh IV, and X D.L. Rubin

ABSTRACT
BACKGROUND AND PURPOSE: Tumor location has been shown to be a signiﬁcant prognostic factor in patients with glioblastoma. The
purpose of this study was to characterize glioblastoma lesions by identifying MR imaging voxel-based tumor location features that are
associated with tumor molecular proﬁles, patient characteristics, and clinical outcomes.
MATERIALS AND METHODS: Preoperative T1 anatomic MR images of 384 patients with glioblastomas were obtained from 2 independent
cohorts (n ⫽ 253 from the Stanford University Medical Center for training and n ⫽ 131 from The Cancer Genome Atlas for validation). An
automated computational image-analysis pipeline was developed to determine the anatomic locations of tumor in each patient. Voxelbased differences in tumor location between good (overall survival of ⬎17 months) and poor (overall survival of ⬍11 months) survival
groups identiﬁed in the training cohort were used to classify patients in The Cancer Genome Atlas cohort into 2 brain-location groups, for
which clinical features, messenger RNA expression, and copy number changes were compared to elucidate the biologic basis of tumors
located in different brain regions.
RESULTS: Tumors in the right occipitotemporal periventricular white matter were signiﬁcantly associated with poor survival in both
training and test cohorts (both, log-rank P ⬍ .05) and had larger tumor volume compared with tumors in other locations. Tumors in the right
periatrial location were associated with hypoxia pathway enrichment and PDGFRA ampliﬁcation, making them potential targets for
subgroup-speciﬁc therapies.
CONCLUSIONS: Voxel-based location in glioblastoma is associated with patient outcome and may have a potential role for guiding
personalized treatment.
ABBREVIATIONS: CEL ⫽ contrast-enhancing lesion; GBM ⫽ glioblastoma; GSEA ⫽ Gene Set Enrichment Analysis; KEGG ⫽ Kyoto Encyclopedia of Genes and
Genomes; OS ⫽ overall survival; SVZ ⫽ subventricular zone; TCGA ⫽ The Cancer Genome Atlas; TFCE ⫽ threshold-free cluster enhancement

G

lioblastoma (GBM, World Health Organization grade IV) is
the most common primary brain cancer in adults. Despite
decades of refinement, however, multimodal therapy of microsurgical resection, radiation, and chemotherapy results in median
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survival after diagnosis of only 12–15 months.1 GBMs are heterogeneous with respect to genetic, molecular, and MR imaging
characteristics.2-4 Multiscale genomics and imaging analyses have
revealed that GBMs with IDH1 mutations, which have a favorable
prognosis,5,6 tend to occur in brain regions different from those in
which GBMs with wildtype IDH1 predominate, suggesting a potential prognostic role of tumor location in GBM. Prior imaging
studies have also supported a relationship between GBM tumor
location and clinical prognosis.7,8 Integrated multiscale analysis
of MR imaging– based tumor location, patient characteristics,
and genomic data may permit classification of patients with GBM
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into subgroups with distinct genomic, tumor location, and clinical outcome characteristics.
The complexity and limited scalability of image-feature analysis has deterred inclusion of imaging data in multiscale integrated analysis. Radiogenomic studies that associate molecular
features with quantitatively assessed image features describing tumor shape and texture often lack information regarding tumor
location, likely due to the challenging and different imagepreprocessing techniques required to obtain this information. To
date, information about tumor location has predominantly been
qualitatively determined by radiologists, who annotate the locations of the tumors in high-level anatomic terms (eg, temporal
lobe and so forth). Such qualitative assessment of tumor location
can be onerous and may be affected by interobserver variability,
lack of reproducibility, and scalability. In addition, qualitative
assessment of tumor location has limited spatial granularity and
fails to use the full resolution of MR imaging data available at the
voxel level. A large-scale analysis of brain tumor image data at the
voxel level could provide more anatomic detail compared with
conventional qualitative approaches. Voxel-based image analysis
linking the MR imaging appearance of GBM to patient survival has
previously been undertaken in 1 study,9 but the results were not evaluated in an independent validation dataset and the study lacked analysis of imaging correlates with survival and tumor genomics.
The purpose of this study was to use computational imaging
informatics methods to identify MR imaging voxel-based tumor
location features and to seek associations of these with tumor
molecular profiles, patient characteristics, and clinical outcomes.
Our goal was to identify subtypes of GBMs on the basis of computationally derived tumor location that provide insight into
prognosis and potentially guide more personalized therapy.

MATERIALS AND METHODS
Patient Samples
Gadolinium-based contrast-enhanced T1-weighted preoperative
axial MR images of patients diagnosed with GBM and whose
overall survival (OS) was known were acquired from 2 independent sources: the Stanford University Medical Center (n ⫽ 253)
and The Cancer Genome Atlas (TCGA, n ⫽ 131).5,10 Institutional
review board approval was obtained with informed consent for all
patients. We selected the larger cohort for training and the small
cohort for testing. The GBM cases in the training cohort were
acquired by using 1.5T Signa Excite or Genesis Signa or Signa
HDx MRI scanners (GE Healthcare, Milwaukee, Wisconsin) (TE,
8 –20 mm; TR, 360 –1800 mm) with a section thickness of 2 or
5 mm. The images for the TCGA cohort were collected from 4
institutions by using 1.5T or 3.5T Signa Excite (GE Healthcare), 1.5T Genesis Signa (GE Healthcare), 1.5T Intera (Philips
Healthcare, Best, the Netherlands), and 1.5T or 3T Achieva
(Philips Healthcare) or 1.5T Magnetom Vision (Siemens, Erlangen, Germany) MRI scanners, respectively (TE, 3–20 mm;
TR, 15–3280 mm) with section thicknesses in the range of
1–5 mm, as previously described,10 and were downloaded from
the Cancer Imaging Archive (www.cancerimagingarchive.
net).11 Patients were included if preoperative imaging scans
and OS information were available. Patient-matched level
3 gene expression and copy number data were downloaded
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from the TCGA data portal (https://tcga-data.nci.nih.gov/tcga/
dataAccessMatrix.htm).

Image-Processing Pipeline to Extract Tumor Locations
We derived voxelwise tumor localization on the basis of a common brain coordinate space for the 2 patient cohorts as described
below (Fig 1A). First, an ROI was drawn to delineate the whole
tumor, which includes the contrast-enhancing portion of the
lesion (CEL) and the central necrosis on each axial section of
the T1-weighted images in OsiriX imaging software (http://
www.osirix-viewer.com), and it was confirmed by a board-certified neuroradiologist (L.A.M.). Similarly, a necrosis ROI in the
center of a tumor was defined as the nonenhancing, low-signalintensity region surrounded by a rim of enhancing tumor region
on T1-weighted MR imaging. Tumor volume was computed in
OsiriX.12 An automated image-processing pipeline was then developed to align all T1-weighted imaging volume to a common
coordinate space in 3D Slicer (http://www.slicer.org) as follows:
Briefly, a skull-stripping algorithm was applied to each T1weighted imaging volume to extract cerebral tissue, followed by
affine registration to a 1.0-mm isotropic brain atlas (Montreal
Neurological Institute 152) by using a mutual information algorithm with a 12-df transformation.13,14 The same transform was
used to align the ROI volume to the same Montreal Neurological
Institute atlas coordinate space. The resulting registered T1weighted imaging and registered tumor binary ROI volumes were
confirmed by consensus of 3 readers (T.T.L., A.S.A., L.A.M.).

Training and Validation Data Cohorts
To identify regions significantly associated with poor survival, we
used the Stanford University Medical Center cohort (n ⫽ 253) for
learning and the TCGA cohort (n ⫽ 131) as an independent validation set (Fig 1B). The training cohort was stratified into poor,
medium, and good overall survival groups defined by 2 cutoffs:
⬍11 months and ⬎17 months, which were 3 months below and
above the median overall survival of 14 months, respectively (Fig
1B). The middle group was not assessed in the analyses to ensure
a clear distinction between good and poor survival. We plotted
the tumor locations across each group of patients in the training
cohort as frequency heat maps, in which common events of tumor
occurrence are shown as “hot” and less frequent events as “cooler”
areas (Fig 1B).
Voxels significantly associated with poor survival in classifying
the Stanford University Medical Center training cohort were then
used to dichotomize patients in the validation TCGA cohort (Fig
1B). Lesions in the validation TCGA cohort having a nonzero
number of voxels falling within the poor survival regions were
classified as group I lesions. All other lesions were classified as
group II lesions. The analysis was implemented in a Matlab script
R2012a (MathWorks, Natick, Massachusetts). The survival difference between the 2 groups was evaluated by using the KaplanMeier survival analysis implemented in the survival package in R
programming language (www.r-project.org).

Statistical Analysis of Voxels Associated with Outcome
To identify voxels significantly associated with poor survival, we
applied the threshold-free cluster enhancement (TFCE) method

FIG 1. An overview of the image-processing pipeline and model training and validation procedure to identify locations associated with survival.
A, The image-processing pipeline is applied to both training (Stanford University Medical Center) and validation (TCGA) cohorts. B, Algorithm
training identiﬁes anatomic regions associated with survival, which is validated in the TCGA cohort. The training algorithm using the thresholdfree cluster enhancement method takes as the input group labels dichotomized by survival outcome and the superimposed tumor heat map of
the Stanford University Medical Center patient cohort analyzed in the image-processing pipeline; the pipeline outputs anatomic regions
signiﬁcantly associated with the 2 survival groups, which are used to classify the TCGA validation set into a poor survival group and a good
survival group on the basis of tumor regions present or absent in the prognostic region.

with parameters optimized for 3D imaging volume implemented
in FSL, Version 5.05 (http://www.fmrib.ox.ac.uk/fsl/), on a Linux
system comparing the 2 clinical phenotypes (poor-versus-good
survival).15 TFCE takes as input a cohort of patients’ tumor ROI
volumes and their binary survival group labels stratified by
survival and computes a P value for each voxel associated with
each group. A total of 100 permutations were performed to
correct for multiple comparisons and control for a family-wise
error with a false discovery rate ⬍ .05. To evaluate the robustness of the results, we explored 286 pairs of lower and upper
cutoffs in the overall survival at 3–15 months and 15–36
months to determine good and poor survival groups, respectively. The 286 pairs of cutoffs included the survival cutoffs defined in Ellingson et al.9 Each combination of survival cutoffs was
used to define a poor survival group and a good survival group
and was run for the prognostic region sensitivity analysis (On-line
Appendix).

Molecular and Genetic Analysis
The Significance Analysis of Microarrays method16 was run on
the microarray expression of the 2 identified patient groups
(group I: tumors in the right periatrial location versus group II:
tumors not in the right periatrial location) to compute a test sta-

tistic for each gene, measuring the strength of association with the
location groups to create a ranked list of all genes. The preranked
gene list and previously curated gene set data base17 were used as
the input of the Gene Set Enrichment Analysis (GSEA; http://
www.broad.mit.edu/gsea) to compute molecular enrichment
between the 2 GBM location groups. Top enriched gene sets
with a family-wise error rate P value ⬍ .05 were reported and
further confirmed by conducting the single-sample GSEA on
the related pathway from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) data base,18 as previously described.4 The
Significance Analysis of Microarrays was also run on log2 copy
number data between the 2 location groups to identify amplified genes in each image location group by using the samr package in R (http://statweb.stanford.edu/⬃tibs/SAM/).16

Known Clinical Variables
Log-rank tests were used for categoric GBM clinical variables,
including age younger than 64 years, sex, extent of surgical
resection (biopsy, subtotal resection, or gross total resection)
(available for 24 patients), and categoric tumor volume groups
(large: top 30%; intermediate: middle 40%; and small: bottom
30%). The survival analysis was performed by using the surAJNR Am J Neuroradiol 37:621–28
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Table 1: Summary of clinical variables in the training cohort
Survival Groups
Total No.
Median age (yr)
% Male
Median survival (mo)
Mean survival (mo)
Mean CEL volume (cm3)
STR/GTR/biopsy only (No.)

Poor (OS ≤ 11 mo) Medium (11 < OS < 17 mo) Good (OS ≥ 17 mo)
152
38
63
69.0
57.2
59.5
61.2
60.5
57.1
4.1
14.1
21.2
4.8
14.0
26.3
34.1
34.0
28.9
53/13/86
17/8/13
17/36/10

Note:—STR indicates subtotal resection; GTR, gross total resection.

1, and known clinical prognostic
markers were confirmed by univariate
analysis. Younger age was associated
with better survival (age younger than
64 years, OS ⫽ 13.7 versus age older
than or equal to 64 years, 9.5 months,
log-rank P ⬍ .002). More extensive
surgical resection was associated with
better overall survival (log-rank P ⫽
0), with gross total resection associated with longest average overall survival (22.5 months) compared with
those patients with a subtotal resection
(11.1 months) or those undergoing biopsy only (6.5 months). In contrast,
tumor volume was not significantly associated with survival (hazard ratio ⫽
1, P ⫽ .58).

Right Deep White Matter Tumors
Are Associated with Poor Prognosis
The heat maps showing the frequency
FIG 2. Axial, sagittal, and coronal section views of the region associated with poor survival in the of tumor occurrence revealed that the
training cohort (false discovery rate, P ⬍ .05). The cluster of voxels associated with poor survival poor and good survival groups had
was localized in the occipitotemporal periventricular white matter in the right hemisphere (right distinct imaging location phenotypic
periatrial).
trends: The poor survival group had
tumors in the right deep periventricular white matter region; in contrast,
tumors associated with good survival
occurred throughout the brains of patients without any particular anatomic
region with high tumor frequency (Fig
1B). TFCE analysis further confirmed
that the voxels associated with poor
prognosis (false discovery rate–adjusted P ⬍ .05) were in the occipitotemporal periventricular white matter
in the right hemisphere (“right periatrial”) (Fig 2 and On-line Table 1), but
no voxels were found to be significantly associated with tumors in the
good survival group. Robustness analysis of 286 different pairs of lower and
FIG 3. Kaplan-Meier survival curves of patients with GBMs depict decreased overall survival in
upper survival cutoffs at 3–15 months
TCGA patients with an overlap (group I) versus nonoverlap (group II) with the voxels signiﬁcantly
associated with survival identiﬁed from the training cohort in the test cohort (log-rank test, P ⫽ and 15–36 months showed that the re.034).
sults were largely invariant to the
choice of survival cutoffs; the voxels
vival package in R programming language. Significant variassociated with poor prognosis consistently occurred in the
ables in the univariate models (P ⬍ .05) were included in the
same region of the brain (On-line Figs 1 and 2). Among these
multivariate Cox proportional hazards regression model. The
286 pairs included the survival cutoffs defined by Ellingson
percentage of necrosis volume in the whole-tumor volume was
et al,9 no voxels were found to be significantly associated with
available for 91 patients in the TCGA cohort.
survival, possibly a result of the small number of patients in the
good survival group (n ⫽ 8).

RESULTS
Clinical Characteristics of the Training Cohort

Prognostic Region Validated in the TCGA Dataset

An overview of image analysis and prognostic model construction is summarized in Fig 1. Clinical characteristics of the 3
survival groups in the training cohort are summarized in Table

In the training cohort, tumors in the right periatrial location
were significantly associated with poor survival (log-rank P ⫽
.012). We then assessed whether this association generalized to
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FIG 4. Axial postcontrast T1-weighted images of 4 patients from group II. A, A 69-year-old man with a right parietal GBM and an overall survival
of 27 months. B, A 49-year-old man with a right temporal GBM and an overall survival of 25 months. C, A 63-year-old man with a left temporal
GBM and an overall survival of 21 months. D, A 36-year-old woman with a left frontal GBM, an overall survival of 6 months, and the smallest tumor
volume in the group of intermediate tumors.

The right periatrial tumor location was
significantly associated with poor survival, independent of age and tumor volHR (95% CI)
P Value
HR (95% CI)
P Value
a
ume in the TCGA cohort (P ⫽ .045)
TCGA test cohort
(Table 2).
Age younger than 64 yr
0.19 (0.26–0.55) 4.1e–7b 0.36 (0.24–0.53) 3.7e–7b
Male sex
1.05 (0.73–1.50)
.79
–
–
The mean tumor volume in group I
CEL tumor volume (cm3)
was
1.8 times the size of that in group II
Large
1.68 (1.10–2.54)
.015b
1.80 (1.18–2.75)
.0064b
in the training cohort (Wilcoxon test,
Intermediate
–
–
–
–
P ⬍ 1.5e– 6) and 1.4 times that in the test
Small
0.90 (0.58–1.37)
.62
1.11 (0.71–1.71)
.65
cohort (Wilcoxon P ⬍ .01) (On-line Fig
Right laterality
0.927 (0.65–1.32)
.67
–
–
STR
2.52 (0.73–8.68)
.14
–
–
3). However, the percentage of necrosis
2.0 (1.01–2.64)
.045b
Tumor location ⫽ right periatrial
1.66 (1.03–2.67)
.036b
in the whole tumor was not significantly
location
different between the 2 groups in the test
Restricted set of intermediate and
cohort (Wilcoxon P ⫽ .41). The number
c
large tumors
of patients with GBMs in each hemiAge younger than 64 yr
0.19 (0.26–0.55) 4.1e–7
0.46 (0.30–0.72)
.00062
sphere was about the same in both coTumor location ⫽ right periatrial
1.84 (1.10–3.08)
.019
1.87 (1.11–3.15)
.018
location
horts (124 left versus 118 right in the
Note:—HR indicates hazard ratio; STR, subtotal resection.
training cohort, and 70 left versus 61
a
Age, CEL tumor volume, and tumor location were independently signiﬁcant in multivariate analysis (overall P ⬍
right in the TCGA cohort), indicating
3.52e– 8). Surgical resection is subtotal resection or gross total resection, available for 24 cases in the TCGA test cohort.
b
the hotspot (highest frequency) of tuP value ⬍ .05, indicating the variable is signiﬁcant.
c
Tumor location remained signiﬁcant in Cox analysis performed on the restricted set of intermediate and large tumors.
mor occurrence found in the right periatrial location was associated with a larger
an independent validation set from TCGA samples. Patients
volume of the tumors in this region. Moreover, tumors in the
with GBM of the TCGA cohort were dichotomized into 2
right hemisphere were 1.5 and 1.1 times larger than those in the
groups on the basis of whether their tumors overlapped the
left hemisphere in the training (Wilcoxon P ⬍ .0002) and the test
prognostic right periatrial region. The group with tumors
(P ⫽ .42) cohorts, respectively, but tumor incidence in the right
overlapping the right periatrial location (group I) had signifihemisphere did not confer a worse survival outcome in either
cantly shorter overall survival than did those with tumors occohort (both, log-rank P ⬎ .05), suggesting the specificity of the
curring in other locations (group II) (log-rank P ⫽ .034) (Fig
tumor localization being associated with prognosis.
3). Examples of GBMs in group II are shown in Fig 4.
To separate the effects of tumor volume and the right periatrial
As in the training dataset, univariate survival analysis showed
tumor location in predicting prognosis, we examined whether the
that age younger than 64 years (log-rank P ⬍ 5e–7) was a signifright periatrial location still predicted worse prognosis when reicant prognostic factor in the test set, whereas sex (log-rank P ⫽
stricting the analysis to comparable tumor sizes. Because the right
.79) and tumor laterality (left or right hemisphere) (log-rank P ⫽
periatrial location is more relevant to larger tumors and to in.67) were not significant in TCGA. We found that the surgical
crease the statistical power of the analysis, we excluded small turesection level, available for a small number of patients (n ⫽ 24/
mors (n ⫽ 38), combining the intermediate and large tumors
(n ⫽ 93). When restricted to the combined subset of intermediate
131), was not significantly associated with survival. The result
and large tumors, the right periatrial location was significantly
may be due to the small number of patients available; thus, it was
associated with prognosis (hazard ratio ⫽ 1.84, log-rank P ⫽ .019;
excluded in the multivariate analysis. Cox analysis on tumor volTable 2). Intermediate-sized tumors may actually be more comume categorized into 3 groups showed that large tumor volume
parable in size with large tumors than with small tumors (Fig 4D).
was associated with poor survival (hazard ratio ⫽ 1.68, P ⫽ .015).
Table 2: Univariate and multivariate Cox survival analysis of clinical variables
Univariate Cox
Multivariate Cox
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These results support tumor location contributing to clinical outcome, even after accounting for tumor size.

Hypoxia Pathway Enrichment and Stem Cell Marker
Ampliﬁcation in Group I
To identify significant transcriptomic alterations at the pathway
level, the GSEA gene expression analysis revealed that 11 of the 37
significantly enriched pathways (family-wise error rate P ⬍ .05) in
group I were hypoxia and HIF1A pathways (On-line Table 2).
Single-sample GSEA, which generates a gene set enrichment score
for each sample, further validated the hypoxia pathway being enriched in group I (Wilcoxon P value ⫽ 0.0072), compared with
group II (On-line Fig 4). We did not find a significant association
between the gene expression-based subtypes previously identified
and the location subgroups (On-line Table 3).
Significance Analysis of Microarrays of log2 copy number data
showed that several genes involved in stem cell (CHIC2, KIT,
PDGFRA) and neural cell development (GSX2) (all false discovery
rate q ⬍0.05) were significantly amplified in group I GBMs, compared with group II GBMs (On-line Table 4).19-22 The Fisher
exact test by using discrete copy number alteration confirmed that
PDGFRA (P ⫽ .023), CHIC2 (P ⫽ .016), GSX2 (P ⫽ .025), and
KIT (P ⫽ .025) genes were significantly amplified in group I tumors (On-line Tables 5–9). Most interesting, all 4 genes (KIT and
PDGFRA encoding receptor tyrosine kinases, GSX2, and CHIC2)
are colocalized on human chromosome band 4q12.23 Other genes
on the chromosome 4q12 (KDR, LNX1, REST) were also tested
but were not significantly amplified in group I tumors.
To further tease out the confounding effect of tumor size from
tumor location contributing to molecular alterations, we found
that tumor volume was not significantly associated with PDGFRA
amplification (Wilcoxon test, P ⫽ .12) or HIF overexpression
(Spearman correlation coefficient ⫽ ⫺0.048, P ⫽ .62). Singlesample GSEA confirmed significant upregulation of the hypoxia
pathway in right periatrial tumors in intermediate-sized tumors
only (Wilcoxon P ⫽ .015) and in the combined subset of intermediate and large tumors (Wilcoxon P ⫽ .015), respectively. The
Fisher exact test by using discrete copy number data showed that
the correlation between PDGFRA amplification and the right
periatrial tumor location is significant in intermediate-sized tumors (Fisher exact test, P ⫽ .018, n ⫽ 53) and in the combined set
of intermediate and large-sized tumors (Fisher exact test, 2-tailed
P ⫽ .035; n ⫽ 93) (On-line Tables 5–9). These results provide
further evidence that the genomic events are more associated with
location than tumor size.

DISCUSSION
We have developed and applied an automated computational
image-analysis pipeline that extracted quantitative tumor location information from MR images by aligning images from 384
cases of GBM to a common stereotactic space at a voxel level of
resolution (Fig 1A). This allowed a more granular and quantitative characterization of tumor location than the predominant approach in prior work using qualitative assessment of anatomic
location in general terms such as lobes and white matter. Using
our voxel-based computational approach to studying tumor location in GBM, we have shown that a subgroup of GBMs localized
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in the occipitotemporal periventricular white matter of the right
hemisphere (right periatrial) is associated with poor survival. We
also showed that GBM tumors located in this region are characterized by large volume and a distinct molecular-alteration profile
comprising hypoxia pathway enrichment and amplification of
stem cell markers.
In related work, Ellingson et al9 computed the stereospecific
frequency of tumor occurrence. Our work differs from that of
Ellingson et al in a number of ways. First, the survival cutoffs for
defining good and poor survival in Ellingson et al were 12 and 36
months, whereas ours were 11 and 17 months. Most patients with
GBM have a poor prognosis, with a 3-year survival rate of 3%–
5%.24 We performed survival analysis by using the patient groups
produced by the cutoffs of Ellingson et al and found that no location voxels were significantly associated with survival (On-line Fig
2); this result is possibly due to the small proportion of patients in
the good survival group (n ⫽ 8). Although it is interesting to study
long-term survivors (OS ⬎ 36 months), the good survival group
we defined may be more relevant for GBM clinical treatment
stratification.
A second difference between our work and that of Ellingson
et al9 is that in contrast to an older voxelwise-based method they
used for identifying tumor locations, our computational method
applied a threshold-free cluster enhancement technique.15 The
TFCE method provides better sensitivity and more interpretable
output through enhancing voxel connectivity in a neighborhood
than traditional voxel-based methods. A third difference between
our work and that of Ellingson et al is that they reported results
from a single cohort, whereas in our analysis, we trained on data
from 1 institution and validated our results by using an independent public dataset consisting of data from multiple institutions
(TCGA). A fourth difference is that unlike the prior work of Ellingson et al, we performed downstream molecular analysis,
which allowed us to gain biologic insight into the GBM location
associated with poor prognosis. Finally, Ellingson et al showed
that tumor location in the right temporal lobe was generally more
likely to be associated with shorter than with longer survival. Our
analysis provides higher anatomic specificity by pinpointing a
small region in the right periatrial deep white matter that appears
to be associated with poor prognosis (On-line Table 1), consistent
with previous qualitative analyses showing the relationship between poor survival and invasion of tumor cells into adjacent
deep white matter tracts and the ependymal region.7,8
The association of invasive clinical phenotypes, location, and
poor survival in the right periatrial location may relate to underlying neuroanatomy and tumor neurobiology. The relationship of
tumor localization in the right hemisphere—rather than bilaterally—to survival may reflect differences in functional neuroanatomy. The eloquent brain regions, critical for language, motor, or
sensory functions, are commonly found in the left hemisphere for
most right-handed individuals.25 The fact that the right periatrial
location is associated with poor prognosis may reflect a more
delayed clinical presentation due to lack of eloquent functions in
this region. This hypothesis is further supported by our observation that GBMs in the right hemisphere have larger CEL volume
compared with those in the left hemisphere. Once tumors have
grown larger, they are likely to have more extensive infiltration

and tend to be more difficult to resect, which may confer worse
prognosis.26 The poorer prognosis for tumors occurring in the
right periatrial white matter rather than the entire right cerebral
hemisphere may reflect differences in tumor neurobiology. This
finding concurs with prior reports of worse prognosis for tumors
of the subventricular zone (SVZ) deep white matter (adjacent to
the right periatrial location) that were based on qualitative
assessment of tumor location.7,8 These studies have suggested
that the SVZ region along the wall of the lateral ventricle,
which contains neural stem cells, may be a niche environment
conducive to the origin and/or development of primitive, aggressive glial tumors.7,9
Furthermore, our molecular profiling comparing the 2 location groups of the TCGA cohort demonstrated that PDGFRA is
more likely to be amplified in group I. This finding is corroborated by previous reports that correlated glioma formation with
increased expression of PDGFRA in neural stem cells of the
SVZ.3,20 Other amplified genes (KIT and CHIC2) on the same
chromosome 4q12 locus were also enriched in stem cell functions
(On-line Tables 4 –9). Thus, our results support the possibility
that tumor neural stem cells may arise from the lateral ventricle of
the SVZ region. Future work is needed to test this hypothesis.
Enrichment of the hypoxia pathway in group I is consistent
with results of other studies that have shown that neural stem cells
are maintained in a hypoxic niche.27,28 We also found significantly larger contrast-enhancing volume (P ⫽ .004) of the right
periatrial tumors relative to those without right periatrial involvement, potentially reflecting increased vascularity associated with
elevated proangiogenic factors that are known to be inducible by
hypoxia.29 Prior radiogenomic analysis has also shown that high
contrast enhancement is associated with high expression of hypoxia-related genes.30 Notably, the percentage of central necrosis
of the whole tumor volume in group I was not greater than that in
group II (P ⫽ .41); thus, the enrichment in the hypoxia pathway
was not a result of greater central necrosis.
The outcome and differential molecular analyses performed
on a subgroup of tumors with comparable sizes showed that the
right periatrial tumors maintained significant associations with
poor prognosis (log-rank P ⫽ .019), with HIF1A and hypoxia
pathway enrichment (Wilcoxon P ⫽ .015), and with PDGFRA
amplification (Wilcoxon P ⫽ .035), independent of tumor volume. These results further imply that the poor prognosis of tumors may result from the stem cell niche in the right periatrial
region enriched for HIF1A/hypoxia overexpression and PDGFRA
amplification,31 rather than from the proliferative potential associated with larger tumor volume.
GBM is known to have extensive genetic heterogeneity.32,33
However, intratumoral heterogeneity was not directly addressed
in this study because the genetic material was obtained from a
single region of the tumor. Another limitation of our current
study is that it lacked information on the precise biopsy locations
from which the gene expression samples were taken (this information was not available to us). Validation by using such data, if
available in the future, would strengthen our finding that the right
periatrial location is correlated with stem cell marker amplification and hypoxia enrichment.
Our work advances knowledge in that by using a computa-

tional pipeline with imaging informatics and radiogenomic analysis, we demonstrate that the anatomic location of GBM is a key
prognostic variable,34 specifically for GBMs located in the right
periatrial white matter. We also show that certain molecular alterations may be linked to specific tumor locations. The results
from our work could help improve characterization of GBM subtypes and potentially guide more personalized treatment decisions. Our strategy for quantitative assessment of tumor locations, if applied to other anatomic location-specific diseases, may
similarly identify connections among disease location, molecular
signature, and patient outcome.

CONCLUSIONS
We conclude that voxel-based location in GBM is associated with
patient outcome. Tumor location in the right occipitotemporal
periatrial white matter is predictive of survival, independent of
other known prognostic clinical variables, such as patient age and
tumor volume. This result was further validated in an independent patient cohort. Using GBM anatomic location as the response variable, we were able to identify genomic enrichment
associated with the imaging phenotype.
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Radiologic Features and Expression of Vascular Endothelial
Growth Factor Stratify Survival Outcomes in Patients with
Glioblastoma
X K. Wang, X Y.Y. Wang, X J.F. Wang, X J. Ma, X T. Jiang, and X J.P. Dai

ABSTRACT
BACKGROUND AND PURPOSE: Vascular endothelial growth factor is a well-known tumor-speciﬁc biomarker that mediates angiogenesis
in glioblastoma via hypoxia-dependent mechanisms. Our aim was to investigate the correlation of clinical characteristics, radiologic
features, and vascular endothelial growth factor expression with survival outcomes in patients with glioblastoma.
MATERIALS AND METHODS: Clinical and radiologic data of 185 patients with glioblastoma were retrospectively reviewed. Vascular
endothelial growth factor expression was examined in all cases via immunohistochemical analysis. Univariate and multivariate analyses
were performed to identify the prognostic factors of progression-free survival and overall survival.
RESULTS: Vascular endothelial growth factor expression levels were associated with the presence of ringlike tumor contrast
enhancement. Age, preoperative Karnofsky Performance Scale score, gross total resection, and adjuvant therapy were identiﬁed as
prognostic factors. Among patients undergoing gross total resection, high vascular endothelial growth factor expression was associated
with longer progression-free survival (P ⫽ .011) and overall survival (P ⫽ .039). For tumors with high vascular endothelial growth factor
expression, both the non-contrast-enhancing tumor component and peritumoral edema could stratify overall survival (P ⫽ .039 and .018,
respectively), while only the presence of the non-contrast-enhancing tumor component predicted a longer progression-free survival (P ⫽
.024).
CONCLUSIONS: Vascular endothelial growth factor expression level was not an independent prognostic factor in glioblastoma. However, high vascular endothelial growth factor expression might predict longer survival in patients in whom gross total resection was
achieved. Furthermore, peritumoral edema and the non-contrast-enhancing tumor component could stratify survival outcomes in patients with high vascular endothelial growth factor tumors.
ABBREVIATIONS: GTR ⫽ gross total resection; ⬍GTR ⫽ tumor residual; HR ⫽ hazard ratio; KPS ⫽ Karnofsky performance status scale; nCET ⫽ non-contrastenhancing tumor component; PFS ⫽ progression-free survival; OS ⫽ overall survival; VEGF ⫽ vascular endothelial growth factor

G

lioblastoma is a rapidly progressive and highly angiogenic
tumor. The outcome of patients with glioblastoma is poor,
owing to ineffective therapies. Even when surgical resection followed by adjuvant therapy is provided, the median progression-
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free survival (PFS) of these patients is only 6.9 months, and the
median overall survival (OS) is 14.7 months.1 Clinical characteristics, including patient age, Karnofsky Performance Scale (KPS),
and the extent of resection, have been investigated previously as
prognostic factors for glioblastoma, while the prognostic role of
radiologic features and potentially associated tumor-specific biomarkers remains unclear.
Vascular endothelial growth factor (VEGF) is a well-known
tumor-specific biomarker that mediates angiogenesis in glioblastoma via hypoxia-dependent mechanisms, contributes to
the generation of blood vessels with distinctive features, and
promotes vascular permeability, resulting in the observation of
the radiologic contrast enhancement in tumors, which should

The authors declare that they have no conﬂict of interest.
Please address correspondence to Jianping Dai, MD, PhD, Beijing Tiantan Hospital, Capital Medical University, 6, Tiantanxili, Beijing, 100050, China; e-mail: djpbeijing@hotmail.com; and Tao Jiang, MD, PhD, Beijing Neurosurgical Institute, Capital Medical University, 6, Tiantanxili, Beijing, 100050, China; e-mail: taojiang1964@163.com; @taojiang1964

Indicates open access to non-subscribers at www.ajnr.org
Indicates article with supplemental on-line table.
http://dx.doi.org/10.3174/ajnr.A4567

AJNR Am J Neuroradiol 37:629 –35

Apr 2016

www.ajnr.org

629

otherwise be prevented by an intact blood-brain barrier.2 The
prognostic role of VEGF expression has been investigated in
different types of malignancies, such as breast cancer,3 gastric
track cancer,4-6 and lung cancer.7,8 The levels of VEGF expression were found to be correlated with microvessel attenuation
in human glioma.9 Moreover, the association of VEGF expression with survival outcome in patients with malignant tumor
has been suggested.10,11 In a subsequent study, radiologic features (eg, edema) were introduced as a factor in the correlation
between VEGF expression and prognostic outcome. This suggests that VEGF expression is predictive of survival in tumors
with little or no edema.12
Further understanding of the role played by VEGF expression
in predicting the survival of patients with glioblastoma is of clinical significance and is currently needed. Therefore, the present
study aimed to identify the potential association of clinical and
radiologic features and VEGF expression with survival outcome
in patients with glioblastoma.

MATERIALS AND METHODS
Patients
The medical records of 185 adult patients with glioblastoma who
underwent surgical treatment at our institution between January
2007 and November 2008 were retrospectively reviewed. Inclusion criteria were as follows: 1) 18 years of age or older; 2) availability of presurgical MR imaging scans, including T1-weighted,
T2-weighted, and postcontrast T1-weighted images; 3) pathologically confirmed glioblastoma; 4) no previous craniotomy or stereotactic biopsy; and 5) no previous diagnosis of any brain tumor.
The histopathologic diagnosis of tumors was confirmed by 2 independent neuropathologists. This study was approved by our
institutional review board, and written consent was obtained
from all enrolled patients.

Treatment
In our study, “gross total resection” (GTR) was defined as no
visible contrast-enhancing tumor on postoperative MR images
obtained within 72 hours after surgery, according to an assessment comparing pre- and postoperative MR images.13 All cases in
which GTR was not achieved were considered as having tumor
residual (⬍GTR). Patients with severe edema who required corticosteroid treatment to alleviate intracranial hypertension were
excluded to avoid a possible influence on radiologic evaluation
results. The adjuvant treatment included radiation therapy or
chemotherapy alone or concomitant temozolomide and fractionated radiation therapy followed by up to 6 cycles of adjuvant
temozolomide.1

Image Acquisition
MR imaging was performed on a Trio 3T scanner (Siemens, Erlangen, Germany). It included axial T1-weighted (TR, 450 ms; TE,
15 ms; section thickness, 5 mm), T2-weighted fast spin-echo (TR,
6000 ms; TE, 140 ms; section thickness, 5 mm), and contrastenhanced (gadopentetate dimeglumine, DTPA-Gd injection;
Beilu Pharmaceutical Co., Beijing, China; 0.1 mmol/kg) axial T1weighted images (TR, 450 ms; TE, 15 ms; section thickness, 5
mm). Postcontrast images were acquired immediately following
630

Wang

Apr 2016

www.ajnr.org

injection of contrast agent. Postoperative MR images for determining the extent of resection were obtained within 72 hours after
surgery.14

Identiﬁcation of Imaging Features
Radiologic features of the tumor were assessed by 2 experienced
neuroradiologists (Q. Chen and X. Chen, who have 14 and 12
years of experience, respectively, in brain disease diagnosis by using MR imaging) blinded to the patient clinical information. In
cases in which imaging features identified by the 2 neuroradiologists were inconsistent, a third senior neuroradiologist
(J.M., with 25 years of experience in brain disease diagnosis)
examined the images for a final assessment. The patterns of
tumor contrast enhancement were identified on the basis of
the size and morphologic features of the largest enhanced area
on contrast-enhanced MR images regardless of whether it was
single- or multifocal and were categorized as ringlike or nonringlike-enhanced patterns. Tumors displaying cystic necrosis
with peripheral enhancement were defined by an enhanced
ringlike pattern; tumors not displaying this pattern were classified as having non-ringlike-enhanced patterns. Limited (or no)
edema (⫺) was defined as edema extending ⱕ1 cm from the margin of the tumor based on T2-weighted images; otherwise, edema
was scored as moderate to severe (⫹).15 The non-contrast-enhancing tumor component (nCET) was defined as a region of
hyperintensity on T2-weighted images (with corresponding hypointensity on contrast-enhanced T1-weighted images) that was
associated with a mass effect and architectural distortion, including blurring of the gray-white interface (Fig 1).16

Immunohistochemistry
Immunohistochemical analysis of VEGF expression was performed for all patients. VEGF expression was scored by using
4-level grading criteria: (⫺) indicated ⬍5% positive cells, (⫹)
indicated mild expression with 6%–25% positive cells, (⫹⫹) indicated moderate expression with 26%–50% positive cells, and
(⫹⫹⫹) indicated strong expression with ⬎50% positive cells.
Glioblastoma tumors were classified into 2 groups based on the
level of VEGF expression as follows: low (⫺⬃⫹⫹) and high
(⫹⫹⫹) expression groups.

Statistical Analysis
The 2 test was performed to detect the differences in clinical and
radiologic features between patients with high and low VEGF expression. Consistency in the assessment of radiologic features by
the 2 radiologists was evaluated by using the  consistency test.
Survival curves were generated by using the Kaplan-Meier
method, and log-rank analysis was performed to compare PFS
and OS. Significant prognostic factors (those with a P value ⬍ .05)
identified by univariate analysis were entered into multivariate
survival analysis by using the Cox proportional hazard ratio (HR)
model.

RESULTS
Patient Characteristics
A total of 185 patients with glioblastoma with post-T1 contrast
enhancement were included in this study. Of these, tumors of

ference in the expression of isocitrate
dehydrogenase 1, O6-methylguanine
DNA methyltransferase, and epidermal
growth factor receptor between patients with high-versus-low VEGF
expression.

Association of the Radiologic
Features and Extent of Resection
with VEGF Expression
All data regarding tumor volume and location are summarized in the On-line Table. The mean tumor volume of patients
with high VEGF expression (⫹⫹⫹) was
significantly larger than that of patients
with low VEGF expression (⫺ ⬃ ⫹⫹)
(P ⫽ .033). However, we observed no significant differences in the involvement of
brain lobes between tumors with low and
high VEGF expression.
The  values for the consistency between the 2 evaluators for enhancement
patterns, peritumoral edema, and nCET
were 0.85 (P ⫽ .014), 0.81 (P ⫽ .008), and
0.76 (P ⫽ .021), respectively. Ringlike enhancement was more likely to be observed
in glioblastomas with high VEGF expression than in those with low VEGF expression (75.6% versus 60.2%, P ⫽ .027,
2 test).The prevalence of peritumoral
edema and nCET in the low-versus-high
VEGF expression groups was not significantly different (peritumoral edema:
66.0% versus 74.4%, P ⫽ .218; nCET:
35.0% versus 46.3%, P ⫽ .116; 2 test).
Moreover, GTR was significantly more
likely to be achieved in glioblastomas with
high VEGF expression than in those with
low VEGF expression (72.0% versus
51.5%, P ⫽ .005).

Progression-Free Survival
Tumor recurrences were identified by MR
images in 143 (77.3%) patients during the
follow-up period. The median follow-up
FIG 1. MR imaging features of patients with glioblastoma. The contrast-enhanced T1-weighted period for PFS analysis was 9.8 months
images showed ringlike contrast enhancement (A) and non-ringlike contrast enhancement (B).
(range, 1.0 –53.1 months), and the median
T2-weighted images show obvious peritumoral edema (⫹) (C) and little (or absent) peritumoral
edema (⫺) (D). The non-contrast-enhancing tumor component refers to the tumor region of T2 PFS was 7.6 months (range, 2.1–32.6
hyperintensity (less than the intensity of CSF) (E) that was not enhanced on the contrast-en- months). Univariate analysis revealed that
hanced T1-weighted image (white arrow) (F).
age (P ⫽ .018), preoperative KPS (P ⫽
.015),
extent
of
resection
(P
⫽ .013), and adjuvant therapy (P ⫽ .021)
124 patients exhibited ringlike enhancement. Patient sex, prewere valuable prognostic factors for PFS (Table 1). These 4 factors
operative KPS, enhancement pattern, and extent of resection
remained significant in the multivariate Cox proportional hazards
were significantly different between the high and low VEGF
analysis. Age at diagnosis of 50 years or older (P ⫽ .032, HR ⫽ 1.642)
expression groups (P ⬍ .001, 2 test, On-line Table). On the
and preoperative KPS of ⬍80 (P ⫽ .024, HR ⫽ 2.215) were associbasis of the postoperative contrast-enhanced T1-weighted
ated with shorter PFS, whereas GTR (P ⫽ .022, HR ⫽ 1.849) and
images obtained ⬍72 hours after the operation, 112 (60.5%,
adjuvant therapy (P ⫽ .038, HR ⫽ 0.652) indicated longer PFS
112/185) had GTR, and 156 received adjuvant therapy follow(Table 2).
ing tumor resection. In addition, there was no significant difAJNR Am J Neuroradiol 37:629 –35
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tients with glioblastoma were also investigated. Patients were subdivided
into 4 groups according to the presCharacteristic
P Value
HR
95% CI
P Value
HR
95% CI
ence of peritumoral edema and VEGF
Age 50 years or older
.018
1.591
1.375–2.894
.029
1.701
1.222–3.139
Sex (men)
.315
0.764 0.452–1.291
.092
0.631
0.370–1.078
expression levels. Survival outcomes
Preoperative KPS ⬍80
.015
2.045
1.165–2.445
.038
2.290
1.267–3.835
were compared among these groups by
Epilepsy
.339
0.676 0.303–1.508
.421
1.408
0.611–3.243
using the log-rank test. For OS, tumors
Ringlike enhancement
.367
0.760 0.419–1.379
.456
0.790 0.424–1.470
with VEGF expression (⫹⫹⫹) and
Peritumoral edema
.304
1.359 0.757–2.439
.232
1.450 0.788–2.667
peritumoral edema (⫺) indicated a
nCET
.176
0.696
0.411–1.180
.544
0.847 0.494–1.451
⬍GTR
.013
1.751
1.382–2.543
.022
1.782
1.349–3.739
longer survival compared with the
Adjuvant therapy
.021
0.628 0.395–0.928
.032
0.603
0.514–0.980
other 3 groups (P ⫽ .013, log-rank).
VEGF expression ⫹⫹⫹
.194
0.578 0.253–1.321
.183
0.577 0.256–1.297
Specifically, peritumoral edema could
stratify OS for tumors with high VEGF
Table 2: Multivariate analysis of survival outcomes
expression (P ⫽ .018, log-rank), but not for those with low
Predictors
P Valuea
HR
95% CI
VEGF expression (P ⫽ .074, log-rank). For PFS, however, there
PFS
was no significant difference among the 4 groups (P ⫽ .226,
Age (50 years or older)
.032
1.642
1.054–2.152
log-rank), and peritumoral edema could not stratify survival
KPS ⬍80
.024
2.215
1.179–2.728
for different VEGF expression levels (Fig 3).
⬍GTR
.022
1.849
1.392–2.548
Table 1: Univariate analysis of survival outcomes for patients with glioblastoma
PFS
OS

Adjuvant therapy
OS
Age (50 years or older)
KPS ⬍80
⬍GTR
a

.038

0.652

0.556–0.984

.043
.028
.031

1.348
1.782
1.615

1.008–2.181
1.162–3.361
1.118–2.425

Cox proportional hazard regression analyses.

Overall Survival
At the time of analysis, 23 patients with available follow-up
data were alive. The median follow-up period for OS analysis
was 13.8 months (range, 2.0 – 86.8 months), and the median
OS was 15.1 months (range, 3.8 – 67.6 months). Univariate
analysis identified age (P ⫽ .029), preoperative KPS (P ⫽ .038),
extent of resection (P ⫽ .022), and adjuvant therapy (P ⫽ .032)
as prognostic factors of OS (Table 1). In the multivariate Cox
proportional hazards analysis, age at diagnosis of 50 years or
older (P ⫽ .043, HR ⫽ 1.348) and preoperative KPS of ⬍80
(P ⫽ .028, HR ⫽ 1.782) were identified as poor prognostic
factors for OS, whereas GTR (P ⫽ .031, HR ⫽ 1.615) indicated
longer OS. However, adjuvant therapy failed to show a predictive value for survival outcomes (Table 2).

Prognostic Value of VEGF Expression Levels in Patients
with GTR
To examine the prognostic value of VEGF expression when the
extent of resection was taken into account, we classified patients into 4 groups according to their VEGF expression levels
and the extent of resection as follows: GTR and high VEGF
expression, ⬍GTR and high VEGF expression, GTR and low
VEGF expression, and ⬍GTR and low VEGF expression. Survival outcomes were compared among these groups by using
the log-rank test. We found that patients with glioblastoma
with high VEGF expression and GTR had significantly longer
survival than others (P ⫽ .011 for PFS and P ⫽ .039 for OS)
(Fig 2). However, there was no significant difference in survival outcomes among the other 3 groups.

Prognostic Value of Peritumoral Edema in Patients
Stratiﬁed by VEGF Expression Levels
The potential interactive and synergistic roles of peritumoral
edema and VEGF expression in predicting the survival of pa632
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Prognostic Value of the Non-Contrast-Enhancing Tumor
Component in Patients Stratiﬁed by VEGF Expression
Levels
Kaplan-Meier curves according to the presence of nCET and
VEGF expression levels showed that patients with high VEGF expression and nCET had a better survival (P ⫽ .027 for PFS and
P ⫽ .036 for OS, log-rank). In the high VEGF expression group
specifically, the presence of nCET predicted longer PFS (P ⫽ .024,
log-rank) and OS (P ⫽ .039, log-rank). However, the prognostic
value of nCET for PFS and OS was not observed in patients with
low VEGF expression (P ⫽ .716 for PFS and P ⫽ .645 for OS,
log-rank) (Fig 4).

DISCUSSION
In this study, we combined clinical, radiologic, and genetic characteristics in an investigation of prognostic factors for glioblastoma in a large cohort of patients. We found that peritumoral
edema and nCET were of predictive value for survival in patients
with a high expression level of VEGF. Notably, VEGF expression
was a prognostic factor for patients achieving GTR, but not for
those who did not.
Tumor-specific molecular markers have long been studied for
their potential prognostic role in cancers. VEGF expression has
been described as a valuable indicator of tumor recurrence in
many types of malignancy.17 It was found that high expression
levels of VEGF correlated with poor prognosis, while anti-VEGF
therapy was shown to suppress tumor development and improve
prognosis in glioblastoma.18,19 Glioblastoma is thought to exhibit
abnormally high levels of VEGF.20,21 In this study, we found that
VEGF expression alone was not a prognostic factor for patients
with glioblastoma. However, VEGF might interact with other potential factors to determine survival outcomes.
VEGF regulates pathologic angiogenesis, resulting in the formation of new blood vessels to facilitate tumor growth.22 A previous study suggested that rapid tumor cell proliferation leads to
oxygen shortage and necrosis in the center of a tumor, which is
prone to present as a ringlike pattern of contrast enhancement.
Consistent with these findings, we also observed that glioblas-

FIG 2. Survival outcomes of patients with glioblastoma. Kaplan-Meier survival curves of patients classiﬁed by the extent of resection and
vascular endothelial growth factor expression are shown. Patients who had high tumor VEGF expression (⫹⫹⫹) and achieved gross total
resection had signiﬁcantly longer progression-free survival and overall survival than those with low tumor VEGF expression and residual tumor
after surgery (P ⫽ .011 and .039, respectively).

FIG 3. Kaplan-Meier plots of patients with glioblastoma showing the association between the progression-free survival and overall survival
according to combined vascular endothelial growth factor expression levels and peritumoral edema. Tumors with high VEGF expression (⫹⫹⫹)
and without peritumoral edema correlated with better OS (P ⫽ .013, log-rank), but not PFS (P ⫽ .226, log-rank). Furthermore, peritumoral edema
could stratify the OS for tumors with high VEGF expression (P ⫽ .018, log-rank), but not those with low VEGF expression (P ⫽ .074, log-rank).

tomas with high VEGF expression were more likely to present
with a ringlike enhancement pattern than those with low VEGF
expression. In addition, tumors with ringlike enhancement often
exhibit a relatively clear radiologic border on postcontrast T1weighted images and thus might more easily be localized during
an operation for total resection. This might explain why GTR was
more likely achieved in glioblastomas with high VEGF expression
than in those with low VEGF expression.
Furthermore, we evaluated the interactive effects between the
extent of resection and VEGF expression in predicting survival of
patients with glioblastoma. Our results suggested that the prognostic value of VEGF expression was only valuable in patients who
achieved GTR, thus implying a codependent effect of the 2 factors
in predicting survival. Because lesions with high VEGF expression
are prone to necrosis and, accordingly, exhibit ringlike enhancement patterns, tumors with ringlike enhancement patterns have

relatively distinguishable margins that may facilitate resection. It
was also reported that patients with cystic glioblastoma with thinwall ringlike enhancement might also benefit from GTR,23 suggesting that cystic tumors might be circumscribed lesions with a
distinct pattern of invasiveness or limited infiltration of the surrounding neutrophils. Therefore, patients with glioblastoma with
high VEGF expression (⫹⫹⫹) were more likely to benefit from
GTR in terms of prolonging survival. Nevertheless, the inherent
reason that VEGF expression might play a predictive role in the
survival of patients with glioblastoma with GTR but not in those
without GTR remains to be further investigated.
VEGF is known to be a potent permeability factor that causes
edema,24,25 and the inhibition of VEGF reduces edema and tumor
burden in patients with glioblastoma.26,27 It has been shown that
VEGF expression is predictive of longer survival in cases of tumors with little or no edema, but not in those with extensive
AJNR Am J Neuroradiol 37:629 –35
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FIG 4. Kaplan-Meier survival curves show the progression-free survival and overall survival of patients with glioblastoma tumors with different
vascular endothelial growth factor expression levels and non-contrast-enhancing tumor components. Tumors with high VEGF expression and
the presence of nCET predict better survival (PFS, P ⫽ .027; OS, P ⫽ .036, log-rank). Moreover, nCET enables stratiﬁcation of the PFS and OS of
patients with high VEGF expression (PFS, P ⫽ .024; OS, P ⫽ .039, log-rank), but not of patients with low VEGF expression (PFS, P ⫽ .716; OS, P ⫽
.645, log-rank).

edema, indicating that edema could be the regulated by both
VEGF-dependent and VEGF-independent pathways.12 Most interesting, the current study demonstrated that peritumoral edema
could stratify the survival of patients with high VEGF expression
(⫹⫹⫹), but not of those with low VEGF expression (⫺ ⬃ ⫹⫹).
Although VEGF expression was correlated with edema and could
promote peritumoral edema development, some tumors with
high VEGF expression might not develop significant peritumoral
edema.12 In addition, VEGF and neuronal pentraxin-2 may affect
MR imaging features of edema and enhancement, suggesting that
edema development might not be directly regulated by VEGF.28
For tumors with high VEGF expression (⫹⫹⫹), the survival difference between patients with and without peritumoral edema
might be partly attributed to the underlying mechanism of tumorigenesis, in which the angiogenic effect of VEGF may act differently in a manner that remains to be determined. Furthermore,
as mentioned above, tumors with high VEGF expression are
prone to necrosis and, accordingly, exhibit ringlike enhancement
patterns, which may present relatively distinguishable margins
and facilitate better resection. In tumors with no peritumoral
edema, GTR would suggest less residual tumor cells and would
thus predict longer PFS.
Previous studies have demonstrated that nCET is a valuable
prognostic indicator in patients with glioblastoma; this finding
was regarded as novel.16 In the current study, we showed that
nCET was a prognostic factor for tumors with high VEGF expression (⫹⫹⫹), but not for those with low (⫺⬃⫹⫹) VEGF expression. In general, hypoxia induces the increased expression of
VEGF and leads to tumor necrosis, suggesting a rapid growth and
more aggressive behavior.12 However, it was found that the nCET
regions might lack necrosis and likely correspond to tumor areas
with a lower pathologic grade and less aggressive behavior. A previous study showed that nCET was a valuable prognostic indica634
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tor.16 Although nCET did not show a prognostic value in the
current study, it was more likely to be present in glioblastomas
with high VEGF expression. Thus, we speculate that nCET and
VEGF might play synergistic roles in affecting survival outcomes. In addition, the prognostic value of nCETs might be
partly owing to their association with oligodendroglioma components. Genetic analysis may provide additional clues to explain why the prognostic value of nCET depends on VEGF
expression levels.
The current study has some limitations. First, we retrospectively enrolled patients from a single institution. Second, the combined prognostic role of VEGF expression and clinical and radiologic features requires further confirmation by a prospective
multicenter investigation. Finally, due to the relatively suboptimal timing of the postoperative scans, the potential presence of
granulation tissue may confound MR imaging results. Future
studies should also focus on the association between clinical and
radiologic characteristics and the survival of patients with tumors
exhibiting other molecular markers.

CONCLUSIONS
In summary, we showed that VEGF expression was a valuable
prognostic factor in patients who achieved GTR, whereas peritumoral edema and nCET could stratify survival outcomes for tumors with high VEGF expression. Thus, our findings suggest synergistic roles for tumor-specific biomarkers, surgical resection,
and preoperative MR imaging features in predicting survival
outcomes.
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Giant Intracranial Aneurysms at 7T MRI
X T. Matsushige, X B. Chen, X A. Ringelstein, X L. Umutlu, X M. Forsting, X H.H. Quick, X U. Sure, and X K.H. Wrede

ABSTRACT
SUMMARY: Giant intracranial aneurysms are rare vascular pathologies associated with high morbidity and mortality. The purpose of this
in vivo study was to assess giant intracranial aneurysms and their wall microstructure by 7T MR imaging, previously only visualized in
histopathologic examinations. Seven giant intracranial aneurysms were evaluated, and 2 aneurysms were available for histopathologic
examination. Six of 7 (85.7%) showed intraluminal thrombus of various sizes. Aneurysm walls were depicted as hypointense in TOF-MRA
and SWI sequences with excellent contrast ratios to adjacent brain parenchyma (range, 0.01– 0.60 and 0.58 – 0.96, respectively). The
triple-layered microstructure of the aneurysm walls was visualized in all aneurysms in TOF-MRA and SWI. This could be related to iron
deposition in the wall, similar to the ﬁndings in 2 available histopathologic specimens. In vivo 7T TOF-MRA and SWI can delineate the
aneurysm wall and the triple-layered wall microstructure in giant intracranial aneurysms.
ABBREVIATIONS: GA ⫽ giant intracranial aneurysm; SEM ⫽ standard error of the mean

I

ntracranial saccular aneurysms are defined as saccular dilations of
cerebral arterial vessels. The overall prevalence of unruptured intracranial aneurysms is estimated between 0.5% and 7% of the general population with a 0.5%–1.1% rupture risk per year on average.1
Considering the natural history, giant intracranial aneurysms (GAs,
defined as ⬎25 mm in maximum diameter) belong to a rare subgroup (approximately 0.5% of all unruptured cerebral aneurysms),
which are highly prone to rupture.2,3
The pathophysiology of the growth in GAs is considered to differ
from that of non-GAs. The presence of intraluminal thrombus formation associated with repeated intramural hemorrhage and neovascularization in the wall seems to play an important role in GA
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growth.4,5 Prior histopathologic studies of intracranial aneurysms
have shown inflammation and associated iron deposits in the wall
that correlated with growth and rupture of the aneurysm.6,7 Previous
MR imaging studies have revealed important morphologic features
in these aneurysms, which are only partially assessable by DSA.8,9
Better delineation and characterization of GAs may help to improve
our comprehension of the distinct pathophysiology of this rare aneurysm subgroup. The purpose of this study was to assess GAs and
their wall microstructure by 7T MR imaging, previously only visualized in histopathologic examinations.

MATERIALS AND METHODS
The study was approved by the authorized ethics committee of the
local university, and all patients provided written consent before
the examination. Inclusion criteria were the following: 1) patients
with a GA previously diagnosed via DSA and conventional 1.5T or
3T MR imaging, 2) 18 years of age or older, and 3) able to give
informed consent. Exclusion criteria were the following: 1) the
presence of a cardiac pacemaker or any other electronic implants,
2) pregnancy or breastfeeding, or 3) claustrophobia. Patients were
recruited from January 2011 to December 2014 and included 4
men and 3 women with an average age of 66 years (range, 50 – 80
years).

High-Resolution 7T MR Imaging
Seven patients with GAs were evaluated by using a 7T whole-body
MR imaging system (Magnetom 7T; Siemens, Erlangen, Germany) equipped with a 32-channel Tx/Rx head coil (Nova Med-

ical, Wilmington, Massachusetts). The system is equipped with a
gradient system providing 45-mT/m maximum amplitude and a
slew rate of 200 mT/m/ms. Applied sequences included TOFMRA10,11 and MPRAGE12 from the standard 7T vascular protocol and SWI for detecting iron deposition. Detailed parameters
for all sequences are summarized in Table 1.

Image Analysis
Before the evaluation, image data for all individual cases were
coregistered between sequences by using the FMRIB Linear Image
Registration Tool (FLIRT; http://www.fmrib.ox.ac.uk). Image
evaluation was performed by using the FSLView tool (FMRIB
Software Library, Version 5.0; http://fsl.fmrib.ox.ac.uk/fsl/fslview/)
by 2 raters in a consensus reading. Assessed features were the
following: aneurysm and parent artery diameter, wall thickness,
signal intensity of the aneurysm wall, intraluminal thrombus, intraluminal flow, and surrounding brain tissue. The ROIs were
placed in the wall of the dome farthest away from the aneurysm
base, including 4 representative voxels (0.44 ⫻ 0.44 mm) of each
structure. The ROIs in the tissues surrounding the wall amounted
to 16 voxels (0.88 ⫻ 0.88 mm). Absolute values for contrast ratios
of aneurysm wall layers and adjacent tissues were calculated as
follows:
共Intensity ⫺ Intensity 兲
冏 共Intensity
冏.
⫹ Intensity 兲
a

b

a

b

For every mean value, the standard error of mean (SEM,  / 公n)
was calculated as an estimate of the population mean.

Histopathologic Examination
To surgically expose the aneurysm neck, partial resection of the
wall and thrombus was mandatory in 2 thrombosed MCA aneurysms preoperatively scanned with 7T MR imaging. Aneurysm

domes were successfully resected parallel to the parent artery. Histopathologic sections were prepared from areas corresponding to
MR imaging ROIs with 5-m thickness and were stained by using
H&E, Van Gieson elastic, and Prussian blue.

RESULTS
All patients were examined without any adverse events, and all
MR imaging sequences were successfully acquired. Table 2 summarizes basic demographic data for all patients and major anatomic
features of the aneurysms. The mean diameters of aneurysms and
parent arteries were 29.8 mm (SEM, 1.9; range, 25.1–37.9 mm) and
3.3 mm (SE, 0.4; range, 1.7–5.3 mm), respectively. All aneurysms
except 1 were surrounded by brain parenchyma, and 4 aneurysms
were accompanied by brain edema. The aneurysm arising from the
cavernous portion of the ICA (subject 2) extended into the intracranial space with the cranial part of the dome. Figure 1 illustrates specific features of aneurysm delineation for all 7 cases in TOF-MRA,
MPRAGE, magnitude imaging, and SWI.

Thickness of the Aneurysm Wall
The mean aneurysm wall thickness was 0.96 mm (SEM, 0.1; range,
0.73–1.39 mm) in the TOF-MRA sequence, 1.08 mm (SEM, 0.11;
range, 0.79 –1.55 mm) in MPRAGE, 1.34 mm (SEM, 0.08; range,
1.11–1.67 mm) in magnitude images, and 1.45 mm (SEM, 0.09;
range, 1.22–1.86 mm) in SWI. The thicknesses in histopathologic
sections of aneurysm walls near the fundus were 0.83– 0.95 mm
(subject 3) and 0.50 – 0.57 mm (subject 5). The thickness measured in histopathologic sections corresponded best with thickness measured in the TOF-MRA sequence for both patients who
underwent surgery. Measured thicknesses of aneurysm walls are
summarized in Fig 2.

Signal Intensity of the Aneurysm Wall

Aneurysm walls were depicted as hypointense on TOF-MRA and
strongly hypointense on magnitude images and SWI compared with adjacent
Table 1: Major scan parameters for sequences at 7T MRI
structures. In MPRAGE, walls were deSequence
TOF-MRA
MPRAGE
SWI
2
lineated with a heterogeneous mostly
FOV (mm )
168 ⫻ 199
270 ⫻ 236
168 ⫻ 224
Matrix
896 ⫻ 756
384 ⫻ 336
896 ⫻ 672
hypointense signal. All aneurysms
0.22 ⫻ 0.22
0.7 ⫻ 0.7
0.25 ⫻ 0.25
Resolution (mm2)
demonstrated a characteristic feature,
Section thickness (mm)
0.41
0.7
1.5
showing a high contrast ratio of the
TR (ms)
20
2500
27
wall to adjacent brain parenchyma.
TE (ms)
4.34
1.54
15
Signal intensities of intraluminal
Flip angle (degree)
18
7
14
Bandwidth (Hz/pixel)
95
570
140
thrombus were heterogeneous beScan time
6 minutes 22 seconds 6 minutes 13 seconds 13 minutes 34 seconds
tween and within aneurysms. HowTable 2: Patient demographics and anatomic characteristics for all examined aneurysms
Age
Maximum
Aneurysm Neck
Nr.
(yr)
Sex
Location
Thrombosis
Diameter (mm)
Diameter (mm)
1
50
F
ICA
Partially
25.06
4.38
2
56
F
ICA (cavernous)
Partially
37.87
7.95
3
75
M
MCA
Partially
35.78
6.79
4
80
M
MCA
Completely
28.99
7.31
5
61
F
MCA
Partially
25.95
5.60
6
69
M
Basilar artery
Completely
27.21
22.10
7
71
M
Basilar artery
None
27.75
25.86

Parent Vessel
Diameter (mm)
3.85
3.43
3.04
1.70
2.46
3.57
5.31

Treatment
Endovasculara
Endovascularb
Clippingc
Observation
Clippingc
Observation
Observation

Note:—Nr. indicates patients in chronological order.
a
Coiling with a stent.
b
Parent vessel occlusion.
c
Subject with histopathologic assessment.
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FIG 1. Delineation of giant intracranial aneurysms by 7T MR imaging for all 7 patients by TOF-MRA (A), MPRAGE (B), magnitude imaging (C), and
SWI (D). Speciﬁc structures are marked identically in all subﬁgures. Arrows indicate the aneurysm wall; white asterisks, intraluminal thrombus;
black asterisks, ﬂow lumen; and double daggers, brain parenchyma. Aneurysm walls show hypointense signal in TOF-MRA, magnitude imaging,
and SWI and heterogeneous signal intensity in MPRAGE.

ever, thrombus areas adjacent to the aneurysm wall were generally hyperintense in comparison with the wall. Contrast
between intraluminal thrombus and brain parenchyma was
low for all MR imaging sequences. Partially thrombosed aneurysms (subjects 1, 3, and 5) showed heterogeneous contrast
638
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between thrombus and intraluminal flow. Details of contrast
ratios are summarized in Table 3.
In TOF-MRA and SWI, aneurysm walls adjacent to brain parenchyma were depicted partially with a distinct triple-layered
microstructure showing a hyperintense signal in the middle layer

surrounded by hypointense outer and inner layers. Mean contrast
ratios between the middle layer and outer/inner layers were high
(0.27– 0.84) with better contrast in SWI than in TOF (Table 4). In
2 available histopathologic specimens, the hyperintense layer corresponded to the tunica media. There was no iron deposition
within this part of the wall in the Prussian blue stain, while adventitia and smooth muscle layer adjacent to intraluminal thrombus
showed strong iron uptake (Fig 3).

DISCUSSION
To our knowledge, this is the first in vivo study investigating GAs
using ultra-high-field 7T MR imaging. Because most patients with
GAs present with urgent clinical symptoms,5 for most of these
cases, 7T MR imaging examinations remain inaccessible. Considering the scarce opportunity to recruit patients with this extremely rare vascular disease, this study of GAs can help to further
understand the complex pathophysiology of aneurysm formation, growth, and rupture.
In previously published in vivo aneurysm wall imaging studies, depiction of microstructures within aneurysm walls was limited by spatial resolution,13-15 because wall thicknesses ranged
from 20 to 500 m.16,17 To date, there is only 1 report on intracranial vessel wall microstructures delineated with 7T MR imaging using an ultra-high ex vivo 0.11 ⫻ 0.11 mm2 resolution.18 The study showed excellent correlation with the
histopathologic findings. However, the presented ex vivo protocol took 40.5 hours per specimen and is therefore unsuitable
for clinical in vivo application. In view of the previously published data, spatial resolution has to be well below aneurysm
wall thickness to be capable of demonstrating microstructures
within the wall. The spatial resolution used in our study was
5.7–13.2 times higher compared with previous in vivo aneurysm wall studies,10,11,13-15 which was sufficient to visualize
the microstructures in vivo for the first time.

FIG 2. Thickness of aneurysm walls is presented for all MR imaging
sequences and histopathology (only available for cases 3 and 5). In
every subject, aneurysm wall thickness was larger on magnitude images and SWI compared with TOF-MRA and MPRAGE. Histopathologic measurements correlated best with TOF-MRA measurements in
all subjects.

Histopathology revealed a distinct pattern of iron deposition within the aneurysm wall, showing a homogeneous distribution in the adventitia and smooth muscle layer adjacent to
intraluminal thrombus, sparing the tunica media. Honkanen
et al19 characterized the aneurysm wall in an ex vivo study
setup comparing 4.7T MR imaging and histopathology, showing the capability of a T2* sequence to detect iron-loaded macrophages depicting the degenerated aneurysm walls as hypointense structures. In the present study, the ultra-high spatial
resolution in TOF-MRA and SWI could depict iron-related
signal decay in voxels within the aneurysm wall as a typical
triple-layered microstructure, which correlates with the histopathologic findings. Due to the lower spatial resolution of
MPRAGE, partial volume effects of surrounding inner and
outer aneurysm wall layers blurred the tunica media signal.
Thus, MPRAGE was not able to depict the distinct triple-layered wall structure, showing only a diffuse hypointense signal.
The surrounding brain parenchyma and intraluminal thrombus, often seen in GAs, provide additional image contrast and
therefore help to differentiate the aneurysm wall from its surrounding structures. In some cases, heterogeneous signal in parts
of the intraluminal thrombus led to local low-contrast areas
around the aneurysm wall, making differentiation slightly more
difficult. The inhomogeneous iron deposition caused by different
ages of thrombus layers20 is presumably associated with the heterogeneous signal intensity in some thrombus. As expected, the
local B0 field inhomogeneity due to the deposited iron caused
stronger signal alterations in SWI compared with TOF-MRA and
MPRAGE. These susceptibility effects are amplified at 7T compared with lower magnetic field strengths. Because of strong
blooming effects in SWI at ultra-high magnetic field strengths,
aneurysm wall thickness was overestimated approximately 1.5fold compared with TOF-MRA, which showed excellent correlation with histopathologic measurements.
It is debatable whether the triple-layered microstructures are
fragile or represent a stable region of the aneurysm wall and to
what extent iron accumulation derives from infiltrating macrophages. Considering previously published data from histopathologic and clinical studies and the present high-resolution MR imaging findings, the triple-layered microstructures are likely to
reflect the fragility of the aneurysm wall. The grade of iron depoTable 4: Contrast ratios of aneurysm wall layers
WLCR (Outer) (mean) WLCR (Inner) (mean)
(SEM, range)
(SEM, range)
TOF
0.39 (0.04, 0.24–0.59)
0.27 (0.04, 0.15–0.49)
MPRAGE
NA
NA
Magnitude image 0.49 (0.10, 0.25–1.00)
0.33 (0.11, 0.14–1.00)
SWI
0.84 (0.06, 0.52–1.00)
0.71 (0.08, 0.31–1.00)
Note:—WLCR (outer) indicates wall middle layer to outer layer; WLCR (inner), wall
middle layer to inner layer; NA, not applicable.

Table 3: Contrast ratios of aneurysm wall and intraluminal thrombus to adjacent structures
WBCR (mean) (SEM, range) WTCR (mean) (SEM, range) TBCR (mean) (SEM, range)
TOF
0.41 (0.08, 0.01–0.60)
0.33 (0.10, 0.03–0.58)
0.15 (0.10, 0.23–0.57)
MPRAGE
0.20 (0.06, 0.06–0.49)
0.36 (0.09, 0.07–0.57)
0.17 (0.13, 0.25–0.56)
Magnitude image
0.67 (0.05, 0.44–0.83)
0.54 (0.15, 0.08–0.82)
0.26 (0.10, 0.06–0.75)
SWI
0.84 (0.05, 0.58–0.96)
0.70 (0.15, 0.13–0.93)
0.12 (0.16, 0.19–0.95)

TLCR (mean) (SEM, range)
0.31 (0.11, 0.16–0.62)
0.23 (0.07, 0.03–0.38)
0.30 (0.16, 0.02–0.84)
0.34 (0.18, 0.07–0.97)

Note:—WBCR indicates aneurysm wall to brain parenchyma; WTCR, aneurysm wall to intraluminal thrombus; TBCR, intraluminal thrombus to brain parenchyma; TLCR,
intraluminal thrombus to intraluminal ﬂow.
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FIG 3. Histopathologic images and MR imaging of both partially resected aneurysms are illustrated. There is an excellent correspondence
between hypointense signal in TOF-MRA and SWI and iron deposition in the aneurysm wall in histopathologic sections (subject 3: A–E; subject
5: F–J). Green squares on TOF-MRA (without zoom interpolation) indicate ROIs in the aneurysm wall and surrounding structures (brain parenchyma and intraluminal thrombus) (A and F). Magniﬁed images depict the hypointense aneurysm wall in TOF-MRA (B and G) and the strongly
hypointense aneurysm wall in SWI (C and H). Aneurysm walls partially show the triple-layered microstructure (hyperintense layer in the middle)
in both sequences (arrows). Histopathology shows aneurysm walls with Van Gieson elastic staining (original magniﬁcation ⫻50) (D and I) and iron
deposition in inner smooth muscle (arrowheads) and adventitial layer (arrow) in Prussian blue staining (original magniﬁcation ⫻ 50) (E and J).
Note the decellularized layer in the middle layer without iron deposition (asterisks).

sition, likely linked to inflammation, is detectable and can be
quantified by using high-field MR imaging. This information
might therefore serve as a future follow-up marker and help in
deciding the treatment timing and technique.
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Limitations
The present series consisted of a relatively small number of 7
patients with GAs. However, considering the extremely low incidence of this rare pathology, the possibility of recruiting a consid-

erably larger number of patients within a reasonable time is limited. More than half of our patients presenting with giant
aneurysms during these 3 years were unsuitable for scanning at 7T
MR imaging because of numerous contraindications. On the one
hand, heterogeneous sizes and locations of scanned aneurysms
seem to be a limitation of the study; on the other hand, identical
signal characteristics of aneurysm walls could be shown in various
locations and therefore indicate these signal characteristics as a
general feature of GAs. Wall imaging in this study was focused on
the fundus of the aneurysm. Walls of intracranial aneurysms are
highly heterogeneous,15,21 making it difficult to characterize the
complete aneurysm wall by using MR imaging and histopathology, when only parts of the aneurysm wall are investigated by both
methods. A future ex vivo or in vivo study might overcome this
limitation by 3D aligning of MR imaging and histopathologic
images, allowing exact quantification of the complete aneurysm
wall. Finally, susceptibility artifacts from adjacent air-filled sinuses can strongly impair aneurysm delineation close to the skull
base, especially in SWI, making it difficult to visualize large parts of
the aneurysm wall and therefore reducing applicability of 7T MRA as
a follow-up marker.

CONCLUSIONS
High-resolution in vivo 7T SWI and TOF-MRA imaging can delineate the triple-layered wall microstructure in giant intracranial
aneurysms previously only depicted by using ex vivo MR imaging
or histopathologic examinations. Quantification of iron deposition in the aneurysm wall might serve as a future follow-up
marker and help in deciding the treatment timing and technique.
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A Spiral Spin-Echo MR Imaging Technique for Improved Flow
Artifact Suppression in T1-Weighted Postcontrast Brain
Imaging: A Comparison with Cartesian Turbo Spin-Echo
X Z. Li, X H.H. Hu, X J.H. Miller, X J.P. Karis, X P. Cornejo, X D. Wang, and X J.G. Pipe

ABSTRACT
BACKGROUND AND PURPOSE: A challenge with the T1-weighted postcontrast Cartesian spin-echo and turbo spin-echo brain MR
imaging is the presence of ﬂow artifacts. Our aim was to develop a rapid 2D spiral spin-echo sequence for T1-weighted MR imaging with
minimal ﬂow artifacts and to compare it with a conventional Cartesian 2D turbo spin-echo sequence.
MATERIALS AND METHODS: T1-weighted brain imaging was performed in 24 pediatric patients. After the administration of intravenous
gadolinium contrast agent, a reference Cartesian TSE sequence with a scanning time of 2 minutes 30 seconds was performed, followed by
the proposed spiral spin-echo sequence with a scanning time of 1 minutes 18 seconds, with similar spatial resolution and volumetric
coverage. The results were reviewed independently and blindly by 3 neuroradiologists. Scores from a 3-point scale were assigned in 3
categories: ﬂow artifact reduction, subjective preference, and lesion conspicuity, if any. The Wilcoxon signed rank test was performed to
evaluate the reviewer scores. The t test was used to evaluate the SNR. The Fleiss  coefﬁcient was calculated to examine interreader
agreement.
RESULTS: In 23 cases, spiral spin-echo was scored over Cartesian TSE in ﬂow artifact reduction (P ⬍ .001). In 21 cases, spiral spin-echo was
rated superior in subjective preference (P ⬍ .001). Ten patients were identiﬁed with lesions, and no statistically signiﬁcant difference in
lesion conspicuity was observed between the 2 sequences. There was no statistically signiﬁcant difference in SNR between the 2
techniques. The Fleiss  coefﬁcient was 0.79 (95% conﬁdence interval, 0.65– 0.93).
CONCLUSIONS: The proposed spiral spin-echo pulse sequence provides postcontrast images with minimal ﬂow artifacts at a faster
scanning time than its Cartesian TSE counterpart.
ABBREVIATION: SE ⫽ spin-echo

T

1-weighted MR imaging after the injection of gadoliniumbased contrast agent is widely used in the diagnosis of many
neurologic diseases, such as tumors, infections, and inflammatory
conditions. 2D multisection Cartesian spin-echo (SE) and turbo
spin-echo– based pulse sequences are the clinically preferred
methods for postcontrast T1WI. A challenge with these Cartesian
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images is the presence of ghosting artifacts due to flowing blood
from the venous sinuses. These artifacts can obscure the visualization of lesions and reduce image quality. With contrast-agent
enhancement, these flow artifacts are further exacerbated by
bright-blood signals. Gradient flow compensation and spatial saturation bands are helpful in alleviating, but not eliminating, these
flow-induced artifacts in Cartesian acquisitions.
Spiral MR imaging, a non-Cartesian acquisition technique,
has several advantages over its Cartesian counterpart.1,2 A primary benefit is the ability of the spiral to traverse k-space more
efficiently per unit of time than Cartesian trajectories, thus providing a higher scan speed. With spiral acquisitions, motion- and
flow-induced errors are manifest as incoherent artifacts in the
image domain. As a result, spiral acquisition reduces the sensitivity of the pulse sequence to structured artifacts.3 The spiral trajectory also inherently provides zero gradient moments at the origin
of k-space, which substantially decreases the sensitivity of the sequence to in-plane flow-related artifacts.4 Spiral SE MR imaging

2D Spiral SE MR Imaging

FIG 1. Pulse sequence diagram of the proposed 2D spiral SE sequence
(A). ⌬TE indicates the temporal shift of the spiral readout relative to
the traditional TE (ie, the Hahn echo). Spiral data at multiple ⌬TE shifts
(⫺0.2, 0.57, and 1.34 ms used at 3T) were collected in this work to
facilitate chemical shift– encoded water-fat imaging. The dashed arrows point to the crusher gradients in the section direction used to
spoil through-plane ﬂow signal. B, The solid circular tracing shows 1
spiral interleaf, and the dots indicate sampled data points in k-space
from all interleaves, as summarized in Table 1. RF indicates
radiofrequency.
Table 1: 3T imaging parameters of conventional 2D multisection
Cartesian TSE and the proposed 2D spiral SEa
Parameter
Cartesian TSE
Spiral SE
Orientation
Axial
Axial
Phase-encoding direction Anterior/posterior
NA
FOV (mm)
220 ⫻ 220
220 ⫻ 220
In-plane resolution (mm)
0.8 ⫻ 1.0
0.85 ⫻ 0.85
Section thickness (mm)
3
3
Section gap (mm)
0.3
0.3
No. of sections
15
15
Excitation ﬂip angle
70°
90°
TE (ms)
9
10
⌬TE (ms)
0, 1.0
⫺0.2, 0.57, 1.34
Echo-train length
3
NA
TR (ms)
674
674
No. of spiral interleaves
NA
38
Gradient ﬂow
On
Off
compensation
Spatial saturation band
On
Off
No. of section packages
2
1
Scanning time
2 min 30 sec
1 min 18 sec
Note:—NA indicates not applicable; ⌬TE, TE shifts.
a
Note the use of gradient ﬂow compensation and a spatial saturation band with the
Cartesian TSE technique, whereas they are absent in the spiral SE sequence. Note also
differences in scanning times despite comparable spatial resolution and section coverage.

has been reported in pelvic imaging,5 black-blood imaging of peripheral vasculature,6 and functional MR imaging.7
The purpose of this work was to develop a 2D spiral SE technique for T1-weighted brain imaging with minimal flow artifacts
and faster scanning speed and compare it with a conventional 2D
Cartesian TSE pulse sequence, with comparable spatial resolution
and volumetric coverage. We prospectively evaluated the performance of the 2D spiral SE technique and its subsequent image
quality in a cohort of pediatric patients.

MATERIALS AND METHODS
This prospective, Health Insurance Portability and Accountability Act– compliant study was approved by the Phoenix Children’s
Hospital and the Barrow Neurological Institute review boards under expedited review as a minimum-risk study, and informed
consent was waived from patients at the Phoenix Children’s Hospital for adding the proposed spiral sequence to a standard brain
MR imaging examination.

To overcome slower scan speeds and pronounced flow artifacts in
conventional Cartesian TSE and SE techniques in postcontrast
T1WI, we proposed, in this work, a SE pulse sequence by using a
spiral-out readout, as shown in Fig 1. In Cartesian imaging, motion- and flow-induced errors express themselves as coherent
ghosting artifacts along the phase-encoding direction. In spiral
imaging, there is no defined phase-encoding direction (Fig 1B).
Therefore, motion- and flow-induced errors are manifest in all
directions as incoherent artifacts. The reduced sensitivity to inplane flow-induced artifacts is also because the gradient moments
at the beginning of the spiral readout are nulled for all orders (ie,
static, velocity, acceleration, jerk, and so forth), which leads to
reduced phase errors at the center of k-space. Thus, the proposed
spiral SE sequence obviates additional gradient flow compensation, typically used in Cartesian TSE to suppress in-plane flow
signals. An additional measure used in this work was large crusher
gradients along the section direction around the 180° refocusing
radiofrequency pulse of the SE. These further reduce throughplane flow-induced artifacts.6 The overall reduced sensitivity of
spiral SE to flow-induced errors eliminates the need for additional
spatial saturation bands that are typically used in Cartesian TSE
acquisitions to null signals from through-plane inflowing blood.
Removal of these saturation bands in spiral SE also reduces magnetization transfer effects and improves the gray-white matter
tissue contrast.

Water-Fat Imaging Capability
In this work, multiecho chemical shift– encoded Dixon water-fat
imaging capability8,9 was added to the proposed spiral SE technique; thus, it is similar to the conventional Cartesian TSE sequence of our institution, the comparison reference, which has
built-in Dixon capability from the manufacturer. Three echoes
were used in the spiral SE pulse sequence to achieve reliable waterfat separation and deblurring.10

Data Acquisition
All data were acquired on two 3T scanners (Ingenia; Philips
Healthcare, Best, the Netherlands) by using either a 13- or a
32-channel head array. In each patient, the axial 2D Cartesian
TSE scan was obtained first after intravenous contrast (gadopentetate dimeglumine, Magnevist; Bayer HealthCare Pharmaceuticals, Wayne, New Jersey) administration, followed by
the proposed spiral SE scan. The imaging parameters are summarized in Table 1.

SNR Evaluation
To compare the SNR of the spiral SE and Cartesian TSE sequences, we initially scanned 2 healthy adult volunteers, without
the use of intravenous contrast. SNR can typically be measured by
estimating the noise SD from either the background region or the
difference of 2 consecutive image sets acquired under identical
conditions.11,12 Because the background air regions in spiral reconstructed images do not contain pure Gaussian noise, the latter
method of acquiring 2 identical image sets was adopted in this
work, and the difference of the 2 images was used to estimate noise
and ultimately SNR. In each volunteer, areas with relatively uniAJNR Am J Neuroradiol 37:642– 47
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Table 2: Summary of study cohort
Patient
1
2a

FIG 2. Measured SNR in 8 ROIs (4 white matter and 4 gray matter).
The ROI size range was 269 –1080 voxels with a mean of 530 voxels
(range, 56.5–226.9 mm2, with mean of 111.3 mm2), with 1 example shown
on the right. The relative SNR of spiral SE to Cartesian TSE was 89.3%
⫾ 3.0%.

form gray or white matter signals were selected from the spiral SE
image, and ROIs were manually drawn. Selected areas included
cortical gray matter, subcortical white matter, deep white matter
(centrum semiovale), and so forth, and 1 example was illustrated
in Fig 2. The ROIs and signal and noise measurements were made
by using ImageJ software (National Institutes of Health, Bethesda,
Maryland).

Patient Studies
Twenty-four pediatric patients (18 boys, 6 girls) were prospectively enrolled in this study from October to December 2014.
There were no specific inclusion/exclusion criteria. The age
ranged from 7 months to 13 years 8 months, with a distribution of
6.1 ⫾ 3.9 years. Twenty-two of the 24 patients were scanned with
sedation. The cohort is briefly summarized in Table 2.

Data Analysis
The water-reconstructed images from Cartesian TSE and spiral
SE were independently assessed by 3 radiologists, with 2 (P.C.), 9
(J.H.M.), and 23 (J.P.K.) years of experience in neuroradiology,
respectively. The images were rated in 3 categories, including flow
artifact reduction, subjective preference (meaning the radiologists would rather interpret one image than the other), and lesion
conspicuity, if present. For each patient, the readers were given
the combined dataset (Cartesian TSE and spiral SE) in a 2-column
format with the left-right order randomized as either Cartesian
TSE/spiral SE or spiral SE/Cartesian TSE. The readers reviewed all
images (ie, all sections), and an overall score was given for each
patient in each category by using a 3-point score system, with ⫺1
representing the left superior to the right, zero representing the
left equivalent to the right, and 1 representing the left inferior to
the right. The scores were then converted by the remaining investigators in a separate session so that ⫺1 denoted Cartesian TSE
superior to spiral SE, zero denoted Cartesian TSE equivalent to
spiral SE, and 1 denoted Cartesian TSE inferior to spiral SE.

Statistical Analysis
The SPSS software package (Version 15.0; IBM, Armonk, New
York) was used for statistical analysis. The t test was used to assess
any statistically significant difference in SNR between Cartesian
TSE and spiral SE. We used the nonparametric 1-sample Wilcoxon signed rank test to determine whether the scores from each
of the 3 radiologists for each of the 3 categories differed from zero,
644

Li

Apr 2016

www.ajnr.org

a
b

Sex
M
M

Age
2 yr 6 mo
1 yr 7 mo

3b
4
5

M
M
M

12 yr 7 mo
10 yr 0 mo
3 yr 2 mo

6a,b
7
8a
9
10a
11
12
13
14
15a
16

F
M
F
M
M
M
M
F
M
M
M

9 yr 4 mo
13 yr 8 mo
5 yr 5 mo
0 yr 10 mo
3 yr 2 mo
4 yr 0 mo
0 yr 7 mo
8 yr
8 yr 7 mo
7 yr 8 mo
5 yr 2 mo

17
18a
19
20a

F
F
F
M

2 yr 6 mo
2 yr 1 mo
4 yr 3 mo
11 yr 2 mo

21a
22
23a
24a

M
M
M
M

9 yr 1 mo
11 yr 3 mo
3 yr 1 mo
6 yr 7 mo

Clinical Indication for
Brain MRI Exam
Optic nerve hypoplasia
Edema, craniosynostosis repair,
head swelling, fever
Hydrocephalus
Suspicion of brain tumor
Hemiparesis dominant left
side
Spell convulsion
Suspicion of brain tumor
Hearing loss
Adrenogenital disorders
Bilateral retinoblastoma
Cerebellar ataxia
Adduction deﬁcit
Hearing loss
Papilledema
Low-grade glioma
Central nervous system
tumor mass
Fever, meningitis
Epilepsy
Headache
Ablepharon-macrostomia
syndrome, encephalopathy
Malignant neoplasm of brain
Headache
Brain tumor, infection
Intracranial abscess, mastoiditis

Patients with space-occupying lesions or signal abnormalities seen on MRI.
Patients who were not sedated.

where zero implied similarity between the spiral SE and Cartesian
TSE images. A P value ⬍ .05 was chosen to reflect statistical significance. Interradiologist agreement was evaluated with the
Fleiss  coefficient.

RESULTS
Tables 1 and 2 summarize pertinent imaging parameters and descriptors of the study cohort, respectively. Figure 2 illustrates SNR
measurements in the gray and white matter of healthy volunteers
between spiral SE and Cartesian TSE sequences. The t test did not
yield a statistically significant difference in SNR between spiral SE
and Cartesian TSE (P ⫽ 0.32) when considering all gray and white
matter ROIs. However, the SNR of the spiral SE approach was
slightly lower, and the SNR of the spiral SE to Cartesian TSE was
89.3% ⫾ 3.0%. The main reason for the lower SNR with the spiral
SE acquisition is its shorter scanning time (Table 1).
Scores from radiologists’ evaluations are outlined in Fig 3.
While the categories of flow artifact reduction and subjective preference included all 24 patient datasets, the category of lesion conspicuity was limited to 10 cases because only these cases were
identified as having either contrast-enhancing (6 cases) or noncontrast-enhancing (4 cases) pathology, none of which was in the
posterior fossa. All 3 observers rated spiral SE better than Cartesian TSE in terms of flow artifacts in 23 of the 24 cases (Fig 3A). In
the remaining case, 2 readers rated both techniques as equivalent
in flow artifact reduction, while the third reader preferred the
proposed spiral SE. The improvement in flow artifact reduction
with spiral SE over Cartesian TSE was statistically significant (P ⬍
.001).

FIG 3. Barplots summarizing the score assessment of patient data by 3 radiologists, in terms of ﬂow artifact reduction (A), subjective preference
(B), and lesion conspicuity (C). In the categories of ﬂow artifact reduction (A) and subjective preference (B), the maximum count per radiologist
is 24, 1 for each patient. Thus, the cumulative count is 72. In the category of lesion conspicuity (C), which was evaluated in a subgroup of 10
patients, the maximum count of each radiologist is 10, with a cumulative total of 30. Note the preference of the spiral SE images in A and B.

FIG 4. Representative water-reconstructed images from patients 1 (A), 4 (B), 18 (C), and 22 (D), comparing ﬂow artifacts between Cartesian TSE
(top) and spiral SE sections (bottom). In the Cartesian TSE images, the dashed circles denote areas with noticeable ﬂow artifacts, seen
predominantly as signal ghosting. It is evident that the ﬂow artifacts are substantially reduced in the corresponding spiral SE images, especially
in the cerebellum where strong ﬂow artifacts are typically observed in Cartesian TSE. The dotted arrows in the spiral SE images point to residual
blurring in the nasal cavity, in comparison with the sharper appearance seen in the Cartesian TSE data.

In 21 of the 24 cases, the 3 radiologists preferred spiral SE over
Cartesian TSE in terms of subjective preference (Fig 3B). In 2
cases, 2 reviewers preferred spiral SE, while the third reviewer
rated both techniques equivalent. In another case, one reviewer
preferred Cartesian TSE, while the other 2 reviewers rated both
techniques equivalent. A statistically significant improvement
with spiral SE over Cartesian TSE in subjective preference was
observed (P ⬍ .001).
In 8 of the 10 cases with lesions, spiral SE was rated by all 3
observers as equivalent to Cartesian TSE in providing lesion conspicuity (Fig 3C). In 1 case, 2 observers preferred spiral SE, while

the third observer scored the 2 techniques as equivalent. In another case, 2 observers rated the 2 techniques equivalent while the
third observer considered Cartesian TSE better. With this limited
number of data points, the scores for lesion conspicuity between
spiral SE and Cartesian TSE were not statistically different. The
interreader Fleiss  coefficient was 0.79 (95% confidence interval,
0.65– 0.93) for all 3 categories of flow artifact reduction, subjective
preference, and lesion conspicuity.
Figure 4 illustrates representative examples, highlighting the
suppression of flow artifacts with the proposed 2D spiral SE sequence. The Cartesian TSE images showed substantial flow artiAJNR Am J Neuroradiol 37:642– 47
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FIG 5. Representative images with lesions from patients 2 (A), 8 (B), 15 (C), and 20 (D), comparing lesion conspicuity between Cartesian TSE (top)
and spiral SE sections (bottom). A, The MR image shows extracranial soft-tissue enhancement related to postsurgical infection. B, The patient has
a nonenhancing neural cyst. C, The patient has an enhancing hypothalamic glioma. D, The patient has scattered enhancing intracranial leukemia
tumors. The solid arrows in the Cartesian images point to these lesions, and the dotted arrows point to noticeable bright-blood signals in the
small vessels that are absent in spiral SE images.

facts from the venous sinuses with resultant poor posterior fossa
image quality. These artifacts were not present on the corresponding spiral SE images. Figure 5 shows 4 cases with intra- and extracranial contrast-enhancing and intracranial nonenhancing lesions. Lesion delineation is comparable between the spiral SE and
Cartesian TSE data. Other observations include slightly higher
gray-white matter tissue contrast and dark blood vessels in spiral
SE images, in contrast to Cartesian TSE data.

DISCUSSION
Artifacts from pulsatile blood flow are a potential major concern
in postcontrast T1WI Cartesian SE and TSE brain imaging. In this
study, we have shown that a 2D spiral SE acquisition is capable of
substantially reducing these flow artifacts, without compromising
spatial resolution and volumetric coverage. The reduction in flow
artifacts is achieved by exploiting the advantages of a spiral kspace readout. The spiral approach provides inherent gradient
flow compensation and incoherent manifestation of residual artifacts. Through-plane flow signals were further reduced by the
use of crusher gradients along the section-encoding axis. Parallel
imaging was not used in this study but can be additionally applied
to accelerate both techniques. In this work, spiral data were acquired with 3 TE shifts, which were necessary to achieve a robust
water-fat separation.10 The algorithm10 with only 2 TE shifts can
be used to further reduce scanning time. With this approach,
however, an external B0 field map is required.
The SNR of the spiral SE technique was slightly lower than that
of Cartesian TSE, albeit with a 2-fold reduction in scanning time.
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If SNR is more desirable than the scanning speed, it can be
achieved by adjusting the image protocol. For instance, a gain of
公2 in SNR can be obtained by acquiring data with a signal average of 2, which results in an SNR higher than the Cartesian TE,
even though the total scanning time is comparable. Magnetization transfer effects are more pronounced in Cartesian TSE13 due
to the use of multiple refocusing radiofrequency pulses and a spatial saturation band to spoil the inflow blood signal, which likely
explains the gray-white matter contrast being slightly higher in
the spiral SE data shown in Fig 5. The clinical utility of this magnetization transfer effect should be evaluated in the future.
The radiologists thought that the primary reason for the spiral
images being preferred was due to the reduction in flow-related
artifacts. Another factor was the black-blood vascular signal in the
spiral data. Given the substantial reduction of flow artifacts and
consistent black-blood signals with spiral SE data, it is plausible
that any lesion obscured by flow artifacts or bright-blood signals
in the Cartesian TSE acquisition can be more confidently detected
with the spiral SE technique. Additional factors impacted the subjective preference, for instance, other forms of artifacts related to
physiologic or bulk motion. These factors collectively contributed
to the spiral SE acquisition being preferred over the Cartesian TSE
approach by the evaluating radiologists. In current study, we did
not adopt a more objective metric to compare the 2 techniques.
Larger studies in the future should assess more objective and
quantitative comparisons (eg, tissue contrast).
In this study, the 3 reviewing radiologists, though blinded and

randomly presented with the data, may have been able to identify
the spiral images on the basis of the significant reduction in flow
artifacts. This potential source of bias in the evaluation might be
difficult to avoid.
A limitation of this study was that no patients were found with
lesions in the posterior fossa that was affected by strong flow artifacts in the Cartesian TSE datasets, and enhancing lesions were
only found in a small number of cases. Although the study was
limited to a cohort of pediatric patients, the present work is applicable to the general adult population. Future studies include
the expansion to a large cohort of adult patients and include patients with brain parenchymal and high-flow vascular lesions.
With a large patient population, seeing pathologies in the posterior fossa to prove the value of the improved flow artifact suppression with spiral SE is likely. Seeing more enhancing lesions is
expected, making it feasible to statistically investigate the enhancement with spiral SE.
Another limitation was the fixed acquisition order (ie, Cartesian TSE followed by spiral SE after contrast administration). A
randomized order would have permitted a more thorough analysis of the performance of the spiral SE sequence. In addition, the
reference scan for comparison was a 2D Cartesian TSE acquisition, not a longer Cartesian SE pulse sequence. In the clinical
setting of our institution, time did not permit performing the
latter. In this study, spiral SE was not compared with gradientecho-based sequences, such as Cartesian MPRAGE. Performing
such a comparison would be beneficial in future studies.

CONCLUSIONS
We have demonstrated a relatively simple 2D spiral SE approach
in T1-weighted postcontrast brain MR imaging that has minimal
flow artifacts in comparison with its 2D Cartesian TSE counterpart. 2D spiral SE can be performed more efficiently and provides
faster scanning speed than 2D Cartesian TSE, without sacrificing
spatial resolution or volumetric coverage.
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ORIGINAL RESEARCH

INTERVENTIONAL

Low-Dose Volume-of-Interest C-Arm CT Imaging of Intracranial
Stents and Flow Diverters
X P. Yang, X A. Ahmed, X S. Schafer, X D. Niemann, X B. Aagaard-Kienitz, X K. Royalty, and X C. Strother

ABSTRACT
BACKGROUND AND PURPOSE: Volume-of-interest C-arm CT is a novel technique for imaging of intracranial high-contrast objects. We
performed this study to evaluate the potential diagnostic value and radiation dose reduction of this technique for imaging of intracranial
stents and ﬂow diverters.
MATERIALS AND METHODS: Twenty-seven patients were imaged with a VOI C-arm CT scan following treatment with a ﬂow diverter or
stent-assisted coiling. The radiation dose-area product was recorded for VOI scans. For comparison, the dose-area product from 30
previously acquired consecutive full-view DynaCTs was used. Thermoluminescence dosimetry by using 35 evenly distributed thermoluminescence dosimeters in an anthropomorphic head phantom was also performed by using both conventional full ﬁeld and VOI acquisitions. Three observers were presented with VOI images for assessment of the potential diagnostic value.
RESULTS: The dose-area product measurements showed an exposure reduction of 85% compared with the full ﬁeld acquisitions used for
comparison. The thermoluminescence dosimetry evaluations also showed a considerable dose reduction of 79.8% throughout the
volume. For most of the evaluated cases, the observers thought that diagnostically useful information was provided by the VOI images
(␣ ⫽ .810). Visualization of device details, such as the extent of opening, positioning, wall apposition, and aneurysm coverage, was judged
of good diagnostic quality for most cases (88.9%–92.6%).
CONCLUSIONS: In this study, VOI C-arm CT provided high-quality diagnostic images of intracranial stents and ﬂow diverters at a dramatic
reduction of radiation exposure. Image content was thought to add useful information. It is a promising method to assess device status
during procedures and at follow-up.
ABBREVIATIONS: CACT ⫽ C-arm CT; FD ⫽ ﬂow diverter; FFOV ⫽ full FOV; TLD ⫽ thermoluminescence dosimetry

F

or safe and effective use, careful assessment during and after
deployment of intracranial stents and flow diverters is required to ensure full deployment, proper positioning, and full
apposition to the vascular wall. These features are important
because they may influence further treatment decisions (eg,
balloon dilation and anticoagulation during and/or after a procedure). They are also important in predicting postprocedural
aneurysm occlusion. Currently, however, clear visualization is
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often impossible with standard-projection x-ray imaging and
fluoroscopy.
Currently available C-arm CT (CACT) provides high-spatialresolution images of implantable devices. It has been widely used
and is accepted as providing such information.1-4 The radiation
dose required, however, is approximately twice that of a conventional multidetector row CT of the brain and thus is a limitation of
the technique.5 This limitation increases in a workflow in which
multiple CACT scans are used during a procedure. Several methods are available to reduce the CACT radiation dose. These include x-ray tube current modulation, peak kilovoltage optimization, and x-ray beam collimation.6
A different strategy for dose reduction is to reduce the patient exposure in areas of low interest (eg, those away from
an implanted device and the related vasculature). Suggested
approaches for this strategy range from reducing the dose outside
the area of interest by using x-ray beam attenuating techniques or
by box collimating to the area of interest. The beam-attenuating

FIG 1. Difference between full FOV CACT and VOI CACT acquisitions. Projection image for FFOV captures of the full head of the patient (A),
while the box-collimated VOI scan (B) only exposes and acquires data from a small area of the patient (12% of the FFOV). Triplanar section cuts
(C–E) and volumetric illustration (F) demonstrate the fused FFOV CACT and the VOI CACT (central area).

approach yields high-quality 3D images in the volume of interest,
while the areas outside the VOI have, because of an increase in
noise, reduced image quality.6-8 Conventional box-collimated
methods have problems stemming from object truncation, usually resulting in compromised image quality of the reconstructions. Attempts to limit truncation artifacts by using mathematic
techniques to account for the missing data have had limited success, with the postprocessed image quality still being inferior to
reconstructions in which truncation was not present.9-13
Recently, however, a newly introduced method has yielded
results in which image quality of a device inside a tightly collimated VOI differs little, if at all, from reconstructions made by
using nontruncated VOI acquisitions.14,15 In this study, we investigated the radiation dose reduction achieved by using the technique and the potential benefits that such images might provide
during endovascular treatment of intracranial aneurysms with
flow diverters or stent-assisted coiling.

MATERIALS AND METHODS
Patient Selection
Twenty-seven consecutive patients having VOI CACT scans
were identified from an institutional review board–approved
data base. VOI CACT was routinely performed after flowdiverter placement and often after stent placement for stentassisted coiling of aneurysms. Our sample includes a heterogeneous population of patients with variations in aneurysm

locations, vessel sizes, pathologies, and device types. These reflect the distribution of pathologies seen during this interval.
Most pathologies were aneurysms (25/27, 92.6%) followed by
stenosis (2/27, 7.4%). Included are 21 saccular aneurysms
(77.8%) and 4 fusiform aneurysms (14.8%). Of the 25 aneurysms, 10 (40%) were treated with conventional stent-assisted
coiling and 15 (60%) were treated with flow diversion. All
aneurysms in this series were unruptured. The devices used
were either the Neuroform EZ Stent System (Stryker Neurovascular, Kalamazoo, Michigan), the Enterprise self-expanding stent (Codman & Shurtleff, Raynham, Massachusetts), or
the Pipeline Embolization Device (Covidien, Irvine, California).

Data Acquisition
A VOI acquisition was performed as desired by the treating physician during an intervention (eg, post-flow-diverter placement
or end point of treatment). In all acquired datasets, the patient
was positioned in a head-first, supine position and the injection
catheter was placed at the origin of the artery supplying the vascular structure that had been treated. The volume-of-interest scan
is a variation of a high-quality CACT (DynaCT; Siemens, Erlangen, Germany), modified by introducing lateral and vertical collimation, effectively reducing the image FOV by either 28% or
12% (Fig 1).
For our study, the 12% collimation mode was used exclusively,
with collimators placed automatically by the system on selection
AJNR Am J Neuroradiol 37:648 –54
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of the VOI examination protocol by the operator. The contrastinjection protocol was 40 mL of iohexol (Omnipaque, 300 mg/L
iodine; GE Healthcare, Piscataway, New Jersey) diluted to between 20% and 50% and injected at the rate of 2 mL/s with an
x-ray delay of 2 seconds. From experience, this protocol is known
to provide good visualization of the vascular structures without
obscuring visualization of an implanted device. The acquisition
parameters for the VOI acquisitions were 70 kV(peak) and 1.2
Gy/Frame. The acquisition parameters for the 30 previously acquired full FOV (FFOV) DynaCTs were identical to these factors.

Image Postprocessing
Reconstructing truncated projection data by using conventional
projection image preprocessing and a Feldkamp back-projection
algorithm results in an incorrect Hounsfield unit and a bright ring
with a broad halo at the boundary of the reconstructed image. To
avoid these artifacts, the VOI technique uses the approximate,
truncation-robust algorithm for CT, which replaces the projection image-preprocessing step used in the conventional reconstruction (the main contributor to the aforementioned image artifacts) with a Laplacian derivative filter followed by a nonlocal 2D
residual filter.14,15 The Laplacian derivative filter minimizes the
signal drop at the edges of the recorded images, which is the main
contributor to image artifacts. Volumetric images reconstructed
from truncated data by using this method yield highly similar
characteristics and image content (ie, image quality) compared
with nontruncated acquisitions.14 All acquired datasets were retrospectively processed by using a prototype software implementation of this algorithm.

the phantom studies, 3 rotational acquisitions were performed
in an effort to minimize errors resulting from possible x-ray
tube output fluctuations. The exposed TLDs were evaluated
by an accredited laboratory (Calibration Lab, Madison, Wisconsin). These TLD results were read in custom-designed
software and interpolated across the phantom by using a
second-order polynomial function. While this first-order approximation cannot fully account for the attenuation and scatter characteristics of different tissues, it gives the observer a
good representation of the distribution of the radiation exposure.16 Finally, the dose-area products of 30 consecutive full
field of view DynaCTs were recorded and used for comparison
with the dose-area products of the VOI acquisitions.

Image Evaluation
Three experienced neuroendovascular surgeons independently
performed a subjective evaluation of the VOI images. For each
case, the reviewers were given images from both volume-rendered
and multiplanar-rendered reconstructions and a video showing
manipulation of the 3D volumes in a way that best demonstrated
the device and its relationship with the relevant vasculature. All
the reviewers were asked to complete an evaluation form assessing the following details by using a 2-point rating scale (ie,
yes or no): Did the VOI CACT images determine whether the
device was completely open, the apposition of the device to the
arterial wall, the position of the device related to the aneurysm
ostium, visualization of the entire device configuration after
deployment, and clear visualization of the arteries of interest?
No other clinical data were provided to the reviewers.

Dose Measurement

Statistics

Common x-ray radiation measures reported from examinations
performed in the angiography suite are dose-area product (milligray ⫻ square centimeter), a product of the radiation dose measured at the x-ray tube exit window and the exposed area, and skin
exposure (milligray), an estimate based on standard calibration
measurements and system position. These static measurements
do not yield a good understanding of how the radiation dose to
the patient is distributed during a rotational scan acquisition. To
supplement this information and to gain a better understanding
of the dose distribution during a VOI CACT acquisition, for our
study, we used an anthropomorphic head phantom and thermoluminescence dosimetries (TLDs).
The head phantom consisted of a human skull embedded in
tissue-mimicking material (Rando Head Phantom; The Phantom
Laboratory, Salem, New York) with evenly distributed bore holes
allowing the placement of radiation detectors. TLDs are radiation-sensitive chips (1 cm in diameter, 0.5 mm high) that emit
stored ionizing radiation as light when heated. Thirty-five TLDs
were placed symmetrically throughout the phantom. The phantom was then placed on the table of a clinical biplane C-arm system (DynaCT; Siemens), and independent measurements were
made for the conventional full FOV DynaCT rotational acquisitions and a 12% square collimated VOI mode that was identical to the VOI acquisition mode used for the clinical subjects.
Acquisition parameters were set to the following: 200° scan
range, 496 projection images, 70 kVp, and 1.2Gy/Frame. For

The statistical analysis was performed by using SPSS 20.0 (IBM,
Armonk, New York). The qualitative evaluation data were presented as percentages. Intraclass correlation was performed, and
Cronbach ␣ coefficients were calculated to evaluate the interobserver consistency for each qualitative variable. The interobserver
consistencies were described as unacceptable (␣ ⬍ .5), poor (.5 ⱕ
␣ ⬍ .6), acceptable (.6 ⱕ ␣ ⬍ .7), good (.7 ⱕ ␣ ⬍ .9), and excellent
(␣ ⱖ .9).
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RESULTS
Dose Measurement
TLD radiation dose measurements yielded an average dose of 74.5
mGy (median, 68.8 mGy; range, 32.5–179.9 mGy) for full FOV
DynaCT and 15.4 mGy (median, 7.9 mGy; range, 2.1–54.5 mGy)
for VOI CACT. An evaluation of dose distribution across identical
locations showed a dose reduction of ⬃40% at the back of the
head (x-ray tube rotating under the table) and up to 90% at the
front of the head (Fig 2). The average reduction in radiation dose
was 79.8% (median, 88.9%; range, 36.5%–97.5%). A comparison
of dose-area product measurements as reported for the 30 previously acquired full FOV DynaCT studies with dose-area product
measured in the VOI acquisitions showed a similar reduction of
⬃85% for the VOI studies. From our results, the average radiation
dose-area product of a VOI acquisition recorded at the tube exit
window was 1140 Gy ⫻ m2; this is equivalent to that of a single
10-second biplane 2D DSA angiogram.5

the Table. For all 6 evaluated variables,
acceptable-to-excellent interobserver
agreements were observed. For most
cases (88.9%–92.6%), 3 observers were
in good agreement (␣ ⫽ .810) that VOI
CACT was clinically useful.

DISCUSSION

FIG 2. Comparison of dose distribution between FFOV CACT (A and B) and VOI CACT with an
exposure area of 12% of the FFOV acquisition (C and D). All images are displayed on the same scale,
normalized to the maximum radiation dose measured in the FFOV CACT image. The shape of the
dose distribution is similar between both modes, with substantial reduction in the dose for the
VOI CACT, especially at the front of the head. Min indicates minimum; Max, maximum.

In this small series, we have shown that
the VOI can provide information that is
not available from conventional 2D DSA
and fluoroscopy, such as full stent deployment, good wall apposition, optimal stent position, and full ostium coverage. Such information may impact the
safety and efficacy of stent-assisted coiling. It thus seems likely that the content
of VOI images may influence treatment
decisions both during and after an intervention (eg, posttreatment anticoagulation regimen, balloon dilation of a stent,
placement of a second stent, and so
forth). We have also demonstrated that
this information may be achieved by
using a dramatically reduced radiation
dose compared with conventional full
FOV CACT imaging.

Clinical Use of VOI

In our study, independent observer evaluations showed good agreement among
3 observers on the ability of VOI to visualize the fine details of a device and its
relationships to a lesion and the adjacent
vasculature. These details include the
following: First, device configurations
such as pore distribution; cell type
(which makes the identification of different stents possible); and degree of
stent opening, kinking, and fracture (Fig
3). Before the advent of CACT, information on how stent struts
are configured within a stent could only be inferred indirectly (eg,
from the deflections of a microguidewire as it was advanced
through the device). Soon after the introduction of CACT, reports
appeared showing the ability of this technology to create highspatial-resolution images of these high-contrast objects.17 With
VOI CACT, microstructural changes of devices can be visualized,
allowing a more complete understanding of these variations in
stent configurations. The use of contrast in conjunction with a
VOI acquisition allows visualization of these features and their
relationship to the lesion being treated and the adjacent vasculature. However, it is still unclear how this information would affect
posttreatment antiplatelet and anticoagulation regimens. Second,
these details also include the relationships between a device and a
vessel, such as the apposition of the stent to the vessel wall, and its
positioning relative to an aneurysm ostium. These features were
also clearly seen with this technique. Although 2D angiography

Results of qualitative evaluation of VOI CACT images from 3 independent observers
Cronbach
Evaluating Details
Observer 1
Observer 2
Observer 3
␣
Clinically useful information gained 24/27, 88.9% 24/27, 88.9% 25/27, 92.6%
.810
Determination of stent opening
25/27, 92.6% 19/27, 70.4% 23/27, 85.2%
.628
Determination of stent apposition 23/27, 85.2% 19/27, 70.4% 21/27, 77.8%
.766
Determination of stent position
18/27, 66.7% 18/27, 66.7% 26/27, 96.3%
.601
Good visualization of entire stent
25/27, 92.6% 21/27, 77.8% 22/27, 81.5%
.734
Good visualization of arteries of
25/27, 92.6% 17/27, 63.0% 21/27, 77.8%
.761
interest

FIG 3. A volume-rendering image (A) shows the open cell design of a
Neuroform EZ stent for the treatment of a basilar tip aneurysm. Another
image with a different window level (B) shows the stent struts protruding
into the left superior cerebellar artery.

Qualitative Image Evaluation
The qualitative evaluation results of all 3 independent observers
and statistical results of intraclass correlations are presented in
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artifacts may arise because of such factors as insufficiently diluted contrast
medium or the presence of platinum
coils and platinum marker tips on a microcatheter or stent. Theoretically, the
contrast concentration used should be
as low as possible while still providing
adequate opacification of the vessel. Because the elements of different devices
have different radio-opacities, the optimal contrast concentration will vary
somewhat from case to case; in our
study, the contrast concentration ranged
from 20% to 50%. Pipeline Embolization Devices and stents used for stentassisted coiling cause few artifacts,
whereas platinum coils, depending on
the packing density, may cause severe
degradation of the image quality. Nonetheless, depending on the aneurysm
morphology, the packing density and,
most important, the orientation of the
aneurysm to the stent, clinically useful
information may still often be obtained,
even in the presence of these artifacts. To
minimize artifacts of this nature, metal
artifact-reduction techniques can be
used.20 In our study, one of our limitations was that we did not evaluate the
use of these algorithms. Another limitation for understanding the full clinical
FIG 4. A volume-rendering image (A) shows double ﬂow diverters (Pipeline Embolization utility of this technique is that with curDevice) for the treatment of a fusiform aneurysm located at the V4 segment of the vertebral
artery. Horizontal brighter lines in images of different window levels (B and C) indicate the rently available stents, full deployment
most proximal part of aneurysm, which is not covered by double Pipeline Embolization can only be obtained after detachment
Devices. The corresponding axial view (D) clearly shows that the aneurysm is not fully cov- from the delivery system. This drawback
ered by double layers, which may indicate the malposition of the second FD and require
only allowed us to perform a retrospecfurther adjustment or implanting another FD.
tive (eg, postdeployment) analysis
and fluoroscopy provide some information about these features,
rather than use VOI to assess positioning and deployment before
in our experience, the accuracy and ease of stent visualization is
a decision had been reached to implant a device. As more devices
not nearly as good as that achieved with VOI CACT (Figs 4 and 5).
become available that may be fully deployed before detachment,
VOI CACT performed in conjunction with diluted contrast
we expect the VOI to assume an even more important role in
also provides fine details about both a Pipeline Embolization Demonitoring of interventions.
vice mesh (ie, telescoped or stretched) and a Pipeline EmbolizaRadiation Dose Reduction
tion Device or stent relationship with an aneurysm ostium (Fig 4).
Earlier studies have shown the potential of using VOI CACT as an
According to previous reports,18,19 the actual porosity of the flow
effective radiation-saving technique in clinical applications—for
diverter (FD) may be calculated or closely approximated on the
example, imaging high-contrast osseous structures such as the
basis of the number of the intersections, the angle between the
inner ear21,22 and implants such as intracranial stents. Although
filaments, and the known filament width. This information may
these previous studies have shown dramatic reduction of the rapotentially be very useful for predicting the angiographic outdiation dose by using VOI CACT, the diagnostic utility and dose
come of the treated aneurysms and by providing real parameters
reduction have not, to our knowledge, been evaluated in an enfor computational fluid dynamics simulations. However, this apdovascular clinical practice. Because the radiation dose is directly
plication will be limited in instances in which there is either the
related to the size of collimated FOV, the dose may be chosen
use of multiple FDs or FDs and coils.
according to the requirements of the scan (ie, it can potentially be
Previous studies have shown that image quality of VOI CACT
further reduced compared with the reduction achieved in this
may be further improved, compared with conventional CACT,6,7
study). The low radiation burden associated with a VOI acquisidue to the inherent reduction of scatter radiation achieved by
tion, in our opinion, largely removes the limitation of performing
collimation. However, the image quality of VOI CACT can also be
multiple acquisitions, as needed, during a procedure.
degraded because of other factors. For example, beam-hardening
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FIG 5. Images (A and B) show a Pipeline Embolization Device for the treatment of an anterior wall aneurysm of the ICA. Horizontal line (C)
indicates the position of the image (D), which shows the opening status of the FD and its real coverage of the aneurysm. Another volumerendering image (E) shows the ROI with the aneurysm and FD. After we cut out the contralateral part of the ROI (F), turned approximately 90°
(G), and adjusted the window level (H), the image shows ﬁne details about the mesh, which may facilitate the calculation of the actual porosity
of the FD covering the aneurysm. The horizontal line in I and the vertical line in K indicate the position of images J and L, respectively, which show
the poor apposition of the FD, which may be neglected on traditional 2D angiography or ﬂuoroscopy.

CONCLUSIONS
The VOI CACT imaging technique offers a dramatic reduction
in radiation to the patient while still providing high-quality
images of implanted devices. The information provided by
these images has clinical significance that may influence treatment during and following an intervention. The dramatic reduction of the radiation dose may allow multiple image acquisitions (if needed) of focused anatomic regions during both
critical stages of device deployment and subsequent angiographic follow-up.
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WEB Treatment of Intracranial Aneurysms: Clinical and
Anatomic Results in the French Observatory
X L. Pierot, X J. Moret, X F. Turjman, X D. Herbreteau, X H. Raoult, X X. Barreau, X S. Velasco, X H. Desal, X A.-C. Januel,
X P. Courtheoux, X J.-Y. Gauvrit, X C. Cognard, X A. Molyneux, X J. Byrne, and X L. Spelle

ABSTRACT
BACKGROUND AND PURPOSE: Flow disruption with the WEB device is a new technique for the endovascular treatment of wide-neck
bifurcation aneurysms. To obtain precise data regarding the safety and efﬁcacy of this treatment with high-quality methodology, the
prospective French Observatory study was conducted. Analysis of these data is presented, including 1-year follow-up.
MATERIALS AND METHODS: Patients with bifurcation aneurysms for which WEB treatment was indicated were included in this prospective, multicenter Good Clinical Practice study. Clinical data, including adverse events and clinical status at 1 month and 1 year, were
collected and independently analyzed by a medical monitor. An independent core laboratory evaluated the anatomic results at 1 year
following the procedure.
RESULTS: Ten French neurointerventional centers included 62 patients (39 women), 33–74 years of age (mean, 56.6 ⫾ 9.80 years) with 63
aneurysms. Aneurysm locations were the middle cerebral artery in 32 aneurysms (50.8%), anterior communicating artery in 16 (25.4%), basilar
artery in 9 (14.3%), and internal carotid artery terminus in 6 (9.5%). Morbidity and mortality at 1 month were, respectively, 3.2% (2/62 patients)
and 0.0% (0/62). Morbidity and mortality (unrelated to the treatment) at 1 year were, respectively, 0.0% (0/59) and 3.4% (2/59 patients). At
1 year, complete occlusion was observed in 30/58 aneurysms (51.7%); neck remnant, in 16/58 aneurysms (27.6%); and aneurysm remnant, in
12/58 aneurysms (20.7%).
CONCLUSIONS: This prospective French Observatory study showed very good safety of aneurysm treatment with the WEB, with a high
rate of adequate aneurysm occlusion at 1 year (79.3%).
ABBREVIATIONS: DL ⫽ Dual-Layer; SL ⫽ Single-Layer; SLS ⫽ Single-Layer Spherical; WEBCAST ⫽ WEB Clinical Assessment of IntraSaccular Aneurysm Therapy

E

ndovascular treatment is now the first-line therapy for both
ruptured and unruptured aneurysms, but aneurysms with a
complex anatomy (especially wide-neck aneurysms) are, in some
cases, untreatable or difficult to treat with standard coiling.1,2
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Thus, more complex endovascular techniques have been developed, such as balloon-assisted coiling, stent-assisted coiling, and
flow diversion.3-9
Flow disruption is a new endovascular approach, which involves placement of an intrasaccular device (Woven EndoBridge
[WEB] aneurysm embolization system; Sequent Medical, Aliso
Viejo, California), which modifies the blood flow at the level of
the neck and induces aneurysmal thrombosis. The WEB was designed to treat wide-neck and bifurcation aneurysms. The device
has been progressively developed from a Dual-Layer version
(WEB DL) to Single-Layer (WEB SL) and Single-Layer Spherical
(WEB SLS) versions. Treatment with the WEB has been evaluated
in several retrospective series showing good safety results.10-13 In
addition, midterm and long-term anatomic results have been
evaluated in retrospective series showing good stability of the
treatment.14,15
To have a more rigorous evaluation of the safety and efficacy,
2 prospective, Good Clinical Practice series were initiated simultaneously in Europe (WEB Clinical Assessment of IntraSaccular
AJNR Am J Neuroradiol 37:655–59
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Aneurysm Therapy [WEBCAST]) and in France (French Observatory). The short-term (6-month) results of the WEBCAST trial
and a comparison of safety between the WEB DL and WEB SL/SLS
in the French Observatory were published previously.16,17 These
initial analyses confirmed the good safety and efficacy of the
device in the short-term. This article reports the clinical and anatomic results of the French Observatory study with midterm (1year) follow-up.

procedure; type of device used (DL or SL/SLS); perioperative
antiplatelet medications; occurrence of complications during or
after the procedure; and use of additional devices during the procedure (coils, remodeling balloons, stents, or flow diverters). The
preoperative Hunt and Hess grade was collected in case of ruptured aneurysms. The modified Rankin Scale score was collected
before treatment (unruptured/recanalized aneurysms) and at
30 ⫾ 7 days and 12 ⫾ 3 months for all patients. Vascular imaging
at 1 year was collected.

MATERIALS AND METHODS
The French Observatory is a single-arm, prospective, consecutive,
multicenter, French study dedicated to the evaluation of WEB
treatment for bifurcation aneurysms.
The study received national regulatory authorization (Comité
Consultatif sur le Traitement de l’Information en matière de Recherche dans le domiaine de la Santé), Reims institutional review
board approval, and Commission Nationale Informatique et
Libertés approval. Written informed consent was obtained for all
patients.

Trial Design and Procedural Modalities
Trial design and procedural modalities have already been described in a previous publication.16 Briefly, inclusion criteria were
ruptured (Hunt and Hess 1, 2, or 3), unruptured, and recanalized
bifurcation aneurysms located in the basilar artery, middle cerebral artery, anterior communicating artery, and internal carotid
artery terminus. In each center, the indication for endovascular
treatment was decided by a local multidisciplinary team, which
included neurosurgeons and neuroradiologists. The selection of
aneurysms treated with the WEB device was performed autonomously in each center by the interventional neuroradiologists according to aneurysm characteristics (aneurysm status, aneurysm
location and size, neck size) and when other therapeutic options
like stent placement or flow diversion were deemed technically
difficult or impossible.
The treatment of aneurysms with the WEB was performed
with techniques similar to those used in the treatment of aneurysms with coils. Pre-, intra-, and postoperative antiplatelet
therapy was managed in each center as indicated for typical
endovascular treatment with coils or stents and coils. The
study protocol did not specify the antiplatelet regimen to be
followed. Triaxial access was recommended. Appropriate device sizing was selected on the basis of 2D and 3D digital subtraction angiography. According to the size of the WEB device,
different microcatheters were used to catheterize the aneurysm, including Rebar-27 (Covidien, Irvine, California), DAC
038 (Stryker Neurovascular, Kalamazoo, Michigan), and, from
late 2012 to the end of the trial, microcatheters dedicated to
WEB treatment, including VIA-27 and VIA-33 (Sequent
Medical). Treatment with ancillary devices (balloon, coils, and
stents) could be performed if deemed necessary by the treating
physician.

Data Collection
Each center completed a patient file with the following data:
patient age and sex; aneurysm rupture status; aneurysm characteristics, including location, size, and neck size; date of the
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Data Analysis
Clinical data were independently monitored and analyzed, including all adverse events (A.M.). Morbidity was defined as an
mRS of 2 when the preoperative mRS was ⱕ2 (or in case of a
ruptured aneurysm). When the preoperative mRS was ⬎2, morbidity was defined as as an increase of 1 point.
An expert interventional neuroradiologist (J.B.) independently evaluated aneurysm occlusion by using the previously
validated 3-grade scale: complete occlusion, neck remnant,
and aneurysm remnant. According to previous publications,
opacification of the proximal recess of the WEB device was
considered complete occlusion.14,18

Statistical Analysis
Continuous variables were described as mean ⫾ SD. Categoric
data were described numerically as a categoric total and as a percentage of the population analyzed. Binomial data were described
as a ratio of the true value and the population analyzed (x/n).
Confidence intervals for binomial data were calculated by the
Clopper-Pearson method, and P values were calculated by the
Fisher exact test. Analyses were conducted by using SPSS statistical software (IBM, Armonk, New York) and StatXact-8
(Cytel, Cambridge, Massachusetts) for confidence intervals
and P values.

RESULTS
Patient and Aneurysm Population
Between November 2012 and January 2014, 10 French centers
included 62 patients (39 women, 62.9%), 33–74 years of age
(mean, 56.6 ⫾ 9.80 years) with 63 aneurysms.
Seven (11.1%) aneurysms were ruptured, 51 (81.0%) were unruptured, and 5 (7.9%) were previously treated but recanalized.
Aneurysm locations were the MCA in 32 aneurysms (50.8%),
anterior communicating artery in 16 (25.4%), basilar artery in
9 (14.3%), and ICA terminus in 6 (9.5%). The aneurysm neck
was ⱖ4 mm in 57/63 aneurysms (90.5%). Fifty-two aneurysms
(82.5%) were ⬍10 mm in size.
Thirty patients with 31 aneurysms were treated with the
WEB DL; and 32 patients with 32 aneurysms, with the WEB
SL/SLS.
Before the procedure, 10 patients had no antiplatelet treatment, 26 patients had 1 antiplatelet medication (clopidogrel or
aspirin), and 25 patients had 2 antiplatelet medications. For 1
patient, the antiplatelet therapy regimen could not be confirmed.
He was excluded from further analysis regarding this point because he had no thromboembolic event.

Treatment Feasibility, Adjunctive Treatments, and
Adverse Events
Treatment was successfully performed in all except 1 patient
treated with the WEB DL (98.4%). In this patient, it was impossible to deploy the WEB, which was stuck in the microcatheter.
The aneurysm was treated with coils. Clinical follow-up was
uneventful.
Adjunctive devices were used in 7/62 aneurysms treated with
the WEB (11.3%): coils in 4 aneurysms and a stent in 3 aneurysms.
Nine thromboembolic events were reported in 8/62 patients
(12.9%), and 1/62 was associated with a permanent deficit (1.6%).
Five patients had no antiplatelet agent before the procedure, 1 patient
had 1 antiplatelet agent, and 2 had 2 antiplatelet agents. All thromboembolic events were treated by antiplatelet medication, including
tirofiban or abciximab. In 3 patients, a remodeling balloon was used
in combination with antiplatelet treatment to reopen the vessel. No
stent retriever or stent was used.
Intraoperative rupture was reported in 1/62 patients (1.6%)
and was not symptomatic. Intracranial hemorrhage was detected
in 1/62 patients (1.6%) on a control CT performed 24 hours after
the procedure and was asymptomatic. Anatomically, it was not
connected with the aneurysm. Because there was no other cause, it
was interpreted by the medical monitor as being related to the
antiplatelet treatment used in this patient. The clinical evolution
was uneventful.

Mortality/Morbidity at 1 Month
At 30 days, all patients enrolled in the study had a clinical evaluation with mRS scoring.
There was no mortality at 1 month. Morbidity was observed in
2/62 patients (3.2%) related to a thromboembolic event in 1 patient (mRS 3) and to worsening of pre-existing aneurysm mass effect
in 1 patient (this patient had a partially thrombosed large aneurysm of the basilar artery with progressive brain stem compression, mRS 3). When we looked at the conventional mRS score
cohorts of mRS 0 –2 and mRS 3– 6, the confidence intervals essentially overlapped; this finding implied no difference in the rates of
mRS 0 –2 and mRS 3– 6 from the procedure to 12 months.

Mortality/Morbidity at 1 Year
At 12 months, 59 of the 62 patients enrolled in the study were
clinically evaluated with mRS scoring. Three patients included in
the 30-day mortality/morbidity analysis were not included in the
1-year mortality/morbidity (1 patient not treated with WEB, 1
patient retreated before 1 year, and 1 patient lost to follow-up
were not evaluated).
Two patients died between 1-month and 1-year follow-up: 1 unrelated to aneurysm disease or treatment and 1 from worsening of
pre-existing mass effect described previously. All-cause mortality was
2/59 (3.4%), and neuro-related mortality was 1/59 (1.7%). The 2
patients who had an mRS of ⬎2 at 1 month were improved at 1 year
(mRS 1 and 2); this outcome led to no morbidity at 1 year.

Retreatment
One patient with aneurysm recanalization was retreated at 6
months by using a flow diverter. One patient had an attempted

retreatment at 10 months with a flow diverter, which was
unsuccessful.

Anatomic Results at 1 Year
Of the 63 aneurysms in the intention-to-treat population, aneurysm occlusion was evaluated in 58 aneurysms at 1 year. The vascular imaging technique was digital subtraction angiography in
50/58 (86.2%) cases, CTA in 3 cases (5.2%), and MRA in 5 cases
(8.6%). Aneurysm occlusion was not evaluated in 1 patient who
was not treated with a WEB, 1 patient who had retreatment before
1 year (see above), 1 patient lost to follow-up, and 2 patients who
died before 1 year (see above).
Complete occlusion was observed in 30/58 aneurysms
(51.7%) in the global population, in 14/28 (50.0%) patients
treated with WEB DL, and in 16/30 (53.3%) patients treated with
WEB SL/SLS.
Neck remnant was observed in 16/58 aneurysms (27.6%) in
the global population, in 8/28 (28.6%) patients treated with WEB
DL, and in 8/30 (26.7%) patients treated with WEB SL/SLS.
Aneurysm remnant was observed in 12/58 aneurysms (20.7%)
in the global population, in 6/28 (21.4%) patients treated with
WEB DL, and in 6/30 (20.0%) patients treated with WEB SL/SLS.

DISCUSSION
The WEB French Observatory is, to date, the largest multicenter,
prospective, Good Clinical Practice series dealing with WEB aneurysm treatment. Short and midterm follow-ups confirm the
safety and efficacy of this treatment. At 1 month and 1 year, there
was no mortality related to the treatment. Low morbidity was
reported at 1 month (3.2%), with clinical improvement at 1 year
leading to no morbidity at that time point. At 1 year, complete
aneurysm occlusion was observed in 51.7% of aneurysms, with
adequate occlusion (complete occlusion and neck remnant) in
79.3%.
New technologies for the endovascular treatment of intracranial aneurysms must be carefully evaluated for safety and efficacy;
this evaluation has not always been performed in the past. For
aneurysm treatment with the WEB device, careful evaluation of
safety and efficacy has been built through a series of prospective,
Good Clinical Practice clinical studies (French Observatory,
WEBCAST, and WEBCAST 2 and the ongoing WEB Intrasaccular
Therapy study under an FDA investigational device exemption).
The French Observatory study was conducted during the early
phase of clinical use of the WEB and included the learning curve
with the WEB in terms of procedural technique, WEB sizing, and
the approach to antiplatelet therapy. It shows that WEB treatment
permits the management of ruptured, unruptured, recanalized,
and complex wide-neck bifurcation aneurysms located at the
MCA, anterior communicating artery, ICA terminus, and basilar
artery with a very high success rate (98.4%). Despite the use of a
relatively large microcatheter, the treatment appears to be feasible
in the most cases.
The current results confirm the great safety of WEB treatment
as has been reported in retrospective series and WEBCAST.10-17
The rate of thromboembolic events with the WEB (14.5%) was
quite similar to that reported in the Analysis of Treatment by
Endovascular Approach of Nonruptured Aneurysms (ATENA)
AJNR Am J Neuroradiol 37:655–59
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and Clinical and Anatomical Results In the Treatment of Ruptured Intracranial Aneurysms (CLARITY) series (respectively,
7.3% and 13.3%).1,2 Only 1 patient (1.6%) had a permanent deficit. Most patients treated in this study had wide-neck aneurysms
(90.5% compared with 30.9% in ATENA), and the rate of TE
events was higher in wide-neck aneurysms.19 The rate of intraoperative rupture was low (1 patient, 1.6%) and comparable with the
2.0% observed in ATENA and 3.7% in CLARITY.1,2 Moreover,
the intraoperative rupture was not symptomatic.
Safety is also confirmed at 12 months with 2 deaths unrelated
to the treatment, no new morbidity, and clinical improvement of
patients who had morbidity at 1 month. No significant delayed
adverse events were observed, as is the case with flow diverters.
Remarkably, no delayed aneurysm rupture or intracranial parenchymal hemorrhage was reported.20,21
The present results also highlight the high quality of aneurysm
occlusion obtained with this technique, confirming the data from
6-month follow-up in the WEBCAST and from an already published retrospective European series.14,15,17 Complete occlusion,
neck remnant, and aneurysm remnant were observed at 1 year in,
respectively, 51.7%, 27.6%, and 20.7%. The clinical impact of
neck remnant after WEB treatment is unknown and probably not
different from that observed after coiling. However, long-term
follow-up is clearly needed to evaluate this point and is foreseen
for 2 years in the French Observatory and 5 years in other Good
Clinical Practice studies (WEBCAST, WEBCAST 2).
In the European series, similar to these French Observatory
results, complete and adequate occlusion was reported at midterm follow-up (median, 13 months) in, respectively, 69.0% and
89.7%.14,15 This series also confirmed the long-term (median, 27
months) stability of WEB aneurysm treatment, showing complete
and adequate occlusion in, respectively, 68.4% and 84.2%. There
was no worsening of aneurysm occlusion between the mid- and
long term. Comparison with other techniques is difficult because
no series really focused on wide-neck bifurcation aneurysms. In
the Matrix and Platinum Science trial, a subgroup analysis was
conducted showing that in unruptured aneurysms with wide
necks (not necessarily bifurcation), the rate of complete and adequate occlusion (at 12 months) was, respectively, 20.3% and
49.1% with coils and 45.7% and 78.6% with stent placement and
coiling.22 If anatomic results with stent placement and coiling are
relatively similar to those observed with the WEB, safety is worse
with stent placement and coiling.
In a recent article, Cognard and Januel23 reported on their
initial experience with WEB aneurysm treatment. At short-term
follow-up, among 14 aneurysms, 1 was completely occluded
(7.2%) and neck and aneurysm remnants were observed in, respectively, 9 (64.3%) and 4 (28.6%) aneurysms. Long-term follow-up (mean, 18.6 months) was obtained in a very limited number of 7 patients and showed worse results. Indeed, this series
was a very small, monocenter, self-analyzed report, dealing with
complex aneurysms treated at the very beginning of the WEB
experience. However, it introduces the concept of WEB shape
modification with time, a parameter that was not analyzed in the
French Observatory series.
Patients included in the French Observatory study were
treated with Dual- or Single-Layer devices. Previous analyses
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showed a similar safety of treatment with the devices, with a trend
toward less thromboembolic events in patients treated with Single-Layer devices.16 Anatomically, results were similar in both
groups of patients, with complete occlusion in 50.0% of patients
treated with WEB DL, 53.3% of patients treated with WEB SL/
SLS, and adequate occlusion in, respectively, 78.6% and 80.0%.
This study has several limitations. First, the population was
relatively small (62 patients). However, it is the first prospective,
multicenter study evaluation with high-quality methodology
evaluating the midterm safety and efficacy of this treatment. Second, it was not a randomized study, and comparison with other
techniques was not easy. However, safety data are excellent and
quite comparable with those observed in large coiling series. Efficacy data are more difficult to compare with those in historical
series because most were mixed sidewall and bifurcation and narrow- and wide-neck aneurysms. Third, the potential WEB “compression” phenomenon has not been evaluated, to our knowledge. Further work will be conducted on this topic.

CONCLUSIONS
This study, with independent analysis of clinical events and anatomic results, confirms the very good safety profile of WEB treatment for bifurcation aneurysms, with rates of thromboembolic
events and intraoperative rupture comparable with those observed with standard coiling and very low morbidity and mortality rates. A high rate of complete (51.7%) and adequate occlusion
(79.3%) was obtained at 1-year follow-up.
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The Added Value of Volume-of-Interest C-Arm CT Imaging
during Endovascular Treatment of Intracranial Aneurysms
X G. Chintalapani, P. Chinnadurai, A. Maier, Y. Xia, S. Bauer, H. Shaltoni, H. Morsi, and M.E. Mawad

ABSTRACT
BACKGROUND AND PURPOSE: Successful endovascular treatment of intracranial aneurysms requires understanding the exact relationship of implanted devices to the aneurysm, parent artery, and other branch vessels during the treatment. Intraprocedural C-arm CT imaging
has been shown to provide such information. However, its repeated use is limited due to increasing radiation exposure to the patient. The
goal of this study was to evaluate a new volume-of-interest C-arm CT imaging technique, which would provide device-speciﬁc information
through multiple 3D acquisitions of only the region of interest, thus reducing cumulative radiation exposure to the patient.
MATERIALS AND METHODS: VOI C-arm CT images were obtained in 28 patients undergoing endovascular treatment of intracranial
aneurysms. VOI images were acquired with the x-ray source collimated around the deployed device, both horizontally and vertically. The
images were reconstructed by using a novel prototype robust reconstruction algorithm to minimize truncation artifacts from double
collimation. The reconstruction accuracy of VOI C-arm CT images was assessed quantitatively by comparing them with the full-head
noncollimated images.
RESULTS: Quantitative analysis showed that the quality of VOI C-arm CT images is comparable with that of the standard Feldkamp, Davis,
and Kress reconstruction of noncollimated C-arm CT images (correlation coefﬁcient ⫽ 0.96 and structural similarity index ⫽ 0.92).
Furthermore, 91.5% reduction in dose-area product was achieved with VOI imaging compared with the full-head acquisition.
CONCLUSIONS: VOI imaging allows multiple 3D C-arm CT acquisitions and provides information related to device expansion, parent wall
apposition, and neck coverage during the procedure, with very low additional radiation exposure to the patient.
ABBREVIATIONS: ATRACT ⫽ Approximated Truncation Robust Algorithm for CT; DAP ⫽ dose-area product; FDK ⫽ Feldkamp, Davis, and Kress; SSIM ⫽ Structural
Similarity Index Metric

E

ndovascular treatment of intracranial aneurysms primarily involves deployment of devices either in the parent artery and/or
the aneurysm itself, allowing the aneurysm to thrombose with
time. Self-expanding metallic stents, both open-cell and closedcell designs, are routinely used during stent-assisted coiling. It has
been shown that asymmetric, malapposed, misaligned, or pro-
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lapsed stent elements can result in changes in hemodynamics,
leading to subacute or in-stent stenosis.1 Thus, obtaining relevant
device-specific information such as stent expansion, wall apposition, and aneurysm neck coverage during the treatment is very
critical for successful embolization. Similarly, with new-generation flow-diverter devices, inadequate wall apposition, device positioning across the aneurysm neck, and deployment techniques
have been shown to influence the amount of metal coverage
across the neck, the extent of flow diversion, and the time to form
thrombus.2,3 Thus, it is very critical to obtain this information
during the procedure to evaluate the accuracy of deployment and
treatment efficacy, but also to allow additional corrective measures in case of inaccurate deployment.
C-arm CT imaging technology has been shown to provide
high-quality CT-like 3D images during interventional procedures
that facilitate proper assessment of the deployed device and intraprocedural guidance.4-10 Although much of this information
can be obtained on 2D fluoroscopic images, desirable material
properties of these devices, such as low profile and high flexibility,

FIG 1. Sample projection image from noncollimated full-head C-arm CT acquisition (A) and VOI C-arm CT acquisition (B) with the x-ray source
collimated in both horizontal and vertical directions.

often make it difficult to visualize them under conventional 2D
angiographic imaging and present a great need for C-arm CT
imaging during the intervention. However, acquisition of multiple C-arm CT images is limited because of the added radiation
exposure to the patient. The reported effective dose of a typical
full-head C-arm CT scan is 2.9 mSv.11 Thus, multiple C-arm CT
acquisitions in a single treatment session can easily increase the
cumulative dose delivered to the patient.
Alternatively, the radiation dose due to the C-arm CT acquisition can be reduced with collimation. Because the physician’s
focus is on the device and its relationship to the parent artery, the
x-ray source can be collimated in both horizontal and vertical
directions to image only the ROI and block the radiation exposure
outside the ROI (Fig 1). With double collimation, the conventional Feldkamp, Davis, and Kress (FDK) reconstruction algorithm
results in severe truncation artifacts because patient anatomy is not
fully exposed in all projections, thus violating the assumptions of
conventional conebeam reconstruction algorithms. Often, these artifacts result in incorrect image information and narrow window
values inside the VOI and greatly limit the utility of VOI C-arm CT
acquisitions. Thus, they need to be corrected.
Recently, a novel truncation-robust reconstruction algorithm, called Approximated Truncation Robust Algorithm for
Computed Tomography (ATRACT), has been proposed in the
literature. It is obtained by reformulating the conventional
FDK reconstruction method into a scheme that is, by construction, less sensitive to data truncation.12,13 The standard FDK
reconstruction algorithm consists of 3 steps: 1) preweighting
of the projection images, 2) 1D ramp filtering, and 3) a backprojection step. The ATRACT algorithm is based on a decomposition of the conventional ramp filtering (step 2) into a local
Laplace filtering and a nonlocal residual filtering. The particular ATRACT variant we applied (2D ATRACT) is based on a
2D Laplace filtering and a 2D convolution-based residual fil-

tering,13 which can be computed very efficiently, as opposed to
the originally proposed 2D radon-based filtering.12
In this article, we propose to evaluate the utility of the VOI
acquisition and the accuracy of the ATRACT reconstruction algorithm. Our primary research objective was to determine
whether the VOI C-arm CT image acquisition can be incorporated into routine clinical workflow and whether the information
discerned from such images can be useful during treatment.

MATERIALS AND METHODS
VOI C-arm CT images were acquired in 28 patients under an institution-approved protocol. Twenty-five of 28 aneurysms were internal carotid artery aneurysms and were treated by using a flow-diverter device (Pipeline Embolization Device; Covidien, Irvine,
California). The remaining 3 aneurysms (2 basilar tip bifurcation
aneurysms and 1 anterior communicating artery bifurcation aneurysm) were treated with stents and coils. All the treatments were performed in an interventional suite equipped with a biplane flat panel
detector angiographic system (Axiom Artis zee biplane; Siemens AG,
Forchheim, Germany). Routine 2D DSA and 3D angiographic images were acquired during the treatment. A noncontrast full-head
C-arm CT acquisition (syngo DynaCT Head 20-second protocol;
Siemens AG) is routinely acquired as part of our clinical workflow
immediately after stent or flow-diverter placement, to examine parenchymal enhancement for ruling out possible hemorrhages.
Additionally, VOI C-arm CT images were acquired in these patients after device deployment. The x-ray source was collimated in
both vertical and lateral directions, and the C-arm was isocentered
around the deployed stent or flow diverter (Fig 1). The FOV of the
VOI C-arm CT acquisitions was set to 11.7 ⫻ 11.7 cm, approximately
12% of the full FOV (30 ⫻ 40 cm). VOI C-arm CT images were
acquired by using the following parameters: 20-second rotation, 200°
angular coverage; 0.4° angular increment; 1240 ⫻ 960 projection
matrix; 496 projections; 30 frames per second; 1.2-Gy/frame sysAJNR Am J Neuroradiol 37:660 – 66
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FIG 2. Sample cross-sections from the ATRACT reconstruction of VOI C-arm CT images from the patient cohort. VOI images show clear
visibility of stent and ﬂow-diverter devices and their relationship with the parent artery.

tem dose; 48-cm zoom. VOI C-arm CT images were reconstructed
with the ATRACT reconstruction algorithm on an off-line workstation, equipped with a Xeon Quad Core processor with a NVIDIA
Quadro FX 5800 graphics card (Intel, Santa Clara, California).
Thirty-one VOI images were obtained in 28 patients. Eighteen
of 31 VOI C-arm CT images were acquired without contrast injection to assess the reconstruction accuracy of ATRACT. The
remaining 13 of 31 VOI C-arm CT images were acquired with
contrast medium injected into the internal carotid artery to assess
device visibility in VOI images. Iodinated contrast (iohexol, Omnipaque 300; GE Healthcare, Piscataway, New Jersey) was diluted
to 20% concentration with normal saline and injected for 22.5
seconds (20-second rotation time, 2.5-second x-ray delay, 1-mL/s
injection rate, 22.5-mL total volume [5-mL of iodinated contrast
diluted with 20-mL of saline]).
One of the main goals of the study was to quantitatively assess
the ATRACT reconstruction of VOI images. Historically, medical
image quality has been assessed qualitatively by expert raters.
However, such comparison is often subject to user error and viewing conditions and requires multiple raters. These shortcomings
can be overcome by mathematic formulations that can be computed easily and applied universally. These quantitative measures
can be classified into 2 categories consisting of purely mathematically defined measures such as correlation coefficient, mean
squared error, and so forth; and the second class incorporating
human visual perception of image quality into the formulation.
Because the noncollimated full-head acquisition was also performed on the same patient as part of the routine care, conventional FDK reconstruction of the full-head acquisition serves as a
ground truth reference image, facilitating quantitative assessment. We selected 2 numeric metrics, correlation coefficient14
and the Structural Similarity Index Metric (SSIM),15 to capture
the image differences due to the VOI acquisition. The Pearson
Correlation Coefficient measures the degree to which both images
are similar and is computed by using a simple mathematic formula. Correlation coefficient values range from ⫺1 to ⫹1. A value
of ⫹1 indicates that both images are identical, a value of zero
means that images are completely uncorrelated, and a value of ⫺1
means that the images are negatively correlated; for example, the
image being compared is an inverse of the reference image.
SSIM also assumes a value between ⫺1 to ⫹1 and was proposed as a method to measure image quality based on an initial
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uncompressed image as a reference. Compared with other traditional metrics, SSIM also tries to capture perceived visual changes
through image degradation. The concept of structural information is derived from the idea that neighboring pixels belonging to
a structure have strong interdependencies when they are spatially
close and thus define the structure of the objects in the image. In
the context of this article, a higher SSIM value (close to 1) indicates that image degradation due to truncation artifacts from the
VOI acquisition is eliminated with ATRACT robust reconstruction and that ATRACT also preserves anatomic and device-related information similar to that in the noncollimated acquisition. On the other hand, a low SSIM value indicates poor image
quality of VOI C-arm CT images, indicating that the truncation
artifacts are still prevalent. Furthermore, a value of 1 is only
achievable if both images are identical.

RESULTS
Excellent visibility of stents and flow-diverter devices was noted in
the VOI C-arm CT images in all 28 patients, acquired both with
and without contrast medium injection (Fig 2). Stent expansion,
wall apposition, and neck coverage were depicted clearly in the
VOI C-arm CT images reconstructed with the ATRACT robust
reconstruction algorithm. VOI C-arm CT images from conventional FDK reconstructions have severe truncation artifacts, resulting in capping/cupping artifacts and a substantial offset in
Hounsfield unit values as seen in Fig 3B. These truncation artifacts
were greatly reduced with the ATRACT reconstruction (Fig 3C).
Figure 3D shows a plot of gray-scale intensity values along the
colored lines shown on the sample cross-sections in Fig 3A–C. The
profile of the gray-scale value plot from the ATRACT 2D VOI C-arm
CT reconstruction aligns closely with the conventional FDK reconstruction of the noncollimated full-head C-arm CT acquisition compared with the conventional FDK reconstruction of the VOI C-arm
CT images, in which only the high-contrast objects are visualized. A
slight misalignment of the gray-scale values is caused by the residual
differences because the images were aligned and resampled by using
3D-3D fusion. A slight disparity in the Hounsfield unit values was
observed in the line profile graph at the beginning and the end of the
line (also seen in Fig 3C outside the VOI). Indeed, this divergence of
Hounsfield unit values was observed in the region outside the VOI
being defined by the collimation size used during data acquisition
and indicates incorrect reconstruction due to insufficient projection

parent artery. Figure 6B shows the
ATRACT reconstruction of the VOI acquisition. The stent deployed into the
right posterior cerebral artery was well-apposed and provided good neck coverage,
thus avoiding a need to deploy a second
stent into the left posterior cerebral artery.
Furthermore, the stent was manually delineated from the 3D images and overlaid
on the live fluoroscopic images for assistance during coiling (Fig 6C). A 91.7% reduction in DAP values was achieved in this
example with the VOI C-arm CT
acquisition.
Illustrative Case 2. A 62-year-old woman
referred for endovascular treatment of a
right internal carotid artery aneurysm was
treated with a Pipeline flow-diverter deFIG 3. Sample cross-section of a C-arm CT acquisition after Pipeline (ﬂow-diverter) emboli- vice. Routine clinical images were obzation of a right ICA aneurysm. A, Cross-section from a secondary reconstruction of a tained before and after flow-diverter defull-head C-arm CT acquisition (also used as a reference image for comparison). B, Cross- ployment. A noncollimated full-head
section from a standard FDK reconstruction of a VOI C-arm CT acquisition. C, Cross-section
C-arm CT acquisition (20-second Dynfrom the ATRACT robust reconstruction of the same VOI C-arm CT acquisition. D, Plot of
normalized gray-scale values as shown by the colored lines above. Note the information loss aCT protocol) was performed to examine
from truncation artifacts (see arrows in B and D) recovered with the ATRACT robust recon- the parenchyma immediately after the
struction algorithm in C.
flow diverter was deployed. Malapposition of the flow-diverter device was obdata in the region outside the defined VOI, which is not of diagnostic
served on 2D DSA images and confirmed on the posttreatment Cinterest.
arm CT imaging (Fig 7). Balloon angioplasty was performed, and
Similar conclusions were drawn from quantitative analysis
20-second DynaCT Head VOI C-arm CT images were acquired with
(Fig 4). Similarity metrics showed an improvement in image qualdilute contrast injection (injection protocol given above) to confirm
ity with ATRACT 2D truncation-correction reconstruction (Fig
the device apposition after angioplasty. The reconstructed VOI im4). The average correlation coefficient was 0.96 ( ⫽ 0.02), and
ages shown in Fig 7C indicate good apposition of the flow-diverter
the average SSIM was 0.92 ( ⫽ 0.01). Moreover, the SSIM value
device to the wall of the internal carotid artery after balloon angiois close to 1 for flow-diverter and other bony landmarks, indicatplasty, good coverage of the neck of the aneurysm, and some stasis of
ing a very strong image similarity for high-contrast radio-attenucontrast medium in the aneurysm. The additional C-arm CT image
ated objects. The average reconstruction time for ATRACT 2D
after angioplasty was acquired with 91% reduction in the DAP comtruncation-correction reconstruction is 77.2 seconds compared
pared with the original full-head acquisition.
with 43.5 seconds for the conventional FDK reconstruction of the
full-head acquisition. The reconstruction time was measured
DISCUSSION
from the time of initiating the reconstruction to loading the volC-arm CT imaging has become ubiquitous in the endovascular
ume into the 3D workstation and includes the time to write the
treatment of intracranial aneurysms. The information gained
reconstructed volume to the data base.
from C-arm CT imaging enables the operator to assess the treatFigure 5 shows the dose-area product (DAP) of VOI C-arm CT
ment, make informative choices, and take corrective measures
images and the corresponding noncollimated C-arm CT image from
accordingly during the procedure. However, multiple C-arm CT
the same patient. An average reduction of 91.5% in the DAP is obacquisitions can contribute substantially toward cumulative radiserved with the VOI C-arm CT acquisition (mean percentage reducation exposure to the patient. A new imaging technique, VOI
tion in DAP ⫽ 91.5%, SD percentage reduction in DAP () ⫽ 0.39%,
C-arm CT imaging, is presented, which acquires C-arm CT immaximum percentage reduction in DAP ⫽ 92.45%). Note that these
ages of only the ROI at a reduced dose.
dose reductions were measured in the DAP and may not result in a
VOI C-arm CT imaging uses extensive collimation in both horisimilar reduction rate in effective dose measurements.
zontal and vertical directions, thus achieving dose savings by avoidIllustrative Case 1. A 58-year-old woman who presented with a basilar tip bifurcation aneurysm was treated with stents and coils (Fig 6).
A noncollimated full-head C-arm CT acquisition (20-second
DynaCT protocol) was performed to examine the brain parenchyma
immediately after the stent was deployed. Additionally, a 20-second
VOI C-arm CT was acquired with dilute contrast injection (injection
protocol given above) to study the relationship of the device with the

ing radiation exposure to anatomic regions that are outside the ROI.
However, collimation results in severe truncation artifacts. Thus, we
evaluated a novel truncation-robust reconstruction algorithm, 2D
ATRACT, which reduces truncation artifacts from the VOI acquisition. Before ATRACT, various techniques to reconstruct meaningful
VOI C-arm CT images with minimal truncation artifacts have
been proposed in the literature. The common theme of these
AJNR Am J Neuroradiol 37:660 – 66
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FIG 4. Quantitative comparison of image quality of the VOI C-arm CT acquisition by using the Structural Similarity Index Metric. A, Cross-section of
a secondary reconstruction from a full-head C-arm CT acquisition. B, Cross-section from a standard FDK reconstruction of a VOI C-arm CT acquisition.
C, Corresponding cross-section from an ATRACT reconstruction of the VOI C-arm CT acquisition. D, SSIM map of B and A. E, SSIM map of C and A. Each
pixel in D and E represents SSIM values ranging from ⫺1 to ⫹1. A, This image is used as the ground truth reference image; the VOI acquisition is aligned
with the full-head acquisition to establish voxel-to-voxel correspondence. Note the improvement in SSIM values corresponding to soft tissue before
and after truncation correction as shown by the yellow arrow in D. Bony landmarks and devices have SSIM values close to 1, indicating a strong similarity
between the ATRACT 2D VOI reconstruction and the standard FDK full-head reconstruction as shown by arrows in E.

FIG 5. Comparison of an absolute and relative dose-area product between the noncollimated full-head C-arm CT acquisition and the collimated VOI C-arm CT acquisition. Note that these measurements are from the same patient for each study. An average reduction of 91.45% in
the DAP is observed with the VOI acquisition.

techniques is to fill in the missing information either by using
preinterventional CT,16 extrapolating missing data on the basis of some heuristic approach,17 acquiring a low-resolution
full-head scan and combining it with truncated VOI projection
data with full-field data to create a full projection matrix suit664
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able for a FDK reconstruction algorithm,18 or using advanced
filtering algorithms to eliminate truncated data.19,20
Because most of these methods were designed for a stationary
C-arm gantry and a rotating object and less robust extrapolation
techniques, their utility for neurointerventional applications is

FIG 6. VOI C-arm CT images of a basilar tip aneurysm in a 58-year-old woman treated with stent and coils. Contrast-enhanced VOI C-arm CT
images were acquired immediately after the stent was deployed. A, Frontal projection of a VOI C-arm CT acquisition. B, ATRACT reconstruction
of the same VOI C-arm CT. C, Fluoroscopic overlay of the stent for assistance during coiling. Note that the high-contrast objects like stents are
well-visualized with the VOI C-arm CT images. In this particular example, based on the C-arm CT imaging neck coverage was good after the
deployment for ﬁrst stent from the right side, thus avoiding the need for a second stent.

FIG 7. Sample C-arm CT cross-sectional images of an ICA aneurysm in a 62-year-old woman treated with the Pipeline (ﬂow-diverter) Embolization Device. A and B, C-arm CT images postdeployment show the malapposition of the ﬂow-diverter device to the parent artery. B, 2D
ﬂuoroscopic image shows the balloon angioplasty fully expanding the ﬂow-diverter device. C, Cross-sections from the ATRACT VOI C-arm CT
images show improved wall apposition of the ﬂow-diverter device to the parent artery.

very limited. Kolditz et al21 developed a technique to obtain a
sparse overview scan and a high-resolution VOI scan. However,
the sparse overview scans add dose and time and impose registration constraints between the overview and the VOI scan. Patel
et al22 explored a similar technique by mounting a microangiographic fluoroscope onto the regular angiography equipment to
preserve the small details required for neuroradiologic applications. Similar techniques that use dual detectors have been proposed for breast imaging applications that can be extended to
neuroradiology applications.23

In contrast, ATRACT is based on an analytic reformulation of
the standard FDK algorithm into a reconstruction scheme that is,
by construction, less sensitive to lateral data truncation. Even in
the presence of severe lateral data truncation, the algorithm effectively reduces truncation artifacts and provides high-quality reconstructions without explicit extrapolation or prior knowledge,
thus making it clinically feasible.12,13
The clinical examples presented in this article illustrate the
added value of VOI C-arm CT imaging. The VOI imaging technique provides clear visualization of stents and flow-diverter deAJNR Am J Neuroradiol 37:660 – 66
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vices and their relationship with the parent artery. Quantitative
analysis showed a strong correlation between truncation-corrected VOI images and noncollimated C-arm CT images. High
contrast objects, such as metallic implants, showed relatively
higher correlation compared with the soft-tissue information. For
quantitative comparison, images were aligned by using 3D-3D
fusion because VOI C-arm CT images were acquired with the
device at the isocenter and the C-arm position was different for
full-head and VOI C-arm CT acquisitions. The resulting resampling from 3D-3D fusion could have potentially contributed to
the discrepancies in image similarity metrics.
During the acquisition of VOI C-arm CT images, it is very
crucial to isocenter the C-arm around the deployed device. Depending on the type of device (stent markers and coils are easily
visible on fluoroscopic imaging compared with the flow-diverter
device in the cavernous segment surrounded by bony anatomy), it
is often difficult to isocenter the C-arm and multiple fluoroscopic
x-ray images were required to visualize the device, especially with
a small VOI, because there are not many landmarks to be seen in
the ROI. Automatic isocentering based on a sparse low-dose overview scan or pretreatment 3D images or 2D biplane angiographic
images during treatment is desirable. Given that the dose savings
are proportional to the size of the VOI, advanced algorithms to
automatically detect the ROI and to automatically identify the size
of the VOI are needed to further seamlessly integrate VOI imaging
into clinical workflow.

CONCLUSIONS
VOI C-arm CT imaging with a new truncation-robust reconstruction algorithm allows acquisition of multiple intraprocedural C-arm CT images with a relatively lower additional dose
delivered to the patient. VOI C-arm CT images provide devicespecific information about its relationship with the parent artery
during the procedure, thus resulting in a valuable tool to assess
treatment efficacy and allow additional corrective measures in
case of inaccurate deployment.
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Mechanical Thrombectomy for Isolated M2 Occlusions: A Post
Hoc Analysis of the STAR, SWIFT, and SWIFT PRIME Studies
X J.M. Coutinho, X D.S. Liebeskind, X L.-A. Slater, X R.G. Nogueira, X B.W. Baxter, X E.I. Levy, X A.H. Siddiqui, X M. Goyal,
X O.O. Zaidat, X A. Davalos, X A. Bonafé, X R. Jahan, X J. Gralla, X J.L. Saver, and X V.M. Pereira

ABSTRACT
BACKGROUND AND PURPOSE: Mechanical thrombectomy is beneﬁcial for patients with acute ischemic stroke and a proximal anterior
occlusion, but it is unclear if these results can be extrapolated to patients with an M2 occlusion. The purpose of this study was to examine
the technical aspects, safety, and outcomes of mechanical thrombectomy with a stent retriever in patients with an isolated M2 occlusion
who were included in 3 large multicenter prospective studies.
MATERIALS AND METHODS: We included patients from the Solitaire Flow Restoration Thrombectomy for Acute Revascularization (STAR),
Solitaire With the Intention For Thrombectomy (SWIFT), and Solitaire With the Intention for Thrombectomy as Primary Endovascular Treatment
(SWIFT PRIME) studies, 3 large multicenter prospective studies on thrombectomy for ischemic stroke. We compared outcomes and technical
details of patients with an M2 with those with an M1 occlusion. All patients were treated with a stent retriever. Imaging data and outcomes were
scored by an independent core laboratory. Successful reperfusion was deﬁned as modiﬁed Thrombolysis in Cerebral Infarction score of 2b/3.
RESULTS: We included 50 patients with an M2 and 249 patients with an M1 occlusion. Patients with an M2 occlusion were older (mean age, 71
versus 67 years; P ⫽ .04) and had a lower NIHSS score (median, 13 versus 17; P ⬍ .001) compared with those with an M1 occlusion. Procedural time
was nonsigniﬁcantly shorter in patients with an M2 occlusion (median, 29 versus 35 minutes; P ⫽ .41). The average number of passes with a stent
retriever was also nonsigniﬁcantly lower in patients with an M2 occlusion (mean, 1.4 versus 1.7; P ⫽ .07). There were no signiﬁcant differences in
successful reperfusion (85% versus 82%, P ⫽ .82), symptomatic intracerebral hemorrhages (2% versus 2%, P ⫽ 1.0), device-related serious adverse
events (6% versus 4%, P ⫽ .46), or modiﬁed Rankin Scale score 0 –2 at follow-up (60% versus 56%, P ⫽ .64).
CONCLUSIONS: Endovascular reperfusion therapy appears to be feasible in selected patients with ischemic stroke and an M2 occlusion.
ABBREVIATIONS: ESCAPE ⫽ Endovascular Treatment for Small Core and Proximal Occlusion Ischemic Stroke; IMS ⫽ Interventional Management of Stroke;
MERCI ⫽ Mechanical Embolus Removal in Cerebral Ischemia; MT ⫽ mechanical thrombectomy; REVASCAT ⫽ Endovascular Revascularization With Solitaire Device
Versus Best Medical Therapy in Anterior Circulation Stroke Within 8 Hours; STAR ⫽ Solitaire FR Thrombectomy for Acute Revascularization; SWIFT ⫽ Solitaire FR With
the Intention For Thrombectomy; SWIFT PRIME ⫽ Solitaire With the Intention for Thrombectomy as Primary Endovascular Treatment

R

ecent data have shown that mechanical thrombectomy (MT)
with a stent retriever is safe and improves functional outcome
in patients with acute ischemic stroke and an occlusion of the
anterior circulation.1-5 It is unclear, however, if these results can

Received July 1, 2015; accepted August 11.
From the Divisions of Neuroradiology (J.M.C., L.-A.S., V.M.P.) and Neurosurgery
(V.M.P.), Department of Medical Imaging and Department of Surgery, Toronto
Western Hospital, University Health Network, University of Toronto, Ontario, Canada; Neurovascular Imaging Research Core and the University of California, Los
Angeles Stroke Center (D.S.L.), Los Angeles, California; Marcus Stroke and Neuroscience Center (R.G.N.), Department of Neurology, Grady Memorial Hospital, Emory University School of Medicine, Atlanta, Georgia; Department of Radiology
(B.W.B.), Erlanger Hospital at University of Tennessee, Chattanooga, Tennessee;
Department of Neurosurgery (E.I.L., A.H.S.) and Toshiba Stroke and Vascular Research Center (A.H.S.), State University of New York at Buffalo, Buffalo, New York;
Departments of Radiology and Clinical Neurosciences (M.G.), University of Calgary,
Calgary, Alberta, Canada; Department of Neurology (O.O.Z.), Medical College of
Wisconsin, Milwaukee, Wisconsin; Department of Neurosciences (A.D.), Hospital
Germans Trias i Pujol, Universitat Autònoma de Barcelona, Badalona, Barcelona,
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be extrapolated to patients with an occlusion of the second segment of the middle cerebral artery (M2 occlusion). Because of its
distal location, smaller diameter, and thinner walls, MT of the M2
segment is technically more challenging and may be associated
with a higher risk of periprocedural complications. The potential
benefit of reperfusion may also be different, in part because M2
occlusions generally respond better to IV thrombolysis.6
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Table 1: Anatomic deﬁnition of MCA segments
MCA Segment
Anatomic Deﬁnition
M1
Horizontal segment of the proximal MCA from the bifurcation of the ICA into the anterior and middle cerebral arteries to
the genu of the MCA branch or branches at the entrance to the insula
M2
Vertical MCA branches in the Sylvian ﬁssure originating at the genu and extending to the next genu at the level of the
operculum; if the anterior temporal artery arises from the horizontal M1 segment, it will not be
considered an M2 branch
M3
Branches that continue when the M2 branches change course again to a more lateral/horizontal course in the
Sylvian ﬁssure away from the insula and below the operculum
M4
Branch vessels primarily extend vertically over the frontal and parietal lobes and inferiorly over the temporal lobe

The number of patients with an M2 occlusion in the thrombectomy trials was small. The Multicenter Randomized Clinical
trial of Endovascular Treatment for Acute Ischemic Stroke in the
Netherlands (MR CLEAN) protocol did allow recruitment of
these patients, but ⬍8% of included patients had an isolated M2
occlusion.1 In the Endovascular Revascularization With Solitaire
Device Versus Best Medical Therapy in Anterior Circulation
Stroke Within 8 Hours (REVASCAT), Endovascular Treatment
for Small Core Proximal Occlusion Ischemic Stroke (ESCAPE),
and Extending the Time for Thrombolysis in Emergency Neurological Deficits–Intra-Arterial (EXTEND-IA), only 10, 6, and 4
patients with an isolated M2 occlusion were treated with MT,
respectively.2,4,5 The Solitaire With the Intention for Thrombectomy as Primary Endovascular Treatment (SWIFT PRIME) protocol excluded M2 occlusions, but there were some protocol violations.3 Thus far, none of these studies has specifically examined
the subgroup of M2 occlusions. The aim of our study was to examine the technical aspects, safety, and outcomes of MT with a
stent retriever in patients with an isolated M2 occlusion who were
included in 3 large multicenter prospective studies.

ber 2014. In all 3 studies, clinical outcome was determined at
90-day follow-up by using the modified Rankin Scale.
We compared outcomes and technical details of patients with
an M2 occlusion with those with an M1 occlusion. We excluded
patients from SWIFT treated with the Merci device and patients
from the control arm of SWIFT PRIME. Patients with a combined
M1 and M2 occlusion were categorized as having M1 occlusion.
Those with an occlusion at another location (eg, carotid terminus) were excluded from the analysis. The local ethics committee
at every site approved the study protocol, and all patients or their
legal representatives gave written informed consent.
Outcome data were adjudicated by an independent CT and
MR imaging core laboratory, an angiography core laboratory, and
a clinical events committee. The angiography core laboratory assessed the location of the occlusion. Table 1 describes the definition for each segment of the middle cerebral artery used by the
core laboratory of the 3 studies. Other variables scored by the core
laboratory or Clinical Events Committee were final revascularization grades, hemorrhagic complications, and other adverse
events. In SWIFT and SWIFT PRIME, the assessors were blinded
to study group assignments.

MATERIALS AND METHODS
Description of Studies and Patient Selection

MT Procedure

We included patients from the Solitaire FR With the Intention for
Thrombectomy (SWIFT) trial, Solitaire FR Thrombectomy for
Acute Revascularization (STAR) study, and the SWIFT PRIME
trial. The design of these studies has been reported previously.3,7-9
Briefly, the SWIFT trial was a randomized clinical trial that ran
from 2010 to 2011, in which patients with acute ischemic stroke
and an angiographically confirmed occlusion of a the proximal
cerebral artery were allocated to treatment with a stent retriever
(Solitaire; Covidien, Irvine, California) or the Merci device (Concentric Medical, Mountain View, California). SWIFT had a roll-in
phase during which all patients were treated with a stent retriever,
and these patients were included in the current study. STAR was a
prospective, multicenter, single-arm study from 2010 to 2012 in
which patients with an occlusion of the anterior circulation (intracranial and terminus internal carotid artery and M1 and M2
segments of the middle cerebral artery) were included. All patients in STAR were treated with a stent retriever (Solitaire). In
both SWIFT and STAR, patients were eligible only if MT was
possible within 8 hours of symptom onset. In SWIFT PRIME,
patients with an acute ischemic stroke and confirmed occlusion of
the anterior intracranial circulation were randomized between
intravenous tPA followed by MT with a stent retriever or intravenous tPA alone. The trial ran from December 2012 until Novem-

The MT procedure used in STAR, SWIFT, and SWIFT PRIME has
been described previously.7-9 The aim was to achieve successful
recanalization of the territory of the occluded vessel. The use of a
balloon-guide catheter was mandatory in STAR and SWIFT and
optional in SWIFT PRIME. Up to 3 passes with the stent retriever
were allowed according to the protocols. The decision to perform
any additional passes was at the discretion of the interventionalist
and was scored as a protocol violation. The procedure could be
performed with the patient under local or general anesthesia. Follow-up brain imaging was performed after 24 hours in all patients.
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Data Analysis
We compared the technical details of the procedure, complication
rate, and clinical outcome at follow-up between patients with an
M1 versus M2 occlusion. Successful reperfusion was defined as a
modified Thrombolysis in Cerebral Infarction score of ⱖ2b of
the target territory. Both the proportions of symptomatic and any
intracranial hemorrhage are provided. Symptomatic intracranial
hemorrhage was defined as hemorrhage within 24 hours associated with an increase on the NIHSS of ⱖ4 points or that resulted
in death. Clinical outcome at 90 days is provided as mRS 0 –1,
mRS 0 –2, and all-cause mortality.
All analyses were by intention-to-treat. Categoric variables

The sponsor had no role in the preparation of the article. The corresponding author had full access to all the
data in the study and had final responsibility for the decision to submit for publication. The studies were registered at
ClinicalTrials.gov, numbers NCT01054560
(SWIFT), NCT01327989 (STAR), and
NCT01657461 (SWIFT-PRIME).

RESULTS
Of the 542 patients enrolled in SWIFT,
STAR, and SWIFT PRIME, 243 patients
were excluded because they were allocated to the Merci arm of SWIFT (n ⫽
55) or the control arm of SWIFT PRIME
(n ⫽ 98) or because they did not have an
occlusion of the middle cerebral artery
(n ⫽ 90, Fig 1). Of the 299 included paFIG 1. Flowchart of patient selection.
tients, 50 had an M2 occlusion; and 249,
Table 2: Baseline characteristicsa
an M1 occlusion. Patients with an M2
M2 Occlusion
M1 Occlusion
occlusion were older (71 versus 67 years,
(n = 50)
(n = 249)
P Value
P ⫽ .04) and had a lower median NIHSS
Age (yr) (mean)
71 ⫾ 11
67 ⫾ 13
.04
score (13 versus 17, P ⬍ .001) compared
Female
48% (24/50)
57% (143/249)
.28
with patients with an M1 occlusion (TaNIHSS score (median) (IQR)
13 (10–17)
17 (14–20)
⬍.001
Medical history
ble 2). There were no important differAtrial ﬁbrillation
38% (19/50)
37% (93/249)
1.000
ences in medical histories between the
Hypertension
70% (35/50)
61% (152/249)
.27
groups. Baseline ASPECTS was higher in
Diabetes
18% (9/50)
15% (38/249)
.67
those with an M2 occlusion (9.0 versus
Hyperlipidemia
30% (15/50)
37% (93/249)
.42
8.2, P ⫽ .003). The proportion of paPeripheral artery disease
0% (0/50)
4% (9/249)
.37
Current smoker
14% (7/49)
21% (53/249)
.33
tients who received intravenous tPA bePrior stroke/TIA
12% (6/50)
17% (42/249)
.53
fore MT did not differ significantly
Systolic BP (mean) (mm Hg)
150 ⫾ 28
147 ⫾ 23
.45
(77% versus 69%, P ⫽ .38).
Diastolic BP (mean) (mm Hg)
84 ⫾ 17
80 ⫾ 15
.11
Time from groin puncture to recanLeft-sided occlusion
54% (27/50)
47% (117/249)
.44
alization was nonsignificantly shorter in
Baseline ASPECTS (mean)
9.0 ⫾ 1.3
8.2 ⫾ 1.7
.003
Receipt of IV tPA
77% (36/47)
69% (161/234)
.38
patients with an M2 occlusion (median,
Laboratory data
29 versus 35 minutes; P ⫽ .41, Table 3).
Baseline serum glucose level (mean)
127 ⫾ 51
128 ⫾ 55
.89
The average number of passes with the
INR (mean)
1.1 ⫾ 0.5
1.1 ⫾ 0.3
.95
stent retriever was also nonsignificantly
Platelets (mean)
235 ⫾ 75
234 ⫾ 79
.95
lower in in patients with an M2 occluaPTT (mean) (sec)
31 ⫾ 20
29 ⫾ 22
.44
sion (mean, 1.4 versus 1.7; P ⫽ .07).
Note:—IQR indicates interquartile range; BP, blood pressure; INR, international normalized ratio; aPTT, activated partial
thromboplastin time.
There was no difference in the propora
Categoric variables are given as percentages with n/N in parentheses, where n is the number of patients in whom the
tion of patients in whom modified TICI
variable was present and N the total number of patients for whom that particular variable was reported.
ⱖ2b was achieved (85% versus 82%,
were compared between groups by using a Fisher exact test. ConP ⫽ .82) or in the incidence of symptomatic intracranial hemortinuous variables were compared by using a t test, except in the
rhages (both 2%). An mRS of 0 –1 at 90 days was achieved in 50%
cases in which medians and interquartile ranges are reported;
of patients with an M2 occlusion, compared with 41% in those
then, a Wilcoxon rank sum test was used. Statistical analyses were
with an M1 occlusion (P ⫽ .27).
conducted in SAS, Version 9.3 (SAS, Cary, North Carolina).

Role of the Funding Source
In all 3 studies, an academic steering committee supervised the
trial design and operations. The sponsor of the study (Covidien) was responsible for site management, data management,
and safety reporting. The study data were independently monitored. The statistical analyses were prepared by independent
external statisticians (J. Schafer; Namsa, Minneapolis, Minnesota; S Brown, Altair Biostatistics, St. Louis Park, Minnesota).

DISCUSSION
We examined the feasibility and safety of MT with a stent retriever
in patients with an isolated M2 occlusion. We found no significant differences in the reperfusion rate or risk of complications
between patients with an M1 or M2 occlusion. If anything, there
was a trend toward a lower number of passes required with stent
retrievers in patients with an M2 occlusion. Clinical outcomes
were nonsignificantly better in patients with an M2 occlusion,
AJNR Am J Neuroradiol 37:667–72
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Table 3: Details of thrombectomy procedure and clinical and safety outcomesa
M2 Occlusion
M1 Occlusion
(N = 50)
(N = 249)
Time from groin puncture to recanalization
29 (22–45)
35 (25–52)
(min) (median) (IQR)
No. of passes with stent retriever (mean)
1.4 ⫾ 0.8
1.7 ⫾ 1.0
ⱖ3 Passes with stent retriever
13% (5/38)
23% (52/227)
mTICI 2b or 3 reperfusion
85% (34/40)
82% (193/235)
Rescue therapy
6% (3/50)
8% (19/249)
Complications
Device-related serious adverse events
6% (3/50)
4% (10/249)
Symptomatic ICH
2% (1/50)
2% (5/249)
Outcome at 90-day follow-up
mRS 0–1
50% (25/50)
41% (100/243)
mRS 0–2
60% (30/50)
56% (136/243)
Mortality
12% (6/50)
10% (25/249)

rebral hemorrhage was 9%, which is
somewhat higher than that in our study.
P Value
However, they did not assess patients
.41
with an M1 occlusion for comparison;
this feature makes interpretation more
.07
difficult. Their patients were also in a
.21
more severe clinical condition, with a
.82
median NIHSS score of 16, which is
1.000
comparable with the NIHSS scores of
.46
the patients with an M1 occlusion in our
1.000
study. A drawback of both studies is that
they did not use an independent core
.27
laboratory to adjudicate the angio.64
graphic data and no information is pro.62
vided on the definition that was used for
Note:—mTICI indicates modiﬁed Thrombolysis in Cerebral Infarction; ICH, intracerebral hemorrhage; IQR, interquartile
range.
an M2 occlusion.
a
Categoric variables are given as percentages with n/N in parentheses, where n is the number of patients in whom the
Our study had no control group of
variable was present, and N is the total number of patients for whom that particular variable was reported.
medically treated patients available for
comparison. As a result, we cannot dethough this result most likely is because these patients had milder
termine whether MT with a stent retriever is superior to best medstrokes, as shown by the lower baseline NIHSS scores.
ical management in patients with an M2 occlusion. Individually,
Few studies have previously examined endovascular treatment
neither of the recent thrombectomy trials has a sufficient number
of patients with an M2 occlusion, and in most of these, intraof patients with an M2 occlusion to answer this question. One
arterial thrombolysis or earlier generation thrombectomy devices
issue that is important in any study that examines MT for M2
were used. A post hoc analysis of the Prolyse in Acute Cerebral
occlusion is a clear description of the definition of an M2 branch.
Thromboembolism (PROACT) II, Interventional Management
The original classification by Fischer in 193818 designated the M1
of Stroke (IMS), and IMS II studies found successful reperfusion
segment as terminating at the genu where the MCA takes a 90°
in approximately half of all patients with an M2 occlusion.10 Shi
upward turn around the limen insulae; this definition was used in
et al11 studied 28 patients with an M2 occlusion who were enthe STAR, SWIFT, and SWIFT PRIME studies. The M1 segment is
rolled in the Mechanical Embolus Removal in Cerebral Ischemia
then further divided into prebifurcation and postbifurcation seg(MERCI) and multi-MERCI trials. They found that compared
ments with up to 82% of MCAs reported to bifurcate proximal to
with patients with an M1 occlusion, the number of required
the genu.19,20 This terminology creates some degree of confusion
passes with the thrombectomy device was lower in those with an
because postbifurcation branches proximal to the genu are comM2 occlusion, similar to our data. They also found higher recanmonly designated as M2 segments.
alization rates in patients with an M2 occlusion. Sheth et al12
There are also differences in the number and dominance of the
collected data on M2 occlusions from their single-center cohort
divisions of the MCA, meaning that not all M2 divisions are the
on MT. They found no difference in recanalization rates between
same with regard to the volume or importance of the territory that
patients with an M2 or M1 occlusion, but the risk of intracranial
they supply. The variation in size of the divisions also means that
hemorrhagic complications was lower in patients with an M2 octechnically not all M2 branches are accessible for mechanical
clusion. However, this observation could be related to different
thrombectomy. M2 divisions are smaller; therefore, navigating a
endovascular techniques that were used in each group. Most pamicrocatheter and deploying a stent retriever can be more chaltients with an M2 occlusion were treated with intra-arterial tPA,
lenging and associated with greater risk. Thus, when reviewing the
while the Merci device was predominantly used in patients with
patients included in this study, one must consider that the M2
an M1 occlusion. Various randomized trials have shown that the
occlusions were likely selected because they had features that
methods of endovascular reperfusion that were used in the abovemade them favorable for mechanical thrombectomy, either bementioned studies do not improve clinical outcome in pacause of their size or because they were critical to recanalize due to
tients.13-15 With the introduction of stent retrievers, these older
their supply to and area of eloquence. Patients also were required
to have an NIHSS score of least an 8, which decreases the probatechniques are now rarely applied; thus, the external validity of
bility of smaller M2 branches being included. This selection of M2
these studies is now limited.
occlusions is an important limitation of this study, and one that
Only 2 recent retrospective studies have examined the use of
probably applies to all studies that examined MT for M2
stent retrievers for patients with an M2 occlusion. Dorn et al16
occlusions.
reported outcomes of 15 patients with an M2 occlusion from a
Only high-volume stroke centers with extensive experience
single-center retrospective registry. Similar to our results, their
with MT participated in the SWIFT, STAR and SWIFT PRIME
data do not suggest that patients with an M2 occlusion have a
studies. In SWIFT, only centers that had participated in the
higher risk of procedural complications. The other study used
MERCI or multi-MERCI trials or who had an annual MT volume
data from a regional stroke registry.17 Most of the patients in this
of at least 30 patients were eligible. In STAR, the steering commitseries were treated with a stent retriever, though other techniques
tee selected centers with 24-hour availability of MT that were
were used in 14% of patients. Their rate of symptomatic intrace670
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experienced with the use of stent retrievers. As a result, caution is
required when generalizing these results to stroke centers in general. On the other hand, given the positive results of the recent
trials, MT volumes and thus experience of neurointerventionalists are likely to increase substantially in stroke centers within the
next few years.

CONCLUSIONS
In this study, we examined the technical aspects, safety, and outcomes of mechanical thrombectomy in patients with an isolated
M2 occlusion who were included in 3 large multicenter prospective studies. Our data suggest mechanical thrombectomy with a
stent retriever can be considered in selected patients with acute
ischemic stroke and an isolated M2 occlusion.
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Mechanical Thrombectomy of Distal Occlusions in the Anterior
Cerebral Artery: Recanalization Rates, Periprocedural
Complications, and Clinical Outcome
X J. Pfaff, X C. Herweh, X M. Pham, X S. Schieber, X P.A. Ringleb, X M. Bendszus, and X M. Möhlenbruch

ABSTRACT
BACKGROUND AND PURPOSE: Patients with acute ischemic stroke in the anterior circulation are at risk for either primary or, following
mechanical thrombectomy, secondary occlusion of the anterior cerebral artery. Because previous studies had only a limited informative
value, we report our data concerning the frequency and location of distal anterior cerebral artery occlusions, recanalization rates,
periprocedural complications, and clinical outcome.
MATERIALS AND METHODS: We performed a retrospective analysis of prospectively collected data of patients with acute ischemic
stroke undergoing mechanical thrombectomy in the anterior circulation between June 2010 and April 2015.
RESULTS: Of 368 patients included in this analysis, we identiﬁed 30 (8.1%) with either primary (n ⫽ 17, 4.6%) or secondary (n ⫽ 13, 3.5%)
embolic occlusion of the distal anterior cerebral artery. The recanalization rate after placement of a stent retriever was 88%. Periprocedural complications were rare and included vasospasms (n ⫽ 3, 10%) and dissection (n ⫽ 1, 3.3%). However, 16 (53.5%) patients sustained an
(at least partial) infarction of the anterior cerebral artery territory. Ninety days after the ictus, clinical outcome according to the modiﬁed
Rankin Scale score was the following: 0 –2, n ⫽ 11 (36.6%); 3– 4, n ⫽ 9 (30%); 5– 6, n ⫽ 10 (33.3%).
CONCLUSIONS: Occlusions of the distal anterior cerebral artery affect approximately 8% of patients with acute ischemic stroke in the
anterior circulation receiving mechanical thrombectomy. Despite a high recanalization rate and a low complication rate, subsequent
(partial) infarction in the anterior cerebral artery territory occurs in approximately half of patients. Fortunately, clinical outcome appears
not to be predominately unfavorable.
ABBREVIATIONS: ACA ⫽ anterior cerebral artery; MT ⫽ mechanical thrombectomy

M

echanical thrombectomy (MT) is an effective treatment in
acute ischemic stroke secondary to a large-vessel occlusion.1-4 Patients with acute ischemic stroke secondary to an occlusion of the internal carotid artery–T, middle cerebral artery trunk
(M1), or MCA secondary division (M2) have relatively high rates of
revascularization and favorable clinical outcomes after MT.5,6 Unfortunately, for patients with ICA-T occlusions and MCA occlusions,
there is a risk of approximately 8.6%–11.4% for secondary emboli
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into the anterior cerebral artery (ACA), especially the distal branches
such as the pericallosal artery, during MT.2,7,8 Although various technical possibilities, such as proximal flow control or combined aspiration, have been recommended to reduce the risk of secondary emboli9-13, occlusions of the distal ACA occur.
Regardless of the cause of the occlusion (primary occlusion or
secondary emboli during MT), cerebral infarctions in the ACA territory may cause relevant clinical deficits by affecting the primary or
supplementary motor areas.14 In a previous, relatively small patient
cohort (n ⫽ 6), treatment of secondary ACA occlusions was technically successful in 80% of the cases and uneventful in all instances.7
We present data on the frequency and location of distal ACA
occlusions, recanalization rates, periprocedural complications,
and clinical outcome.

This work received no speciﬁc grant from any funding agency in the public, commercial, or not-for-proﬁt sectors.

MATERIALS AND METHODS
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On the basis of a prospectively collected patient cohort with
acute ischemic stroke undergoing MT in the anterior circulation at our institution between June 2010 and April 2015, we
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selected patients with a primary or secondary embolic occlusion of the distal ACA for this retrospective analysis. We excluded patients with an absent or severely hypoplastic ipsilateral A1 segment and those with proximal occlusions of the A1
segment from this analysis.

Stroke Therapy
Our institution provides neurologic, neuroradiologic, and neurointerventional services within a maximum-care university hospital center serving more than 500,000 individuals within its county
limits and nearly 2.3 million within a greater metropolitan area.
For each patient, a stroke neurologist performed physical neurologic examinations and detailed assessment of the NIHSS score in
the emergency department on admission. Patients with suspected
acute ischemic stroke received a standardized stroke imaging protocol: either MR imaging (including axial DWI, axial FLAIR, axial
SWI, TOF-MRA, contrast-enhanced MRA of the aortic arch and
cervical arteries, and axial PWI) or CT (including a non-contrastenhanced CT, CT angiography, and perfusion CT) for assessment
of their eligibility for intravenous rtPA and MT. The decision
between MR imaging and CT was made individually on the basis
of the patient’s condition, known or unknown time of symptom
onset, MR imaging eligibility, and immediate availability of the
MR imaging and CT scanners.
Administration and dosing of intravenous rtPA followed national and international guidelines and an institutional standard
operating procedure. Patients were considered eligible for MT by
the treating neurointerventionalist if an occlusion of a major intracranial artery was detected by CTA or MRA, therapy could be
accomplished within 8 hours of onset, the NIHSS score was ⱖ8 on
evaluation, and the initial imaging excluded hemorrhage or a
large infarct core of more than one-third of the middle cerebral
artery territory or an ASPECTS of ⬍6. In case of unknown onset
of symptoms, patients were considered eligible for MT if stroke
imaging ruled out a large infarct core and revealed a relevant,
salvageable penumbra. No age limit was used as an inclusion or
exclusion criterion for eligibility for MT, and the decision to perform MT was made individually on the basis of the patient’s comorbidities, prestroke mRS, and the assumed choice of the patient. In case of fluctuating or progressive neurologic deficits,
patients with minor symptoms (NIHSS score of ⬍8) were treated
as well.
Intraprocedural use of mechanical and/or pharmacologic
treatments remained at the discretion of the treating neurointerventionalist. Microcatheters and stent retrievers used for MT in
this patient cohort were subject to change due to technical development during the observation period. Between June 2010 and
July 2013, general anesthesia, performed by experienced neurointensivists, was routinely administered during MT. Starting in August 2013, procedures were performed with the patient under
conscious sedation as well. Independent of the performed management of sedation, patients received standardized peri-interventional management and monitoring of physiologic target values according to our in-house standard operating procedure at
the discretion of the neurointensivist adapted to the patient and
situation.
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Postinterventional Management
All patients were observed in a neurologic intensive care unit after
MT. The aim was transfer to the stroke unit as soon as possible,
depending on the condition of the patient. Follow-up imaging
(either CT or MR imaging) was routinely performed at 20 –36
hours after treatment, or earlier if neurologic deterioration occurred. Postinterventional NIHSS and mRS were assessed by detailed physical examinations performed by an independent stroke
neurologist at discharge. Follow-up data after 3 months were obtained by an in-patient visit or a telephone call by a neurologist
not blinded to the type of treatment. The modified Rankin Scale
was used to measure the severity of the disability.

Data Collection
Data collection included baseline demographics (age and sex) and
medical history (eg, hypertension, coronary artery disease, congestive heart failure, atrial fibrillation, diabetes mellitus, hypercholesterolemia, history of smoking, and previous stroke) and
symptom onset time and stroke severity as measured by the
NIHSS. The time of initiation of stroke imaging and the time of
start of angiography were captured automatically by the CT scanner and angiography system. The onset and duration of occlusion
(secondary emboli) and time of recanalization were evaluated according to the timestamp of the referring angiographic image.
Vessel diameter and location of the occlusion were assessed on
angiographic images as well. The location of the occlusion was
categorized following the segmentation of the ACA with regard to
its anatomic position relative to the corpus callosum and the origin of the frontopolar artery, orbitofrontal artery, callosomarginal
artery, and distal branches as characterized by Lehecka et al.15
Devices and medication used during the interventional procedures, number of thrombectomy maneuvers, and intraprocedural complications were evaluated according to the treatment
protocols. Angiographic outcome by TICI and complications (eg,
vessel perforation, dissection of the anterior cerebral artery) were
assessed by a senior neurointerventionalist. The incidences of cerebral infarction, parenchymal hemorrhage (by criteria of the second European-Australasian Acute Stroke Study [ECASS II])16),
or subarachnoid hemorrhage were assessed by using routinely
performed follow-up imaging. Clinical outcome was evaluated
according to the modified Rankin Scale.

Statistical Analysis
We compared data by using the 2 test for categoric variables. P ⬍
.05 was considered significant in the final model. All statistical
analyses were performed by using SPSS 21.0.0.0 (IBM, Armonk,
New York).

Ethics Approval
The study was approved by our local ethics committee.

RESULTS
Between June 2010 and April 2015, 388 patients underwent MT
due to an acute ischemic stroke in the anterior circulation at our
institution. Twenty of 388 (5.2%) patients were excluded because
of an absent or severely hypoplastic ipsilateral A1 segment.
Among the remaining 368 patients, we identified 30 (8.1%) with

a distal ACA occlusion (for patient baseline characteristics, see
Table 1). The distal ACA occlusion was, according to initial
angiographic imaging, preexisting in 17/368 (4.6%) cases and
occurred in 13/368 (3.5%) patients secondary to a recanalization maneuver (for distal ACA occlusion sites, see Table 2).
Mechanical thrombectomy with a stent retriever was intended for all patients, but a stent retriever could not be deployed in 5/30 (16.6%) because placement of a guidewire (n ⫽
1, 3.3%; occlusion in the middle pericallosal artery [superior
Table 1: Baseline characteristics of patients with a distal anterior
cerebral artery occlusion
Characteristics
Patients (N = 30)
Age (yr), mean (SD)
64 (13)
Male
14 (46.6%)
Hypertension
20 (66.6%)
Diabetes mellitus
5 (16.6%)
Atrial ﬁbrillation
13 (43.3%)
Coronary artery disease
3 (10%)
Congestive heart failure
2 (6.6%)
Hypercholesterolemia
8 (26.6%)
Previous stroke
0 (0%)
History of smoking
3 (10%)
Prestroke mRS
0
22 (73.3%)
1
5 (16.6%)
2
3 (10%)
Initial NIHSS score, median (IQR)
18 (13–23)
Time from stroke onset to initial imaging
90 (61–155)
(min), median (IQR)
CT
16
MR
14
Time from stroke onset to imaginga
(min), median (IQR)
CT
76 (55–150)
MR
154 (87–230)
ASPECTSa, median (IQR)
CT
9 (9)
MR
7 (7–9)b
Initial occlusion site
ICA (excluding Carotid-T)
1 (3.3%)
Carotid-T
18 (60%)
M1
9 (30%)
M2
2 (6.6%)
Intravenous tPA
25 (83.3%)
Time from stroke onset to groin puncture
211 (139–289)
(min), median (IQR)
Note:—IQR indicates interquartile range.
a
According to the imaging modality.
b
MR-ASPECTS was assessed on axial diffusion-weighted images.

segment]), or placement of a microcatheter behind the thrombus was not possible (n ⫽ 4, 13.3%; occlusion in the middle
pericallosal artery [inferior segment, n ⫽ 1], distal pericallosal
artery [n ⫽ 2], and callosomarginal artery [n ⫽ 1]). In 2 of
these cases (6.6%), intra-arterial rtPA (5 mg and 2 mg, respectively) was administered immediately at the occlusion via a
microcatheter. In consideration of the time window and possible risks, there was no further treatment in the other 3 (10%)
cases. Deployment of a stent retriever was achieved and MT
was performed in 25/30 (83.3%) patients (for type and manufacturer of the devices used as well as the number of MT maneuvers performed, see Table 3).

Angiographic Outcome
Recanalization of the distal ACA occlusion (TICI 2b/3) was
achieved in 22/30 (73.3%) patients. However, in each of these 22
patients, at least 1 stent-retrieval maneuver was performed. With
regard to all patients in whom placement of a stent retriever was
possible (n ⫽ 25), the accumulated recanalization rate (TICI
2b/3) was 88% (Fig 1). Recanalization after a single retrieval maneuver occurred in 17/30 (56.6%) cases with a distal ACA occlusion, and in 68% (17/25) of all patients in whom placement of a
stent retriever was possible. None of the patients in whom a stent
retriever could not be properly placed achieved TICI 2b/3 (5/30,
16.6%). In 3 cases in which stent retrievers were used (Aperio;
Acandis, Pforzheim, Germany; Revive; Codman Neurovascular,
Raynham, Massachusetts; and Solitaire FR; Covidien, Irvine, California, respectively), recanalization could not be achieved. With
Table 3: List of types, manufacturers, and number of passes of
devices used for mechanical thrombectomy
No. of
Size
Patients Total No.
Device
Manufacturer
(mm)
Treated of Passes
Acandis
4.5 ⫻ 30
1
3
Aperioa
MindFrameb
4.0 ⫻ 20
1
2
Capturea
Baltc
3 ⫻ 15
3
4
Catch Minia
a
MicroVention
4 ⫻ 24
1
1
ERIC
Codman
4.5 ⫻ 22
6
9
Revived
Covidien
4 ⫻ 20
12
17
Solitaire FRd
4 ⫻ 20
1
2
Trevo ProVued Strykere
a

Devices ﬁtting through .017-inch microcatheters (eg, Headway 17; MicroVention).
Irvine, California.
c
Montmorency, France.
d
Devices ﬁtting through .021-inch microcatheters (eg, Rebar 18; Covidien), and .027inch microcatheters (Revive, Codman Neurovascular; Rebar 27, Covidien).
e
Kalamazoo, Michigan.
b

Table 2: Occlusion site and vessel diameter of the anterior cerebral artery
Occlusion Site
Proximal pericallosal artery ⫽ A2 segment (between AcomA and
genu of corpus callosum)
Middle pericallosal artery ⫽ A3 segment (curving around genu of
corpus callosum)
Inferior segment
Anterior segment
Superior segment
Distal pericallosal artery
A4 and A5 segments and distal branches other than CMA
CMA

Total (N = 30)
7 (23.3%)

Vessel Diameter (mm),
mean (SD)
1.9 (0.4)

No. of Device Passesa,
mean (SD)
1.28 (0.69)

6 (20%)
2 (6.6%)
8 (26.6%)

1.8 (0.2)
2.1 (0.3)
1.7 (0.4)

2 (1.26)
1.5 (0.5)
1.57 (0.72)

5 (16.6%)
2 (6.6%)

1.7 (0.4)
1.5 (0.1)

1 (0)
1 (0)

Note:—AcomA indicates anterior communicating artery; CMA, callosomarginal artery.
a
In patients in whom placement of a stent retriever was possible.
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whom had a secondary occlusion. The
frequency of infarction between both
groups was, however, not significantly
different in this small patient cohort
(P ⫽ .153). There was only 1 case (3.3%)
with hemorrhagic transformation in the
ACA territory (superior frontal gyrus)
with confluent petechiae within the infarcted area, but without space-occupying effect (HI2, according to ECASS II
criteria). Four of 30 (13.3%) patients exhibited angiographically occult, selflimiting, minimal SAH in the ipsilateral
Sylvian fissure detected on follow-up CT
imaging. SAHs were estimated to be
caused by recanalization maneuvers in
the distal MCA (M2 segment) in these
patients. None of the patients experienced SAH in the anterior cerebral artery territory.

Clinical Outcome
Ninety days after the ictus, clinical outcome according to the modified Rankin
Scale score was the following: 0 –2, n ⫽
11 (36.6%); 3– 4, n ⫽ 9 (30%); 5– 6, n ⫽
10 (33.3%).

DISCUSSION
ACA emboli may occur before or during intra-arterial treatment of an ICA
FIGURE Flowchart of treatments of distal ACA occlusions. The asterisk indicates the percentage or MCA occlusion. The frequency of
of the overall successful stent-retriever placements.
new emboli during IV, intra-arterial,
or combined IV–intra-arterial treatregard to the possible risk of vessel injury and/or rupture, no other
ment of a large-vessel occlusion in the anterior circulation has
devices were used, and no further recanalization maneuvers were
been reported to be between 1.7% and 15%.7,8,17 In our patient
performed in these patients.
cohort, the rate of new distal ACA emboli secondary to a recanalization maneuver was lower (3.5%). Similar to secondary
Intraprocedural Complications and Frequency of
emboli, a relatively low frequency of primary distal ACA ocInfarction and Hemorrhage in the ACA Territory
clusions (4.6%) occurred. However, in combination, about 8%
There were 3 cases of vasospasms in the distal ACA following a
of all patients with a large-vessel occlusion of the anterior cirretrieval maneuver in the superior A3 segment (n ⫽ 2) and the
culation receiving MT had a distal ACA occlusion, which is
callosomarginal artery (n ⫽ 1). In 2 cases, the vasospasms reconsistent with the results from the Multicenter Randomized
solved completely after intra-arterial administration of nimodipClinical Trial of Endovascular Treatment for Acute Ischemic
ine into the affected segment via a microcatheter. The third case of
Stroke in the Netherlands (MR CLEAN) trial.2 If one assumes
vasospasm was self-limiting within 5 minutes without further
that following the publication of recent study data on thromtreatment.
bectomy1-3,18 the frequency of patients receiving MT will inA dissection of the distal ACA (A4/A5 segment) with minimal
crease, distal ACA occlusions and the corresponding prevendistal flow impairment occurred in 1 patient after thrombectomy.
tion and treatment options will become an even more relevant
Considering the risk of further manipulation and the location of
topic than they are today.
the dissected vessel, no further treatment was considered. AccordBecause recanalization is a predictor of good clinical outing to the imaging data and treatment protocols, there was no
come,19 high recanalization rates should be achieved. Considervessel perforation with secondary hemorrhage. We did not obing the risk of an infarction and possible neurologic deficits folserve secondary emboli from the ACA into a new vascular terrilowing an ACA occlusion14 and against the background of
tory. Furthermore, no air emboli or device detachment was
positive experience in the treatment of distal M2 occlusions,20
observed.
interventional neuroradiologists are urged to consider treatment
Follow-up imaging revealed partial or complete ACA infarction in 16/30 (53.3%) patients, 11 of whom had a primary and 5 of
of distal ACA occlusions to achieve high recanalization rates. In
676
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our patient cohort, the recanalization rate was 73.3% of all distal
ACA occlusions, respectively, 88% after successful placement of a
stent retriever. This is comparable with recanalization rates of M1
or M2 occlusions after MT.20-22 In 4 (13.3%) patients, placement
of a microcatheter behind the thrombus was not possible. However, these cases were in 2010 and early 2012 when only “large”
microcatheters (Rebar-18 and Rebar-27; Covidien) were available
at our site. With the introduction of smaller microcatheters and
stent retrievers, successful retrieval maneuvers in small and/or
tortuous distal intracranial vessels will probably be easier.23
For example, the outside diameter of the device-delivering microcatheter could be reduced by 29% by using a Headway 17
microcatheter (1.7F; MicroVention, Tustin, California) instead of a Rebar-18 microcatheter (2.4F). Thus, our department started using microcatheters with a 0.017-inch inner diameter in selected cases in the second quarter of 2012, when
placement of our standard microcatheter (0.021-inch inner
diameter) was not possible. So far, virtually every distal occlusion could be reached successfully.
The risk of periprocedural complications with MT in distal
ACA occlusions does not seem be higher than that in the MCA.
We experienced 1 case of dissection (3.3%) and 3 cases of
vasospasm (10%) but no case of symptomatic intracranial
hemorrhage into the ACA territory. In comparison, the frequency of dissection (1.8%– 4.5%), vasospasm (3%–22.5%, including asymptomatic vasospasm), and symptomatic intracranial hemorrhage (5%–10.9%) was reported within the same
range or even higher during endovascular treatment of MCA
occlusions.21,24,25
Independent of the underlying cause of the occlusion, primary occlusion or thrombus fragmentation and secondary emboli as a by-product of recanalization maneuvers, occlusions of
the ACA may cause infarction and significant neurologic deficits.14 Despite a high recanalization rate, ipsilateral infarction
(at least partial) in the ACA territory occurred in 53.5% of our
cases. This relatively high rate of ACA territory infarction
might be secondary to insufficiency or absences of collaterals
in the setting of concurrent or preceding ICA or MCA occlusion.26,27 With a frequency of 38.5% of ACA infarction in patients with secondary emboli, our data are comparable with
those in previous studies, in which the frequency was reported
to be 32% and 40%, respectively.7,8 Because primary occlusions are present longer than secondary occlusions before recanalization, the frequency of ACA infarction in patients with
primary occlusions was higher (64.7%). However, our analysis
did not reach statistical significance for this matter (P ⫽ .153).
This finding should be viewed cautiously. A larger patient population might demonstrate a significant difference and, following the law of stroke (time is brain28), probably with a disadvantage for primary occlusions.
Compared with outcomes in recent clinical trials, clinical outcomes after 90 days were not predominately1-3 unfavorable in this
patient cohort. This outcome might be because of the following: a
possible MCA and ACA territory infarction, due to a larger infarct
volume and/or the involvement of the supplementary motor
cortex.14,29

Limitations
This analysis has several limitations. First, because this article focusses on occlusions of the distal ACA, the overall occurrence of
occlusions of the ACA (including the A1 segment) is likely to be
higher. Under this premise, our data might underestimate the
frequency of occlusions and infarctions in the ACA territory.
Second, allocation of clinical deficits to the ACA territory is,
especially in patients with concurrent MCA infarction, not always
possible. Therefore, comparison of clinical outcome of these patients with those of patients with isolated MCA territory infarction needs to be viewed cautiously.
Third, because occlusions were treated with different revascularization devices, a recommendation of a specific device for treatment of distal ACA occlusions is not possible and was not the aim
of the study. In this patient cohort and in the large interventional
stroke trials, the standard approach for treatment of an intracranial vessel occlusion was MT by using a stent retriever. However,
MT in distal cerebrovascular occlusions appears to be feasible
even with a direct-aspiration first-pass technique.30 The smaller
diameter and pronounced kinking of a vessel should be taken into
account when choosing catheters and devices to minimize alteration of the vessel wall.

CONCLUSIONS
Occlusions of the distal ACA affect approximately 8% of patients
with acute ischemic stroke in the anterior circulation undergoing
MT. Despite a high recanalization rate and a low complication
rate, subsequent (partial) infarction in the ACA territory occurred
in approximately half of patients. Fortunately, clinical outcome
appears not to be predominately unfavorable.
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Endovascular Treatment of Unruptured Paraclinoid
Aneurysms: Single-Center Experience with 400 Cases and
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ABSTRACT
BACKGROUND AND PURPOSE: Paraclinoid aneurysms have been increasingly treated endovascularly. The natural history of these
aneurysms has gradually been elucidated. The purpose of this study was to assess the safety and efﬁcacy of endovascular treatment for
these aneurysms.
MATERIALS AND METHODS: We performed a retrospective review of 377 patients with 400 paraclinoid aneurysms treated between
January 2006 and December 2012. Their clinical records, endovascular reports, and radiologic and clinical outcomes were analyzed. Because
aneurysms ⱖ7 mm are at higher risk of rupture, we classiﬁed aneurysms as small (⬍7 mm) or large (ⱖ7 mm).
RESULTS: Overall, 115 of the 400 aneurysms (28.8%) were large (ⱖ7 mm). Thromboembolic complications were found signiﬁcantly more
often with large aneurysms than with small ones (7.4% vs 1.0%, P ⫽ .001). Hemorrhagic complications were found only with small aneurysms
(0.7%). The 6-month morbidity rates were similar for small (1.0%) and large (0.8%) aneurysms. Immediate angiographic outcomes were
similar (P ⫽ .37), whereas recurrences and retreatment occurred more frequently with large aneurysms (P ⫽ .001 and P ⫽ .007, respectively).
Multivariate analysis showed that aneurysm size was the only independent predictor for recurrence (P ⫽ .005). Most recurrences (81%)
were detected by scheduled angiography at 6 months.
CONCLUSIONS: Aneurysm size inﬂuenced the type of complication (thromboembolic or hemorrhagic) and the recurrence rate. Given
the approximately 1% annual rupture rate for aneurysms ⱖ7 mm, analysis of our data supports the rationale of using prophylactic
endovascular treatment for unruptured paraclinoid aneurysms ⱖ7 mm.
ABBREVIATION: UCAS ⫽ Unruptured Cerebral Aneurysm Study

P

araclinoid aneurysms are located in the clinoid and ophthalmic segments of the ICA.1 Because of the anatomic
structures adjacent to the segments of the ICA (eg, anterior
clinoid process, cavernous sinus, optic apparatus), microsurgical treatment of a paraclinoid aneurysm can be challenging.2
With the development of novel devices and the need for lessinvasive treatment, an increasing number of paraclinoid aneurysms have been treated by endovascular treatment. The natural history of unruptured intracranial aneurysms has been
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reported as represented by the International Study of Unruptured Intracranial Aneurysms and the Unruptured Cerebral
Aneurysm Study (UCAS) by Japanese investigators.3-8 According to these studies, the size and location of the aneurysms were
regarded as leading predictors of rupture. The UCAS Japan
investigators reported that the annual rupture rate of paraclinoid aneurysms was 1% overall when they were 7–24 mm in
largest dimension.7 Therefore, aneurysms ⱖ7 mm would be
good candidates for prophylactic endovascular treatment.
There have been no studies reported, however, that analyzed
the complication and recurrence rates relative to the annual
rupture rate.9-15
The purpose of the present study was to assess the safety and
efficacy of endovascular treatment for paraclinoid aneurysms
in a cohort of 400 cases. The advantage of this study was that we
could estimate the clinical outcome of endovascular treatment
for these aneurysms in comparison with the natural history of
an aneurysm of the same size in the same ethnic population by
using the UCAS Japan data.
AJNR Am J Neuroradiol 37:679 – 85
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MATERIALS AND METHODS
Study Population
Between January 2006 and December 2012, a total of 889 endovascular coil embolizations were conducted for unruptured intracranial aneurysms at Kobe City Medical Center General Hospital.
Among these procedures, 415 were applied to 403 paraclinoid
aneurysms in 380 patients. Surgical clipping was chosen for only 6
paraclinoid aneurysms during this period. Three aneurysms in 3
patients were excluded because they were treated by parent artery
occlusion. Thus, a total of 400 paraclinoid aneurysms in 377 patients were included in the study.
Paraclinoid aneurysms at our institution are categorized as
anterior wall, ventral paraclinoid, true ophthalmic, or carotid
cave aneurysms according to the al-Rodhan et al16 classification
modified by Iihara et al.17 Aneurysm size was categorized as small
(⬍7 mm) or large (ⱖ7 mm). We retrospectively reviewed the
medical records and radiologic data for these patients. Informed
consent for the treatment was obtained from all the patients, and
our institutional review board approved the protocol.
The patient characteristics used in this analysis included age,
sex, medical history (hypertension, diabetes mellitus, dyslipidemia, polycystic kidney, number of aneurysms, smoking habit,
family history of SAH), and neurologic symptoms. Radiologic
characteristics included dome and neck size, dome:neck ratio,
and location of aneurysms.

Endovascular Procedures
Procedures were performed with the patient under local anesthesia. All the patients were pretreated with daily doses of 100 mg of
aspirin and 75 mg of clopidogrel for ⬎5 days in preparation for a
stent-assisted technique. After femoral puncture, a bolus of 4000 –
5000 U of heparin was administered intravenously, followed by
intermittent intravenous infusion of 1000 –2000 U of heparin to
maintain the activated clotting time at 2 times the patient’s baseline throughout the procedure. After the procedure, the patients
were administered continuous intravenous argatroban 60 mg/day
for 48 hours. Patients who underwent a stent-assisted procedure
continued treatment with the dual antiplatelet therapy described
above for 6 months, followed by 100 mg of aspirin or 75 mg of
clopidogrel per day indefinitely. Otherwise, patients were treated
with 100 mg of aspirin or 75 mg of clopidogrel per day for 6
months, followed by no antiplatelet therapy.
The decision about whether a stent-assisted technique should
be used was based on the risk of coil protrusion into the parent
artery. We started measuring aspirin-reaction units and P2Y12
reaction units in 2010 and used these values for the decisionmaking process in 2013. Therefore, the antiplatelet function test
was not taken into account for the selection of antiplatelet drugs
during the study period.

Angiographic Outcomes and Follow-Up
Angiographic outcomes were divided into 3 categories: complete
occlusion, neck remnant, body filling.18 Immediate angiographic
outcomes were assessed by using DSA on the date of treatment.
Follow-up angiographic outcomes were assessed by DSA and/or
MRA. Recurrence was defined as any decrease in the occluded
area demonstrated by DSA or MRA. Recurrences were subdivided
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into those that required intervention and those that were treated
conservatively. For each aneurysm, angiographic follow-up by
DSA was scheduled for 6 months after treatment. Radiographic
follow-up by MRA was performed at various intervals. When recanalization was suspected, DSA was performed to identify indications for additional treatment.
Complications related to the procedures were recorded based
on symptoms and radiologic examination. Ischemic and hemorrhagic complications were diagnosed by using CT and MRI.
When patients displayed neurologic symptoms, including headache, radiologic examinations were conducted just after treatment. Otherwise, those examinations were routinely conducted
on the day after treatment. Other complications, such as visual
impairment and oculomotor nerve palsy, were considered to be
procedure-related based on the time of onset and radiographic
analysis. Good clinical outcome was defined as an mRS of 0 –2 at
6 months. Complications that left a neurologic deficit at 6 months
were described as permanent morbidity.
In this study, aneurysm size was classified as small (⬍7 mm) or
large (ⱖ7 mm). We compared the results according to the aspects
of the aneurysm location, therapeutic strategy (adjunctive technique), angiographic outcome, recurrence rate, frequency of
complications, and subsequent clinical outcomes.

Statistical Analysis
The 2 test, Fisher exact test, and Student t test were used as
appropriate. Factors found to be predictive for recurrence in the
univariate analysis (P ⬍ .15) were entered into a multivariate
logistic regression analysis. A value of P ⬍ .05 was considered to
indicate statistical significance. All statistical analyses were performed with JMP software, version 10.0 (SAS Institute, Cary,
North Carolina).

RESULTS
Demographics
A total of 400 unruptured paraclinoid aneurysms in 377 patients
were treated endovascularly. Characteristics of the patients and
aneurysms are summarized in Table 1. Two hundred eighty-five
aneurysms (71.3%) were small, and 350 (87.5%) occurred in female patients. The mean age of the patients was 56.2 ⫾ 11.2 years
(range, 27– 80 years), and 23 patients (6.1%) were ⱖ70 years. The
numbers of patients who had a medical history of hypertension,
diabetes mellitus, dyslipidemia, or polycystic kidney disease were
151 (40.1%), 19 (5.0%), 83 (22.0%), and 0, respectively. Seventyeight patients (20.7%) were former or current smokers, 45
(11.9%) had a family history of SAH, and 86 (22.6%) had multiple
aneurysms. Three hundred eighty-three aneurysms (95.8%) were
asymptomatic. Variables that were seen significantly more often
or were more frequently observed in patients with large aneurysms included older age (P ⫽ .003), former or current smoking
habit (P ⫽ .042), and symptoms caused by the aneurysm (P ⫽
.002).
Radiologic characteristics of the aneurysms are summarized in
Table 2. The mean dome:neck ratio was significantly lower with
small aneurysms (1.6 ⫾ 0.4) than with large aneurysms (2.2 ⫾
0.7) (P ⬍ .001). The location of aneurysms was also significantly
different between the groups (P ⫽ .003). The most prevalent lo-

Table 1: Characteristics of patients and aneurysmsa

for 386 aneurysms (96.5%). Among
them, 273 (68.3%) were examined by
DSA. MRA at 2 years (18 ⫾ 6 months)
Characteristic
Patients
Total
<7 mm
≥7 mm
P
was available for 291 aneurysms (72.8%).
Total no.
377
400
285
115
Age
A total of 37 aneurysms (9.6%) recurred
Mean, y
56.2 ⫾ 11.2 56.8 ⫾ 11.1
55.7 ⫾ 11.1 59.3 ⫾ 10.6 .003
during the follow-up period, with 81%
ⱖ70 y
23 (6.1%)
23 (5.8%)
17 (6.0%)
6 (5.2%)
.209
of them (30/37) detected by a scheduled
Female sex
330 (87.5%) 350 (87.5%) 250 (87.7%) 100 (87.0%) .835
angiography at 6 months.
Medical history
Among the small aneurysms, immeHypertension
151 (40.1%) 162 (40.5%) 108 (37.9%) 54 (47.0%) .095
Diabetes mellitus
19 (5.0%)
20 (5.0%)
14 (4.9%)
6 (5.2%)
.899
diate complete occlusion was achieved
Dyslipidemia
83 (22.0%) 86 (21.5%)
63 (22.1%)
23 (20.0%) .643
for 29 (10.2%), a neck remnant for 80
Polycystic kidney
0 (0%)
0 (0%)
0 (0%)
0 (0%)
1
(28.1%), and body filling for 176
Multiple aneurysms
86 (22.6%) 108 (27.0%)
81 (28.4%) 27 (23.5%) .314
(61.8%). Radiologic follow-up was
ⱖ3 Aneurysms
11 (2.9%)
18 (4.5%)
12 (4.2%)
6 (5.2%)
.660
available for 96.5% (275/285), with a
Former or current smoking
78 (20.7%) 82 (20.5%)
51 (17.9%)
31 (27.0%) .042
Familial history of SAH
45 (11.9%)
45 (11.3%)
35 (12.3%)
10 (8.7%)
.304
mean interval of 30 ⫾ 19 months (range,
Reason for detection
6 –96 months). During the follow-up
Screening or headache
362 (96.0%) 383 (95.8%) 277 (97.2%) 106 (92.2%) .002
period, the complete occlusion rate inor dizziness
creased to 72.4%. Eighteen aneurysms
Symptoms
5 (1.3%)
5 (1.3%)
0 (0%)
5 (4.4%)
(6.5%) recurred, and retreatment was
SAH due to another aneurysm
10 (2.7%)
12 (3.0%)
8 (2.8%)
4 (3.5%)
a
needed for 3 of them (1.1%).
Results are expressed as mean or no. (%).
For the large aneurysms, immediate
Table 2: Radiologic characteristics of aneurysms
complete occlusion was achieved in 9 (7.8%), a neck remnant in
Small
Large
40 (34.8%), and body filling in 66 (57.4%). Radiologic follow-up
Characteristic
Total
(<7 mm) (≥7 mm)
P
was available for 96.5% (111/115), with a mean interval of 36 ⫾ 21
Total no.
400
285
115
months (range, 6 – 83 months). During the follow-up period,
Largest dimension of
complete occlusion was achieved in 55.0%. There were 19 recuraneurysm
Mean, mm
6.5 ⫾ 2.8
5.1 ⫾ 1.0 10.0 ⫾ 2.8
rences (17.1%), and 7 (6.3%) underwent retreatment. The distriDistribution
butions of the immediate angiographic outcomes were almost the
⬍5 mm
136 (34.0%) 136 (47.7%)
same in the small and large aneurysm groups (P ⫽ .37). During
5⫺6 mm
149 (37.3%) 149 (52.3%)
the follow-up period, however, the rate of body filling was sig7⫺9 mm
63 (15.8%)
63 (54.8%)
nificantly higher for large aneurysms than for small aneurysms
10⫺24 mm
52 (13.0%)
52 (45.2%)
ⱖ25 mm
0 (0.0%)
(P ⬍ .001). As a result, the numbers of recurrences and retreatNeck size ⱖ4 mm
135 (33.8%) 59 (20.7%) 76 (66.1%) ⬍.001
ments were significantly higher for large aneurysms (P ⫽ .001
Dome:neck ratio
and P ⫽ .007, respectively).
Mean, mm
1.7 ⫾ 0.6
1.6 ⫾ 0.4 2.2 ⫾ 0.7 ⬍.001
The following factors were evaluated as predictors of recurⱕ2
299 (74.8%) 243 (85.3%) 56 (48.7%) ⬍.001
326 (81.5%) 243 (85.3%) 83 (72.2%)
.002
Wide neck 1a
rence: age, sex, location of the aneurysm, side, large (ⱖ7 mm),
Location of aneurysm
wide neck (ⱖ4 mm or aspect [dome:neck] ratio of ⱕ2), medical
Anterior wall
97 (24.3%) 59 (20.7%) 38 (33.0%)
history (hypertension, diabetes mellitus, smoking habit), body
Ventral paraclinoid 101 (25.3%) 70 (24.6%) 31 (27.0%)
filling at initial treatment, use of stent-assisted technique, ischTrue ophthalmic
52 (13.0%) 34 (11.9%) 18 (15.7%)
emic complication (Table 4). The univariate analysis indicated
Carotid cave
150 (37.5%) 122 (42.8%) 28 (24.3%)
.003
a
that only the large size of an aneurysm was a significant predictor
One neck of ⱖ4 mm or dome:neck ⱕ 2.
of recurrence (P ⫽ .001). In the multivariate analysis, large size
cation for small aneurysms was the carotid cave (42.8%), whereas
was also a significant (P ⫽ .005) predictor after correction by side
that for large aneurysms was the anterior wall (33.0%).
and ischemic complication (P ⫽ .101 and 0.097 in the univariate
analysis,
respectively). To show the trend for what we assessed to
Treatment Speciﬁcs
be
major
recanalization, the predictors of retreatment were also
Treatment strategies are summarized in Table 3. All aneurysms
subjected
to univariate analysis (Table 5). Among the factors
were treated by endovascular coil embolization. A stent-assisted
listed
above,
large size (P ⫽ .008) and former or current smoking
technique was more frequently used for large aneurysms (43.5%)
habit
(P
⫽
.031)
were associated with retreatment.
than for small aneurysms (17.2%) (P ⬍ .001). The procedures
failed for 3 small aneurysms (1.1%) and 1 large aneurysm
Procedure-Related Complications
(0.87%). Among these 4 failures, 2 small aneurysms were reThere were 16 procedural complications (3.9%) (Table 6).
treated on another day by using different strategies. In the other 2
Thromboembolic complications were most frequent, which occases, the patients refused retreatment.
curred in 12 patients (2.9%). Among them, permanent morbidity
was observed in 3 patients (0.7%). Permanent morbidity included
Angiographic Outcomes
in-stent thrombosis that resulted in ICA occlusion in 1 patient
Details about the angiographic outcomes are shown in Table 3.
Follow-up angiography (DSA or MRA) at 6 months was available
and visual impairment due to an embolism in the ophthalmic
Aneurysms
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Long-Term Clinical Outcome

Table 3: Treatment strategies and results
No. treated aneurysms
Strategy
Stent-assisted
Not stent-assisted
Simple technique
Balloon-assisted
Failed
Immediate angiographic outcome
Complete occlusion
Neck remnant
Body ﬁlling
Follow-up angiographic outcomea
Complete occlusion
Neck remnant
Body ﬁlling
Recurrencea
Conservative treatment
Retreatment
Rupture during follow-upa
a

Total
400

<7 mm
285

≥7 mm
115

P

99 (24.8%)
301 (75.3%)
20 (5.0%)
277 (69.3%)
4 (1.0%)

49 (17.2%)
236 (82.8%)
14 (4.9%)
219 (76.8%)
3 (1.1%)

50 (43.5%)
65 (56.5%)
6 (5.2%)
58 (50.4%)
1 (0.87%)

⬍.001

38 (9.5%)
120 (30.0%)
242 (60.5%)

29 (10.2%)
80 (28.1%)
176 (61.8%)

9 (7.8%)
40 (34.8%)
66 (57.4%)

.374

260 (67.4%)
81 (21.0%)
45 (11.7%)
37 (9.6%)
27 (7.0%)
10 (2.6%)
1 (0.3%)

199 (72.4%)
60 (21.8%)
16 (5.8%)
18 (6.5%)
15 (5.4%)
3 (1.1%)
0

61 (55.0%)
21 (18.9%)
29 (26.1%)
19 (17.1%)
12 (10.8%)
7 (6.3%)
1 (0.9%)

⬍.001
.001
.059
.007
.286

Follow-up data of 386 patients.

Table 4: Predictors of recurrencea

Predictor
No. treated aneurysms
Mean age, y
Men
Location
Anterior wall
Ventral paraclinoid
True ophthalmic
Carotid cave
Right side
Size ⱖ7 mm
Wide neckb
Medical history
Hypertension
Diabetes mellitus
Former or current smoker
Body ﬁlling at initial treatment
Not stent-assisted
Ischemic complication
a
b

Not
Recurrent Recurrent
37
349
56.4 ⫾ 11.6 56.9 ⫾ 11.2
6 (16.2%)
39 (11.2%)

Univariate
Analysis
P
.784
.415
.733

8 (21.6%)
87 (24.9%)
12 (32.4%) 84 (24.1%)
4 (10.8%) 45 (12.9%)
13 (35.1%) 133 (38.1%)
21 (56.8%) 149 (42.7%)
19 (51.4%)
92 (26.4%)
30 (81.1%) 284 (81.4%)

.101
.001
.965

19 (51.4%)
3 (8.1%)
10 (27.0%)
21 (58.3%)
29 (78.4%)
3 (8.1%)

.154
.399
.257
.737
.631
.097

137 (39.3%)
15 (4.3%)
67 (19.2%)
213 (61.2%)
261 (74.8%)
9 (2.6%)

artery in 2 patients. In the other 9 patients (2.2%), the symptoms
were mild and resolved spontaneously within a few days. Thromboembolic complications were found significantly more often in
patients with large aneurysms (9/122) than in those with small
ones (3/290) (P ⫽ .001).
Hemorrhagic complications (intraprocedural aneurysm rupture) occurred in 2 patients (0.5%), both with small aneurysms.
One of them (0.2%) resulted in permanent morbidity. Other
complications were observed in 2 patients (0.5%). Visual disturbance and oculomotor nerve palsy due to compression by coil
mass occurred in 1 patient each (0.2%). Neither resulted in permanent morbidity. Complications associated with the coil mass
were seen only in large aneurysms. Overall, permanent morbidity
rates were 1.0% for small aneurysms and 0.8% for large ones
(P ⫽ 1.0).
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OR (95% CI)

DISCUSSION

Results are given as the mean or no. (%).
Neck of ⱖ4 mm or aspect (dome:neck) ratio ⱕ 2.

682

Multivariate Analysis

In the small-aneurysm group, among
273 patients with 285 aneurysms, clinical follow-up was available for 268 patients. The mean clinical follow-up duration was 32 ⫾ 19 months (range, 6 –97
months). Poor clinical outcomes were
observed in 2 patients (0.7%), both of
which were procedure-related (mRS ⫽ 3
in both cases).
Among 113 patients with 115 large aneurysms, clinical follow-up was available
for 112 patients. The mean clinical follow-up duration was 39 ⫾ 21 months
(range, 6 – 88 months). Poor clinical outcomes were observed in 3 patients (2.7%).
All were unrelated to the procedure and
included cerebral infarction (mRS ⫽ 4),
cerebral hemorrhage (mRS ⫽ 4), and
pontine hemorrhage (mRS ⫽ 6). One patient with a large aneurysm (9.0 mm)
had aneurysmal rupture owing to recanalization 2 months after treatment,
but the patient had a good clinical outcome after additional endovascular
treatment (mRS ⫽ 0).

Unruptured intracranial aneurysms are
common and occurred in approximately 1%–2% of the population, as re.114
1.75 (0.88⫺3.6)
viewed by Vlak et al.19 Because most un.005 2.75 (1.36⫺5.58)
ruptured intracranial aneurysms are
asymptomatic and are found incidentally, treatment should be considered after balancing the natural history of the
aneurysm with the risk posed by the
treatment. Prospective data for the nat.264 2.35 (0.48⫺8.83)
ural history of unruptured intracranial
aneurysms by the International Study of
Unruptured Intracranial Aneurysms
and UCAS Japan investigators showed
that the annual rupture rate increased for aneurysms that were ⱖ7
mm. The presence of a daughter sac and a history of SAH increased the rupture rate.5,7 In the Japanese cohort, the annual
rupture rates for paraclinoid aneurysms were approximately
0.1%, 1%, and 10% when they were ⬍7 mm, 7–24 mm, and ⬎25
mm, respectively, in size.7 Analysis of our data showed that the
6-month morbidity and mortality rates for aneurysms ⱖ7 mm
were acceptably low (0.8% and 0%, respectively). The retreatment
rate with a mean follow-up interval of 39 months was also acceptable (6.3%). Prophylactic treatment of these unruptured aneurysms could be rationalized. The indications for endovascular
treatment of small paraclinoid aneurysms, however, should be
carefully assessed on an individual basis after considering the
patient and aneurysmal factors, such as medical comorbidities,
patient age, a history of SAH, the presence of a daughter sac,

Table 5: Predictors of the need for retreatmenta

Parameter
No. re-treated aneurysms
Mean age, y
Men
Location
Anterior wall
Ventral paraclinoid
True ophthalmic
Carotid cave
Right side
Size ⱖ 7 mm
Wide neckb
Medical history
Hypertension
Diabetes mellitus
Former or current smoker
Body ﬁlling at initial treatment
Not stent-assisted
Ischemic complication
a
b

Univariate
Analysis

Retreatment
10
57.6 ⫾ 9.5
3 (30.0%)

No
Retreatment
376
56.8 ⫾ 11.2
42 (11.2%)

2 (20.0%)
5 (50.0%)
2 (20.0%)
1 (10.0%)
5 (50.0%)
7 (70.0%)
2 (20.0%)

93 (24.7%)
91 (24.2%)
47 (12.5%)
145 (38.6%)
165 (43.9%)
104 (27.7%)
70 (18.6%)

.755
.008
1

6 (60.0%)
2 (20.0%)
5 (50.0%)
5 (50.0%)
2 (20.0%)
1 (10.0%)

150 (39.9%)
16 (4.3%)
72 (19.2%)
229 (61.2%)
94 (25.0%)
11 (2.9%)

.212
.074
.031
.521
1
.274

P
.826
.099
.156

Results are expressed as the mean or no. (%).
Neck of ⱖ4 mm or aspect (dome:neck) ratio ⱕ 2.

Table 6: Complications
No. procedures
Total complications
Transient
Permanent
Details
Ischemic complications
Total
Transient
Permanent
Hemorrhagic complications
Total
Transient
Permanent
Others
Total
Transient
Permanent

Total
412
16 (3.9%)
12 (2.9%)
4 (1.0%)

<7 mm ≥7 mm
P
290
122
5 (1.7%) 11 (9.0%) .001
2 (0.7%) 10 (8.2%) ⬍.001
3 (1.0%) 1 (0.8%) 1

12 (2.9%) 3 (1.0%) 9 (7.4%) .001
9 (2.2%) 1 (0.3%) 8 (6.6%) ⬍.001
3 (0.7%) 2 (0.7%) 1 (0.8%) 1
2 (0.5%) 2 (0.7%)
1 (0.2%) 1 (0.3%)
1 (0.2%) 1 (0.3%)
2 (0.5%)
2 (0.5%)
0

0
0
0

0
0
0
2 (1.6%)
2 (1.6%)
0

1
1
1
.087
.087
1

aneurysmal size, and aneurysmal enlargement. Treatment may
be considered when patients are predicted to be at relatively
high risk of rupture because the 6-month morbidity and retreatment rates for small aneurysms are low (1.0% and 1.1%,
respectively).
Unruptured paraclinoid aneurysms have been increasingly
treated endovascularly for anatomic reasons.9-15,20 Colli et al2 reviewed microsurgical outcomes of paraclinoid aneurysms, which
showed that total complication rates were 21.3%– 41.7%. The
complications included intraoperative aneurysm rupture in
0.8%–14.3%, occlusion of the ICA in 1.2%–13.6%, and visual
impairment in 1.8%–33.3%.2 Mortality rates associated with microsurgical treatment in unruptured cases were 0%–10.0%.2 Total neurologic complications associated with endovascular coil
embolization of unruptured paraclinoid aneurysms reported after 2010, including this study, were 1.4%– 6.7% and mortality was
0%,10-12,14,15,21 which demonstrated that endovascular treatment
was more appropriate for prophylactic treatment of these aneurysms. Paraclinoid aneurysms are increasingly being treated with
flow-diversion stents, which may further reduce the procedural
risks associated with endovascular treatment.22-25

Angiographic and clinical outcomes from previous studies are
summarized in Table 7. The immediate complete occlusion rate
in our series was low (9.5%) compared with those in earlier studies (28.2%– 86.6%).9-15,21 The complete occlusion rate in the late
stage, however, reached approximately 70%, which was similar to
those reported in previous studies (54.0%– 87.8%).9-15,21 The results indicated that aggressive coil packing was not essential for
good angiographic outcomes during the late stage because of the
possibility of subsequent thrombus formation around the coil
mass.
The recurrence rate in this region differed among studies,
which ranged from 5.0% to 23.1%.9-15,21 D’Urso et al15 reported
that stent-assisted coil embolization was associated with a lower
recurrence rate than that seen with a simple technique (6% vs
19%, P ⫽ .171). Their results were replicated by Yadla et al21
(9.4% vs 24.6%, P ⫽ .03). In our series, however, stent use did not
affect the recurrence rate (8.3% vs 10.0%, P ⫽ .63). This could be
due to different indications for using the stent-assisted technique
among studies. The proportion of stent-assisted embolization was
higher in our series, which indicated that the total recurrence rate
could be reduced if the stent-assisted technique were properly
applied for likely-to-recur aneurysms in this region.
We showed that the mean interval from the initial treatment
to recurrence was 7.8 ⫾ 5.0 months, and recurrence was rarely
detected after the first posttreatment year (Figure). Consistent
with our results, Wang et al10 reported that recurrence was detected in 12.5% of cases at a mean interval of 9.89 ⫾ 5.21 months.
Although Yadla et al21 showed that recurrence was detected in
17.8% of cases, at a mean interval of 28.3 months, the difference
might be caused by the scheduled timing of follow-up angiography. Follow-up angiography at 6 –12 months would be reasonable
for detecting late recanalization. Aneurysm rupture after recanalization has been rare, with only 3 cases reported to date, including
1 case in this study (Table 7). Still, it is of note that the rupture
occurred as early as 2 months after coil embolization in these
cases. Thus, additional follow-up MRA at 1 month may be needed
to detect acute recanalization that could cause aneurysmal
rupture.
Previous studies showed that the size of the aneurysms was
associated with the recurrence rate,10,12,15 and analysis of our data
indicated that aneurysms of ⱖ7 mm were at a higher risk of recurrence. Previous reports, however, did not analyze the relationship between aneurysm size and the type of complications.
Analysis of our data indicated that large aneurysms were likely
to be associated with ischemic complications and that small
aneurysms were associated with hemorrhagic complications.
This finding was consistent with previously published data by
Shigematsu et al.26
There were several limitations to our study. First, the study was
designed as a retrospective review based on a single-center experience. Therefore, it might not be suitable to compare the data
with those of a prospective cohort study (UCAS Japan). However,
because of the relatively high risk of rupture for large aneurysms
in this region, it is not reasonable to conduct a prospective controlled trial. Cost-effective analysis may provide further support
for the rationale of prophylactic treatment for unruptured
aneurysms.
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Table 7: Angiographic and clinical outcomes in recent series

Study, y
Present series
Wang et al, 201310
D’Urso et al, 201215
Sorimachi et al, 201212
Yadla et al, 201121
Sun et al, 201111
Kwon et al, 201014
Park et al, 200313
Thornton et al, 20009

No.
Angiographic
Time to
Rupture
No.
Immediate Follow-Up
Early Follow-Up
Follow-Up, Recurrence Recurrence, (mo after Morbidity
Aneurysms
CO, %
CO, %
Angiography
mo
Rate, %
mo
EVT)
Rate, %
400
9.5
67.4
DSA at 6 mo
32 ⫾ 20
9.5
7.8 ⫾ 5.0
1 (2)
1
142
43.7
63.4
DSA ⬍ 12 mo
13.41 ⫾ 2.64
12.5
9.89 ⫾ 5.21
1 (2)
0
126
38
62
MRA or DSA
31.9 ⫾ 28.4
17
–
0
0.8
140
33.6
55
DSA at 6 mo
65.6 ⫾ 37.2
11.1
–
0
0.7
147
68.6
64.1
MRA at 6–12 mo
–
17.8
28.3
0
1.4
30
86.6
81.5
DSA at 3–18 mo
7.8
7.4
–
0
3.3
132
58
–
MRA at 6 mo
6
5
–
0
0
73
72.6
87.8
Angiography at 6 mo
13.9
23.1
–
0
8.3
71
28.2
54
Angiography at 6 mo
16
16.4
–
1 (2)
5.6

Note:—CO indicates complete occlusion; EVT, endovascular treatment; –, not available.

patients, based on an individualized assessment of risk factors,
including medical comorbidities, patient age, ethnicities, aneurysm characteristics, and history of SAH.
Disclosures: Nobuyuki Sakai—UNRELATED: Grants/Grants Pending: Terumo (modest)*; Payment for Lectures (including service on speakers bureaus): Codman, Covidien, Stryker, Terumo, Comments: Modest. *Money paid to the institution.
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Associations between Cerebral Embolism and Carotid
Intraplaque Hemorrhage during Protected Carotid Artery
Stenting
X G.H. Chung, X J.Y. Jeong, X H.S. Kwak, and X S.B. Hwang

ABSTRACT
BACKGROUND AND PURPOSE: Carotid artery stent placement in patients with intraplaque hemorrhage remains controversial because
of the incidence of cerebral embolism after the procedure. The purpose of this study is to determine if intraplaque hemorrhage is a
signiﬁcant risk factor for cerebral embolism during carotid artery stent placement.
MATERIALS AND METHODS: This prospective study assessed 94 consecutive patients with severe carotid stenosis. These patients
underwent preprocedural carotid MR imaging and postprocedural DWI after carotid artery stent placement. Intraplaque hemorrhage was
deﬁned as the presence of high signal intensity within the carotid plaque that was ⬎200% of the signal from the adjacent muscle on
MPRAGE. We then analyzed the incidence of postprocedural ipsilateral ischemic events on DWI and primary outcomes within 30 days of
carotid artery stent placement.
RESULTS: Forty-three patients (45.7%) had intraplaque hemorrhage on an MPRAGE image. There was no signiﬁcant difference in the
incidence of postprocedural ipsilateral ischemic events and primary outcomes between the intraplaque hemorrhage and non–intraplaque
hemorrhage group. However, postprocedural ipsilateral ischemic events were more frequently observed in the symptomatic group (17/41
[41.5%]) than in the asymptomatic group (8/53 [15.1%]; P ⫽ .005).
CONCLUSIONS: Intraplaque hemorrhage was not a signiﬁcant risk factor for cerebral embolism during carotid artery stent placement in
patients with severe carotid stenosis. Symptomatic patients should receive more careful treatment during carotid artery stent placement
because of the higher risk of postprocedural ipsilateral ischemic events.
ABBREVIATIONS: CAS ⫽ carotid artery stent placement; IPH ⫽ intraplaque hemorrhage

E

xtracranial carotid artery stenosis is considered a causative factor in 20%–30% of all strokes.1-3 Large randomized clinical
trials showed that carotid endarterectomy is superior to carotid
artery stent placement (CAS) for the management of carotid artery stenosis.4-6 Other randomized clinical trials showed that CAS
and carotid endarterectomy offer similar efficacy.7 Although indications for CAS remain controversial, CAS has emerged as a
less-invasive treatment that requires shorter hospital times than
carotid endarterectomy.
Some studies found a relationship between the baseline pres-
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ence of carotid intraplaque hemorrhage (IPH) and the development of ischemic stroke in previously asymptomatic and symptomatic patients.8-10 IPH is associated with plaque progression
and, consequently, induces luminal narrowing. Thus, IPH may
serve as a measure of risk for the development of future ischemic
stroke. The risk of cerebral embolism after CAS in patients with
IPH is controversial. Yoshimura et al11 reported that a high-intensity signal on TOF MRA indicates that carotid plaques are at
high risk for cerebral embolism during stent placement. However,
Yoon et al12 reported that protected CAS seems to be safe in patients with severe carotid stenosis and IPH. This study did not
perform DWI to evaluate ipsilateral ischemic lesions. In addition,
these studies used TOF imaging to detect IPH. Alternative techniques proposed for more accurate detection of IPH include
heavily T1-weighted techniques, such as the MPRAGE sequence.
Ota et al13 reported that the MPRAGE sequence demonstrated
higher diagnostic capability in detecting IPH when compared
with conventional T1-weighted sequences or TOF sequences.
We prospectively designed the study with the following in-

clusion criteria: 1) preoperative multicontrast carotid plaque
MR; 2) protected CAS; 3) postprocedural imaging, including
DWI and noncontrast CT within 24 hours; and 4) clinical outcomes after 30 days. The aim of this study was to determine
whether IPH is a significant risk factor for cerebral embolism
during CAS.

MATERIALS AND METHODS
Study Population
This prospective study was conducted with institutional review
board approval. We included 94 consecutive patients with carotid
artery stenosis between April 2013 and January 2015. All the patients had symptomatic carotid artery stenosis of ⬎50%
(NASCET criteria) or asymptomatic carotid artery stenosis of
⬎70% (NASCET criteria). Stenosis was initially detected in
symptomatic patients by a stroke MR protocol that included contrast-enhanced MR angiography. Stenosis was diagnosed in
asymptomatic patients by carotid sonography or/and a routine
brain MR imaging that included contrast-enhanced MR angiography to evaluate neurologic symptoms. Multicontrast carotid
plaque MR imaging was performed within 3 days before CAS, and
new postoperative ischemic lesions were assessed by DWI within
2 days after CAS.

Stroke MR and Multicontrast Carotid Plaque Imaging
All MR imaging was acquired on a 3T scanner (Achieva; Philips
Medical Systems, Best, the Netherlands) with a 16-channel head
coil. Stroke MR imaging was performed immediately after CT
scanning with the following techniques: DWI, 3D TOF MRA of
the intracranial arteries, susceptibility-weighted imaging, perfusion-weighted imaging, and contrast-enhanced MRA for evaluation of carotid arteries. The total scan time was approximately
20 –30 minutes. Our protocol for multicontrast carotid plaque
imaging included 5 different axial scans: TOF, T1-weighted, T2weighted, postcontrast T1-weighted, and MPRAGE sequences.
All the sequences were centered at the bifurcation of the index
artery with the carotid plaque. T1-weighted, T2-weighted, and
postcontrast T1-weighted sequences were obtained with a
2.0-mm section thickness and no intersection spacing. TOF and
MPRAGE sequences had a 1.0-mm section thickness and no intersection spacing. Images were obtained with an FOV of 14 ⫻ 14
cm and a matrix size of 216 ⫻ 192. Total acquisition time was
approximately 40 minutes.

MR Imaging after CAS
All the patients underwent DWI within 2 days after CAS. DWI was
conducted using a spin-echo-type echo-planar imaging sequence
with 3 b-values, of 0, 500, and 1000 s/mm2 along all 3 orthogonal
axes and with the following parameters: TR/TE, 3000/80 milliseconds; flip angle, 90°; sensitivity encoding, 3; FOV, 220 ⫻ 220 mm;
matrix, 128 ⫻ 128; section thickness/gap, 5 mm/30%; scanning
time, 35–38 seconds.

CAS Procedure
The CAS procedures were performed by one interventional neuroradiologist (H.S.K.) with 10 years of experience. Written informed consent for the CAS procedure was obtained from all the

patients. Aspirin (100 mg/d) and clopidogrel (75 mg/d) were
given for a minimum of 3 days before the procedure. All the CAS
procedures were performed with the patient under local anesthesia via the percutaneous transfemoral route. Systemic anticoagulation was initiated with a 3000-U bolus of intravenous heparin
followed by a 1000-U/h infusion. Routine 3- or 4-vessel cerebral
angiography was performed before treatment to evaluate collateral flow. Then, the double coaxial system, which was assembled
combining an outer 80-cm-long 8F introducer sheath (Super Arrow-Flex; Teleflex, Limerick, Pennsylvania) and an inner 100-cmlong 8F guiding catheter (Guider Softip; Boston Scientific, Natick,
Massachusetts), was placed in the common carotid artery to enable stent placement. CAS was performed with the Emboshield
distal embolic protection system (Abbott Vascular, Abbott Park,
Illinois). Predilation was performed with a 4-mm balloon catheter. Deployment of a self-expandable stent (RX Acculink; Abbott
Vascular), the size of which was chosen according to the presumed parent size, was performed. Poststenting angioplasty was
performed with a 5- to 6-mm-diameter balloon to achieve a residual diameter stenosis of ⬍20%. After the procedure, all the
patients were monitored for 24 hours in the intensive care unit.

Deﬁnition and Outcomes
Carotid plaque imaging was interpreted using plaque analysis
software (MRI-PlaqueView; VPDiagnostics, Seattle, Washington) for detection of IPH and maximal wall thickness, and was
analyzed by researchers (G.H.C. and S.B.H.) trained in carotid
plaque MR imaging and blinded to the study goal (Rev no. 1–1;
Rev no. 2–1).14 MR-positive IPH was defined as the presence of
hyperintense intraplaque of ⬎200% of the signal intensity of the
adjacent muscle for at least 2 consecutive sections on MPRAGE
images.13,15 For MPRAGE-positive IPH analysis, signal intensities were measured in a 6- to 8-mm2 circular region of interest
over the carotid plaque. Positive DWI for analysis of ipsilateral
ischemic lesions was defined as the detection of a hyperintense
signal on a DWI trace with an associated signal decrease on the
apparent diffusion coefficient map by 2 experienced neuroradiologists through consensus interpretation. Symptomatic carotid
artery stenosis was defined as focal neurologic symptoms and
DWI-positive imaging that occurred within 1 week of CAS and
was attributable to an ipsilateral carotid artery vascular
distribution.
Neurologic evaluation was performed before the procedure,
immediately afterward, daily after CAS until discharge, and 1
month afterward using the NIHSS and modified Rankin Scale by
independent neurologists who were blinded to the CAS
procedure.
The primary outcome was the incidence of any stroke, myocardial infarction, or death within 30 days after CAS. A minor
stroke was defined as evidence of neurologic deterioration based
on an increase of the NIHSS of ⬍4 points without the presence of
aphasia or hemianopsia, or complete recovery within 1 month. A
major stroke was defined as an increase of the NIHSS of ⱖ4
points, the presence of aphasia or hemianopsia, or any residual
deficit beyond 1 month. Hyperperfusion syndrome without intracranial hemorrhage was defined as the occurrence, either alone
or in combination, of an ipsilateral throbbing headache with or
AJNR Am J Neuroradiol 37:686 –91
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Table 1: Baseline data for patients with MR-positive IPH or
without IPH after carotid stenosis
MR-Positive
No
IPH (n = 43) IPH (n = 51)
Mean age, y
74.3 ⫾ 6.5
72.9 ⫾ 6.8
Men, no. (%)
34 (79.1)
31 (60.8)
Right side, no. (%)
15 (34.9)
23 (45.1)
Symptomatic event, no. (%)
22 (51.2)
19 (37.3)
Mean degree of stenosis, %
78.9 ⫾ 12.4
75.9 ⫾ 12.3
Cerebrovascular history,
no. (%)
Previous stroke
8 (18.6)
17 (33.3)
Previous cardiac disease
10 (23.3)
8 (9.8)
Cerebrovascular risk factors,
no. (%)
Hypertension
26 (60.5)
32 (62.7)
Diabetes mellitus
22 (51.2)
22 (41.5)
Hyperlipidemia
9 (20.9)
8 (15.7)
Current smoking
16 (37.2)
20 (39.2)

P
.324
.074
.400
.213
.247

.159
.433

.835
.535
.595
1.000

without nausea, vomiting, ipsilateral focal seizure, or focal neurologic deficit without radiographic evidence of infarction.

Statistical Analysis
Continuous values are expressed as means and standard deviations, whereas categoric data are expressed as counts and percentages. Patients were divided by MR positive or negative status and
by symptomatic or asymptomatic status. Continuous and categoric variables were compared between groups by using the
Mann-Whitney test and the Fisher exact test, respectively. Multivariate analyses for IPH or no IPH, or symptomatic or asymptomatic groups were conducted with logistic regression. Variables
with P ⬍ .20 from univariate analysis were taken as candidate
predictors and were entered into a backward-selection algorithm
to identify a set of independent predictors. Statistical significance
was defined as P ⬍ .05. All statistical analyses were performed
using R 2.14.1 (http://www.r-project.org/).

Table 2: Postprocedural complications in patients with or
without MR-positive IPH
MR-Positive IPH,
No IPH,
no. (%) (n = 43)
no. (%) (n = 51)
Hyperperfusion
3 (7.0)
8 (15.7)
syndrome
Ipsilateral ischemic
9 (20.9)
16 (31.4)
lesions
Minor stroke
0
0
Major stroke
2 (4.7)
0
MI or death
0
0

P
.218
.349

.207

Note:—MI indicates myocardial infarction.

Table 3: Characteristics of symptomatic and asymptomatic
groups in patients with carotid stenosis
Symptomatic
Asymptomatic
(n = 41)
(n = 53)
P
Mean age, y
74.5 ⫾ 5.5
72.8 ⫾ 7.5
.214
Mean degree of
79.0 ⫾ 13.9
76.0 ⫾ 10.9
.258
stenosis, %
MR-positive IPH,
22 (53.7)
19 (35.8)
.213
no. (%)
Ipsilateral ischemic
17 (41.5)
8 (15.1)
.005a
lesions, no. (%)
Hyperperfusion
5 (12.2)
6 (11.3)
1.000
syndrome, no. (%)
Major stroke,
1 (2.4)
1 (1.9)
.685
no. (%)
a

Fisher exact test.

major stroke within 30 days after CAS. No death or myocardial
infarction after CAS was observed. Overall, 30-day stroke, myocardial infarction, and death rates were 2.1%. There was no significant difference in primary outcomes between the MR-positive
IPH and no-IPH groups. There were no other independent variables associated with clinical outcomes after CAS between MRpositive IPH and no-IPH groups by univariate and multivariate
logistic regression analysis.

Outcome between Symptomatic and Asymptomatic
Groups after CAS

RESULTS
The mean age of the 94 consecutive patients was 73.6 years (range,
52– 87 years), and most patients were men (n ⫽ 68 [72.3%]).
MR-positive IPH on MPRAGE images was detected in 43 patients
(45.7%). The baseline data for patients with carotid stenosis with
MR-positive IPH or no IPH are shown in Table 1. Symptomatic
events with DWI-positive findings were present in 22 patients
(51.2%) in the IPH group and in 19 patients (37.3%) in the noIPH group. The other baseline data were similar between the IPH
and no-IPH groups.

Forty-one patients (43.6%) were symptomatic. Data on postprocedural outcomes in symptomatic and asymptomatic groups are
shown in Table 3. The symptomatic group had a significantly
higher incidence of new postprocedural ischemic lesions on DWI
than the asymptomatic group (41.5% vs 15.1%; P ⫽ .005). There
was no significant difference in other primary outcomes between
the 2 groups. Multivariate logistic regression analysis revealed
that postprocedural new ischemic lesions on DWI were found to
be independently associated with symptomatic lesions (odds ratio
3.6 [95% CI, 1.2–2.5]; P ⫽ .010) (Figure).

Outcomes between IPH and no-IPH Groups after CAS

DISCUSSION

Technical success of the CAS procedure was achieved in all the
patients. No procedure-related complications were observed.
Data on postprocedural outcomes in the MR-positive IPH and
no-IPH groups are shown in Table 2. New postprocedural ischemic lesions on DWI were observed in the hemisphere in 25 patients (26.6%). The incidence of ipsilateral new ischemic lesions
on DWI was similar between both groups. Hyperperfusion syndromes without intracranial hemorrhage were observed in 11 patients (11.7%). Two patients with MR-positive IPH underwent a

This study demonstrated that MR-positive IPH on MPRAGE images was not associated with postprocedural outcomes after CAS.
Although new postprocedural ischemic lesions on DWI were
more frequently found in symptomatic lesions, these were not
associated with clinical outcomes after CAS. Therefore, CAS with
protection can be performed safely in patients with MR-positive
IPH, and the CAS procedure may be carefully performed in symptomatic patients to decrease new postprocedural ischemic lesions
on DWI.

Patients
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FIGURE. A 77-year-old man with a left acute embolic infarction due to severe stenosis of the left proximal internal carotid artery. A, Axial DWI
at admission shows multiple areas of diffusion restriction in the left centrum semiovale (arrow). B, MPRAGE image shows isointensity of the left
carotid plaque (arrows). This ﬁnding indicates a necrotic core without IPH. C, Lateral projection of left carotid angiography shows moderate
stenosis in the proximal cervical portion of the left internal carotid artery (arrows). D, Carotid artery angiogram after protected CAS
shows complete recanalization without residual stenosis. E, Axial DWI after CAS shows the new embolic lesions in the left frontal lobe
(arrows).

Clinical outcomes of cerebral embolism on TOF images after
the CAS procedure in patients with carotid IPH are controversial.
A study by Yoshimura et al11 indicated that ischemic events after
CAS may be more frequent in plaques that are MR-positive for
IPH and that the only independent predictor of postoperative
ischemic symptoms was the presence of IPH. Another study from
this group performed treatment selection such as CAS or carotid
endarterectomy based on MR imaging.14 The patients with carotid IPH on TOF images underwent carotid endarterectomy,
and the patients without carotid IPH underwent CAS. This study
reported that treatment selection based on preoperative MR imaging of the carotid plaque seems useful to reduce postprocedural
adverse events after carotid revascularization procedures. This
study also indicated that carotid endarterectomy should be selected for MR-positive plaques, whereas CAS should be selected
for plaques without IPH to reduce postoperative ischemic symptoms.14 However, Yoon et al,12 who performed a similar study,
reported no significant difference in primary outcomes after CAS
between the IPH and no-IPH groups and found no independent

variables associated with the primary outcome. However, previous studies from both groups had some limitations. First, these
studies used TOF images to evaluate carotid IPH. Sensitivity,
specificity, and  values for detection of IPH based on histologic
analysis were 80%, 97%, and 0.80 for MPRAGE images; 70%,
92%, and 0.63 for fast spin-echo images; and 56%, 96%, and 0.57
for TOF images.13 Second, Yoon et al12 did not perform DWI to
evaluate new postprocedural ischemic lesions and instead evaluated clinical outcomes after CAS by neurologic examinations.
Third, Yoshimura et al11 used variable devices for distal or proximal protection for embolic capture during CAS. Our study was
prospectively designed to minimize some bias. All the patients
underwent multicontrast MR imaging, including MPRAGE, before CAS. We only used 1 distal embolic protection device and
self-expandable stent. All the patients underwent DWI within 2
days after CAS to detect new postoperative ischemic lesions.
Recently, the Carotid Revascularization Endarterectomy Versus Stenting Trial (CREST) reported that CAS and carotid endarterectomy were associated with similar rates of the primary comAJNR Am J Neuroradiol 37:686 –91
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posite outcomes, periprocedural stroke, myocardial infarction,
death, or subsequent ipsilateral stroke among men and women
with either symptomatic or asymptomatic carotid stenosis.7
However, the incidence of periprocedural stroke was lower in the
carotid endarterectomy group, whereas the incidence of periprocedural myocardial infarction was lower in the CAS group. To
reduce the risk of stroke after CAS, improvements in training and
technique, embolic protection and stent design, and patient selection hold promise.15 In our study, 2 patients (4.7%) with MRpositive IPH experienced a major stroke within 30 days after CAS,
but no myocardial infarctions or deaths were observed. Therefore, the overall 30-day stroke rate was 2.1%. Also, we found no
significant difference in primary outcomes after CAS between the
MR-positive IPH and no-IPH groups. The similarity of our study
and Yoon’s study12 performed the CAS procedure by 1 interventional neuroradiologist with 10 years of experience and a single
product for distal embolic protection.
DWI is a sensitive tool used to identify ischemic lesions
after CAS. A previous meta-analysis for detection of ischemic
lesions after CAS on DWI revealed a significantly lower incidence (33%) in protected patients compared with unprotected
patients (45%).16 Bijuklic et al17 performed pre- and postprocedural DWI for evaluation of new cerebral ischemic lesions in
728 patients undergoing CAS with cerebral embolic protection. New ischemic lesions were found in 32.8% of the patients.
Age, hypertension, lesion length, lesion eccentricity, and aortic
arch type III were significantly associated with new ischemic
lesions; calcified lesions were negatively associated, which is
well in accordance with our findings (25/94 [26.6%]). In our
study, new postprocedural ischemic lesions on DWI were not
associated with carotid IPH and were significantly associated
with symptomatic lesions, unlike a previous study.11 Some
studies reported that proximal balloon occlusion reduces embolic events after CAS compared with filter protection18,19;
however, a high level of technical skill and an experienced interventionalist are very important to prevent new postprocedural ischemic lesions and postprocedural clinical outcomes
after CAS. In addition, carotid plaques in patients with symptomatic lesions may have variable vulnerable findings, such as
IPH, fibrous cap ruptures, ulcers, thrombus, or inflammation.
Our study had several limitations. First, we lacked a criterion standard histologic reference. Ota et al13 evaluated the
diagnostic performance of 3 T1-weighted 3T MR images by
using carotid IPH imaging with histologic analysis. The
MPRAGE sequence demonstrated a greater ability to detect
and quantify IPH than T1-weighted fast spin-echo and TOF
sequences. Therefore, we concluded that carotid MPRAGEpositive images strongly indicated the presence of IPH. Second, our study focused on atherosclerotic lesions in the proximal carotid artery. Common causes of acute ischemic stroke
are major arterial atheroma, cardioembolic sources, microvascular disease, and cryptogenic factors. Therefore, in our study,
symptomatic lesions were defined as focal neurologic symptoms and DWI positive scans that occur within 1 week of CAS
because this minimized acute ischemic stroke by other causes.
Third, these may have included many causes of vulnerable carotid plaques, such as IPH, fibrous cap rupture, ulcers, throm690
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bus, large necrotic core, or inflammation. The previous cited
studies reported negative clinical outcomes after CAS in patients with carotid IPH.11,12 Therefore, our study only focused
on carotid IPH for validation. Also, the sample size was relatively small, and long-term follow-up data were not available.

CONCLUSIONS
The results of this study indicated that IPH in patients with severe
carotid stenosis was not a significant risk factor for cerebral embolism after CAS. Symptomatic patients should receive more
careful treatment during CAS due to the higher risk of ipsilateral
postprocedural ischemic events.
Disclosures: Hyo Sung Kwak—RELATED: Grant: Supported by the Fund of Biomedical Research Institute, Chonbuk National University Hospital.* *Money paid to the
institution.
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Superselective Intra-Arterial Ethanol Sclerotherapy of Feeding
Artery and Nidal Aneurysms in Ruptured Cerebral
Arteriovenous Malformations
X F. Settecase, X S.W. Hetts, X A.D. Nicholson, X M.R. Amans, X D.L. Cooke, X C.F. Dowd, X R.T. Higashida, and X V.V. Halbach

ABSTRACT
SUMMARY: In the endovascular treatment of cerebral arteriovenous malformations, ethanol sclerotherapy is seldom used due to safety
concerns. However, when limited reﬂux of an embolic agent is permissible or when there is a long distance to the target, ethanol may be
preferable. We reviewed 10 patients with 14 cerebral AVM feeding artery aneurysms or intranidal aneurysms treated with intra-arterial
ethanol sclerotherapy at our institution between 2005 and 2014. All patients presented with acute intracranial hemorrhage. Thirteen of 14
aneurysms were treated primarily with 60%– 80% ethanol into the feeding artery. Complete target feeding artery and aneurysm occlusion
was seen in all cases; 8/13 (62%) were occluded by using ethanol alone. No retreatments or recurrences were seen. One permanent
neurologic deﬁcit (1/13, 7.7%) and no deaths occurred. In a subset of ruptured cerebral AVMs, ethanol sclerotherapy of feeding artery
aneurysms and intranidal aneurysms can be performed with a high degree of technical success and a low rate of complication.
ABBREVIATIONS: FAA ⫽ feeding artery aneurysm; EtOH ⫽ ethanol; INA ⫽ intranidal aneurysm

A

neurysms are often seen in association with cerebral arteriovenous malformations, occurring either along an artery supplying the AVM, within the AVM nidus, or arising from an unrelated artery. Flow-related feeding artery aneurysms and intranidal
aneurysms are a primary source of hemorrhage in ruptured cerebral AVMs.1-3 Currently, treatment options for cerebral AVMs
include surgery, stereotactic radiosurgery, and endovascular embolization, each of which may be performed as a stand-alone therapy or in combination. Embolization alone is rarely curative, and
its primary role is to promote safer surgical resection by decreasing blood loss, shortening the length of surgery, reducing the risk
of damage to surrounding structures, and increasing the likelihood of complete resection. Embolization may also render an
AVM more amenable to radiosurgery by reducing the size of the
AVM nidus and can be used to treat feeding artery or intranidal
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aneurysms, especially if deep-seated and difficult to access or control surgically.4-7
Embolization of an AVM requires superselective catheterization and distal placement of the microcatheter within a
feeding artery, aiming to protect the parent artery from any
reflux of embolic material and any en passage branches from
nontarget embolization. The most commonly used embolic
material is n-butyl cyanoacrylate, a quickly polymerizing liquid adhesive. Ethylene vinyl copolymer (Onyx; Covidien, Irvine, California)8-10 is a newer but less commonly used embolic agent in AVM treatment. Particles11 and detachable coils
are infrequently used.
Ethanol sclerotherapy is commonly used in the treatment of
extracranial AVMs,12-15 yet it is seldom used in the treatment of
cerebral AVMs due to safety concerns.16-25 In some circumstances, such as when distal microcatheter positioning beyond the
proximal portion of a small feeding artery is not possible, however, the use of ethanol may be preferable. In this retrospective
case series, we report our experience with patients whose brain
AVMs presented with acute intracranial hemorrhage in whom
ethanol sclerotherapy was preferable to other embolization techniques to treat feeding artery aneurysms (FAAs) or intranidal aneurysms (INAs).

Case Series
Under an institutional review board–approved protocol, a keyword search of the University of California, San Francisco neurointerventional data base identified 10 patients with cerebral

the attending neuroradiologist (V.V.H.)
and the admitting neurosurgeon in all
cases. In all cases, the primary goal of
treatment was obliteration of the FAA or
INA. AVM nidus-size reduction or
obliteration was a secondary goal. All
patients consented to the use of a number of possible embolic materials as well
as ethanol. The decision to use ethanol
was made during the procedure, after
obtaining superselective distal catheter
positioning and on the basis of several
factors, including the following: distance from the microcatheter tip to the
target aneurysm, position of the catheter
just beyond a branch point in which 1
branch was en passage to normal brain
(eg, catheter positioned in the origin of
the posterolateral choroidal artery), and
amount of flow present within the feeding artery before treatment. For the concentration and volume of ethanol, we
also took into account the above factors.
In addition, serial angiograms were obtained midsclerotherapy to determine
the efficacy of ethanol sclerotherapy
and whether additional volume or
change in the concentration of ethanol
was necessary. In cases in which residFIG 1. Ethanol sclerotherapy of a feeding artery aneurysm in a 5-year-old girl with a right thalamic ual flow within the feeding artery and
AVM. A, Lateral view, left vertebral artery injection demonstrates an 11-mm feeding artery aneu- incomplete aneurysm occlusion were
rysm (arrow) arising from the right posterolateral choroidal artery at the posterior aspect of the seen, adjunctive endovascular theraAVM nidus. B, Superselective microcatheter injection of the right posterolateral choroidal artery
again demonstrates the feeding artery aneurysm. Note that the microcatheter is positioned in pies were performed, such as coil
the proximal portion of right posterolateral choroidal artery. More distal catheterization of this placement or n-butyl cyanoacrylate
artery was not possible. C, Lateral view left vertebral artery injection 20 minutes after intra- embolization.
arterial sclerotherapy with 5 mL of 70% ethanol demonstrates lack of ﬁlling of the feeding artery
Noncontrast head CTs were reand aneurysm. D, Unsubtracted lateral view of the skull at the end of the sclerotherapy treatment
viewed to determine the presence and
demonstrates stasis of contrast within the aneurysm.
location of intracranial hemorrhage.
AVMs and associated FAAs or INAs treated by using super
Angiograms were reviewed to score the AVM grade and to deterselective intra-arterial ethanol sclerotherapy between 2005 and
mine the AVM location, the presence and number of feeding ar2014. Neuroimaging, angiograms, operative reports, and electeries or nidal aneurysms, the feeding artery from which the antronic medical records were reviewed for each patient by a boardeurysm arose, and the presence or absence of aneurysm filling on
certified radiologist with a Certificate of Added Qualification in
posttreatment runs. AVM size was estimated from MR imaging
neuroradiology, 2 years’ work experience in diagnostic neuroraand angiography, and all AVMs were classified according to the
diology, and additional training in interventional neuroradiology
Spetzler-Martin grading scale.26 The clinical status of patients was
(F.S.).
assessed at presentation, after embolization, and throughout hosAfter presentation with intracranial hemorrhage and CT
pitalization by members of the interventional neuroradiology
and/or CT angiographic evidence of an underlying cerebral arteand neurosurgical teams; and at follow-up visits by a neuroriovenous malformation, patients were referred to the intervensurgeon. Ethanol sclerotherapy was performed in all patients.
tional neuroradiology service for diagnostic cerebral angiograOperative reports were reviewed to determine the aneurysm
phy. Indications for AVM endovascular embolization were
size, percentage of ethanol concentration used, amount of ethdetermined by clinical presentation, cross-sectional imaging, and
anol injected, adjunctive treatments, and periprocedural comangiographic findings. In all cases in this series, the decision to
plications. The electronic medical record and follow-up digital
proceed with embolization was determined by the presence of
subtraction angiograms were reviewed to determine the number of
intracranial hemorrhage in the setting of a cerebral AVM and the
treatment sessions, aneurysm recurrence, delayed complications or
presence of either a FAA or INA suspected as the hemorrhage
death, definitive AVM treatments, and duration of follow-up. No
source and/or at risk for future hemorrhage (Figs 1 and 2). Indiclinical or angiographic follow-up was available in 1 patient.
cations for treatment and treatment strategy were agreed upon by
AJNR Am J Neuroradiol 37:692–97
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advanced under fluoroscopic and
roadmap guidance into the AVM feeding artery branch. No provocative testing was performed. The microcatheter
was positioned as distally as possible
within the feeding artery to rest as
close as possible to the AVM nidus or
in a position for embolizing the feeding artery aneurysm while avoiding
nontarget en passage branch embolization. Once an adequate microcatheter position was obtained, the microcatheter was flushed with 0.3– 0.5 mL
of heparinized normal saline. Dehydrated absolute ethanol was drawn
into a 1-mL Luer lock syringe and
mixed with varying amounts of heparinized iohexol contrast (Omnipaque
300; GE Healthcare, Piscataway, New
Jersey) to achieve the desired final
concentration of ethanol for sclerotherapy. Short, gentle pulsed injections of ethanol were performed via
the microcatheter under roadmap
blank fluoroscopic monitoring, aiming to avoid reflux. After delivery of
FIG 2. Ethanol sclerotherapy of a feeding artery aneurysm in a 15-year-old girl presenting with 1–2 mL of the ethanol-contrast mixheadache. A, Noncontrast CT head axial image demonstrates acute intraparenchymal hemor- ture, 10 –20 minutes were allowed to
rhage centered in the splenium of the corpus callosum with intraventricular extension. B, Selec- elapse before performing a midembotive injection of the left vertebral artery in a reverse Schuller projection demonstrates a small
lization angiographic run through the
AVM nidus (open arrow) and a 5-mm feeding artery aneurysm arising from the right splenial artery
(black arrow). C, Lateral view of a superselective microcatheter injection of the right splenial microcatheter to allow ethanol to take
artery. The AVM nidus (open arrow) and a 5-mm feeding artery aneurysm (black arrow) are again effect on the arterial endothelium.
seen. D, Twenty minutes after ethanol sclerotherapy with 4 mL of 70% ethanol, posttherapy
Midsclerotherapy runs were then perreverse Schuller projection of a left vertebral artery injection demonstrates the absence of the
formed to determine whether any refeeding artery aneurysm and AVM nidus and no evidence of arteriovenous shunting.
sidual filling of the aneurysm or upEndovascular Procedure
stream feeding artery remained. In some cases, additional
Informed consent was obtained from the patient or family before
volumes of ethanol-contrast mixtures were administered and,
diagnostic angiography and possible endovascular therapy, includafter another 10- to 20-minute delay, angiography was reing possible ethanol sclerotherapy. Potential risks discussed included
peated. If no further contrast filling of the aneurysm and upthose directly related to the procedure and those related to general
stream feeding artery was seen, no further sclerotherapy or
anesthesia. All procedures were performed on a biplane angiographic
adjunctive embolization was performed. In some cases, residunit with the patient under general anesthesia (with neuromuscular
ual filling of the feeding artery and aneurysm was observed,
blockade administered and confirmed just before ethanol injection).
and adjunctive therapies such as placement of detachable coils
Arterial lines were placed in each patient. Percutaneous vascular acor injection of n-BCA was performed.
cess was obtained through the right or left common femoral artery by
using a standard coaxial technique. A complete cerebral angiogram
that included both internal carotid arteries, the dominant vertebral
artery, and, in some cases, the ipsilateral external carotid artery was
obtained before treatment to identify the arterial feeders of the AVM.
After a decision to treat was made and following any necessary upsizing of the vascular groin sheath, an intravenous bolus of 70 IU/kg
body weight of heparin was administered and postheparin activated
clotting time was obtained. A half dose of the initial bolus dose of IV
heparin was administered at 1-hour intervals during the embolization procedure.
A guiding catheter was placed into the ipsilateral internal
carotid artery or dominant vertebral artery; then, either a flowdirected microcatheter or an over-the-wire microcatheter was
694
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Patients
From 2005 to 2014, 10 patients with a ruptured cerebral AVMs
and associated FAAs or INAs were treated at our hospital by
using superselective intra-arterial ethanol sclerotherapy. There
were 5 males and 5 females, with a mean age of 25 ⫾ 21 years
(median, 15 years; range, 1– 64 years). All patients underwent
CT, MR imaging, and digital subtraction angiography. Clinical
presentation included intraventricular hemorrhage in all patients, intraparenchymal hemorrhage in 8/10 patients, and
subarachnoid hemorrhage in 4/10 patients. The AVM Spetzler-Martin grades ranged from II to IV (Table). Aneurysm
sizes ranged from 1 to 11 mm (average size, 4 ⫾ 2.4 mm).

Patient demographics, AVM, and ﬂow-related aneurysm characteristics
Case No.
1
2
3
4
5
6
7
8
9
10

Age (yr)
53
15
32
5
1
13
11
64
42
17

AVM Grade
IV
II
III
III
III
II
IV
II
III
III

AVM Location
L frontoparietal
R splenium of corpus callosum
L cerebellum
R thalamus
R thalamus
L parieto-occipital
L insula
R thalamus
L thalamus
R splenium of corpus callosum

Bleed
IVH/IPH
IVH/IPH
IPH/SAH
IPH/IVH/SAH
IPH/IVH/SAH
IPH/IVH
IPH/IVH/SAH
IVH
IPH/IVH
IVH

Aneurysm
Size (mm)
3
5
4
11
3 and 1
3 and 2
3
4
6
4 and 3

Aneurysm
Type
FAA
FAA
INA
FAA
FAA
INA
INA
FAA
FAA
INA

Feeding Artery
to Aneurysm
L PlCh
R splenial
L SCA
R PlCh
R PmCh
L PO
L PlCh
R PmCh
L ACh
R pericallosal

Note:—IVH indicates intraventricular hemorrhage; IPH, intraparenchymal hemorrhage; PlCh, posterolateral choroidal artery; PO, parieto-occipital artery; PmCh, posteromedial
choroidal artery; Ach, anterior choroidal artery; L, left; R, right; SCA, superior cerebellar artery.

RESULTS
Fourteen feeding artery or intranidal aneurysms were identified in 10 patients, of which, 13 were treated with superselective intra-arterial ethanol sclerotherapy (On-line Table). One
of the 14 aneurysms was not treated due to its location (arising
from the calcarine artery with several en passage branches).
Mixtures of 60%– 80% ethanol (70% ethanol was used in 7/10
patients) were delivered slowly under roadmap-mask guidance
directly into the feeding artery supplying the aneurysm. Posttherapy angiography to assess aneurysm occlusion was performed 10 –20 minutes after ethanol injection. The volume of
ethanol injected ranged from 2 to 22 mL (median, 3.75 mL)
(Table). Complete occlusion of the aneurysm and upstream
feeding artery was seen in 13/13 treated aneurysms (100%)
(Figs 1 and 2), with 8/13 (62%) aneurysms occluded by using
ethanol sclerotherapy alone. In addition, ethanol sclerotherapy alone achieved both aneurysm occlusion and angiographic
cure of the AVM in 2 cases (On-line Table, Fig 2).
Adjunctive endovascular interventions were performed after ethanol sclerotherapy to treat 5/13 (38%) aneurysms in 4
patients. After ethanol sclerotherapy of 4 aneurysms, markedly
decreased but residual blood flow in the feeding artery remained on post-ethanol (EtOH) angiography. To promote
complete thrombo-occlusion of the feeding artery, we placed
detachable coils within the feeding artery in 4/5 aneurysms
from the same microcatheter tip location as in the EtOH injection. In another patient, after an injection of 5 mL of 60%
ethanol and another 5 mL of 80% ethanol into the feeding
artery, slowed but persistent flow within the feeding artery and
FAA was seen postsclerotherapy. During the same treatment
session, 0.3 mL of 20% n-BCA was used to embolize the aneurysm, feeding artery, and AVM nidus with no residual AVM or
aneurysm filling after n-BCA embolization.
Follow-up was available in 9/10 patients, with a mean follow-up of 1.3 years (range, 3 months to 5 years). None of the
treated aneurysms required ⬎1 treatment session, and there were
no recurrences. One complication related to ethanol sclerotherapy was encountered (1/13, 7.7%): This patient developed transient hemiparesis and aphasia after injection of 6 mL of 70% ethanol into a posterolateral choroidal artery feeding artery with a
3-mm FAA in a Spetzler-Martin grade IV left frontoparietal AVM.
At 5-year follow-up, the hemiparesis had nearly completely resolved with motor examination notable for 4⫹/5 strength in the

tibialis anterior. His aphasia had also improved; however, he exhibited hesitant speech with paraphasic errors. No deaths were
attributed to ethanol sclerotherapy in both the periprocedural
and follow-up periods.

DISCUSSION
Our experience by using ethanol sclerotherapy for feeding artery
aneurysms and intranidal aneurysms in a subset of ruptured cerebral AVMs demonstrates that complete aneurysm and upstream feeding artery occlusion may be achieved in most cases
(62%) with ethanol alone. Ethanol is a potent sclerosant, is relatively inexpensive, and has a widespread commercial availability.
The injection of small volumes of high concentrations of ethanol
results in the dehydration, precipitation, sloughing, and denudation of the vascular endothelium.16,19,27,28 In the presence of
blood, an acute thrombosis may be initiated, leading to permanent vascular closure.16,27
In 5/13 aneurysms, ethanol sclerotherapy markedly reduced
blood flow within the feeding artery; however, slow contrast filling of the aneurysm persisted and adjunct endovascular therapy
was necessary for complete occlusion of the aneurysm and feeding
artery. Adjunctive therapies included placement of 2 detachable coils or a fibered coil into the feeding artery from the same
microcatheter tip location as that used for the EtOH injection
or n-BCA embolization of the feeding artery (On-line Table).
No correlation was found between the need for adjunct endovascular therapy (ie, coils or n-BCA) and the size of the flowrelated aneurysm or AVM or ethanol concentration or volume.
Because EtOH acts directly on endothelial cells, factors that
decrease the amount of time the EtOH dwells in the artery and
is in contact with endothelium, such as feeding artery diameter
and rate of AV shunting, are more likely to result in incomplete
occlusion with EtOH alone. Nonetheless, 1 embolization session was sufficient to obtain complete obliteration for all 13
aneurysms, and no recurrences were seen after a mean follow-up of 1.3 years.
In our study, 1 complication (1/13 treated aneurysms,
7.7%) occurred after ethanol sclerotherapy of a posterolateral
choroidal feeding artery to the AVM, with periatrial white matter low attenuation seen on postoperative CT, likely due to a
combination of vasogenic and cytotoxic edema of nontarget
brain tissue. No deaths were attributed to ethanol sclerotherapy. An initial report of ethanol sclerotherapy of cerebral
AJNR Am J Neuroradiol 37:692–97
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AVMs by Yakes et al16 described permanent complications developing in 8 of 17 (47%) patients, of which 3 were permanent
(18%) and 5 (29%) were transient complications, and 2 deaths
(2/17, 12%) occurring at 4 and 14 months after ethanol treatment due to subarachnoid hemorrhage. The very high complication rate reported in that study has limited the use of ethanol
in the treatment of cerebral AVMs. Since the study of Yakes et
al,16 there have been no other published reports of the use of
ethanol sclerotherapy of cerebral AVMs. Ethanol sclerotherapy
continues to be routinely used, however, in the treatment of
peripheral AVMs.29
The results of this study differ from those of the study by Yakes
et al16 in several ways: First, in our study, the primary goal of
therapy in each patient was obliteration of the feeding artery aneurysm or intranidal aneurysm, whereas AVM nidus obliteration
or reduction in size of the AVM nidus was the primary goal in the
Yakes et al16 study. The average volume of ethanol used was,
therefore, much lower in our study (ie, 2–22 mL; median, 3.75 mL
versus 0.8 –112 mL); this difference may have contributed to a
lower complication rate. Second, ethanol concentrations used in
our study varied from 60% to 80%, compared with 98% ethanol
used in the prior study. Yakes et al stated that nonionic contrast
medium can be mixed with ethanol and precipitation does not
occur; however, contrast media dilute ethanol to a level that renders it ineffective in achieving a sclerosing effect and thrombosis.
In contrast, this study indicates that concentrations of 60%– 80%
ethanol have a potent sclerosing effect. Third, the presenting
symptoms in our study were also different, with all AVMs in our
study presenting with intracranial hemorrhage, whereas presentation varied in the prior study (hemorrhage in 7/17 patients,
seizures, hemianopsia, headaches, trigeminal neuralgia, and thalamic syndrome).
Despite the encouraging results of intra-arterial ethanol sclerotherapy demonstrated in this study in the setting of flow-related
aneurysms in ruptured AVMs, we do not recommend routine use
of this agent in the endovascular treatment of AVMs. Embolic
materials such as n-BCA or Onyx remain first-line agents in the
endovascular treatment of AVMs in our practice. In each case
within this series, the choice of embolic agent versus sclerosant
was not made a priori, rather only after superselective microcatheterization and distal access (or attempted distal access) of the
feeding artery. The cases included in this series demonstrate that
there are rare circumstances in which ethanol may be preferable
to embolic agents—for example, when superselective catheterization, which minimizes the risk of reflux and nontarget embolization, is not possible, such as with an inability to position a microcatheter beyond the proximal portion of a small feeding artery
(Fig 1; cases 1, 2, 4, 7, and 8). While reflux of an embolic agent into
the parent artery in this situation could have devastating consequences, the risk of nontarget vascular injury from reflux of ethanol from the same vessel is decreased because ethanol concentration drops in the parent artery via dilution. A second scenario
in which ethanol was preferable to embolic agents occurred when
a particularly long distance between the microcatheter tip and the
target aneurysm existed and there was substantial risk of a standard liquid embolic agent not reaching the target (cases 1–5,
7–10). Consideration should also be given to the surgical ac696
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cessibility of FAA or INA if endovascular therapy is being performed preoperatively. The AVM itself or many of the FAAs/
INAs in this case series were deep-seated; this location favored
endovascular over surgical treatment of the flow-related aneurysms. Careful consideration of the indications for treatment,
efficacy, and risks of embolization materials (n-BCA and
Onyx) and ethanol must be made before treatment and once
the final microcatheter position in the feeding artery is
attained.
Extreme caution should be used when injecting ethanol in any
concentration or amount due to the high toxicity of ethanol. Nontarget necrosis of adjacent tissues may occur with overinjection,
localized extravasation, or reflux.16,20 In addition, ethanol may
exert effects distant from the target site, including the venous
system causing a thrombophlebitis; or (in larger quantities) more
distant effects of intoxication, hemoglobinuria, pulmonary artery
hypertension, pulmonary embolus, bronchospasm, hyperthermia, cardiopulmonary collapse, and death.16,18-25 Ethanol sclerotherapy has also been associated with disruption in coagulation
profiles as evidenced by a decrease in platelets and fibrinogen, an
increase in prothrombin time, and a conversion from negative to
positive D-dimers.30 In 1 case report, the bispectral index, a measure of the depth of anesthesia, fell to zero during ethanol sclerotherapy of a cerebral AVM.31 Therefore, great care should be
taken to not exceed a per-procedure administered dose of ⬎1
mL/kg.27 This study shows that volumes well below this threshold
are efficacious (Table); however, close patient monitoring for the
above adverse events and complications following ethanol sclerotherapy should always be performed.
In addition to the above effects, our group has also reported
intraventricular contrast medium leakage mimicking intraventricular hemorrhage during intra-arterial 100% ethanol sclerotherapy into the posterolateral choroidal artery in a 5-year-old
child with a ruptured AVM.32 While such a phenomenon is uncommon and not reported elsewhere, the neurointerventionalist
should be aware of it, especially because many of the feeding arteries in this study involved arteries supplying the choroid plexus.
This study has several important limitations. The retrospective
nature limits the generalizability of the results, and a selection bias
may be present. In addition, there was no comparison group to
determine whether ethanol sclerotherapy would achieve better
results with similar or fewer complications in similar cases with
the use of other embolic materials, such as n-BCA or Onyx. Selection of a comparison group of flow-related aneurysms for this
series would be difficult and impractical, however, because the
catheter positions in which ethanol was used in nearly all patients
in this cases series precluded the safe or efficacious use of embolic
agents. The authors recommend against a study that compares the
efficacy and safety profile of ethanol sclerotherapy with embolic
agents in the setting of endovascular AVM treatment.16 In addition, because this study included only patients with ruptured
AVMs, the results cannot be generalized to unruptured cerebral
AVMs. Given the small number of patients in this study, results
should be confirmed in a larger prospective study. Gross pathology confirmation of aneurysm obliteration was not possible in
this study, and evidence of obliteration is based solely on follow-up conventional angiography in 9/10 patients.

In conclusion, this study suggests that in a subset of ruptured
cerebral AVMs, ethanol sclerotherapy of FAAs and INAs can be
performed with a high degree of technical success and a low rate of
complications.

15.

16.
Disclosures: Christopher F. Dowd—UNRELATED: Other: MicroVention,* Comments:
Chief Adjudicator, Flow Redirection Intraluminal Device (FRED) Trial. *Money paid to
the institution.
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White Matter Abnormality Correlates with Developmental and
Seizure Outcomes in West Syndrome of Unknown Etiology
X J. Natsume, X C. Ogawa, X T. Fukasawa, X H. Yamamoto, X N. Ishihara, X Y. Sakaguchi, X Y. Ito, X T. Takeuchi, X Y. Azuma,
X N. Ando, X T. Kubota, X T. Tsuji, X H. Kawai, X S. Naganawa, and X H. Kidokoro

ABSTRACT
BACKGROUND AND PURPOSE: West syndrome is an epileptic encephalopathy characterized by epileptic spasms, a speciﬁc pattern on
electroencephalography of hypsarrhythmia, and developmental regression. Our aim was to assess white matter abnormalities in West
syndrome of unknown etiology. We hypothesized that diffusion tensor imaging reveals white matter abnormalities, especially in patients
with poor seizure and developmental outcomes.
MATERIALS AND METHODS: We enrolled 23 patients with new-onset West syndrome of unknown etiology. DTI was performed at 12 and
24 months of age. Fractional anisotropy images were compared with those of controls by using tract-based spatial statistics. We compared
axial, radial, and mean diffusivity between patients and controls in the fractional anisotropy skeleton. We determined correlations of these
parameters with developmental quotient, electroencephalography, and seizure outcomes. We also compared DTI with hypometabolism
on ﬂuorodeoxyglucose positron-emission tomography.
RESULTS: At 12 months of age, patients showed widespread fractional anisotropy reductions and higher radial diffusivity in the fractional
anisotropy skeleton with a signiﬁcant difference on tract-based spatial statistics. The developmental quotient at 12 months of age
correlated positively with fractional anisotropy and negatively with radial and mean diffusivity. Patients with seizure and abnormal ﬁndings
on electroencephalography after initial treatments had lower fractional anisotropy and higher radial diffusivity. At 24 months, although
tract-based spatial statistics did not show signiﬁcant differences between patients and controls, tract-based spatial statistics in the 10
patients with a developmental quotient of ⬍70 had signiﬁcant fractional anisotropy reduction. In patients with unilateral temporal lobe
hypometabolism on PET, tract-based spatial statistics showed greater fractional anisotropy reduction in the temporal lobe ipsilateral to
the side of PET hypometabolism.
CONCLUSIONS: Diffuse abnormal ﬁndings on DTI at 12 months of age suggest delayed myelination as a key factor underlying abnormal
ﬁndings on DTI. Conversely, asymmetric abnormal ﬁndings on DTI at 24 months may reﬂect underlying focal pathologies.
ABBREVIATIONS: ACTH ⫽ adrenocorticotropic hormone; DQ ⫽ developmental quotient; EEG ⫽ electroencephalography; FA ⫽ fractional anisotropy; TBSS ⫽
tract-based spatial statistics; WS ⫽ West syndrome

W

est syndrome (WS) is an epileptic encephalopathy characterized by epileptic spasms, a specific pattern on electroencephalography (EEG) of hypsarrhythmia, and developmental re-
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gression. While WS has a variety of causes, the etiology remains
unclear in 20% of patients.1 Recent advances in neuroimaging
have revealed underlying pathologies such as focal cortical dysplasia in these patients.2 We and others have reported hypometabolism on PET and hypoperfusion on SPECT during the early stages
of cryptogenic WS.3-9 Detecting these findings is useful for both
predicting long-term outcomes and detecting underlying lesions.3-6,8,9 Further progress of modern neuroimaging techniques
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is expected to clarify the underlying pathology in patients with WS
of unknown etiology.
Diffusion tensor imaging is an MR imaging technique that can
provide information about the orientation and integrity of white
matter fibers. This method is useful for detecting underlying abnormalities in the white matter of patients with various neurologic disorders. Because it is hypothesized that widespread networks of cortical and subcortical structures are involved in the
generation of epileptic spasms and hypsarrhythmia in WS,10 DTI
should help reveal the pathophysiology of this syndrome.
In this prospective study, we performed serial DTI studies
from the onset of epilepsy to assess underlying white matter abnormalities in patients with WS of unknown etiology. We compared the results of DTI with cognitive and motor development,
EEG findings, and seizure outcomes. We also compared distributions of abnormal findings on DTI with those of hypometabolism
on [18F] fluorodeoxyglucose–PET.

MATERIALS AND METHODS
This study was approved by the research ethics committee at Nagoya University Graduate School of Medicine.

Patients
Between 2007 and 2014, we performed DTI in consecutive patients with new-onset WS of unknown etiology seen in Nagoya
University Hospital. We diagnosed WS from epileptic spasms in
clusters that were recorded by simultaneous video-EEG recording
and typical interictal EEG findings of hypsarrhythmia. Inclusion
criteria for patients were as follows: 1) normal birth and absence
of any etiologic factors related to WS, 2) normal development
before the onset of spasms and the absence of neurologic abnormalities at onset, 3) occurrence of spasm clusters without any
other types of seizures before the onset of spasms, and 4) normal
findings from laboratory tests, CT, and MR imaging. Chromosomal abnormalities were investigated with G-banding or array
comparative genomic hybridization.
Patients were initially treated according to the following protocol: Clonazepam was administered for 1 week. When other oral
antiepileptic drugs were started in previous hospitals, they were
continued for 1 week. If oral antiepileptic medications failed to
control the spasms, adrenocorticotropic hormone (ACTH) therapy was started. In the present study, 1 patient did not receive
ACTH therapy. In ACTH therapy, synthetic ACTH was injected
intramuscularly at 0.015 mg/kg/day for 2– 4 weeks, followed by
alternate-day administration for 1 week. The effectiveness of each
drug was evaluated on the basis of the frequency of spasms and
interictal EEG findings.

Controls
We used 2 control groups to compare the images of patients with
WS. The first control group consisted of 13 children with a mean
age of 12.2 ⫾ 3.0 months (range, 8 –18 months) and was used for
the analysis of patients at 12 month of age. The second control
group comprised 15 children with a mean age of 24.8 ⫾ 4.5
months (range, 18 –27 months) and was used for the analysis of
patients at 24 months. Controls had undergone MR imaging because CNS abnormalities had been suspected on presentation but

were later ruled out. Conventional MR imaging did not show any
abnormalities in controls. Final diagnoses in controls were nonpathologic sleep myoclonus, nonpathologic motion arrest,
myasthenia gravis, pigmented macules without neurocutaneous
disorders, peripheral facial nerve palsy, breath-holding spell,
shuddering attack, nonpathologic macrocephaly, and short
stature.

Image Acquisition for DTI
All patients underwent DTI 3 times. The first scans were obtained
at the onset of spasms before ACTH therapy; the second, at 12
months of age; and the third, at 24 months of age. We used the
second and third scans for the present study. The second and third
scans were obtained ⬎1 month after the end of ACTH therapy to
avoid the effects of brain shrinkage caused by ACTH. In our previous study evaluating MR imaging by visual inspection, we did
not detect cerebral shrinkage caused by ACTH therapy on MR
imaging performed ⬎1 month after the end of ACTH therapy.5
Scans were obtained as part of the clinical routine to search for
underlying pathology. Before each scan, we explained to parents
that the results would be used for research, and informed consent
was obtained. All patients were sedated with oral chloral hydrate
before the examination. When patients did not appear sufficiently
sedated after chloral hydrate intake, intravenous midazolam or
ketamine was administered.
MR imaging examination was performed on a 3T scanner
(Magnetom Trio A Tim System; Siemens, Erlangen, Germany)
with a 32-channel phased array head coil. DTI parameters were
the following: 12 noncollinear diffusion directions (b-value ⫽
1000 s/mm2) with a nondiffusion gradient (b-value ⫽ 0 s/mm2);
TR, 7800 ms; TE, 84 ms; FOV, 269 ⫻ 269 mm; matrix, 128 ⫻ 128;
and 64 axial sections (voxel size ⫽ 2.1 ⫻ 2.1 ⫻ 2.1 mm3). In
addition to DTI data, the following conventional MR images were
acquired to examine structural abnormalities: axial T1-weighted,
T2-weighted, fluid-attenuated inversion recovery images, sagittal
T1-weighted images, and coronal T2-weighted images.

Evaluation of EEG, Seizure, and Neurodevelopmental
Outcomes
We used EEG findings at 12 months of age for evaluating the early
response to initial treatments. EEG findings at this age were classified as normal or abnormal on the basis of the remaining epileptiform discharges during wakefulness and sleep. Evaluation of
seizure outcome was performed between August and December
2014. The age at the evaluation ranged from 2 to 8 years (median,
5 years). The information was obtained from the medical charts at
Nagoya University or affiliated hospitals. Seizure outcome was
categorized as follows: 1) free of seizures, when the patient had no
seizures during the entire follow-up after the initial treatment
with clonazepam or ACTH; or 2) persistent or recurrent seizures
during the entire follow-up after initial treatment.
The developmental quotient (DQ) was estimated by using the
Tsumori-Inage developmental questionnaire at 12 and 24 months
of age.11 This questionnaire was released in 1961 and is widely
used in Japan.9,12 It consists of the 5 domains of gross motor skill,
fine motor skill, sociality, activities of daily living, and language.
Developmental status was considered as follows: 1) normal, when
AJNR Am J Neuroradiol 37:698 –705
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patients had a DQ of ⱖ70 at 24 months of age; or 2) delayed
cognitive and motor development, when patients had a DQ of
⬍70 at 24 months of age. While the DQ at 12 months tends to
reflect development of motor function, the DQ at 24 months reflects language and cognitive function more than the one at 12
months.

FDG-PET
All patients underwent FDG-PET at onset and at 12 and 24
months of age. The scans were obtained to search for underlying pathologies and predict long-term outcome as in our previous studies.5,9 All patients were sedated by chloral hydrate
suppository during the PET examination. PET images were
analyzed with visual inspection by 3 pediatric neurologists
(J.N., T.F., and H. Kidokoro). All 3 pediatric neurologists were
regularly involved in neuroimaging studies and had experience
in the interpretation of pediatric PET images. PET findings
were evaluated as in our previous studies.5,9 Regional hypometabolism was defined as a regional decrease in FDG accumulation in ⱖ2 gyri on ⱖ2 sections.

Image Processing
DTI analyses were performed by using tract-based spatial statistics (TBSS) in the fMRI of the Brain software package (FSL; http://
www.fmrib.ox.ac.uk/fsl).13 For each subject, all DTI was corrected for eddy current–induced distortion and subject motion
effects. The correction was performed by affine registration to a
reference volume that is included in the FMRIB Diffusion Toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT).
A brain mask was created from the first B0 image. A diffusion
tensor model at each voxel was fitted, and fractional anisotropy
(FA), mean diffusivity, axial diffusivity, and radial diffusivity
maps were computed. Next, the most representative FA image
was first identified, and all FA data for a subject were aligned to
this target image by nonlinear registration. The mean FA image
was created and thinned to create a mean FA skeleton, which
represents the centers of all tracts common to the group. Aligned
FA data for each subject were then projected onto this skeleton,
and the resulting data were fed into voxelwise cross-subject statistics. Statistical analysis was performed voxel by voxel to detect
regions of significant differences in FA between the 2 groups of
subjects, by using FSL Randomise (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/Randomise) with 5000 permutations. The Threshold-Free
Cluster Enhancement option in Randomise was used to avoid an
arbitrary initial cluster-forming threshold. Age was used as a nuisance covariate of no interest. Results are reported at a corrected
threshold of P ⬍ .05. TBSS analysis was performed between FA
images of all patients and controls. Analyses were also performed
between subgroups of patients with a DQ of ⬍70 or a DQ of ⱖ70
at 12 and 24 months of age and controls.
Skeletons showing significantly reduced FA from those of
controls at 12 months of age were extracted. These skeletons
included whole clusters with significant reduction of FA in
patients on TBSS analysis and did not include clusters of increased FA. Mean values for FA, mean diffusivity, and eigenvalues in the skeletons were calculated in each patient. Eigenvalues (1, 2, 3) correspond to the directional apparent
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diffusion coefficients as either principal axial diffusivity (1)
or radial diffusivity ([2 ⫹ 3]/2).

Statistical Analysis
Statistical analysis was performed by using SPSS, Version 19 software (IBM, Armonk, New York). We compared mean DTI parameters in the skeleton with significant differences on TBSS between patients and controls and determined correlations of
parameters with the DQ at 12 months of age in patients. We also
compared DTI parameters between patients with and without
abnormal findings on EEG at 12 months of age and between patients with and without persisting or relapsing seizures after initial
treatment.
On the basis of FDG-PET findings at 12 and 24 months of age,
TBSS analysis of DTI at 12 and 24 months of age was performed
between patients with regional hypometabolism and controls and
between patients without regional hypometabolism and controls.
This evaluation was performed because patients with regional hypometabolism may have focal underlying pathology that causes
regional abnormal findings on DTI.
Comparisons of DTI parameters between patients and controls, between patients with and without EEG abnormalities,
and between patients with and without persisting or relapsing
seizures were performed by the nonparametric Mann-Whitney
U test or the Kruskal-Wallis test and post hoc analysis with
Bonferroni correction for analysis among 3 groups of patients
with and without seizures and controls, and those with normal
or abnormal EEG findings and controls. Correlations of parameters in patients with DQ were determined by the Spearman correlation coefficient (r). Significance was established at
P ⬍ .05.

RESULTS
Twenty-three patients (14 boys) with WS of unknown etiology
underwent DTI during the study period. ACTH therapy was
performed as an initial treatment in 22 patients, while the remaining patient did not receive ACTH therapy. The interval
from the onset of spasms to initial treatment was 0 – 4 months
(median, 1 month). After initial treatment, 15 patients were
categorized as free of seizures; 6 patients experienced recurrence of spasms; and 2 patients showed partial seizures. EEG at
12 months of age showed normal findings in 11 patients, hypsarrhythmia in 3, and focal spikes in 9. In 21 of 23 patients, the
presence or absence of abnormal findings on EEG was the same
at 12 and 24 months of age. In 1 patient with hypsarrhythmia
and 1 with focal spikes at 12 months of age, the EEG findings
were normal at 24 months. In 15 patients free of seizures after
initial treatment, the EEG findings at 12 months of age were
normal in 10 patients and showed focal spikes in 5. The DQ
ranged from 33 to 100 (median, 77) at 12 months and from 29
to 123 (median, 75) at 24 months of age.

TBSS Analysis between Patients and Controls
Two patients could not undergo DTI at 12 months of age, and
DTI of another patient showed motion artifacts. TBSS analysis
at 12 months was thus performed between 20 patients and 13
controls. TBSS revealed reduced FA in the corpus callosum,

FIG 1. Tract-based spatial statistics analysis between patients and controls at 12 and 24 months of age. A, Tract-based spatial statistics at 12
months of age reveals reduced fractional anisotropy values (blue areas) in the corpus callosum, deep white matter, and subcortical white matter
in the temporal lobes of patients. The green areas represent white matter skeletons with a threshold FA of ⱖ0.2. B, Tract-based spatial statistics
at 24 months of age shows no signiﬁcant difference between all patients and controls. C, Tract-based spatial statistics reveals reduced fractional
anisotropy values (blue areas) in widespread white matter areas of patients with a developmental quotient of ⬍70 at 24 months of age.
Mean values of diffusion tensor imaging parameters in FA
skeletons with a signiﬁcant difference on tract-based spatial
statistics at 12 months of agea
Patients (n = 20)
Controls (n = 13)
P
FA
0.46 ⫾ 0.04
0.51 ⫾ 0.02
⬍.001
0.0016 ⫾ 0.0001
0.0016 ⫾ 0.0001
NS
AD, 1 (mm2/s)
.007
RD, (2⫹ 3) / 0.00074 ⫾ 0.00007 0.00066 ⫾ 0.00006
2 (mm2/s)
MD (mm2/s)
0.0010 ⫾ 0.0001
0.0010 ⫾ 0.0007
NS
Note:—AD indicates axial diffusivity; MD, mean diffusivity; NS, not signiﬁcant; RD,
radial diffusivity.
a
Statistical analysis was performed with a nonparametric Mann-Whitney U test.

deep white matter, and subcortical white matter in the temporal lobes of patients (Fig 1A). No areas of increased FA were
identified.
DTI of 3 patients at 24 months of age showed motion artifacts,
so DTI of the remaining 20 patients was used for analysis. TBSS at
24 months of age did not show any significant difference between
all patients and controls (Fig 1B). Comparisons between the 10
patients with a DQ of ⬍70 at 24 months of age and controls
revealed reduced FA values in widespread white matter in patients
(Fig 1C). No areas showed significantly different FA between patients with a DQ of ⱖ70 and controls.

Parameters in the FA Skeleton with Signiﬁcant
Differences on TBSS and Developmental or Seizure
Outcomes
Mean values of FA, mean diffusivity, and eigenvalues in the FA
skeleton showing significant FA reduction in patients on TBSS at
12 months of age are shown in the Table. Axial diffusivity along
the axonal direction 1 and mean diffusivity showed no significant difference between patients and controls. Radial diffusivity
perpendicular to the axonal direction ([2 ⫹ 3] / 2) was significantly higher in patients (P ⫽ .007).
The DQ at 12 months of age showed a significant positive
correlation with FA (r ⫽ 0.64, P ⫽ .003) and negative correlations with radial and mean diffusivity (r ⫽ ⫺0.60, P ⫽ .005 and
r ⫽ ⫺0.53, P ⫽ .017, respectively) (Fig 2). No correlation was
identified between axonal diffusivity 1 and DQ at 12 months
of age.
Patients with seizures after initial treatment showed significant decreases in FA compared with patients without seizures and
with controls (mean FA: 0.42 ⫾ 0.03 versus 0.47 ⫾ 0.03, P ⫽ .019,
versus 0.51 ⫾ 0.02, P ⬍ .001, by post hoc analysis with Bonferroni
correction, respectively) and increased radial diffusivity compared with patients without seizures and with controls (mean
[2 ⫹ 3]/2: 0.00081 ⫾ 0.00005 mm2/s versus 0.00071 ⫾ 0.00006
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nificant differences in 1 were seen between patients with and without seizures
or with and without EEG abnormality at
12 months of age.

Correlation of DTI and FDG-PET
FDG-PET at 12 months of age showed
regional cortical hypometabolism in 16
patients. The regions of hypometabolism at 12 months were unilateral temporal in 3 patients, unilateral frontal in
2, unilateral parietal in 1, unilateral
frontotemporal in 6, unilateral parietotemporal in 2, unilateral temporooccipital in 1, and unilateral frontoparieto-temporal in 1. FDG-PET at 24
months of age revealed regional cortical
hypometabolism in 8 patients and normal findings in the other 12 patients on
FIG 2. Correlation of the developmental quotient and diffusion tensor imaging parameters at 12
months of age. The developmental quotient at 12 months of age shows a signiﬁcant positive visual inspection. Of 16 patients with
correlation with fractional anisotropy and negative correlations with radial ([2 ⫹ 3]/2) and PET hypometabolism at 12 months, 6
mean diffusivity. No correlation is evident between axonal diffusivity (1) and the developmental had relapse or persistent seizures and 10
quotient at 12 months of age.
had abnormal findings on EEG at 12
months. Of 8 patients with PET hypometabolism at 24 months, 5
had seizure relapse or persistent seizures and 5 had abnormal
findings on EEG at 24 months. At 12 months of age, hypometabolism was on the left side in 10 patients, the right side in 5, and in
the bilateral temporal lobes in 1. At 24 months of age, hypometabolism was present in the left temporo-frontal lobe in 3 patients,
left temporal lobe in 1, right temporo-frontal lobe in 2, right frontal lobe in 1, and right temporal lobe and right frontal lobe in 1. FA
images of patients with right-sided hypometabolism were flipped,
so that all regional hypometabolism would appear on the left side.
We excluded 1 patient with hypometabolism in the bilateral temporal lobes to compare the laterality of the abnormality on PET
and DTI and 2 patients with right or left frontal hypometabolism
on TBSS analysis to focus on temporal lobe hypometabolism. At
12 months of age, TBSS between the 15 patients with left temporal
hypometabolism and controls showed reduced FA in widespread
white matter symmetrically. At 24 months of age, TBSS between
FIG 3. Abnormal ﬁndings on EEG at 12 months of age and diffusion
the 7 patients with left temporal hypometabolism and controls
tensor imaging parameters. Decreases in fractional anisotropy and
showed reduced FA in widespread white matter and more promincreases in radial diffusivity are observed in patients with abnormalities ﬁndings on EEG compared with patients with normal electroeninent hypometabolism in the left temporal lobe compared with
cephalography ﬁndings at 12 months of age. White dots represent
the right temporal lobe (Fig 4). TBSS did not show FA reduction
controls, gray dots are patients without seizures after initial treatin 12 patients without PET hypometabolism at 24 months of age
ments, and black dots are patients with relapsing or persistent seizures. Patients with relapsing or persistent seizures have low FA and
compared with controls.
high radial diffusivity.

mm2/s, P ⫽ .046, versus 0.00066 ⫾ 0.00006 mm2/s, P ⫽ .001, by
post hoc analysis with Bonferroni correction, respectively). Decreased FA and increased radial diffusivity were observed in patients with abnormal findings on EEG at 12 months of age compared with patients with normal findings on EEG at 12 months of
age and with controls (mean FA: 0.43 ⫾ 0.03 versus 0.48 ⫾ 0.02,
P ⫽ .048, versus 0.51 ⫾ 0.02, P ⬍ .001; mean [2 ⫹ 3]/2:
0.00079 ⫾ 0.00005 mm2/s versus 0.00068 ⫾ 0.00005 mm2/s, P ⫽
.007, versus 0.00066 ⫾ 0.00006 mm2/s, P ⬍ .001, by post hoc
analysis with Bonferroni correction, respectively) (Fig 3). No sig702
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DISCUSSION
DTI in patients with WS of unknown etiology showed widespread
white matter abnormalities at 12 months of age. While axial diffusivity showed no significant differences compared with controls, radial diffusivity was significantly increased. The DQ correlated positively with FA and negatively with radial or mean
diffusivity. Patients with persistent EEG abnormality and seizures
had more prominent DTI abnormalities than patients with normal EEG and no seizures after initial treatment. Although DTI at
24 months of age did not show significant differences in the com-

FIG 4. Comparison of tract-based spatial statistics among patients with left temporal hypometabolism on positron-emission tomography at 24
months of age. A, Comparison of tract-based spatial statistics among 7 patients with left temporal hypometabolism and controls shows reduced
fractional anisotropy in widespread white matter (blue areas) and more prominent DTI abnormalities in the left temporal lobe (arrows)
compared with the right one. The green areas represent white matter skeletons with a threshold FA of ⱖ0.2. B, Fluorodeoxyglucose positronemission tomography of 7 patients. Positron-emission tomography shows left temporal or temporofrontal hypometabolism (arrows). Note
that the images from 3 patients with right temporal lobe hypometabolism are ﬂipped, so all areas of hypometabolism are shown on the left side.
The last patient shows additional hypometabolism in the contralateral frontal lobe (arrowhead).

parisons of all patients and controls, patients with poor developmental outcomes still showed decreased FA. Patients with lateralized regional hypometabolism on PET showed more prominent
DTI abnormalities ipsilateral to the side of hypometabolism. This
is the first report revealing abnormal findings on DTI in patients
with WS of unknown etiology. A recently published study by Fosi
et al14 did not show a significant difference between patients with
WS and controls on TBSS analysis of DTI. The timing of MR
imaging scans in their study was not clearly described and seems
to be variable. The standardized timing of MR imaging in our
study may be one of the reasons that MRI revealed significant
abnormality.
Several factors can cause abnormal findings on DTI, such as
axonal properties, fiber coherence, demyelination, and white
matter maturation, especially in infants.15-17 Cortical malformation often affects the underlying white matter and the cortex18
and could disrupt white matter tracts and cause reductions in
anisotropy.19,20 White matter abnormality could also be attributed to propagation of epileptic activities along white matter
tracts.21 ACTH therapy also possibly affects white matter properties, though we performed DTI ⬎1 month after the end of ACTH
therapy to avoid the effects of ACTH. Another major factor
contributing to DTI changes in infancy is white matter maturation. In this period, age-related changes in water diffusion– based
properties are observed in white matter tracts.17,22-26 We have
reported delayed myelination on T2-weighted imaging at approximately 10 months of age in patients with cryptogenic WS.5
In an unpublished study of ours, a significant decrease of FA
was revealed in patients with delayed myelination on T2WI at 12
months of age. The diffuse abnormal findings on DTI in the pres-

ent study were prominent at 12 months of age and had resolved by
24 months of age in patients with good developmental outcomes.
Dynamic changes in abnormal findings on DTI resemble the pattern of delayed myelination in our previous study of WS, suggesting that delayed white matter maturation may contribute to the
abnormal findings on DTI. Furthermore, FA reduction in our
study was attributed to increased radial diffusion perpendicular to
the axonal direction. Increased radial diffusion suggests abnormal
myelination in experimental models, though pathologic correlates of abnormal findings on DTI in humans are still unclear.15,16
Given the dynamic changes in abnormal findings on DTI and the
increased radial direction, delayed myelination may be the most
likely pathology underlying widespread symmetric abnormal
findings on DTI at 12 months of age.
A strong correlation was observed between DTI parameters
and cognitive and motor development in our study. Correlations
between DTI and cognitive function have been reported in
healthy children and those with various pediatric disorders.
Widjaja et al27 studied correlations between abnormal findings on
DTI and neuropsychological function in children with nonlesional focal epilepsy, revealing that widespread white matter abnormalities were associated with impaired neuropsychological
function. The impairment in white matter may reflect disruption
in the connectivity of cortical processing networks, which is necessary for the development of cognition.27 In our study, delayed
maturation of widespread white matter areas contributed to delayed cognitive and motor development. This abnormal white
matter included many fiber tracts that are important for language
and cognitive function, such as the uncinate fasciculus and inferior
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longitudinal fasciculus. Evaluation of DTI can thus facilitate objective assessment of the developmental status in a patient with WS.
We revealed a difference in DTI parameters between patients
with and without abnormal findings on EEG and those with and
without seizures after treatment. Juhász et al10 hypothesized that
widespread corticosubcortical circuits are involved in epileptogenic activity of patients with WS. Epileptiform activity from the
primary cortical abnormality stimulates brain stem structures,
and interactions of the brain stem with the striatum and cortices
induce hypsarrhythmia on EEG.10 Persistent or recurrent epileptic activity may have disturbed white matter maturation and led to
abnormal findings on DTI in our study. EEG findings during the
follow-up period reportedly showed strong correlations with cognitive and motor development.28 Our findings suggest that
chronic epileptic activity may cause developmental regression by
disturbing white matter maturation, though there is the other
possibility that preexisting white matter abnormalities might lead
to the poor outcome of seizures and EEG findings.
The persistent abnormal findings on DTI at 24 months in children with poor developmental outcome may be multifactorial.
Delayed maturation of white matter, microstructural damage by
epileptic activities, or the underlying cause of epilepsy may contribute to the reduction in FA values. At 24 months of age, distributions of abnormal findings on DTI corresponded to those of
PET hypometabolism, though the abnormal findings on DTI
were still widespread and bilateral. Regional PET hypometabolism in patients with WS reportedly suggests focal cortical dysplasia.2 Focal cortical dysplasia often involves white matter changes,
and a pathologic study has revealed a reduced number of myelinated axons in the white matter.18 DTI is reported to show abnormality in the subcortical and deep white matter subjacent to areas
of focal cortical dysplasia.20 From these observations, the asymmetric abnormal findings on DTI corresponding to areas of PET
hypometabolism may represent white matter changes related to
the underlying pathology, such as focal cortical dysplasia. In contrast to the reversible FA reduction due to delayed myelination at
12 months of age, abnormal findings on DTI at 24 months of age
in patients with poor seizure and developmental outcomes appear
to represent persistent microstructural abnormalities. This hypothesis should be proved pathologically or by other imaging
techniques such as 7T MR imaging.
Our study has some limitations. First, control subjects were
recruited from among patients who had undergone screening
scans for CNS abnormalities. Although CNS abnormalities were
ruled out clinically, the possibility of underlying CNS lesions cannot be excluded. Second, the ages of patients and controls were
not the same. We recruited control subjects with the same mean
age as that of patients and used age as a nuisance covariate of no
interest on TBSS analysis to reduce the effects of differences in age.
However, the effects of the difference in age may not be eliminated
completely. Another methodologic limitation is that DTI was performed with 12 directions that were relatively small in number.
DTI with more directions and information from the Human
Connectome Project (http://humanconnectome.org/) may enable more detailed analysis of white matter fibers. Several clinical
factors affect developmental outcome, such as the adverse effects
of antiepileptic drugs and the delay of initial treatment. Although
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we did not use phenobarbital, phenytoin, or topiramate, which
were reported to have possible adverse effects on cognitive function, there was the possibility that antiepileptic drugs affect the
cognitive function. It has been reported that a delay of initial
treatment was a risk factor for poor developmental outcome.29 In
our study, only 4 patients had an interval of 2 months or longer
from the onset of spasms to initial treatment, and most of the
patients had a short treatment lag. Therefore, it is not likely that
the delay of treatment caused the abnormal findings on DTI and
poor developmental outcome.

CONCLUSIONS
DTI revealed white matter abnormalities in patients with WS of
unknown etiology. These DTI abnormalities correlated with cognitive and motor development, seizure outcome, EEG abnormality, and PET hypometabolism. Serial DTI appears useful for assessing maturational status and detecting underlying pathology.
The hypothesis of delayed myelination and microstructural abnormality causing the abnormal findings on DTI needs to be assessed by pathologic correlation, higher resolution neuroimaging,
and correlation with therapeutic interventions.
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ABSTRACT
BACKGROUND AND PURPOSE: The severity of Moyamoya disease is generally scaled with conventional angiography and nuclear
medicine. Arterial spin-labeling MR imaging is now acknowledged for the noninvasive quantiﬁcation of cerebral blood ﬂow. This study
aimed to analyze CBF modiﬁcations with statistical parametric mapping of arterial spin-labeling MR imaging in children undergoing an
operation for Moyamoya disease.
MATERIALS AND METHODS: We included 15 children treated by indirect cerebral revascularization with multiple burr-holes
between 2011 and 2013. Arterial spin-labeling MR imaging and T1 sequences were then analyzed under SPM8, according to the
general linear model, before and after the operation (3 and 12 months). Voxel-based analysis was performed at the group level,
comparing all diseased hemispheres with all normal hemispheres and, at the individual level, comparing each patient with a control
group.
RESULTS: Group analysis showed statistically signiﬁcant preoperative hypoperfusion in the MCA territory in the Moyamoya hemispheres and a signiﬁcant increase of cerebral perfusion in the same territory after revascularization (P ⬍ .05 family-wise error–
corrected). Before the operation, individual analysis showed signiﬁcant hypoperfusion for each patient co-localized with the
angiographic defect on DSA. All except 1 patient had improvement of CBF after revascularization, correlated with their clinical
status.
CONCLUSIONS: SPM analysis of arterial spin-labeling MR imaging offers a noninvasive evaluation of preoperative cerebral hemodynamic
impairment and an objective assessment of postoperative improvement in children with Moyamoya disease.
ABBREVIATIONS: ASL ⫽ arterial spin-labeling; MM ⫽ pediatric Moyamoya disease; SPM ⫽ statistical parametric mapping

M

oyamoya disease (MM) is a vascular disease defined by a
progressive occlusion of the supraclinoidal internal carotid
arteries along with the development of leptomeningeal collaterals.1 Its natural history includes occurrence of transient ischemic
attacks, ischemic strokes, or intracerebral hemorrhage. Because
there is currently no efficient medical treatment, cerebral revas-
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cularization is the sole option when cerebral hemodynamics are
compromised. Currently, morphologic MR imaging is sufficient
for the diagnosis of MM because it shows arterial stenosis and its
consequences on the brain (ischemic strokes, ivy sign).2,3 However, selection of surgical candidates requires a grading of MM
severity with a measure of the cerebral blood flow. Several
imaging techniques are available, such as xenon-enhanced CT
or DSC-weighted MR imaging; however, nuclear medicine
with H2[150]-PET and 123I-iodoamphetamine SPECT studies
is still the criterion standard to quantify alteration of CBF and
cerebrovascular reserve.4
Recently, to avoid radiation exposure, arterial spin-labeling
(ASL) MR imaging has been successfully developed to quantify
CBF alterations in different stroke conditions, including MM.5,6
This MR imaging has the advantage of being noninvasive because
it uses water protons as an endogenous tracer to measure CBF,
rather than intravenous injection of a contrast agent, which may
be a concern in the pediatric population. Because children under-

FIG 1. Methodology of the voxel-based ASL MR imaging analysis at the group level. For each of the 15 patients, smoothed normalized MRIs
were split into 2 distinct hemispheres. The right hemispheres are ﬂipped along the midsagittal plane. Five patients had bilateral Moyamoya
disease, whereas 10 patients had unilateral disease; therefore there are 20 hemispheres in the Moyamoya hemisphere group and 10
hemispheres in the healthy group. Preoperative hypoperfusion maps were generated while comparing non-Moyamoya with Moyamoya
hemispheres with a voxel-based analysis according to the general linear model. Postoperative reperfusion maps were obtained with
intrinsic comparison of the Moyamoya hemisphere group 3 months after the operation with the preoperative ASL MR imaging, according
to the general linear model.

going an operation for MM need repeated quantification of their
CBF before and after surgery, ASL MR imaging may be of particular interest, and statistical approaches, as described with statistical parametric analysis (SPM) of ASL MR imaging in cognitive
series, may allow intraindividual and group analysis of CBF comparisons before and after the operation.7 This could allow a noninvasive follow-up of patients having undergone an operation and
help to prevent recurrent stroke in patients with persistent
hypoperfusion.
The aim of the present study was to analyze the modifications of cerebral blood flow in a European cohort of 15 children with Moyamoya disease consecutively treated with indirect cerebral revascularization, by using SPM analysis at the
individual and group levels, with pseudocontinuous ASL MR
imaging.

MATERIALS AND METHODS
Study Design
We performed a monocentric retrospective analysis of all patients
having undergone an operation for a MM between 2011 and 2013.
A preoperative MR imaging was performed the week before the
operation, and 2 MR imaging examinations were performed according to the same protocol 3 months and 1 year after the operation, respectively.

Patients
Indications for cerebral revascularization were decided in a multidisciplinary meeting according to clinical, angiographic, and
MR imaging data. PET and SPECT studies were not performed
because they were not available in our hospital.
All patients having undergone an operation between 2011 and
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FIG 2. Methodology of the voxel-based ASL MR imaging analysis at the individual level. For each patient, ASL MR imaging was coregistered with
the T1 MR imaging and then smoothed and normalized under SPM8. A voxel-based analysis was then performed between the patients with ASL
MR imaging and the group of 13 healthy children, with the general linear model under SPM8. Areas with signiﬁcant hypoperfusion were then
displayed on the normalized gray matter (blue areas).

2013 were included in the study. Postoperative outcome was assessed by a pediatric neurologist in regard to postoperative ischemic events (TIA and strokes).
We used a control group with 13 subjects comparable for age
(mean age, 6.8 ⫾ 2.8 years; range, 3–11 years) and sex (male/
female ratio ⫽ 0.75). Their anatomic brain MR imaging findings
were normal, and indications for imaging were the following: systemic disease (n ⫽ 5), mild psychiatric disorder (n ⫽ 3), ophthalmologic disorder (n ⫽ 3), and headaches (n ⫽ 2). None had
neurologic or neurosurgical disorders.

Surgical Technique
All patients underwent the operation with the same indirect cerebral revascularization technique: multiple burr-hole surgery.8
Briefly, a uni- or bilateral coronal incision with subgaleal dissection exposes the skull vault. Between 15 and 20 burr-holes are
drilled according to the following technique: A triangular periosteal flap is elevated, a ⬍1 cm burr-hole is drilled, and the dura and
arachnoid layers are opened. The flap is then inserted in the subdural space; and 2 layers of watertight closure of the skin are made,
with or without drainage. Progressive spontaneous anastomoses
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then occur between pial vessels and external carotid branches
during the weeks following the operation.

MR Imaging Sequences
MR images were obtained on a 1.5T Signa HDxt system (GE
Healthcare, Milwaukee, Wisconsin) by using a 12-channel headneck-spine coil. Brain MR imaging protocol included at least a 3D
T1-weighted fast-spoiled gradient-recalled sequence (TR/TE,
16.4/7.2 ms; flip angle, 13°; matrix size, 512 ⫻ 512; FOV, 22 ⫻ 22
cm, with 228 axial sections at a thickness of 0.6 mm) and 3D
time-of-flight, axial FLAIR, axial T2-weighted, and diffusion and
noncontrast perfusion imaging with 3D pseudocontinuous ASL
MR imaging (40 axial partitions of 4 mm thickness; FOV, 240 ⫻
240 mm; acquisition matrix, 8 spiral arms in each 3D partition;
TE, 10.5 ms; TR, 4428 ms; postlabeling delay, 1025 ms; flip angle,
155°; acquisition time, 4 minutes 17 seconds). No injection was
required.
MR images were acquired before the operation (t0) and 3 (m3)
and 12 months (m12) after the operation without general anesthesia. Sleep could be induced by premedication when needed
(0.2 mg/kg of sodium pentobarbital) before 6 years of age.

FIG 3. Quantitative analysis of ASL MR imaging. A, Preoperative ASL MR imaging. Note hypoperfusion on the right frontal lobe and central region. The
color scale unit of the CBF map is mL/100 mg/min. B, Postoperative ASL MR imaging (12 months after the operation) of the same patient. Note increased
CBF, with normal values of CBF in the frontal lobe and central area. C, Diagram shows the evolution of CBF values in an ROI in the frontal lobe (white
circle on A and B) for each patient before the operation and 3 and 12 months after the operation. Preop indicates preoperative.

Statistical Methods: Voxel-Based Analysis of ASL MR
Imaging
MR images were preprocessed by using statistical parametric
mapping (SPM8 software; www.fil.ion.ucl.ac.uk/spm/software/
spm8), implemented in Matlab (MathWorks, Natick, Massachusetts) and analyzed by using a voxel-based approach. Native T1weighted images were segmented into gray matter, white matter,
and CSF by using the VBM8 segmentation toolbox (http://
www.neuro.uni-jena.de/vbm/).9 The ASL images were coregistered to the corresponding native gray images and spatially normalized to the Montreal Neurological Institute space by using the
deformation matrices from the segmentation process. The resulting ASL images were smoothed by using an isotropic Gaussian
filter of 10 mm. To compare Moyamoya and non-Moyamoya
hemispheres, we generated mirror images by flipping each
smoothed ASL image about the sagittal plane through the midline. Only the left unflipped hemisphere and the right flipped
hemisphere were considered within the statistical analyses. Voxelbased group analyses (Fig 1) were performed within the framework of the general linear model by using a flexible factorial design considering 3 factors: subject, time (t0, m3, m12), and
hemisphere status (healthy versus Moyamoya disease). Sex, etiology, relapse, and types of symptoms were included as confounding covariates. A proportional scaling of the ASL data was applied
and set to a grand mean scaled value of 50 mL/dL/min to minimize intersubject variability.
Eventually, we performed individual analyses. We used a con-

trol group of 13 subjects matched with our patient group for sex
and age. For each patient, we performed a voxel-based comparison between the control group and the patient ASL images preoperatively and at last follow-up (Fig 2).
The significance level was set to P ⫽ .05 corrected, family-wise
error– corrected for multiple comparisons at the voxel level with a
masking threshold set to 70 mL/dL/min.

Statistical Methods: Quantitative Analysis of ASL MR
Imaging
A 1-cm ROI was also chosen in the frontal lobe (Fig 3), where GE
software quantified CBF, before and after the operation. The ROI
was chosen at the level of the corpus callosum, in the anterior
third of the dorsolateral frontal lobe cortex because this region
displayed important variations of CBF on the SPM analysis at the
group and the individual levels. Moreover, this area in the MCA
territory is particularly affected in Moyamoya vasculopathy.
Statistical analysis then compared preoperative and postoperative values, in the Moyamoya hemispheres and in the healthy
hemispheres, with the Friedman nonparametric test.

RESULTS
Patients
Fifteen children were included in the study. A summary of the
patient characteristics is shown in Table 1. Bilateral revascularization was performed in 5 patients, and unilateral revascularization,
AJNR Am J Neuroradiol 37:706 –12
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Table 1: Summary of patient characteristics
Characteristic
Median age at operation
Range
Sex
10 Males/5 females
Ethnic origin
Caucasian
North African
Sub-Saharan African
Asian
Etiology
Disease
NF-1
Down syndrome
CBL gene mutation
Modality of revelation
Ischemic stroke
TIA
MRI follow-up NF-1
ICH
Headaches
Clinical symptoms
Neurologic deﬁcits
Partial
Severe
Headaches
Epilepsy
No symptoms
Preoperative stroke on MRI
No stroke
Single territory
Multiple territory
ICH/IVH
Surgery (multiple burr-holes)
Bilateral
Unilateral right
Unilateral left
Postoperative outcome
Follow-up
Recurrent TIAs
Second surgery needed

ASL MR Imaging: Group Analysis
6.8 ⫾ 3.4 y
2.7–14 y
M/F ratio ⫽ 2
11
2
1
1
8
5
1
1
5
3
3
3
1
6
4
2
6
3
3
6
5
1
3
5
6
4
28 ⫾ 7 mo
1
1

Note:—NF-1 indicates neuroﬁbromatosis type 1; ICH, intracerebral hematoma; CBL,
casitas B lineage lymphomas; IVH, intraventricular hemorrhage.

in 10 patients. Recurrence of TIA in 1 patient required a second
revascularization procedure.

ASL MR Imaging: Direct Quantitative Analysis
In the hemispheres affected by Moyamoya vasculopathy, the
mean preoperative CBF in the frontal lobe was 22 ⫾ 6.3 mL/
100 mg/min (range, 13–34 mL/100 mg/min), whereas it was 65 ⫾
13.6 mL/100 mg/min (range, 42– 86 mL/100 mg/min) and 73 ⫾
13.4 mL/100 mg/min (range, 54 –96 mL/100 mg/min) 3 and 12
months after the operation, respectively (Fig 3 and Table 2). This
increase was statistically significant (Friedman nonparametric
test, P ⬍ .001).
On the other hand, in the non-Moyamoya hemispheres,
mean preoperative CBF in the frontal lobe was 80.8 ⫾ 11.3
mL/100 mg/min (range, 64 –93 mL/100 mg/min), and there
was no statistically significant change postoperatively (Friedman test, P ⫽ .703) after 3 months (mean CBF, 83 ⫾ 10.8
mL/100 mg/min; range, 61–94 mL/100 mg/min) and 12
months (mean CBF, 83.2 ⫾ 10.7 mL/100 mg/min; range, 62–93
mL/100 mg/min).
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Comparison of MM hemispheres (n ⫽ 20) with non-MM hemispheres (n ⫽ 10) at t0 showed a preoperative significant decrease
of CBF (P ⬍ .05 family-wise error– corrected) located in the MCA
territory (Fig 4).
Intrinsic comparison of the MM hemispheres between t0
and follow-up showed a significant increase of the CBF
(P ⬍ .05 family-wise error– corrected) within the frontal
lobe and temporoparietal junction at 3 months (m3) and 12
months (m12) after the operation. Conversely, intrinsic comparisons of the healthy hemisphere at m3 and m12 with the
preoperative period did not show any significant modification
of the CBF.

ASL MR Imaging: Individual Analysis
Preoperative comparisons of individual patients with MM with
the control group showed, in all the cases, hypoperfusion (P ⬍ .05
family-wise error– corrected) in the MCA territory (Fig 5). Postoperative comparison of individual patients with MM with the
control group showed dramatic improvement of cerebral perfusion in the operated territory. This was correlated with a good
clinical outcome (no postoperative stroke or TIA) in all except 1
patient.
Most interesting, this latter patient had recurrent TIA, and
statistical analysis showed persistent hypoperfusion, co-localized
within an area where no burr-holes had been drilled, allowing a
further targeted second-stage operation.
In another patient with good clinical results, contralateral
asymptomatic hypoperfusion in the anterior cerebral artery territories was detected.

DISCUSSION
We report a prospective series of 15 children undergoing an
operation for a Moyamoya disease with indirect cerebral revascularization followed by pre- and postoperative (3 months and 1
year after the operation) ASL MR imaging. Statistical parametric
mapping analysis of ASL MR imaging showed, at the group level,
preoperative statistical hypoperfusion in the MCA territory and a
postoperative increase of CBF in the same territory after the operation. Individual analysis displayed, in all cases, territories of
statistically significant hypoperfusion in the MCA territory and a
postoperative improvement in all except 1 case.
The present study has some biases. We did not evaluate the
cerebrovascular reserve, and ASL MR imaging was not compared
with other reference imaging like PET, SPECT, perfusion CT, or
DSC MR imaging because these techniques were not performed
in our center.
In the present study, we provide more evidence to support
pseudocontinuous ASL MR imaging in the initial cerebral perfusion assessment and follow-up of MM. This technique does not
require contrast injection and allows quantification of the cerebral blood flow and cerebrovascular reserve (if acetazolamide
studies are performed). Its first application in MM was reported
in 2011, with the demonstration of good agreement between ASL
MR imaging and DSA, in showing spontaneous transosseous
collaterality. In this study, ASL sensitivity and specificity were
0.83 and 0.82, respectively.5 Further studies, mainly from Ja-

Table 2: Quantitative CBF values from the frontal lobe ROIa
Healthy Hemisphere CBF
Value (mL/100 mg/min)
Side of the
Patient
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Disease
Bilateral
Unilateral right
Unilateral left
Unilateral left
Bilateral
Bilateral
Bilateral
Unilateral right
Unilateral right
Unilateral right
Unilateral right
Bilateral
Bilateral
Unilateral left
Unilateral right

Preop
NA
64
93
78
NA
NA
NA
78
79
92
91
NA
NA
64
89

M3
NA
71
94
86
NA
NA
NA
81
90
90
82
NA
NA
61
92

Diseased Hemisphere CBF
Value (mL/100 mg/min)
M12
NA
62
91
88
NA
NA
NA
81
90
93
88
NA
NA
69
87

Preop
19
19
28
32
23
30
34
13
21
22
26
22
13
20
18

M3
62
57
75
68
82
60
67
86
65
65
82
58
46
44
42

M12
75
66
75
85
90
65
90
88
71
96
61
54
61
62

Note:—NA indicates no available data because there was no healthy hemisphere; Preop, preoperative.
a
In case of bilateral disease, an ROI in the right hemisphere was chosen.

FIG 4. Results of SPM analysis of cerebral perfusion at the group level. The signiﬁcance level is set at P ⬍ .05. Color bar displays the z score.
T0: Comparison of Moyamoya hemispheres with healthy hemispheres before the operation. The blue areas represent cerebral areas with
statistically signiﬁcant hypoperfusion in the Moyamoya hemisphere group. M3: Comparison of Moyamoya hemispheres 3 months after
the operation with Moyamoya hemispheres before the operation. The yellow and red area shows cerebral areas with a signiﬁcant increase
in cerebral blood ﬂow 3 months after revascularization. M12: Comparison of Moyamoya hemispheres 12 months after the operation with Moyamoya
hemispheres before the operation. The yellow and red area shows cerebral areas with a signiﬁcant increase in cerebral blood ﬂow 12 months after
multiple burr-hole operations. There is an increase of the z score and the size of the revascularized area.

pan, focused on the ability of ASL-MR imaging to quantify
decreased CBF. Quantitative analysis of ASL MR imaging and
comparison with the values measured with 123I-iodoamphetamine SPECT in patients with MM showed that ASL MR imaging could identify a decrease of CBF, which was of less amplitude
than the decrease measured with SPECT studies.10 The correlation between CBF values and cerebrovascular reserve measured
with SPECT studies in MM was good (r ⫽ 0.80)11,12 and comparable with studies addressing carotid stenosis from other etiologies (r ⫽ 0.92).13
Most interesting, ASL values were adversely affected by the
degree of steno-occlusive changes assessed by MRA on the carotid
bifurcation.14 Comparisons of CBF measured with ASL MR imaging in MM were also performed with H2[150]-PET studies and
dynamic susceptibility contrast MR imaging, with an excellent
correlation (r ⫽ 0.79 and 0.67, respectively).6,15 Excellent correlations between arterial transit time and cerebral blood flow val-

ues were also found between perfusion CT and pseudocontinuous
ASL MR imaging.16
In the present study, quantitative analysis of CBF in the frontal
lobe showed postoperative improvement in the Moyamoya hemispheres and not in the healthy hemispheres. However, selection of
an ROI introduces some bias because it depends on the observer’s
choice and limits the spatial sampling of the cerebral cortex.
Therefore, we also used another methodology to analyze CBF
with ASL MR imaging, by analyzing variation with the norm
(healthy hemispheres or control subjects) rather than quantifying
absolute CBF values. To minimize intersubject variations of CBF
and to increase the sensitivity of this imaging technique, we used
whole-brain normalization and voxel-based analysis of ASL MR
imaging, as previously described in cognitive studies.7 At the
group level, we were able to display preoperative hypoperfusion in
the MCA territory and a postoperative increase of CBF perfusion,
therefore validating the surgical technique. At the individual level,
AJNR Am J Neuroradiol 37:706 –12
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CONCLUSIONS
SPM analysis of ASL MR imaging in pediatric Moyamoya disease
allows, at the group level, an evaluation of the surgical technique
of revascularization. At the individual level, ASL MR imaging offers a noninvasive evaluation of initial hemodynamic impairment
and objective assessment of postoperative improvement. In addition, ASL MR imaging may help in the decision to retreat in case
of recurrent stroke or TIA.
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Voxel-Based Morphometry and fMRI Revealed Differences in
Brain Gray Matter in Breastfed and Milk Formula–Fed Children
X X. Ou, X A. Andres, X R.T. Pivik, X M.A. Cleves, X J.H. Snow, X Z. Ding, and X T.M. Badger

ABSTRACT
BACKGROUND AND PURPOSE: Infant diets may have signiﬁcant impact on brain development in children. The aim of this study was to
evaluate brain gray matter structure and function in 8-year-old children who were predominantly breastfed or fed cow’s milk formula as
infants.
MATERIALS AND METHODS: Forty-two healthy children (breastfed: n ⫽ 22, 10 boys and 12 girls; cow’s milk formula: n ⫽ 20, 10 boys and
10 girls) were studied by using structural MR imaging (3D T1-weighted imaging) and blood oxygen level– dependent fMRI (while performing
tasks involving visual perception and language functions). They were also administered standardized tests evaluating intelligence (Reynolds
Intellectual Assessment Scales) and language skills (Clinical Evaluation of Language Fundamentals).
RESULTS: Total brain gray matter volume did not differ between the breastfed and cow’s milk formula groups. However, breastfed
children had signiﬁcantly higher (P ⬍ .05, corrected) regional gray matter volume measured by voxel-based morphometry in the left
inferior temporal lobe and left superior parietal lobe compared with cow’s milk formula–fed children. Breastfed children showed significantly more brain activation in the right frontal and left/right temporal lobes on fMRI when processing the perception task and in the left
temporal/occipital lobe when processing the visual language task than cow’s milk formula–fed children. The imaging ﬁndings were
associated with signiﬁcantly better performance for breastfed than cow’s milk formula–fed children on both tasks.
CONCLUSIONS: Our ﬁndings indicated greater regional gray matter development and better regional gray matter function in breastfed
than cow’s milk formula–fed children at 8 years of age and suggested that infant diets may have long-term inﬂuences on brain development in children.
ABBREVIATIONS: BF ⫽ breastfed; CELF-4 ⫽ Clinical Evaluation of Language Fundamentals, Fourth Edition; IQ ⫽ intelligent quotient; MF ⫽ cow’s milk formula-fed;
RIAS ⫽ Reynolds Intellectual Assessment Scales; VBM ⫽ voxel-based morphometry

T

he World Health Organization recommends exclusive breastfeeding, which has been associated with better school performance and neurocognitive development in children by multiple
studies.1-5 When breastfeeding is not possible or not chosen,
cow’s milk formula has been frequently the formula of choice.
Milk formula is made with bovine milk protein, and while the
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amino acid composition is similar to that of human breast milk,
there are differences in the overall composition of milk formula
and human breast milk. It is possible that these differences can
impact the developing brain and therefore contribute to the observed long-term benefits on neurodevelopment associated with
breastfeeding. In fact, studies are beginning to appear showing an
association between breastfeeding and better development in
brain structures, such as increased white matter volume, greater
cortical thickness, and increased microstructural integrity and
myelin water fraction in white matter.6-9
Rapid advances of neuroimaging methods10 have made possible more comprehensive evaluation of brain development in children. For example, regional gray matter volume measured by MR
imaging voxel-based morphometry (VBM) provides a wholebrain region-specific evaluation of the deep gray matter and brain
cortex.11 Gray matter consists mostly of neuronal cell bodies that
generate and process nerve signals underlying brain function. Numerous VBM studies have revealed abnormal gray matter in difAJNR Am J Neuroradiol 37:713–19
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ferent brain regions in children with a variety of neurodevelopmental or psychological disorders.12-14 VBM analysis of infant
diet effects has not been previously reported, to our knowledge.
However, other dietary factors, such as breakfast composition,
have shown effects on regional gray matter volume in children.15
Dietary effects on brain gray matter revealed by structural MR
imaging may be complemented by measures of brain functioning
obtained by using fMRI. Currently, there is a lack of literature on
the use of fMRI to study differences in brain functioning associated with infant diets. For example, although breastfeeding has
been associated with better receptive and expressive language development in children16 and longer breastfeeding duration was
associated with higher receptive language scores at 3 years of age
and with higher verbal intelligence quotient (IQ) at 7 years of
age,17 it is not known whether fMRI procedures would reveal
diet-specific effects during brain processing on language tasks in
children fed different diets as infants.
The aim of this study was to evaluate brain gray matter structure and function in 8-year-old healthy children who were fed
predominantly breast milk (BF) or cow’s milk formula (MF) during the first year of life. We hypothesized that breastfeeding benefits brain gray matter development and functioning in children.
To test this hypothesis, we compared VBM measures of regional
gray matter volume and fMRI measures of brain activation when
performing visual perception and language tasks between BF and
MF children. Measures of fMRI task performance and overall IQ
and language skills were also compared between groups.

MATERIALS AND METHODS
Participants
Healthy 7.5– 8.5-year-old children who had parental report of
predominant breast milk or cow’s milk-based formula feeding
during infancy were recruited for this study. All procedures were
approved by the University of Arkansas for Medical Sciences review board. Assents and consents were obtained from the participants and their parents. BF infants were all exclusively breastfed
for at least 8 months (average, 12.6 months). MF infants were fed
the same type of cow’s milk– based formula after birth for at least
8 months. Infants were introduced to complementary foods on
average around 5 months of age. All participants were righthanded and born full-term with birth weight between the fifth
and 95th percentiles. None had a medical history of psychological/psychiatric diagnoses or neurologic impairment or injury. In
addition, none of their mothers reported alcohol, tobacco, drug,
or psychotropic medications use during pregnancy. All participants underwent an MR imaging examination including a structural scan and an fMRI study. After we excluded those who did
not complete the MR imaging scan or had excessive motion and
apparent imaging artifacts, valid structural imaging data were obtained for 42 children (BF: n ⫽ 22, 10 boys, 12 girls; MF: n ⫽ 20,
10 boys, 10 girls), and all except 1 MF girl had valid fMRI data.
Participants were administered the Reynolds Intellectual Assessment Scales (RIAS) test, which measures verbal, nonverbal, and
composite IQ, and the Clinical Evaluation of Language Fundamentals (CELF-4) test, which measures receptive, expressive, and
overall language abilities. The RIAS and CELF-4 tests were supervised by a licensed pediatric psychological examiner. In addition,
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Table 1: Demographic information, family background, and test
scores of the study participants
BF
MF
P Value
Demographics
No. (boys/girls) for VBM
22 (10/12)
20 (10/10)
Birth weight (kg)
3.5 ⫾ 0.4
3.4 ⫾ 0.5
.47
Weight (kg)
27.8 ⫾ 6.3
27.5 ⫾ 5.5
.98
Height (cm)
128 ⫾ 5
129 ⫾ 4
.25
BMI
17.0 ⫾ 3.4
16.5 ⫾ 2.6
.62
Age at MRI (yr)
7.98 ⫾ 0.29
7.95 ⫾ 0.25
.71
Family background
.24
Mother’s educationa (%) 35.7/42.9/21.4 8.3/50/41.7
.99
Father’s educationa (%) 35.7/50/14.3 33.3/58.3/8.3
0/41.7/58.3 .08
Household incomeb (%) 21.4/57.1/21.4
Test scores
Verbal IQ
110 ⫾ 16
107 ⫾ 17
.50
Nonverbal IQ
111 ⫾ 13
114 ⫾ 16
.73
Composite IQ
111 ⫾ 13
110 ⫾ 15
.68
CELF-4 (receptive)
104 ⫾ 11
100 ⫾ 15
.45
CELF-4 (expressive)
108 ⫾ 10
104 ⫾ 12
.33
CELF-4 (overall)
104 ⫾ 12
100 ⫾ 15
.41
Note:—BMI indicates body mass index.
a
High school or partial college/college graduate/graduate school.
b
⬍$50,000/$50,000 –$70,000/⬎$70,000.

we were able to obtain family background information, including
parents’ education and income, for 26 subjects (12 MF and 14 BF
children). The demographic information, family background,
and test scores for all subjects are listed in Table 1.

MR Imaging Protocol
All MR imaging scans were performed on a 1.5T Achieva scanner
(Philips Healthcare, Best, the Netherlands) with a 60-cm bore
size, 33-mT/m gradient amplitude, and 100-mT/m/ms maximum
slew rate at our institution. The built-in body coil was used as a
transmitter, and a standard 8-channel sensitivity encoding head
coil was used as a receiver. Imaging sequences included a sagittal
T1-weighted 3D turbo field echo sequence for structural MR imaging with the following parameters: TR, 7.3 ms; TE, 3.4 ms; flip
angle, 8°; acquisition voxel size, 1 ⫻ 1 ⫻ 1 mm; matrix size, 256 ⫻
232 ⫻ 150; 2 averages; scan time, ⬃7 minutes; and an axial singleshot gradient-echo-planar imaging sequence for functional MR
imaging with the following parameters: TR, 3000 ms; TE, 50 ms;
flip angle, 90°; acquisition voxel size, 2.4 ⫻ 2.4 ⫻5 mm; matrix
size, 92 ⫻ 92 ⫻ 20; 208 dynamic scans; 2 dummy scans; scan time,
⬃10 minutes.

Structural MR Imaging Data Processing
The raw T1-weighted 3D images were exported to a workstation
with Matlab software (MathWorks, Natick, Massachusetts) for
VBM analysis. The VBM8 toolbox for statistical parametric mapping (SPM8; http://www.fil.ion.ucl.ac.uk/spm/software/spm8)
was used. A pediatric T1 template (⬃8 years of age) and customized tissue probability maps were created on the basis of National Institutes of Health data by the Template-O-Matic toolbox
(https://irc.cchmc.org/software/tom/agreement.php),18 and the
T1 images were then segmented into gray matter, white matter,
and CSF by VBM8 by using default parameters. Nonlinear modulated normalized gray matter images were generated that enable
analysis of relative differences in regional gray matter volume,
corrected for individual brain size. The images were displayed and

reviewed to ensure that segmentation and normalization procedures worked properly and were then smoothed by using a Gaussian kernel of full width at half maximum, 8 mm in each direction.
The smoothed gray matter images were used for the subsequent
voxelwise statistical analysis between the BF and MF groups. Although there were no significant sex or age differences between
groups, sex and age were included as covariates in the VBM analysis because the brain is still developing at 8 years of age and there
are possible sex differences in the human brain.19

fMRI Protocol
All participants were trained before the fMRI study to perform the
perception and language tasks. The tasks were adopted from the
literature20 with modifications regarding timing and design and
incorporated into an fMRI paradigm designed on E-Prime software (Psychology Software Tools, Pittsburgh, Pennsylvania). For
the perception task, the participants were requested to determine
whether 2 symbols on the screen (ie, ⁄ ) matched those presented
on the previous screen (eg,  , / /,  /). For the language task, participants were requested to determine whether 2 words presented
on 1 screen after another rhymed. A block design consisting of 8
perception blocks and 8 language blocks alternating with each
other was used for the fMRI. Each block included 9 trials, and each
trial included presentation of symbols (perception block) or
words (rhyming block) followed by a 2000-ms interval during
which the participants were to make responses by pressing either
the “yes” or “no” key on a touchpad of an Eloquence fMRI system
(Invivo, Gainesville, Florida).

fMRI Data Processing
Gradient-echo EPI acquired during fMRI examinations was exported to a workstation with BrainVoyager software (Brain Innovation, Maastricht, the Netherlands) for fMRI data processing.
Cubic spline interpolation was used for slice scan time correction.
Images from the first dynamics were used as a reference, and
translation and rotation of images in subsequent dynamics were
plotted in all directions to illustrate motion. Trilinear estimation
and interpolation were used for 3D-motion correction. An 8-mm
full width at half maximum Gaussian filter was used for spatial
smoothing. Linear trend removal and a high-pass filter with 3
cycles/points were used for temporal filtering. The T1-weighted
3D images were also exported to BrainVoyager to create an anatomic image series, and the processed fMRI was coregistered to
the anatomic images automatically. The 3D dataset with anatomic
images and fMRI information was then transformed to the Talairach atlas to create a 3D-aligned time course dataset. A stimulation protocol was then created in BrainVoyager to represent the
block design (with hemodynamic response function refinement)
used in the fMRI scans. General linear model analysis was performed to calculate activation maps for the 3D-aligned time
course dataset for each subject. The average activation maps for
each diet group were calculated by a multistudy multisubject general linear model. The total activation cluster size in each brain
lobe that exhibited activation at a statistical threshold of P ⬍ .001
corrected was calculated for each subject and compared between
groups. In addition, task performance parameters, such as the
percentage of responses and the percentage of correct answers

FIG 1. BF children had better performance for fMRI perception and
language tasks. PA indicates percentage of correct answer for the
perception task; PR, percentage of response for the perception task;
LA, percentage of correct answer for the language task; LR, percentage of response for the language task. The asterisk indicates P ⬍ .05.

made within the allocated time interval in each trial, were also
compared between groups.

Statistical Analysis
For comparisons of demographic parameters, IQ and language
test scores, total gray matter volume, and fMRI task performance
parameters among groups, Wilcoxon rank sum tests were used for
significant differences (P ⬍ .05). Comparison of other non-numeric family background parameters were made by using the
Fisher exact test. For the VBM comparisons of regional gray matter volume among groups, P ⬍ .001 uncorrected with a cluster
size threshold of 30 voxels was used to illustrate overall differences, and P ⬍ .05 (family-wise error– corrected cluster level) was
used to determine regions with significantly different regional
gray matter volumes. Sex and age were included as covariates for
all analyses. For the calculation and illustration of average fMRI
activation maps in each group, the statistical threshold was set at
P ⬍ .001 after Bonferroni correction for multiple comparisons
and the cluster size threshold was set at 30 voxels. For the statistical comparison of fMRI activation cluster size between groups,
P ⬍ .001 after Bonferroni correction (for the activation maps) was
used to calculate total cluster size in each brain lobe in each subject, and Wilcoxon rank sum tests were used to determine significant differences (P ⬍ .05) between groups.

RESULTS
The weight, height, body mass index, and age at MR imaging were
not different between the BF and MF children (Table 1). The
family background parameters were also not different between
groups. The RIAS IQ and CELF-4 scores did not differ between BF
and MF. However, BF children performed better on both fMRI
tasks, as indicated by the percentage of responses made within the
designated time interval and the percentage of correct answers
(Fig 1) in which BF and MF children differed significantly on 3 of
the 4 measures.
Total gray matter volume (763 ⫾ 65 cm3 and 761 ⫾ 78 cm3 for
the BF and MF children, respectively) did not differ between
groups. However, BF children had higher regional gray matter
volume than MF children in multiple brain regions (Fig 2). Specifically, at a statistical threshold of P ⬍ .001 (uncorrected) with a
cluster size of ⱖ30 voxels, regional gray matter volume was
AJNR Am J Neuroradiol 37:713–19
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greater for BF than MF children in the left and right parietal and
left temporal lobes (Fig 2A), while there were no regions with
lower gray matter volume (Fig 2B). At a statistical threshold of
P ⬍ .05 (family-wise error– corrected), 1 region in the left supe-

rior parietal lobe (Fig 2C) and 1 region in the left inferior temporal lobe (Fig 2D) had significantly higher gray matter volume in BF than MF children, and no region had lower gray
matter volume.
Average fMRI activation maps for
the perception task (Fig 3; P ⬍ .001,
Bonferroni-corrected cluster size of ⱖ30
voxels) showed widespread activation in
the left and right middle temporal gyri,
superior parietal gyrus/precuneus, and
right superior/middle frontal gyri for BF
children, while MF children had fewer
activation regions, which mainly involved the right middle temporal gyrus
and superior parietal gyrus/precuneus.
Average fMRI activation maps for the
language task (Fig 4, P ⬍ .001, Bonferroni-corrected cluster size of ⱖ30 voxels) showed that BF children had widespread activation in the left and right
lingual gyri and cuneus and left fusiform
and the left middle/inferior frontal gyri,
while MF children had similar overall
activation except for less left temporal
lobe activation. The total activation
cluster size (P ⬍ .001, Bonferroni-corrected) calculated for individual subjects
in each of the involved brain areas (Table 2) showed significantly more activation for BF children in the right frontal
and left and right temporal lobes for the
perception task and in the left temporal/
occipital lobes for the language task (all,
P ⬍ .05).

FIG 2. Comparison of regional gray matter volume measures by VBM. The results are shown in a
3-plane projection view in A and B, in which the statistical threshold was set at P ⬍ .001 uncorrected, with a cluster size of ⱖ30 voxels. A, Multiple regions had higher gray matter volumes in BF
than MF children. B, No region had higher gray matter volume in MF than BF children. Regions with
signiﬁcantly higher (P ⬍ .05, corrected) gray matter volume in BF than MF children were overlaid
on the customized gray matter template for 8-year-old children (1 region in the left superior
parietal lobe, C, and 1 region in the left inferior temporal lobe, D). All images are displayed in
radiologic convention (left/right ﬂipped).

DISCUSSION
The total brain gray matter volume did
not differ between BF and MF children
in our study. This is consistent with a
previous report that did not observe a
significant correlation between breast

FIG 3. Average activation maps for the fMRI perception task for BF (top row) and MF (bottom row) children. Activated regions are highlighted
in blue/green. The threshold was set at P ⬍ .001 after Bonferroni correction and a cluster size of ⱖ30 voxels. All images are displayed in radiologic
convention (left/right ﬂipped). BF children had more extensive activation in the right frontal and left/right temporal lobes.
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FIG 4. Average activation maps for the fMRI language task for BF (top row) and MF (bottom row) children. Activated regions are highlighted in
yellow/orange. The threshold was set at P ⬍ .001 after Bonferroni correction and a cluster size of ⱖ30 voxels. All images are displayed in
radiologic convention (left/right ﬂipped). BF children had more extensive activation in the left temporal lobe.
Table 2: Comparison of the fMRI-activation total cluster size (No.
of voxels)a
BF Mean
MF Mean
(SE)
(SE)
P Value
Perception fMRI
Right frontal
1280 (814)
6 (6)
.002b
Parietal
1263 (488)
723 (546)
.445
Left temporal
1394 (680)
112 (86)
.011b
Right temporal
2263 (1364)
33 (22)
.041b
Language fMRI
Left frontal
1125 (616)
261 (113)
.513
Left temporal/occipital
2632 (650)
613 (213)
.04b
Right temporal/occipital
1894 (609)
909 (369)
.251
Note:—SE indicates standard error.
a
BF children had greater activation than MF children for both fMRI tasks.
b
P ⬍ .05.

milk intake and total gray matter volume in ex-preterm children.6
However, these measures of total volume provide a gross assessment of brain structure and may not be sensitive enough to detect
subtle and/or regional differences. On the other hand, regional
gray matter volume analysis by VBM used in the present study can
detect regional differences in the distribution of gray matter, in
addition to providing whole-brain analyses. Our results revealed
multiple brain regions with significantly higher gray matter volume in BF than in MF children. These findings are consistent with
previous reports of better regional gray matter development associated with breastfeeding compared with formula feeding.7,21 Our
VBM analysis observed significant regional gray matter differences in BF-versus-MF children in cortical but not deep gray matter. These results differ from those of Herba et al,21 who showed a
larger gangliothalamic ovoid diameter in BF-versus-formula-fed
infants as quantified by using sonography. These apparent discordant results may be influenced by the brain maturation pattern of
deep gray matter, which develops earlier than cortical gray matter22; thus, diet effects on gray matter may be more prominent in
deep regions during infancy, but in cortical regions during later
childhood. Our VBM analysis identified higher regional gray matter volume in the parietal lobe of BF-versus-MF children, in
agreement with Kafouri et al,7 who reported a positive association
between the duration of exclusive breastfeeding and cortical
thickness of superior and inferior parietal lobules. In addition,
our study also revealed significant regional gray matter volume

differences between BF and MF children in the left inferior temporal lobe, indicating that voxelwise whole-brain analysis may be
more sensitive than the ROI cortical thickness measure. Finally,
the regional gray matter volume comparison by VBM was based
on modulated gray matter attenuation, while the total gray matter
volume was computed from the gray matter segment obtained at
an early stage of the VBM analysis (before volume modulation).
The former approach is more sensitive to local gray matter volume changes, but such changes may not be sufficiently large
enough to be reflected in the total gray matter volume, which is
simply a sum of all voxels segmented as gray matter. The observed
significant decreases of regional gray matter volume in the MF
group may also be accompanied by increases in some gray matter
regions that did not form statistically meaningful clusters (such as
at P ⬍ .001 uncorrected with a cluster size of ⱖ30 in Fig 2B or at
P ⬍ .05 corrected in Fig 2C, -D). Therefore, it is possible that in
our study, the total gray matter volume was not different between
groups but the regional comparison of gray matter showed only
significant decreases in the MF group.
Our fMRI results also indicated that BF children may have
better functional development of gray matter than MF children.
Specifically, when we compared the average activation maps generated at a statistical threshold of P ⬍ .001 (Bonferroni-corrected)
between groups, BF children had significantly more activation in
the right frontal and left/right temporal lobes for the perception
task and in the left temporal lobe for the language task. Greater
brain activation for similar tasks has been observed in healthy
adults versus children20 and correlated with better task performance,23 while reduced activation has been observed in children
with dyslexia,24 indicating that more activation is probably associated with better functional development of the brain. The overall greater brain activation and presumably better functional development in BF than in MF children was consistent with the
fMRI task performance data in our study, which showed significantly better task performance in BF than in MF children and
agreed with literature findings in larger scale studies in which
better language development and higher IQ associated with
breastfeeding were observed.1,17 Greater activation in the left
temporal lobe for both tasks in BF children was also consistent
with our VBM findings, in which higher regional gray matter
volume was detected. The average language fMRI activation maps
AJNR Am J Neuroradiol 37:713–19
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for all children were consistent with activation maps reported for
similar visual rhyming tasks for children,20 and the BF/MF brain
activation differences were significant in the left temporal lobe,
which is important for phonologic processing (rhyming in our
study)20 and involves the fusiform gyrus, which has been regarded
as an important region for visual word processing.25 These results
also suggest that the visual rhyming-language fMRI may be sensitive to differences in language processing associated with infant
diets, despite the fact that the language measures such as verbal IQ
and CELF-4 scores did not differ significantly (except for a trend
toward lower scores in MF children for all language components)
in our relatively small cohort of BF and MF children.
One limitation of our study is that we could not obtain family
socioeconomic status data for some of the subjects and incorporate the background information into covariate analyses. However, the data we were able to collect of parents’ education and
income from the subjects were not different between groups (Table 1). Variables not considered in our study during infancy to 8
years of age may also impact brain development in children and
may be confounders for our observed association between infant
diets and brain development. Nevertheless, the diverse nature of
our recruiting methods (advertisements at health fairs, pediatrician offices, summer camps, schools, social media, and community events) might be expected to lessen the confounding influence of these variables in our study. Another study limitation is
our relatively small sample size, particularly because we were
measuring potentially subtle effects in healthy children. However,
we did find statistically significant VBM and fMRI differences
between our cohorts of BF and MF children. While we did include
sex as a covariate in our analyses, possible cross-sex variations in
the effects of infant diets on gray matter development may need to
be investigated with a larger sample size. Future studies with
larger sample sizes and well-characterized cohorts may be beneficial to better delineate neuroimaging correlates of infant diet effects on children’s brain development.

CONCLUSIONS
We used VBM and fMRI to evaluate the brain gray matter structure and function in healthy 8-year-old children who were predominantly BF or MF during infancy. Our imaging results
showed that BF children had greater gray matter volume in specific brain regions than MF children, despite the total gray matter
volume not being different between groups. Our results also
showed more brain activation for the BF children when processing perception and language tasks. Our results indicate an association between infant diets and long-term brain development in
healthy children.
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ABSTRACT
BACKGROUND AND PURPOSE: Subependymal grey matter heterotopias are seen in a high proportion of children with Chiari II malformation and are potentially clinically relevant. However, despite its growing use, there is little in the literature describing its detection on
fetal MRI. Our aim was to evaluate the accuracy in diagnosing subependymal gray matter heterotopias in fetuses with spinal dysraphism
on fetal MR imaging.
MATERIALS AND METHODS: This study is a retrospective analysis of 203 fetal MRIs performed at a single institution for spinal dysraphism
during a 10-year period. Corresponding obstetric sonography, postnatal imaging, and clinical/operative reports were reviewed.
RESULTS: Of the fetal MRIs reviewed, 95 fetuses were included in our analysis; 23.2% (22/95) were suspected of having subependymal gray
matter heterotopias on fetal MR imaging prospectively. However, only 50% (11/22) of these cases were conﬁrmed on postnatal brain MR
imaging. On postnatal brain MR imaging, 28.4% (27/95) demonstrated imaging ﬁndings consistent with subependymal gray matter heterotopia. Only 40.7% (11/27) of these cases were prospectively diagnosed on fetal MR imaging.
CONCLUSIONS: Fetal MR imaging is limited in its ability to identify subependymal gray matter heterotopias in fetuses with spinal
dysraphism. It is believed that this limitation relates to a combination of factors, including artifacts from fetal motion, the very small size
of fetal neuroanatomy, differences in imaging techniques, and, possibly, irregularity related to denudation of the ependyma/subependyma in the presence of spinal dysraphism and/or stretching of the germinal matrix in ventriculomegaly.
ABBREVIATIONS: GA ⫽ gestational age; SEH ⫽ subependymal gray matter heterotopias; VMG ⫽ ventriculomegaly

F

etal MR imaging plays an important role in the evaluation of
fetuses with suspected central nervous system abnormalities;
the indications for, availability of, and the use of fetal MRI are
increasing.1-3 The role of fetal MR imaging is important in the
evaluation of spinal dysraphisms and is vital in the assessment for
prenatal repair of myelomeningoceles. Because the Management
of Myelomeningocele randomized controlled trial has shown that
prenatal surgery for myelomeningoceles reduces the need for
shunting and may improve neurologic function in some patients,
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MR imaging has become imperative in evaluating these fetuses
before intervention.4-6
Subependymal gray matter heterotopias (SEH) are seen in a
relatively high proportion of children with Chiari II malformation, with a reported incidence as high as 30%.7 Although the
exact implications in this subset of patients are still under investigation, ample reports in the literature describe the clinical relevance of SEH.8-12 Up to 80% of patients with SEH have been
reported to develop epilepsy during their lifetimes, and disorders
of cognition are seen in anywhere from 20% to 60%.9 The presence of SEH also demonstrates a strong association with other
structural anomalies in the brain in addition to Chiari malformation, including cerebral cortical malformations, callosal anomalies, and decreased white matter volume.10-12 However, very little
radiology literature has reported on the detection of SEH on fetal
MR imaging, with only case reports and a few small case series
described.13-15 Many authors believe that SEH can be identified
on fetal MR imaging.3,16,17 In 1 small series of 15 patients, fetal
MR imaging was reported to be up to 100% specific, though only
67% sensitive, in detecting SEH.17 To date, no large series have

varied among scanners and were
changed at times of scanner upgrades to
optimize image quality. At least 2 stacks
in each plane were obtained to the radiologist’s satisfaction. The smallest FOV
possible was used. T1WI of the fetal
brain and body were obtained; however,
they were not useful in identifying additional SEH. Axial DWI of the fetal brain
was inconsistently implemented at the
radiologist’s discretion and was not
helpful in identifying additional SEH in
any of the cases. Images were reviewed
for the presence or absence of ⱖ1 subependymal gray matter heterotropia
identified in at least 2 planes.
All 95 patients included in our analFIG 1. Breakdown of the fetuses included in our study. OEIS indicates omphalocele-exstrophyimperforate anus-spinal defects.
ysis had diagnostic-quality postnatal
brain MRIs available for interpretation,
examined this finding on MR imaging in fetuses with spinal
as determined by the radiologists. The postnatal imaging paramdysraphism.
eters varied because 1 of 6 clinical magnets was used and the
The purpose of this study was to examine the accuracy of diagroutine use of T1 3D spoiled gradient-recalled imaging was not
nosing SEH in fetuses with spinal dysraphism via fetal MR imaging.
implemented until 2009. We found that SEH were best identified
on axial T2 FSE sequences postnatally, though sagittal T1WI was
MATERIALS AND METHODS
helpful as well in certain cases.

Study Design

This study was a single-center, retrospective chart review. Illuminate InSight software (Softek Solutions, Prairie Village, Kansas), a
program utilized for data aggregation and search engine functions, was used to compile a list of fetuses with open and closed
spinal dysraphisms imaged via fetal MR imaging at Cincinnati
Children’s Hospital Medical Center in Cincinnati, Ohio, between
2004 and 2014. Additional cases of spinal dysraphism were also
obtained from a radiology fetal case list. Only patients with available
postnatal brain MRIs were included in this analysis. Patients with
omphalocele-exstrophy-imperforate anus-spinal defects complex or
complicating limb, body wall, or calvarial defects (anencephaly, encephaloceles) were excluded. The images were viewed in the PACS. A
chart review was performed to obtain relevant clinical data. This
study was Health Insurance Portability and Accountability Act–
compliant and was approved by the institutional review board. The
requirement for informed consent was waived.

Image Interpretation
All images were reviewed by 2 board-certified radiologists
(U.D.N., B.M.K.-F.), both with added qualifications in pediatric
radiology and fellowship training in pediatric neuroradiology, 1
(B.M.K.-F) with ⬎10 years of postfellowship attending experience in pediatric neuroradiology in a large academic center. The
readers were blinded to the pre- and postnatal imaging findings
at the time of interpretation. Differences were resolved by
consensus.

Statistical Analysis
Statistical analysis was performed by using Excel (Microsoft, Redmond, Washington) 2013 spreadsheet mathematic functions, including average values, SDs, value count, and Student t test.

RESULTS
Imaging Parameters

Description of Our Cohort

All 95 fetuses included in our analysis were scanned prenatally on
a 1.5T magnet within the group of hospitals that are a part of the
Fetal Care Center of Cincinnati, with 97.9% (93/95) of fetal MRIs
performed at Cincinnati Children’s Hospital Medical Center on
either a GE Signa (Milwaukee, Wisconsin) or a Phillips Ingenia
(Best, the Netherlands) system. Only diagnostic-quality MRIs for
the assessment of the fetal brain were included in our study, and
this was a subjective assessment made by the radiologists. T2 single-shot fast spin-echo images of the brain were the most useful in
identifying SEH and were obtained in 3 planes: axial, sagittal, and
coronal. Section thicknesses of 3-mm, no gap, interleaved images
at ⱕ24 weeks’ gestational age (GA) and 4-mm, no gap, interleaved
images at ⬎24 weeks GA were used. Although this imaging protocol did not change during the study period, the TR and TE

Of the 203 MRIs of fetuses with spinal dysraphism reviewed, 161
fetuses were identified as having spinal dysraphism without evidence
of omphalocele-exstrophy-imperforate anus-spinal defects complex
or complicating limb, body wall, or calvarial defects. In this cohort,
95 fetuses had postnatal brain MRIs available for interpretation and
were included in our analysis (Fig 1); 37.9% (36/95) of these fetuses
were male. The average gestational age at MR imaging was 24.23 ⫾
3.9 weeks; 22.1% (21/95) of these patients underwent open fetal surgery for in utero repair of a myelomeningocele. The average age at
postnatal brain MR imaging was 58.8 ⫾ 159.7 days.
In total, 91.6% (87/95) had open spinal dysraphism, while the
remaining were closed; 91.6% (87/95) had evidence of Chiari II malformation in the posterior cranial fossa; and of those with a normal
posterior fossa, 50% (4/8) had closed spinal dysraphisms. Of the
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FIG 2. Example of SEH prospectively diagnosed on fetal MR imaging
(true-positive ﬁnding). Axial T2 single-shot fast spin-echo imaging of
the fetal brain at 25 weeks’ GA (A) demonstrates multiple nodules
along the ependymal surfaces of the lateral ventricles suspicious for
SEH. Postnatal brain MR imaging at 5 weeks of age (B) conﬁrms the
presence of bilateral SEH on axial T2 FSE.

open spinal dysraphisms, 74.7% (65/87) had myelomeningoceles,
while the remaining 25.3% (22/87) had myeloceles, defined as a neural placode flush with the skin surface.18 Eighty percent (76/95) of
patients had significant ventriculomegaly (VMG) on fetal MR imaging, defined as the atria of the lateral ventricles measuring ⱖ10 mm in
transverse diameter. This measurement was obtained in the axial
plane at the level of the frontal horns or in the coronal plane at the
level of the glomoid of the choroid plexus, analogous to previously
established fetal sonography guidelines.19

Imaging Findings
In total, 23.2% (22/95) of the fetuses studied were suspected of
having SEH on fetal MR imaging. The average GA of this group of
patients at imaging was 25.47 ⫾ 4.9 weeks. Of these fetuses, 50%
(11/22) were confirmed as having at least 1 subependymal gray
matter heterotopia on postnatal brain MR imaging (Fig 2). All 22
of these cases had VMG on fetal MR imaging. The average GA of
the postnatally confirmed patients was 24.7 ⫾ 4.7 weeks, while the
average GA of the 11 patients that did not demonstrate SEH postnatally was 26.2 ⫾ 5.3 weeks, a difference that was not statistically
significant (P ⫽ .49).
The fetal MRIs of the examinations with false-positive findings
were re-examined. Of the 11 fetuses in which SEH were initially
noted on fetal MR imaging but not confirmed on postnatal brain
MR imaging (false-positives), all 11 demonstrated identifiable areas of nodularity along the ependymal surfaces of the lateral ventricles on fetal MR imaging (Fig 3). The MRIs of the 11 fetuses
with true-positive findings were also re-examined, and it was confirmed that SEH identified on the postnatal examination corresponded to ependymal nodularity in the same locations on fetal
MR imaging in all 11 patients. However, 18.2% (2/11) of the fetuses with true-positive findings had additional areas of nodularity identified on fetal MR imaging that did not correspond to SEH
on the postnatal examination.
On postnatal brain MR imaging, 28.4% (27/95) of patients
demonstrated imaging findings consistent with SEH; 40.7%
(11/27) of these patients were prospectively diagnosed on fetal
MR imaging (true-positives). Of these, 70.4% (19/27) of neonates had ⱖ3 heterotopias identified postnatally, with 52.6%
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FIG 3. An example of subependymal nodularity giving the false appearance of SEH (false-positive ﬁnding). Axial T2 single-shot fast spinecho image from fetal MR imaging at 24 weeks’ GA (A) demonstrates
nodularity along the ependymal surfaces of the lateral ventricles, giving the appearance of SEH. However, postnatal MR imaging at 8 weeks
of age (B) does not demonstrate any SEH.

(10/19) being identified prospectively on fetal MR imaging. On
the other hand, 29.6% (8/27) had 1–2 heterotopias identified
on postnatal examination, with only 12.5% (1/8) identified
prospectively on fetal MR imaging. Of the 16/27 fetuses having
SEH confirmed postnatally but not identified prenatally (falsenegative findings), 81.3% (13/16) had VMG on fetal MR imaging. On the other hand, 100% (11/11) of the fetuses with
true-positive findings and 100% (11/11) of those with falsepositive findings had VMG on fetal MR imaging. However, the
actual mean transverse atrial diameter on fetal MR imaging of
those with true-positive findings (16.6 ⫾ 4.5 mm) was not
significantly different from those with false-positive findings
(15.6 ⫾ 6.8 mm, P ⫽ .69) or false-negative findings (16.8 ⫾ 7.6
mm, P ⫽ .94).
Average GA of the patients with SEH prospectively diagnosed
(true-positive findings) was 24.7 ⫾ 4.7 weeks, while the average
GA of the fetuses with SEH not identified prenatally (false-negative findings) was 23.7 ⫾ 3.1 weeks. The difference in GA was not
found to be statistically significant (P ⫽ .54). To exclude the presence or absence of VMG as a confounding variable, we compared
the GAs between only those with true-positive (n ⫽ 11, 24.7 ⫾ 4.7
weeks) and false-negative (n ⫽ 13, 24.1 ⫾ 3.3 weeks) findings with
VMG and found no statistically significant difference (P ⫽ .72).
The fetal MRIs with SEH not identified on prenatal imaging
but found on postnatal imaging (false-negatives), were also
re-examined to determine whether they could be identified in
retrospect. Of the 16 fetuses with false-negative findings, we
were unable to identify the SEH on fetal MR imaging in 68.8%
(11/16), even in retrospect. While 90.9% (10/11) of these cases
were believed to have SEH too small to detect on fetal MR
imaging, it was thought that fetal motion contributed to the
lack of prenatal detection in 9.1% (1/11) of these patients. In
the remaining 5 patients, in retrospect, mild nodularity was
noted, which may have corresponded to the postnatal findings.
However, in 2/5 of these patients, other areas of subependymal
nodularity that did not correspond to SEH on postnatal imaging were identified (Fig 4). In addition, in 2/5 patients, the SEH
were small on postnatal imaging, measuring as small as 1 mm
and as large as 3 mm and were likely missed on fetal MR imaging because of their diminutive size. It is believed that in the

FIG 4. Example of a false-negative ﬁnding in a patient with SEH. Postnatal brain MR imaging at 15 days of age (A) demonstrates 2 small SEH along
the right lateral ventricle (arrow) on axial T2 FSE imaging. In retrospect, there is some subtle asymmetric irregularity of the subependyma (arrow)
on fetal MR imaging at 24 weeks’ GA (B) on axial T2 single-shot fast spin-echo imaging. However, other areas of nodularity on fetal MR imaging
in this patient (C, arrows) do not correspond to SEH postnatally (D).

remaining 1/5 patients with SEH identified postnatally, the
lesion could not be detected prenatally because the location of
the heterotopia identified in the right frontal horn was obscured prenatally due to motion artifact in this area.

DISCUSSION
We examined the accuracy of MR imaging in diagnosing SEH in
fetuses with spinal dysraphism by looking at the data from our
institution. We demonstrated that in our experience, fetal MR
imaging is 40% sensitive and 50% specific in the diagnosis of SEH.
We demonstrated a higher rate of VMG in cases with true-positive
and false-positive findings than in those with false-negative findings. We also demonstrated a higher rate of false-negative findings
when ⬍3 heterotopias were identified postnatally. GA at the time
of imaging did not appear to have a relationship with the sensitivity or specificity of diagnosing SEH.
A number of articles in the literature describe the appearance
of SEH on fetal MR imaging.3,14,15,20,21 However, very few describe the diagnostic accuracy.17,22 The largest published series of
15 patients reported that fetal MR imaging was up to 73% sensitive and 100% specific for diagnosing SEH.17 Our study examined
a much larger cohort of patients, increasing the validity of our
findings. However, we focused on a specific population of patients, looking only at fetuses with prenatally diagnosed spinal
dysraphisms; this type of search decreased the generalizability of
our findings.
The relatively low sensitivity for detecting SEH on fetal MR
imaging can be explained by multiple factors. First, although
faster imaging techniques have largely eliminated the need for
sedation during imaging, fetal MR images are still frequently
compromised by fetal motion.23 Second, differences in imaging
techniques between pre- and postnatal imaging also contributed
to low sensitivity. T2 single-shot fast spin-echo images are considered the workhorse of fetal MR imaging; however, the relative
increased speed of imaging comes at the cost of decreased spatial
resolution compared with the standard T2 FSE images used to
image the brain postnatally.23-25 Although not yet well-studied,
fetal MR imaging at 3T may improve spatial resolution through
faster scanning times and a higher signal-to-noise ratio in future
investigations.26 Third, the very small size of fetal neuroanatomy
also contributes to the decreased sensitivity of detecting SEH on

fetal MR imaging. Of note, GA at imaging did not appear to play
a significant role in the accuracy of diagnosing SEH in our study.
However, given that a large portion of the patients in our study
were evaluated specifically for prenatal repair of a myelomeningocele, which is typically performed before 26 weeks’ GA, this
observation may not be generalizable.4
We also demonstrated a relatively low specificity in the diagnosis of SEH on fetal MR imaging, which is a little more difficult
to explain. In our study, we looked at only patients with spinal
dysraphisms, who have a much higher incidence of SEH than the
general population and have other associated pathologies unique
to the disease entity.7,27 The presence of ependymal nodularity on
fetal MR imaging that does not correspond with SEH postnatally
may potentially be explained by several factors. First, histologic
studies in fetuses with open spinal dysraphisms have demonstrated neuroepithelial/ependymal denudation before the onset
of hydrocephalus.28 Thus, it is possible that the ependymal nodularity we see on fetal MR imaging is a reflection of this ependymal
denudation demonstrated on histologic studies. We also suspect that hydrocephalus plays a role. The pathology literature
in infants describes ventricular dilation correlating with discontinuities in the ependymal lining along with ependymal cell
loss.29 Histologic analysis of fetuses with hydrocephalus demonstrates loss of the germinal ependymal zone, disorganization
of the subventricular zone, and abnormal migration of neuroblasts into the ventricular cavity.30 Since there has been a potential link described between hydrocephalus and SEH because
denudation of the neuroepithelium may cause disruption of
the neuronal migrational pathways, it is possible that the nodules we see prenatally represent delayed migration of neurons
that migrate later in pregnancy.31 On the other hand, in the
presence of hydrocephalus, it is conceivable that migrational
anomalies may develop later in gestation and then be apparent
in the postnatal period.
The configuration of the germinal matrix on fetal MR imaging in healthy fetuses has been well-described and can potentially be used as one of the many markers in evaluating fetal
brain maturation.32 It is also possible that hydrocephalus in
patients with spinal dysraphisms disrupts the normal development and configuration of the germinal matrix, causing the
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nodularity we see on fetal imaging. Of note, we did not appreciate any ependymal nodularity outside the SEH postnatally,
which can be primarily explained by the relative absence of a
germinal matrix. On the basis of our observations, we do not
believe it is possible to differentiate SEH from ependymal irregularity related to other etiologies in fetuses with spinal dysraphism on MR imaging.
Our study adds to the current literature in many ways. First, it
is one of the largest of its kind looking at this specific finding on
fetal MR imaging, with direct comparison with the postnatal imaging findings. Second, given the increasing availability of prenatal repair of myelomeningoceles, studies examining the accuracy
of MR imaging in the evaluation of the fetal brain are becoming
essential.4-6 While there have been other studies that examined
the sensitivity of fetal MR imaging in the diagnosis of SEH, this
study is unique in that it reports the limited specificity and is the
first to describe the appearance of ependymal nodularity on MR
imaging in fetuses with spinal dysraphisms that does not correlate
with SEH (or any other nodular periventricular/subependymal
pathology) postnatally.17,22 On fetal MR imaging, the differential
diagnosis for SEH includes tuberous sclerosis and subependymal hemorrhage.16 Our findings suggest that abnormal nodularity of the germinal matrix is another important differential
consideration.
Our study has some limitations. First, this is a retrospective
study limiting its internal validity. In addition, given that this is a
single-institution study performed within a certain timeframe,
the external validity may be limited as well. To acquire this number of
patients for our study, we examined studies from a 10-year time span
at our institution. These patients were scanned on different magnets
and, because our scanners were upgraded multiple times over the
years, minor differences in scanning parameters were used to optimize image quality, which may also affect our results.

CONCLUSIONS
Fetal MR imaging is limited in its ability to identify SEH in
fetuses with spinal dysraphism. We believe that this limitation
relates to a combination of factors: the sensitivity possibly
compromised by artifacts from fetal motion, the very small size
of fetal neuroanatomy, and the resolution of the fetal MR imaging technique. The specificity may be compromised by denudation of the ependyma and possibility irregularity of the
germinal matrix by stretching of the developing ependyma/
subependyma in the presence of VMG.

REFERENCES
1. Sonigo PC, Rypens FF, Carteret M, et al. MR imaging of fetal cerebral
anomalies. Pediatr Radiol 1998;28:212–22 CrossRef Medline
2. Kline-Fath BM, Calvo-Garcia MA. Prenatal imaging of congenital
malformations of the brain. Semin Ultrasound CT MRI 2011;32:
167– 88 CrossRef Medline
3. Glenn OA, Barkovich J. Magnetic resonance imaging of the fetal
brain and spine: an increasingly important tool in prenatal diagnosis—part 2. AJNR Am J Neuroradiol 2006;27:1807–14 Medline
4. Adzick NS, Thom EA, Spong CY, et al; MOMS Investigators. A randomized trial of prenatal versus postnatal repair of myelomeningocele. N Engl J Med 2011;364:993–1004 CrossRef Medline
5. Saadai P, Farmer DL. Clinics in perinatology: fetal surgery for myelomeningocele. Clin Perinatol 2012;39:279 – 88
724

Nagaraj

Apr 2016

www.ajnr.org

6. Sutton LN, Adzick NS, Bilaniuk LT, et al. Improvement in hindbrain
herniation demonstrated by serial fetal magnetic resonance imaging following fetal surgery for myelomeningocele. JAMA 1999;282:
1826 –31 CrossRef Medline
7. Hino-Shishikura A, Niwa T, Aida N, et al. Periventricular nodular
heterotopia is related to severity of the hindbrain deformity in
Chiari II malformation. Pediatr Radiol 2012;42:1212–17 CrossRef
Medline
8. Barkovich A, Kjos B. Grey matter heterotopias: MR characteristics
and correlation with developmental and neurologic manifestations. Radiology 1992;182:493–99 CrossRef Medline
9. Barkovich AJ, Kuzniecky RI. Gray matter heterotopia. Neurology
2000;55:1603– 08 Medline
10. Zajac-Mnich M, Kostkiewicz A, Guz W, et al. Clinical and morphological aspects of gray matter heterotopia type developmental malformations. Polish J Radiol 2014;79:502– 07 CrossRef Medline
11. Mandelstam SA, Leventer RJ, Sandow A, et al. Bilateral posterior
periventricular nodular heterotopia: a recognizable cortical malformation with a spectrum of associated brain abnormalities. AJNR
Am J Neuroradiol 2013;34:432–38 CrossRef Medline
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Asymptomatic Interhypothalamic Adhesions in Children
X F.N. Ahmed, X N.V. Stence, and X D.M. Mirsky

ABSTRACT
SUMMARY: With the use of high-resolution MR imaging techniques, we have increasingly observed anomalies of the hypothalamus
characterized by a band of tissue spanning the third ventricle between the hypothalami, often without associated clinical sequelae.
Historically, hypothalamic anomalies are highly associated with symptoms referable to a hypothalamic hamartoma, midline congenital disorder, hypothalamic-pituitary dysfunction, or seizures, with very few asymptomatic patients reported. The interhypothalamic tissue described in our cohort was observed incidentally through the routine acquisition of high-resolution T1WI. No
referable symptoms were identiﬁed in most of the study group. In the appropriate patient population in which associated symptoms
are absent, the described hypothalamic anomalies may be incidental and should not be misdiagnosed as hypothalamic hamartomas.
ABBREVIATIONS: GMH ⫽ gray matter heterotopia; IHA ⫽ interhypothalamic adhesion

A

nomalies of the hypothalamus have generally been thought
to come in 2 forms, hypothalamic hamartoma or hypothalamic dysgenesis associated with midline congenital disorders
such as holoprosencephaly spectrum or septo-optic dysplasia.1-3
Classically, hypothalamic abnormalities are associated with
symptoms of central endocrinologic dysfunction and/or seizures.
Few asymptomatic patients have been reported.4-8 Most of these
cases were associated with other disorders, such as neurofibromatosis type 1.9
With the routine use of high-resolution, isotropic T1 imaging,
we have observed a thin band of tissue connecting the medial
hypothalamic regions, spanning the anterior recess of the third
ventricle, in a group of patients lacking symptoms of diencephalic
dysfunction. This finding was recently described in 2 separate case
series as an interhypothalamic adhesion (IHA).4,5 In these articles, however, IHAs were commonly associated with multiple
congenital anomalies. Our objective was to analyze the MRI of
our patient cohort with IHA and correlate these findings with
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other brain anomalies and clinical presentations to determine the
significance, if any, of this finding.

MATERIALS AND METHODS
After institutional review board approval, the case file data base of
Children’s Hospital Colorado was searched for patients identified
with hypothalamic anomalies on MR imaging between 2009 and
2014. All imaging was performed at Children’s Hospital Colorado
on a variety of MR imaging systems, including Avanto 1.5T (Siemens, Erlangen, Germany), Achieva 1.5T (Philips Healthcare,
Best, the Netherlands), and Ingenia 1.5T or 3T (Philips Healthcare). Images were reviewed by 2 pediatric neuroradiologists
(D.M.M. and N.V.S.) for a band of tissue spanning the third ventricle connecting the medial portions of the hypothalamus. Other
structural abnormalities were also recorded, including lack of
midline cleavage, pituitary anomalies, and cortical malformations. The band of tissue was measured on MR imaging and, as
performed in a previously published smaller case series, the possible nuclei involved in the hypothalamic connection were inferred from the segmentation scheme devised by Lemaire et al10
on the basis of anatomic landmarks.5
Hypothalamic dysfunction was surmised from history and
clinical symptoms. The patients’ charts were reviewed by using
the Epic electronic medical record system (Epic Systems, Madison, Wisconsin) at Children’s Hospital Colorado for their medical history and symptomology. Patients were then characterized
into 3 groups: 1) no symptoms referable to the hypothalamus, 2)
symptoms that could be associated with the hypothalamus, and
3) symptoms of indeterminate relevance to the hypothalamus.

Both symptomatic groups (those with symptoms possibly attributable to the hypothalamus and symptoms of uncertain relationship to the hypothalamus) were then treated as 1 cohort.

RESULTS
The inclusion criteria from the case file data base resulted in 60
patients. Three were excluded because they had a diagnosis of
Table 1: IHA demographics and imaging indications of the cohort
No Referable
Symptoms Symptomatic P Value
Total
40
17
Demographics
Male
20
7
.54
Female
20
10
.54
Average age (yr)
6.1
10.2
.30
Age range
8 Days to
11 Months to
20 years
17 years
Imaging indication
Seizures
9
5
.58
Developmental delays
8
3
.84
Headaches/migraines
4
0
.18
Vision problems
4
1
.62
Hearing problems
2
0
.35
Trauma
2
0
.35
Chiari diagnosed in utero
2
0
.35
Short stature
1
2
.15
Fetal alcohol syndrome
1
1
.53
5b
Other
8a
a

Tongue hemihypertrophy, myelomeningocele, scalp mass, Horner syndrome, multiple sclerosis, lower extremity pain, and spasms.
b
Craniosynostosis, hydrocephalus on fetal ultrasound, panhypopituitarism, and hypothyroidism.

neurofibromatosis, which has been reported in association with hypothalamic hamartomas.9 This exclusion resulted in a study cohort
of 57 patients of equal sex distribution, ranging in age from 5 days to
20 years (mean age, 7.3 years). MR imaging indications for the group
included vertigo, concussion, trauma, tongue hypertrophy, seizures,
developmental delays, visual problems, and premature birth. See Table 1 for complete demographic details and indications.
In all cases, the hypothalamic anomaly consisted of a band of
tissue spanning the anterior recess of the third ventricle, which
appeared linear in the axial and coronal planes and nodular in the
sagittal plane (Fig 1). In all patients, the band of tissue was T2
isointense to gray matter and did not contact the mammillary
bodies or extend below the tuber cinereum.
The average volume of the hypothalamic connection was 59.2
mm3, with asymptomatic patients having an average volume of
48.8 mm3, and symptomatic ones having an average volume of
78.0 mm3 (P ⫽ .035). In most cases, the band of tissue closely
approximated the dorsomedial hypothalamic nuclei, followed by
the ventromedial hypothalamic nuclei (Fig 2).
Of the 57 patients with IHAs, 18 had otherwise normal MR
imaging examinations. Twenty-three had gray matter heterotopia
(GMH). Four had findings consistent with septo-optic dysplasia.
Chiari malformations were present in 3 patients, 2 with Chiari I
and 1 with Chiari II. Abnormalities of the septum pellucidum
were present in 7 individuals. Complete imaging findings are described in Table 2.
Forty of the 57 patients had no clinical symptoms referable to
their IHA. The IHA was considered an incidental finding in these
cases and documented as such in their medical charts. Of these, 18

FIG 1. A band of tissue spanning the anterior recess of the third ventricle that appeared linear in the axial and coronal planes and nodular in the
sagittal plane as seen on 3T T1WI. A and B, A ﬂat band of tissue behind the lamina terminalis. C and D, A ﬂat band of tissue above the tuber
cinereum. E and F, A nodular band of tissue contacting both lamina terminalis and tuber cinereum.
AJNR Am J Neuroradiol 37:726 –29
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FIG 2. Position maps of the interhypothalamic adhesions. A, All IHAs in our study. B, Asymptomatic IHAs. C, Symptomatic IHAs.
Table 2: Imaging characteristics of the cohort: structural features
by imaging
No Referable
Symptoms
Symptomatic P Value
48.8
78
.04
IHA volume (mm3)
Otherwise normal
14
4
.39
Gray matter
17
6
.61
heterotopias
Septo-optic dysplasia
0
4
.001
Chiari malformation
3
0
.25
Periventricular
2
1
.89
leukomalacia
Neoplasm
2
0
.35
Polymicrogyria
0
1
.12
6b
Other
8a
a

Dilated perivascular spaces, multiple sclerosis with a velum interpositum, right cochlear nerve hypoplasia, right cerebral closed lip schizencephaly, vermian hypoplasia,
sinus pericranii, and 2 isolated cases of cavum septum pellucidum.
b
Abnormal sulcation, transmantle cortical dysplasia, frontonasal dysplasia, inferior
vermian hypoplasia with absent septum pellucidum, cavum septum pellucidum (with
septo-optic dysplasia), and velum interpositum.

Table 3: Clinical symptoms of the cohort
No Referable
Symptoms
Symptomatic
0
Healthy
18a
5
Seizures
9b
Endocrine problems
0
3
Mild developmental
8
6
delays
Severe developmental
0
8
delays
Heart anomalies
3
0
Sensory hearing loss
2
0
5
2
Premature birthb

P Value
⬍.01
.58
⬍.01
.22
⬍.01
.25
.35
.94

a

Four of these individuals had initially presented with headaches, and 1, with vertigo,
all considered to be isolated issues without ongoing symptoms at the time of this
review. All 3 individuals with Chiari malformations were included in the group lacking
referable symptoms. Two additional patients had presented with trauma and were
healthy after their other musculoskeletal injuries healed. Two more of these patients
were evaluated for unilateral sensory hearing loss but were considered clinically
healthy otherwise. An individual with a low-grade glial neoplasm had originally presented with a seizure but had no other symptoms after resection. One individual with
multiple sclerosis had 2 episodes of lower extremity weakness and tingling that had
resolved. The remaining patients lacking symptoms referable to the IHA had presenting symptoms that resolved with treatment or conservative measures (tongue hemihypertrophy with an arteriovascular malformation, scalp mass 关sinus pericranii兴,
Horner syndrome, lower extremity pain, and spasms).
b
Born at 26 –34 weeks’ gestation.

patients were completely asymptomatic at last follow-up and were
considered healthy. Of the 17 symptomatic patients, 8 individuals
had symptoms that could be attributable to an IHA while 9 had
nonlocalizable symptoms. Complete clinical findings are described in Table 3.
728

Ahmed

Apr 2016

www.ajnr.org

Fourteen patients of the entire cohort of 57 had persistent
seizures. Nine of these patients were thought to lack symptoms
referable to the IHA; 8 had an epileptic focus identified on electroencephalography outside the hypothalamus, and the ninth had
seizures thought to be related to a pineoblastoma. The remaining
5 patients with seizures had no identifiable focus (3 individuals)
or other global deficits (2 individuals) and were included in the
symptomatic group. No patient had gelastic seizures.
Three patients with endocrine dysfunction were placed in the
symptomatic category because causation could not be decided
with certainty. One of these patients had delayed puberty and
short stature; another presented with dwarfism, growth hormone
deficiency, and Duchenne muscular dystrophy variant; and the
third presented with central hypothyroidism.
Mild developmental delays (as determined by chart review
when growth and verbal and/or reading milestones were not met)
were present in 14 individuals. Eight of these patients were
thought to lack symptoms definitely referable to the IHA, while
the others had indeterminate symptoms, endocrine problems, or
nonlocalizable seizures.
Eight patients had severe developmental delays documented in
the medical record and were all categorized into the symptomatic
group. Findings of 4 of these individuals were on the septo-optic
dysplasia spectrum, which has been previously correlated with
IHAs.11

DISCUSSION
Interhypothalamic adhesion has been defined as a linear band
of tissue spanning the medial hypothalamic walls, similar in
appearance to the normal interthalamic adhesion. Only 2 reports in the literature describe this entity.4,5 The first report in
2013 characterized a single patient presenting with IHA in association with a cleft palate deformity.4 The second report in
2014 was a case series of 13 patients in which most IHAs were
thought to be associated with other midline structural abnormalities. In our cohort of 57 patients, 40 (70%) lacked clinical
symptoms referable to the hypothalamus. Furthermore, after
careful scrutiny, 14 of those 40 individuals had otherwise normal brains. None had midline developmental defects including
but not limited to hippocampal dysgenesis or under-rotation,
hypoplastic falx, olfactory hypoplasia, and optic pathway hypoplasia. In most of our patients, IHA represented an isolated
finding that was thought to be of no clinical significance.
Most IHAs in our cohort closely approximated the dorsomedial and ventromedial nuclei of the hypothalamus, similar to the

2014 report4; however, we have no pathologic evidence of true
involvement of these nuclei. It is possible that this tissue merely
bridges the medial surfaces of the hypothalamus. In the literature,
human hypothalamic development is not well-understood, and
information about it relies heavily on animal studies.12-14 A
pathologic observational study done by Koutcherov et al14 described a transient midline hypothalamic structure observed during fetal development. No other midline hypothalamic structure
has been described. IHAs may represent a focus of failed apoptosis
versus migration or accessory hypothalamic tissue. The lack of evidence of hypothalamic-pituitary axis dysfunction or seizures in most
patients, in and of itself in our cohort, suggests that the band of tissue
is often not of clinical or pathologic significance.
Gray matter heterotopia was discovered in 23 of 57 patients
(40%) in our IHA cohort. Of these patients, 17 had subependymal heterotopia, 3 had focal subcortical heterotopia, and 3 had
band heterotopia. The coexistence of IHA and GMH in our
population suggests that the combination may be part of an, as
of yet, undescribed genetic disorder. This also raises the possibility that an IHA may be a rest of neuronal tissue from failed
migration. The clinical relevance of both findings remains uncertain, particularly because 6 of our patients with both IHA
and GMH were completely asymptomatic and midline anomalies were absent in most patients.
Distinguishing IHA from other hypothalamic pathology, such
as hamartoma or glioma, requires high-resolution imaging in all 3
planes. In the sagittal plane, both IHA and hamartomas can appear nodular or masslike. IHAs, however, span the hypothalamic
medial regions as a linear band of tissue in the axial and coronal
planes, while a hamartoma is typically nodular in all 3 planes.
Furthermore, a hamartoma often involves one of the hypothalamic surfaces asymmetrically more than the other and often contacts or invades the mammillary bodies. IHAs symmetrically involve the hypothalamic walls and do not contact the mammillary
bodies. Hypothalamic gliomas are easier to distinguish because
they are typically not isointense to gray matter and often enhance
following contrast administration. One potential pitfall that could
lead to misdiagnosis of IHA is a diminutive third ventricle, where
the opposed medial surfaces of the hypothalamus can mimic a
hypothalamic anomaly in the sagittal plane. In our experience,
this occurs most frequently in patients with a ventriculoperitoneal
shunt and decompressed ventricles. High-resolution imaging in
all 3 planes avoids this confusion because the pseudolesion will
not be verified in the axial and coronal planes.
Our study is limited by its retrospective bias. The available
medical records limit assessment of clinical symptoms because no
direct evaluation of subjects could be performed. Because an
IHA is a subtle finding, it could have been easily overlooked
and omitted from our case file data base and cases of IHA could
have been missed. Findings in our cohort cannot suggest incidence, and they are likely an underrepresentation of the true
prevalence of IHAs.

CONCLUSIONS
Interhypothalamic adhesions are observed incidentally through the
routine acquisition of high-resolution T1 imaging. In our cohort,
most patients had no symptoms referable to the hypothalamus

and the finding was made in the absence of other structural
abnormalities, specifically midline defects. Because the anomaly is subtle and primarily apparent on isotropic T1 imaging, it
is under recognized, especially because smaller IHAs are more
likely to be asymptomatic. However, as high-resolution MR
imaging techniques become more routinely used, IHAs are
likely to be increasingly identified and should prompt detailed
scrutiny for additional brain malformation. Although the underlying etiology is unclear, it may be the result of incomplete
hypothalamic cleavage, failed apoptosis, or abnormal neuronal
migration, the latter being potentially more likely, given the
association we found with GMH. While associations between
IHAs and other syndromes likely exist, in the appropriate patient population lacking referable symptoms and with few or
no other structural abnormalities, interhypothalamic adhesions may be incidental and of no clinical significance.
Disclosures: Farres N. Ahmed—RELATED: Support for Travel to Meetings for the
Study or Other Purposes: The University of Colorado Radiology Department partially supported travel and meeting and hotel fees to present the poster at the 2015
ASNR meeting. This is part of the resident travel funds.
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Increased Facet Fluid Predicts Dynamic Changes in the Dural
Sac Size on Axial-Loaded MRI in Patients with Lumbar Spinal
Canal Stenosis
X H. Kanno, X H. Ozawa, X Y. Koizumi, X N. Morozumi, X T. Aizawa, and X E. Itoi

ABSTRACT
BACKGROUND AND PURPOSE: Axial-loaded MR imaging, which simulates the spinal canal in a standing position, demonstrates reductions of
the dural sac cross-sectional area in patients with lumbar spinal canal stenosis. However, there has been no useful conventional MR imaging ﬁnding
for predicting a reduction in the dural sac cross-sectional area on axial-loaded MR imaging. Previous studies have shown that increased facet ﬂuid
is associated with the spinal instability detected during positional changes. The purpose of this study was to analyze the correlations between
facet ﬂuid and dynamic changes in the dural sac cross-sectional area on axial-loaded MR imaging.
MATERIALS AND METHODS: In 93 patients with lumbar spinal canal stenosis, the dural sac cross-sectional area was measured by using
axial images of conventional and axial-loaded MR imaging. Changes in the dural sac cross-sectional area induced by axial loading were
calculated. The correlation between the facet ﬂuid width measured on conventional MR imaging and the change in dural sac crosssectional area was analyzed. The change in the dural sac cross-sectional area was compared between the intervertebral levels with and
without the facet ﬂuid width that was over the cutoff value determined in this study.
RESULTS: The dural sac cross-sectional area was signiﬁcantly smaller on axial-loaded MR imaging than on conventional MR imaging. The facet
ﬂuid width signiﬁcantly correlated with the change in the dural sac cross-sectional area (r ⫽ 0.73, P ⬍ .001). The change in the dural sac
cross-sectional area at the intervertebral level with the facet ﬂuid width over the cutoff value was signiﬁcantly greater than that at the other level.
CONCLUSIONS: The increased facet ﬂuid on conventional MR imaging is highly predictive of the dynamic reduction of dural sac
cross-sectional area detected on axial-loaded MR imaging in the clinical assessment of lumbar spinal canal stenosis.
ABBREVIATIONS: DCSA ⫽ dural sac cross-sectional area; LSCS ⫽ lumbar spinal canal stenosis; ROC ⫽ receiver operating characteristic

M

R imaging is widely used for the clinical assessment of degenerative lumbar spinal diseases. In evaluating the severity
of spinal canal narrowing, the dural sac cross-sectional area
(DCSA) is frequently measured by using axial MR images.1-6
However, conventional MR imaging is performed with the patient in the supine position, and the DCSA may be larger in this
position than in the standing position.3,4,7 Hence, conventional
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MR imaging carries a risk of underestimating the severity of spinal
canal narrowing.3,8
Recently, the clinical usefulness of axial-loaded MR imaging
for assessing patients with lumbar spinal canal stenosis (LSCS) has
been reported.3,4 With axial-loaded MR imaging, physiologically
normal weight-bearing conditions in the upright position can be
simulated by using a compression device with the patient in the
supine position. Axial-loaded MR imaging may induce a significant reduction in the DCSA and potentially show additional imaging findings that cannot be acquired on conventional MR imaging.3,4,6,8 The DCSA on axial-loaded MR imaging has been
reported to correlate with the severity of clinical symptoms in
patients with LSCS.9 Furthermore, previous studies have demonstrated that a dynamic decrease in the DCSA induced by axial
loading increases the diagnostic specificity of spinal canal narrowing and influences the indications for surgical treatment.4,8,10,11
Therefore, evaluating the degree of spinal canal narrowing on
axial-loaded MR imaging is beneficial for achieving a more accurate diagnosis and selecting the optimal treatment. However, no

Patients with congenital spinal anomalies and spinal deformities due to spinal
trauma, infection, or tumor were also
excluded. The institutional review board
of Sendai Nishitaga National Hospital
approved this study, and informed consent was obtained from all patients before
participation. At the time of the initial
evaluation, baseline characteristics, including age, sex, height, body weight, body
mass index, and duration of symptoms,
were registered for each patient.
FIG 1. Measurement of the DCSA on conventional MR imaging and axial-loaded MR imaging in a
representative case. The white lines indicate the outlines of the DCSA. The DCSA changed from
67 (A) to 41 mm2 (B) due to axial loading.

reliable imaging findings on conventional MR imaging predict
the dynamic reduction in the DCSA.
Many previous studies have shown that the morphology of the
facet joints is associated with the segmental motion and instability
of the lumbar spine detected during positional changes in the
patient.12-15 Most interesting, recent studies have suggested that
increased fluid signals in the facet joint on conventional MR images predict instability of the lumbar spine.16-19 Therefore, in the
present study, we hypothesized that increased facet fluid signals
on conventional MR images may be correlated with significant
changes in the DCSA on axial-loaded MR images because the
lumbar spinal canal is more likely to be affected by axial loading if
the lumbar spine is unstable.
To the best of our knowledge, no previous studies have investigated the correlation between the facet fluid width and dynamic
changes in the DCSA induced by axial loading. The purpose of
this study was thus to analyze the correlation between the facet
fluid width and dynamic changes in the DCSA detected by using
axial-loaded MR imaging in patients with LSCS.

Conventional MR Imaging and
Axial-Loaded MR Imaging

MR imaging was performed by using a
1.5T system (Magnetom Vision; Siemens, Erlangen, Germany) with a spine array coil. Axial T2weighted turbo spin-echo sequences were obtained. The TR and
TE were 4000 and 120 ms, the section thickness was 4 mm, and the
FOV was 200 mm. The images were obtained at the middle of each
intervertebral disc from L2–3 to L5–S1.7,9,23 The axial sections
were placed as parallel to the intervertebral discs as possible by
using sagittal T2-weighted imaging.
After the conventional MR imaging examination, axial loading was applied by using an external, commercially available nonmagnetic compression device, DynaWell L-Spine (DynaWell Diagnostics, Las Vegas, Nevada).3,4 The compression force was
approximately 50% of the patient’s body weight, and loading was
commenced 5 minutes before and continued during the MR imaging examination. Using a new sagittal T2-weighted image obtained in the axially loaded position, we again placed the axial
sections in the plane of each disc. Both the axial-loaded and nonloaded MR images were acquired with straight knees to simulate a
normal upright position.7,24 To prevent flexion of the spine during axial loading, we placed a cushion behind the lumbar
spine.7,25

MATERIALS AND METHODS
Patients

Measurements of the DCSA and Facet Fluid Width

This study prospectively included 93 consecutive patients (33
women and 60 men) referred to Sendai Nishitaga National Hospital for surgical treatment. The consecutive patients were enrolled in this study conducted between October 2007 and November 2009. All of the patients had neurogenic intermittent
claudication and leg pain or numbness with associated neurologic
signs,20 in addition to radiographically confirmed lumbar spinal
canal narrowing on cross-sectional imaging. In all cases, the neurologic diagnosis, such as lumbar radiculopathy and/or cauda
equina syndrome,21,22 was confirmed by ⬎1 spine surgeon on the
basis of clinical symptoms (eg, intermittent claudication, leg pain/
numbness, and/or dysuria), neurologic findings (eg, muscle
weakness, sensory disturbance, and/or abnormal tendon reflex),
and imaging features, including assessments with plain radiography, CT, and MR imaging of the lumbar spine. The exclusion
criteria were previous lumbar spine surgery, spondylolysis, disc
herniation, severe osteoporosis, scoliosis, polyneuropathy, arterial insufficiency, and inflammatory/crystalline arthropathies.

All measurements were obtained by using the OsiriX Imaging
Software program, Version 2.7 (http:// www.osirix-viewer.com).
The DCSA was measured from L2–3 to L5–S1 on the axial images
(Fig 1). The measurements were acquired 3 times, and the mean
value was calculated and used for the analysis. The measurements
were performed by an experienced spine surgeon authorized by
the Japanese Orthopaedic Association; the experimenter was
blinded to which images were loaded or unloaded. The inter- and
intraobserver reliability for the measurement of the DCSA was
confirmed as excellent in our previous study.9,23 On the basis of
the findings of previous studies,1,7,9,23 the DCSA at the most constricted intervertebral level was used to represent the degree of the
spinal canal narrowing in each subject. The most constricted intervertebral level that presented with the smallest DCSA on conventional MR imaging was selected in each case for the data
analysis.
According to previous reports,15,17 the facet fluid was defined
as a high-intensity-signal area, closely matched to CSF on the axial
AJNR Am J Neuroradiol 37:730 –35
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Table 1: Baseline characteristics (n ⴝ 93)a
Characteristic
Age (yr)
Sex (male)
Height (cm)
Body weight
(kg)
2
BMI (kg/m )
Duration of symptoms (mo)
The most constricted level
L2–L3
L3–L4
L4–L5
L5–S1

68 ⫾ 10
65%
160 ⫾ 9
64 ⫾ 11
25 ⫾ 3
32 ⫾ 33
1%
20%
71%
8%

Note:—BMI indicates body mass index.
a
Values are means or percentages.

FIG 2. Measurement of the facet ﬂuid width. The facet ﬂuid width is
deﬁned as a high-intensity signal area, closely matched to the CSF on
axial T2-weighted MR images. The measurements are recorded perpendicular to the joint line, and the largest value is documented as the
facet ﬂuid width (white line).

T2-weighted images obtained with conventional MR imaging.
The facet fluid width was measured at the most constricted intervertebral level. The measurements were recorded perpendicular
to the joint line, and the largest value was documented as the facet
fluid width (Fig 2).15,17 The average of bilateral facet fluid width
values was calculated for each patient and used for the data
analysis.
This study also investigated the changes in the DCSA and the
facet fluid width at normal or less severely stenotic intervertebral
levels in the same subjects to compare with those at the narrowest
level. One of the intervertebral levels excluding the narrowest level
was randomly selected in each patient to prevent potential selection bias and increase comparability among the different intervertebral levels; then, the DCSA and the facet fluid width at the selected intervertebral level were determined as described above.

Data Analysis
The DCSA values were statistically compared between the conventional MR imaging and axial-loaded MR imaging. In addition,
the changes in the DCSA between the conventional and axialloaded MR imaging were calculated. The Pearson correlation coefficient between the change in the DCSA and the facet fluid width
was analyzed.
On the basis of the results of previous studies, a ⬎15 mm2
change in the DCSA induced by axial loading was defined as a
significant change,3,4,8,11 worsening the severity of the clinical
symptoms.9 The cutoff value for the facet fluid width providing
the best combination of sensitivity and specificity for detecting a
⬎15 mm2 change in the DCSA at the most constricted intervertebral level was determined by using a receiver operating characteristic (ROC) analysis. The area under the ROC curve was also
determined to evaluate the diagnostic power.
We confirmed the diagnostic capacity of the cutoff value for
the facet fluid width determined according to the ROC analysis.
All of the narrowest levels were divided into 2 groups: with facet
fluid width over or under the cutoff value. Then, the DCSA on
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conventional and axial-loaded MR imaging and the changes in the
DCSA were compared between the groups.
To evaluate coexisting degenerative changes in the lumbar
spine that may affect the facet fluid width and the spinal canal
narrowing, we investigated the prevalence of a ⱖ3-mm spondylolisthesis on x-rays in the standing position23 and the degree of
disc degeneration on the T2-weighted sagittal MR images26 and
statistically compared them between the 2 groups.

Statistical Methods
All statistical analyses were performed by using GraphPad Prism
software, Version 4.0c (GraphPad Software, San Diego, California). The differences in the DCSA were analyzed by using the
unpaired t test. Pearson correlation coefficients between the facet
fluid width and the change in the DCSA were determined. The
prevalence of the spondylolisthesis and the degree of disc degeneration were compared by using the 2 test. A P value ⬍ .05 was
statistically significant.

RESULTS
Baseline Characteristics and DCSA Values in All Patients
The baseline characteristics and the most constricted intervertebral level in all patients are summarized in Table 1. The most
constricted level was more frequently observed at L3–L4 (20%)
and L4 –L5 (71%) levels compared with the L2–3 (1%) and L5–S1
(8%) levels. The DCSA on axial-loaded MR imaging (45 ⫾ 29
mm2) was significantly smaller than that observed on conventional MR imaging (57 ⫾ 28 mm2) at the most constricted level
(P ⬍ .05) (Fig 3A). At the other intervertebral levels excluding the
most constricted level, the DCSA on axial-loaded MR imaging
(107 ⫾ 41 mm2) was significantly smaller compared with that on
conventional MR imaging (101 ⫾ 40 mm2) (P ⬍ .05) (Fig 3B).
The change in the DCSA at the most constricted level (13 ⫾ 23
mm2) was greater than that at the other levels (6 ⫾ 7 mm2).

Correlation between the Facet Fluid Width and the
Changes in the DCSA
The values for the facet fluid width and changes in the DCSA for
each patient are shown in Fig 4. The narrowest intervertebral levels with a greater facet fluid width generally showed larger changes
in the DCSA (Fig 4A). According to the Pearson correlation analysis,
there was a significant and good correlation between the facet fluid
width and the change in the DCSA (r ⫽ 0.73, P ⬍ .001) (Fig 4A). In
contrast, at the other intervertebral levels, there was a poor correla-

FIG 3. Comparison of the DCSA values between conventional and
axial-loaded MR imaging. The DCSA on axial-loaded MR imaging is
signiﬁcantly smaller than that noted on conventional MR imaging at
the narrowest intervertebral level (A) and at the other level (B). The
asterisk indicates P ⬍ .05; the error bars, the SD.

FIG 4. Facet ﬂuid width and change in the DCSA in each patient. At
the most constricted intervertebral level (A), there is a signiﬁcant and
good correlation between the facet ﬂuid width and the change in the
DCSA (Pearson correlation coefﬁcient ⫽ 0.73). In contrast, there is a
poor correlation at the other level (B) (Pearson correlation coefﬁcient ⫽ 0.31).

tion between the facet fluid width and the change in the DCSA (r ⫽
0.31) (Fig 4B). The values of the change in the DCSA and the facet
fluid width were generally smaller at the other intervertebral levels
(Fig 4B) compared with the narrowest levels (Fig 4A).

Diagnostic Power of the Facet Fluid Width for Detecting a
>15-mm2 Change in the DCSA
The ROC analysis showed that the facet fluid width at the most
constricted intervertebral level could be used to detect a ⬎15 mm2
change in the DCSA, with 86.1% sensitivity and 84.2% specificity
(Fig 5). The cutoff value for the facet fluid width was 1.04 mm.
The value of the area under the ROC curve (0.87) indicated that
the facet fluid width was a valid discriminator of a ⬎15 mm2
change in the DCSA.

Comparison of the Intervertebral Levels with the Facet
Fluid Width over and under the Cutoff Value
Among the most constricted intervertebral levels, facet fluid
widths over and under the cutoff value of 1.04 mm were found at
41 (44.1%) and 52 (55.9%) levels, respectively. In the DCSA on
conventional MR imaging, there was no significant difference between the levels with a facet fluid width over and under the cutoff
value (Fig 6). On the other hand, the DCSA on axial-loaded MR
imaging was significantly smaller at the levels with a facet fluid

FIG 5. ROC curve for the facet ﬂuid width for detecting a signiﬁcant
change in the DCSA at the most constricted intervertebral level. The
area under the ROC curve is 0.87.

FIG 6. Comparison of the DCSA between the intervertebral levels with
facet ﬂuid widths over and under the cutoff value. In the DCSA on conventional MR imaging, there is no signiﬁcant difference between the
levels with facet ﬂuid widths over and under the cutoff value of 1.04 mm.
On the other hand, the DCSA on axial-loaded MR imaging is signiﬁcantly
smaller at the levels with a facet ﬂuid width over the cutoff value than
those with a facet ﬂuid width under the cutoff value. Asterisk indicates
P ⬍ .05; error bars, the SD; N.S., not signiﬁcant.

width over the cutoff value (34 ⫾ 22 mm2) than those with a facet
fluid width under the cutoff value (53 ⫾ 31 mm2) (P ⬍ .01) (Fig
6). The levels with a facet fluid width over the cutoff value showed
significantly larger changes in the DCSA (20 ⫾ 11 mm2) compared with those with a facet fluid width under the cutoff value
(7 ⫾ 6 mm2) (P ⬍ .05) (Fig 7).
The prevalence of spondylolisthesis was significantly higher
among the intervertebral levels with a facet fluid width over the
cutoff value (73%) than among those with a facet fluid width
under the cutoff value (31%) (P ⬍ .001) (Table 2). There was no
significant difference in the degree of disc degeneration between
the 2 groups (Table 3).
Among the other intervertebral levels excluding the narrowest
level, facet fluid widths over and under the cutoff value were
found at 15 (16%) and 78 (84%) levels, respectively. The change
in the DCSA was significantly larger at the levels with a facet fluid
width over the cutoff value (11 ⫾ 9 mm2) compared with those
with a facet fluid width under the cutoff value (5 ⫾ 7 mm2) (P ⬍
.01).
AJNR Am J Neuroradiol 37:730 –35
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FIG 7. Comparison of the changes in the DCSA induced by axial loading between the intervertebral levels with facet ﬂuid widths over and
under the cutoff value. The levels with a facet ﬂuid width over the
cutoff value show signiﬁcantly larger changes in the DCSA compared
with those with a facet ﬂuid width under the cutoff value. Asterisk
indicates P ⬍ .05; error bars, the SD.
Table 2: Prevalence of spondylolisthesis at the intervertebral
levels with facet ﬂuid width over and under the cutoff valuea
Facet Fluid Width

With spondylolisthesis
Without spondylolisthesis

Over the Cutoff
Value (n = 41)
30 (73%)
11 (27%)

Under the Cutoff
Value (n = 52)
16 (31%)
36 (69%)

a

Values are the number of intervertebral levels and percentages. There is a signiﬁcant
difference (2 test, P ⬍ .001).

Table 3: Disc degeneration at the intervertebral levels with facet
ﬂuid width over and under the cutoff valuea
Facet Fluid Width
Classiﬁcation of Pﬁrrmann
et al26 for Disc
Degeneration
Grade 3
Grade 4
Grade 5

Over the Cutoff Under the Cutoff
Value (n = 41)
Value (n = 52)
10 (24%)
9 (17%)
22 (54%)
26 (50%)
9 (22%)
17 (33%)

a

No intervertebral level was classiﬁed as grade 1 or 2. Values are the number of
intervertebral levels and percentages. There is no signiﬁcant difference (2 test,
P ⫽.46).

DISCUSSION
Previous studies have shown that axial-loaded MR imaging demonstrated a significant reduction in the size of the dural sac compared with conventional MR imaging.3,4 It has also been reported
that axial-loaded MR imaging potentially produces additional
imaging findings that cannot be obtained with conventional MR
imaging.4,6,8,27 Most important, the dynamic change in the DCSA
detected on axial-loaded MR imaging is more strongly correlated
with the severity of clinical symptoms compared with that noted
on conventional MR imaging in patients with LSCS.9 Furthermore, the use of axial-loaded MR imaging increases the diagnostic
specificity for detecting degenerative diseases in the lumbar spine
and influences the indications for surgical treatment.7,10 Therefore, evaluating the degree of narrowing of the lumbar spinal canal by using axial-loaded MR imaging may be beneficial for obtaining a more accurate diagnosis and selecting the optimal
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treatment.7,8,11,28 However, it remains unclear whether any specific pathologic factors increase the dynamic change in the DCSA
induced by axial loading to the lumbar spine. It also remains unknown whether any useful imaging findings on conventionalloaded MR imaging predict the dynamic change in the DCSA.
Many previous studies have suggested that the presence of
increased fluid signals in the facet joint on conventional MR images predicts instability of the lumbar spine.17-19 In the present
study, we hypothesized that an increased facet fluid width may be
correlated with the dynamic change in the DCSA on axial-loaded
MR imaging because the morphology of the lumbar spinal canal is
more likely to be affected by axial loading if the lumbar spine is
unstable. Most interesting, our results showed that the facet fluid
width strongly correlates with the change in the DCSA induced by
axial loading at the most constricted intervertebral level. This
finding indicates that patients with a greater facet fluid width tend
to show larger changes in the DCSA. Thus, the increased facet
fluid width associated with spinal instability may be, at least in
part, a pathologic feature increasing the dynamic change in the
dural sac size during axial loading in patients with LSCS.
In the current study, the cutoff value of 1.04 mm for the facet
fluid width showed both high sensitivity (86.1%) and specificity
(84.2%) for detecting a significant change in the DCSA. Indeed,
this study demonstrated that the levels with a facet fluid width
over the cutoff value showed significantly larger changes in the
DCSA compared with the other levels. These results indicate that
a cutoff value of 1.04 mm for the facet fluid width on conventional
MR imaging is a useful finding for predicting a significant change
in the DCSA detected by using axial-loaded MR imaging in the
clinical assessment of patients with LSCS.
Previous studies have also suggested that axial-loaded MR imaging provides useful findings in making a more accurate diagnosis of lumbar degenerative diseases and can be helpful for determining the appropriate course of treatment.6-8,10,11,28 However,
in the current study, similar to previous reports,4,7,9 not all patients showed a significant difference in the DCSA between conventional and axial-loaded MR imaging. Therefore, which patients actually require an examination with axial-loaded MR
imaging in addition to conventional MR imaging should be clarified. The results of this study suggest that additional imaging
examinations, such as those with axial-loaded MR imaging and
upright myelography, should be considered in patients with a
facet fluid width over the cutoff value on conventional MR imaging, to prevent the risk of underestimating the degree of spinal
canal narrowing.
This study has several limitations. First, the study population
included a small number of patients with LSCS, though all cases
were consecutively included and analyzed prospectively. Baseline
characteristics of the patient population such as height, weight,
and body mass index will vary widely in different countries/nations; therefore, the results of this study may not be applicable to
any other patient groups. This study did not evaluate an asymptomatic population for comparison. The lack of a control population limits the clinical implications and usefulness of the results
in this study. Further study including an asymptomatic population will provide firm evidence to support the clinical significance
of the results in the assessment of patients with suspected LSCS.

Second, degeneration of the facet joint can be an important factor
associated with the facet fluid width and segmental instability;
therefore, it is potentially related to the change in the DCSA during axial loading. However, this study did not analyze facet joint
degeneration. Third, configuration of the facet joint is different
depending on various factors such as the intervertebral level and
degree of joint degeneration.13 The method of measuring the facet
fluid width may not be accurate in this study because the axial
image is not perfectly perpendicular to the facet joint.

10.

11.

12.

CONCLUSIONS
The present study demonstrated that the facet fluid width is significantly correlated with the change in the DCSA induced by
axial loading. In this study, the patients with greater facet fluid
widths tended to show larger changes in the DCSA. A cutoff value
of 1.04 mm for the facet fluid width on conventional MR imaging
may be a useful predictor of a significant change in the DCSA
obtained on axial-loaded MR imaging in the clinical assessment of
patients with LSCS. The present findings also suggest that additional imaging examinations, such as axial-loaded MR imaging
and upright myelography, should be considered in patients with a
facet fluid width over the cutoff value to prevent the risk of underestimating the degree of spinal canal narrowing and determine
the optimal treatment.
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Imaging Psoas Sign in Lumbar Spinal Infections: Evaluation of
Diagnostic Accuracy and Comparison with Established Imaging
Characteristics
X L.N. Ledbetter, X K.L. Salzman, and X L.M. Shah

ABSTRACT
BACKGROUND AND PURPOSE: Lumbar discitis-osteomyelitis has imaging characteristics than can overlap with noninfectious causes of
back pain. Our aim was to determine the added accuracy of psoas musculature T2 hyperintensity (imaging psoas sign) in the MR imaging
diagnosis of lumbar discitis-osteomyelitis.
MATERIALS AND METHODS: This retrospective case-control study evaluated lumbar spine MR imaging examinations, during a 30-month
period, that were requested for the evaluation of discitis-osteomyelitis. Of this pool, 50 age-matched control patients were compared with 51
biopsy-proved or clinically diagnosed patients with discitis-osteomyelitis. Two reviewers, blinded to the clinical information, assessed the
randomly organized MR imaging examinations for abnormalities of the psoas musculature, vertebral bodies, discs, and epidural space.
RESULTS: Psoas T2 hyperintensity demonstrated a high sensitivity (92.1%; 95% CI, 80%–97.4%) and speciﬁcity (92%; 95% CI, 80%–97.4%), high
positive likelihood ratio (11.5; 95% CI, 4.5–29.6), low negative likelihood ratio (0.09; 95% CI, 0.03– 0.20), and individual area under the receiver
operating characteristic curve of 0.92; 95% CI, 0.87– 0.97. Identiﬁcation of psoas T2 abnormality signiﬁcantly improved (P ⫽ .02) the diagnostic
accuracy of discitis-osteomyelitis in noncontrast examinations from an area under the receiver operator characteristic curve of the established
variables (vertebral body T2 and T1 signal, endplate integrity, disc T2 signal, and disc height) from 0.93 (95% CI, 0.88 – 0.98) to 0.98 (95% CI, 0.96 –1.0).
Psoas T2 abnormalities also had the highest interobserver reliability with a  coefﬁcient of 0.78 (substantial agreement).
CONCLUSIONS: Psoas T2 hyperintensity, the imaging psoas sign, is highly correlated with discitis-osteomyelitis. T2 hyperintensity in the
psoas musculature, particularly when there is clinical suspicion of spinal infection, improves the diagnostic accuracy of discitis-osteomyelitis compared with routine noncontrast variables alone.
ABBREVIATIONS: AUC ⫽ area under the receiver operating characteristic curve; DOM ⫽ discitis-osteomyelitis; LBP ⫽ low back pain

D

iscitis-osteomyelitis (DOM) is a significant cause of morbidity and mortality in patients with low back pain (LBP).1-3 It
can be a diagnostic challenge due to overlapping symptoms and
imaging findings with other noninfectious causes of LBP. MR
imaging is the standard technique for LBP evaluation, particularly
when there is a clinical concern for infection, because of the superb soft-tissue resolution.4-9
Several MR imaging characteristics are associated with spinal
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infections, including vertebral body low T1 and high T2 signal,
intervertebral disc high T2 signal, endplate destruction, and vertebral body and intervertebral disc enhancement.9-14 Unfortunately, these MR imaging features can be seen with noninfectious
causes of LBP such as disc degeneration, reactive endplate
changes, inflammatory spondyloarthopathy, spinal neuroarthropathy, hemodialysis-related spondyloarthopathy, and neoplastic conditions such as chordoma, lymphoma, or metastasis.15-18 Although intravenous contrast is often used to help
differentiate DOM from the aforementioned conditions, the spinal inflammatory process can be confounding. Furthermore, patients with contraindications to contrast or patients with vague
symptoms of LBP often receive noncontrast examinations, and
the diagnosis can be difficult.
Paraspinal soft-tissue abnormalities on MR imaging may be overlooked due to the focus on the discovertebral complex or may be
referenced as an adjunct finding in spinal infections. However, these
structures may provide critical information that is the diagnostic key.

Previous studies have considered all abnormalities of the paravertebral region as a single variable, inclusive of the anterior, lateral, and
posterior (epidural) spaces. DOM begins along the subchondral endplates in adults; and given the close proximity of the psoas musculature to the anterolateral endplates and discs, the signal intensity
changes in the psoas can be useful in differentiating infectious and
noninfectious etiologies of low back pain.
The purpose of this retrospective case-control study was to
review the accuracy of MR imaging characteristics in lumbar
spinal infections, particularly evaluating psoas musculature
T2 hyperintensity (imaging psoas sign) in the diagnosis of
discitis-osteomyelitis.

MATERIALS AND METHODS
Patient Selection
After approval by the institutional internal review board, a retrospective review of the radiology information system data base queried for
lumbar spine MR imaging reports with the key terms “infection,”
“discitis,” “osteomyelitis,” and “spondylodiscitis” from January 2011
to July 2014. This search captured all studies either performed with
the clinical question of infection or with imaging findings that warranted the radiologist mentioning infection in the report. Each patient’s electronic medical record was reviewed for presentation, comorbidities, clinical course, biopsy results, and treatment to create
infection and control groups. The infection group included patients
with biopsy-proved infection and/or the clinical diagnosis and treatment of DOM. The clinical diagnosis was defined by evaluation, diagnosis, treatment, and follow-up of DOM by an infectious disease
physician. The control group was randomly selected from the initial
radiology information system search for subjects of similar ages and
without the imaging or clinical diagnosis of DOM, as defined above.
Patients were excluded if there was lack of clinical information or
infectious disease diagnosis, if they had isolated sacral infection, if
they had an anterior or lateral approach for spinal fusion involving
the psoas musculature, and if they had incomplete or nondiagnostic
imaging studies. Postoperative patients treated via a posterior approach were included in the study because newer MR imaging techniques such as Dixon and Warp minimize susceptibility artifacts and
enable adequate assessment of the osseous spine and adjacent soft
tissues.

cally on the PACS. Two neuroradiologists (L.M.S., K.L.S.) with
Certificates of Added Qualification in neuroradiology and ⬎10
years’ experience were blinded to the final diagnosis and the clinical course and separately reviewed MR imaging examinations.
MR imaging characteristics were evaluated categorically at the
level of greatest signal abnormality relative to adjacent levels.
Those cases discordant between the reviewers were subject to
blinded group re-review to achieve consensus.
Intervertebral discs were graded on disc height, T2 signal, and
enhancement.13 Disc height was graded as normal, loss of ⬍50%,
loss of ⬎50%, or increased. T2 signal was graded as isointense,
hyperintense, or hypointense. Enhancement was graded as absent, focal, rim, or diffuse.
Vertebral bodies were graded on T1 signal, T2 signal, endplate
integrity, and enhancement.13 T1 and T2 signals were graded as
isointense, hyperintense, or hypointense. Endplate integrity was
evaluated on T1-weighted images and graded as intact, eroded
with normal marrow signal, or destroyed with abnormal marrow
signal. Enhancement was graded as absent, endplate, or diffuse.
Epidural space was evaluated for the presence or absence of
phlegmon and abscess. The psoas musculature was evaluated for the
presence or absence of abnormal T2 signal, enhancement, and
abscess.

Statistical Analysis
Descriptive test characteristics (sensitivity, specificity, positive
and negative likelihood ratios) are reported with 2-sided 95%
confidence intervals19 for each of the different MR imaging variables described previously. Statistical significance between the
spinal infection and control groups was determined by using a
2-tailed Fisher exact test. Interobserver agreement was calculated
by using a  coefficient.20,21 Multivariate logistic regression for
the noncontrast variables alone and with the psoas T2 hyperintensity was performed to obtain P values, area under the receiver
operating characteristic curve (AUC), and confidence intervals.
The AUCs for the 2 regression models were compared for significance. Statistical significance was defined as a P value ⬍ .05.
STATA statistical software: Release 14 (StataCorp, College Station, Texas) was used for all statistical analysis.

RESULTS
Image Evaluation

Demographics

MR imaging examinations were performed on a 1.5T scanner (Magnetom Avanto or Aera; Siemens, Erlangen, Germany). Sagittal T1weighted inversion recovery (T1-FLAIR) and T2-weighted images
were reviewed (T1 inversion recovery: 3-mm section thickness; TR,
2000 ms; TE, 10 ms; TI, 830 ms; FOV, 22 cm; T2: 3-mm section
thickness; TR, 3000 – 6000 ms; TE, 112 ms; FOV, 22 cm). Axial T1
and T2 images were also reviewed (T1: 4-mm section thickness; TR,
506 ms; TE, 16 ms; FOV, 18 cm; T2: 4-mm section thickness; TR,
4000 –5000 ms; TE, 106 ms; FOV, 18 cm). Sagittal and axial T1 postcontrast images (sagittal: 3-mm section thickness; TR, 464 ms; TE, 14
ms; FOV, 22 cm; axial: 4-mm section thickness; TR, 508 ms; TE, 16
ms; FOV, 18 cm) were reviewed when available. Gadobenate dimeglumine (MultiHance; Bracco Diagnostics, Princeton, New Jersey)
was administered at a dose of 0.1 mL/kg (standard dose of 20 mL) for
contrast-enhanced sequences.
The study and control patients were randomized alphabeti-

Of the 205 patients having MR imaging of the lumbar spine with
reports containing the key words “infection,” “discitis,” “osteomyelitis,” or “spondylodiscitis, ” 51 patients were categorized in
the DOM group after the initial imaging and chart review. There
were 154 patients from this data search eligible for the control
group who did not have the final diagnosis of DOM, and 50 patients from this group were randomly selected for the final control
group (Table 1). We excluded 9 of 205 patients: 5 without available clinical or imaging follow-up, 2 with isolated sacral infections, 1 with nondiagnostic imaging, and 1 with muscular metastatic disease. No patients had previous anterior- or lateralapproach spinal surgical procedures.
The DOM group included 40 patients who had image-guided
biopsies of the suspected disc and endplate during the course of
their evaluation. Percutaneous biopsy of the disc and endplate
was performed in 38 of the 40 biopsies with the remaining 2 unAJNR Am J Neuroradiol 37:736 – 41

Apr 2016

www.ajnr.org

737

Table 1: Demographics
Spinal Infection
Controls
(n = 51)
(n = 50)
Age (yr) (range)
58.8 (19–87)
53.6 (18–93)
Sex
41 Male, 10 female 25 Male, 25 female
Previous spinal surgery
12
6
Contrast-enhanced exams
45
39
Non-contrast-enhanced
6
11
exams

dergoing surgical biopsy. Two of the 38 patients with percutaneous disc biopsies also included samples of the paraspinal soft tissues. Microbiologic or histopathologic findings consistent with
infection were identified in 34 of 40 patients (85%). The most
common isolated pathogen was Staphylococcus aureus (13 patients), followed by Enterococcus faecalis (5 patients), Propionibacterium acnes (3 patients), multiple pathogens (3 patients), and 1
patient each with Staphylococcus epidermidis, viridans streptococci,
Finegoldia magna, Enterococcus coli, group B streptococcus, Mycobacterium tuberculosis, and Streptococcus mitis. Three patients
had histologic findings of infection without positive microbiology
cultures. Four of the 6 patients with a biopsy negative for infection
received intravenous antibiotic treatment before biopsy. All 11
patients who were not biopsied had bacteremia, 9 with S aureus, 1
with E faecalis, and 1 with Klebsiella pneumoniae. The 6 patients
with biopsy results negative for infection, together with the 11
patients not biopsied, were diagnosed and treated for spinal infection based on an infectious disease service evaluation and recommendation. Pertinent medical history in these 17 patients
included bacteremia, endocarditis, additional septic joints, immunosuppression, and IV drug use. Of the 19 postoperative patients included in our study, 12 were positive for DOM.

Imaging Evaluation
Results from the blinded review of the cases are listed in On-line
Table 1. The level of greatest involvement was T12–L1 in 3 patients, L1–L2 in 5, L2–L3 in 10, L3–L4 in 11, L4 –L5 in 11, and
L–S1 in 11. The psoas MR imaging features showed statistically
significant association with DOM (P ⬍ .001). The vertebral body
findings with statistical significance included T1 hypointensity, T2
hyperintensity, diffuse enhancement, and endplate destruction and
enhancement. Statistically significant disc abnormalities included increased height, T2 hyperintensity, and focal and rim enhancement.
Both epidural phlegmon and abscess demonstrated statistically significant association with DOM. Psoas T2 hyperintensity (P ⬍ .001)
and enhancement (P ⬍ .001) showed a statistically significant correlation to DOM in postoperative patients as well.
The findings with the highest sensitivity for DOM included
psoas T2 hyperintensity (92.1%) and vertebral body T1 hypointensity (90.2%) (Figs 1 and 2). Other findings with high sensitivity
included psoas enhancement (88.9%), vertebral body T2 hyperintensity (88.2%), and epidural phlegmon (80.9%). Highly specific findings for DOM included increased disc height and epidural abscess (100%). Other findings with high specificity included
psoas abscess (97.4%), epidural phlegmon (94.9%), diffuse vertebral body enhancement (94.5%), rim enhancement of the disc
(92.3%), psoas T2 hyperintensity (92%), psoas enhancement
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(87.1%), disc T2 hyperintensity (86.3%), endplate destruction
(86%), and vertebral body T1 hypointensity (80%).
The overall diagnostic accuracy of the individual MR imaging
variables to distinguish the infection and control groups was evaluated by receiver operating characteristic analysis (On-line Table
1). High T2 signal within the psoas musculature had the highest
individual AUC of 0.92. Other variables with the high AUC included psoas enhancement (0.88), epidural phlegmon (0.88), and
vertebral body T1 hypointensity (0.85).
Positive and negative likelihood ratios were calculated to demonstrate the potential utility of the measured imaging characteristics in DOM (On-line Tables 2 and 3). High positive likelihood
ratios, which indicate an increase in the probability of disease with
a positive result, were identified with epidural phlegmon (15.8),
psoas abscess (14.9), diffuse vertebral body enhancement (12.1),
and psoas T2 hyperintensity (11.5). Low negative likelihood ratios, indicating a lower probability of infection with a test with
negative findings, were identified with psoas T2 hyperintensity
(0.09), T1 vertebral body hypointensity (0.12), psoas enhancement (0.13), and vertebral body T2 hyperintensity (0.16).
Multivariate logistic regression analysis of the noncontrast
variables, with and without psoas T2 hyperintensity, was performed to determine the diagnostic accuracy and significance of
the psoas T2 variable. The total AUC of the combination of routine noncontrast variables (vertebral body T2 and T1 signal, endplate integrity, disc T2 signal, and disc height) was 0.93 (95% CI,
0.88 – 0.98). The addition of psoas T2 hyperintensity to these variables resulted in an AUC of 0.98 (95% CI, 0.96 –1.00), which was
statistically significant (P ⫽ .002).
Psoas abnormalities were infrequently seen in patients with LBP
who were not subsequently diagnosed with spinal infection. Only 4
of 50 patients (8%) had psoas abnormalities in the control group.
These findings were related to myositis (n ⫽ 2), noninfectious spondylodiscitis (Anderssen lesion) in ankylosing spondylitis (n ⫽ 1), and
extension of inflammation from an iliacus abscess (n ⫽ 1).

Interobserver Agreement
 coefficient values were calculated on the initial blinded review
(Table 2). Agreement was almost perfect in ratings of psoas abscess
(0.87) and enhancement (0.81). There was substantial agreement
with psoas T2 hyperintensity, vertebral body T2 hyperintensity, T1
hypointensity and enhancement, disc T2 hyperintensity, and endplate integrity. Moderate agreement in ratings included epidural
phlegmon and abscess as well as disc enhancement and increased
height.

DISCUSSION
DOM often presents with nonspecific indolent clinical symptoms
but can have potentially devastating complications, which make
imaging essential for early diagnosis. Additionally, the incidence of spinal infections has increased during the past 2 decades and has transitioned from an acute high mortality process to a more indolent chronic debilitating disease.1 Early
diagnosis is key in preventing adverse outcomes that are common in advanced disease.2 However, imaging findings in spinal
infections can be nonspecific and overlap other causes of noninfectious LBP, especially on noncontrast examinations.16,22

in the evaluation of DOM. Its high positive and low negative likelihood ratios
(11.5 and 0.09 respectively) suggest increased suspicion of DOM with a positive result and decreased suspicion with
a negative result. The imaging psoas sign
showed excellent interrater reliability.
Even in postoperative studies with the
challenge of discerning DOM from expected surgical changes, psoas T2 hyperintensity demonstrated a statistically
significant association with DOM compared with the noninfected patients
postoperatively. False-positive findings
of T2 abnormalities of the psoas muscle
occurred infrequently in the control
population (8%). Conditions that resulted in false-positive findings included
2 cases of myositis in immunocompromised patients, an Andersson lesion of
ankylosing spondylitis, iatrogenic softtissue edema after LP, and extension of a
large iliacus abscess into the psoas muscle. The small but potential risk of a type
I error may be reduced by incorporating
all imaging and clinical information
when making the diagnosis of DOM.
Abnormalities of the paravertebral
soft tissues, largely considered in the literature as a combination of prevertebral
and epidural spaces, have been described as highly sensitive for spinal infection.13 Specifically, epidural abscess
FIG 1. The imaging psoas sign on noncontrast MR imaging of the lumbar spine in an 81-year-old man
with renal failure, E faecalis bacteremia, and clinically diagnosed discitis-osteomyelitis (A and B) with and phlegmon have known associations
comparison with degenerative disc disease (C and D). A, Sagittal T2 image demonstrates high T2 signal with spinal infections.22,24 To our
within the disc (white arrow) and the adjacent endplates (white curved arrow) in the patient with knowledge, this is first study to evaluate
discitis-osteomyelitis. B, Axial T2 image at the level of L3–L4 of the same patient demonstrates the
imaging psoas sign of T2 hyperintensity within the bilateral psoas musculature (white arrows). C, the MR imaging appearance of the psoas
Sagittal T2 image in a patient with degenerative disc disease shows focal high T2 signal involving the musculature, specifically as an indicator
posterior endplate and disc of L4 –L5 (white arrow). D, Axial T2 image in the same patient at the level of lumbar DOM. Psoas abscess has been
of L4 –L5 shows normal and uniform T2 signal within the psoas muscles (white arrow).
associated with a spinal source of infection25,26 but often occurs as a late preIn addition, biopsy with microbiologic and histopathologic
sentation of disease. However, this study addresses the signifievaluation has limitations, often with poor diagnostic yield
cance of psoas signal abnormalities on nonenhanced sequences.
and a wide range of accuracies in organism identification or
This is important because many patients with DOM do not restructural changes consistent with infection.23 Frequently, the
ceive IV contrast on the initial MR imaging evaluation either due
combination of clinical, imaging, and laboratory evaluation
to contraindication to contrast or the nonspecific presenting
leads to a treatment regimen without a definitive finding on
symptoms.
any level of investigation.
The psoas muscles originate from the transverse processes of
The purpose of this study was to determine whether there are
all the lumbar vertebral bodies and the anteromedial lumbar discs
specific imaging features that improve the MR imaging diagnosis
and adjacent endplates.24 Given that DOM is believed to comof lumbar discitis-osteomyelitis.
monly originate from the anterior endplates,15,27 the psoas musThe results of this study evaluating the diagnostic accuracy of
cle is in a location that is affected early in the infectious process by
MR imaging characteristics for lumbar DOM demonstrate that
direct spread and potentially earlier than other paraspinous soft
tissues, including the epidural space. Psoas abscesses are a delayed
abnormal T2 signal intensity in the psoas musculature, the imagmanifestation of infection25,26; therefore, early identification T2
ing psoas sign, is essential and improves diagnostic accuracy on
signal changes in the psoas musculature can potentially help denoncontrast examinations over the standard noncontrast varitect DOM early in the course and potentially prevent long-term
ables alone (Figs 1 and 2). Psoas T2 hyperintensity had the highest
individual sensitivity (92.1%), specificity (92%), and AUC (0.92)
complications.
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a comparison with adjacent uninvolved
discs and may have appeared taller than
unaffected discs due to erosion of the
endplates, increased fluid within the disc
space, or preservation of disc height
compared with other degenerated levels.
This study strengthens the evidence
that the appearance of the paravertebral
soft tissues are critical in the evaluation
of DOM and emphasizes the imaging
psoas sign as a statistically important
variable on MR imaging, specifically on
noncontrast examinations. Psoas T2 hyperintensity was best identified on axial
T2-weighted images. Although our
spine infection MR imaging protocol
does not use fat-saturation techniques
on the axial T2-weighted sequences, the
addition of the fat saturation increases
the conspicuity of the psoas signal abnormality. This may be useful not only
in those patients with LBP as a nonspecific presentation of DOM but especially
in those patients with a contraindication
to IV contrast. Fat saturation can also
increase the conspicuity of equivocal
vertebral body and disc space findings.28
Future studies could consider the evaluation of MR imaging protocols of different fat-saturation techniques in patients
undergoing evaluation for DOM.
Limitations of this study include
variations in imaging protocols with a
mix of both contrast-enhanced and
noncontrast examinations. This study
was designed to closely represent the cohort of patients that radiologists encounter in daily practice, in which an
FIG 2. The imaging psoas sign in biopsy-proved S aureus discitis-osteomyelitis in a 79-year-old imaging interpretation of infection must
man with history of long-term steroid treatment of hypersensitivity pneumonitis. A, Sagittal T1 be made with a pretest clinical suspicion
image shows height loss of L2 with associated increased L2–L3 disc space height. Normal T1 or suspicious imaging findings in pahypointensity is absent along the inferior L2 endplate due to destruction (white open arrow). B,
Sagittal T2 image demonstrates subtle L2 marrow T2 hyperintensity (white arrow). C, Sagittal STIR tients with a nonspecific presentation.
image shows increased conspicuity of T2 hyperintensity within the L2–L3 disc space (white Because the reference standard of miarrow). D, Axial T2 image at the level of the superior L3 vertebral body demonstrates bilateral crobiologic/histologic confirmation of
psoas muscle hyperintense signal, the imaging psoas sign (white arrows).
infection may not have been met in
Abnormalities of the disc space and vertebral bodies, including
some patients, the clinical diagnosis and treatment for spinal inhigh T2 intradiscal signal, low T1 marrow signal, disc enhancefection was considered as 1 criterion for inclusion into the infecment, and vertebral body enhancement have been shown to be
tion group. The constellation of clinical, imaging, and laboratory
sensitive for DOM.9,12-14 Our results agree with these findings
evaluations without a definitive finding on any level of investigawith the added evaluation of specificity, receiver operating chartion often dictates clinical management because biopsy itself is an
acteristic analysis, and likelihood ratios. Receiver operating charimperfect diagnostic test with a range of diagnostic yield between
acteristic analysis demonstrated that the vertebral body low T1
38.1% and 76.5%.29-32 As such, our results of the high sensitivity
signal was the most helpful of the individual nonparaspinous
and specificity of psoas T2 hyperintensity will add great diagnostic
findings in detecting DOM (0.85), followed by vertebral body and
value. In addition, our case-control cohort is not indicative of the
disc T2 hyperintensity (both 0.81). Increased disc height showed a
incidence of spinal infection in the general population; therefore,
statistically significant association with DOM, but it had the lowthe positive and negative predictive values could not be assessed.
est sensitivity, area under the receiver operating characteristic
An additional pitfall in the psoas sign could include L5–S1 infection. The psoas does not consistently originate from this disc space,
curve, , and negative likelihood ratio. Disc height was graded as
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Table 2: Interobserver reliability

 Coefﬁcient
Psoas abscess
0.87
Psoas enhancement
0.81
0.78
Psoas T2a
Vertebral body T2 hyperintensity
0.76
Vertebral body T1 hypointensity
0.75
Vertebral body enhancement
0.75
Disc T2 hyperintensity
0.73
Endplate destruction
0.67
Epidural phlegmon
0.59
Epidural abscess
0.58
Disc enhancement
0.50
Disc increased height
0.44
a

Agreement
Almost Perfect
Almost Perfect
Substantial
Substantial
Substantial
Substantial
Substantial
Substantial
Moderate
Moderate
Moderate
Moderate

Imaging psoas sign..

and occasionally the muscles may course further anterior in the retroperitoneal space with intervening fat between the muscles and the
spinal column. Although not affecting our study group, infection in
this location would potentially not involve the psoas until a later
presentation of disease, if at all.

CONCLUSIONS
The imaging psoas sign (high T2 signal in the psoas musculature)
is highly correlated with lumbar DOM. In addition to having the
highest individual sensitivity and specificity of the nonenhanced
features evaluated, the imaging psoas sign also had high interrater
agreement. Together with previously established imaging characteristics, including vertebral body T1 hypointensity, vertebral
body and disc T2 hyperintensity, and endplate destruction, the
imaging psoas sign significantly improves diagnostic accuracy of
DOM on noncontrast MR imaging of the lumbar spine.
Disclosures: Karen L. Salzman—UNRELATED: Royalties: Elsevier, Comments: royalties for books written, most recently Diagnostic Imaging: Brain, 3rd Edition.
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Age- and Level-Dependence of Fatty Inﬁltration in Lumbar
Paravertebral Muscles of Healthy Volunteers
X R.J. Crawford, X L. Filli, X J.M. Elliott, X D. Nanz, X M.A. Fischer, X M. Marcon, and X E.J. Ulbrich

ABSTRACT
BACKGROUND AND PURPOSE: Normative age-related decline in paravertebral muscle quality is important for reference to disease and
risk identiﬁcation in patients. We aimed to establish age- and vertebral level– dependence of paravertebral (multiﬁdus and erector spinae)
muscle volume and fat content in healthy adult volunteers.
MATERIALS AND METHODS: In this prospective study multiﬁdus and erector spinae fat signal fraction and volume at lumbar levels L1–L5
were measured in 80 healthy volunteers (10 women and men per decade, 20 – 62 years of age) by 2-point Dixon 3T MR imaging. ANOVA with
post hoc Bonferroni correction compared fat signal fraction and volume among subgroups. Pearson and Spearman analysis were used for
correlations (P ⬍ .05).
RESULTS: Fat signal fraction was higher in women (17.8% ⫾ 10.7%) than men (14.7% ⫾ 7.8%; P ⬍ .001) and increased with age. Multiﬁdus and
erector spinae volume was lower in women (565.4 ⫾ 83.8 cm3) than in men (811.6 ⫾ 98.9 cm3; P ⬍ .001) and was age-independent. No
differences in fat signal fraction were shown between the right and left paravertebral muscles or among the L1, L2, and L3 lumbar levels. The
fat signal fraction was highest at L5 (women, 31.9% ⫾ 9.3%; men, 25.7% ⫾ 8.0%; P ⬍ .001). The fat signal fraction at L4 correlated best with
total lumbar fat signal fraction (women, r ⫽ 0.95; men, r ⫽ 0.92, P ⬍ .001). Total fat signal fraction was higher in the multiﬁdus compared
with erector spinae muscles at L1–L4 for both sexes (P ⬍ .001).
CONCLUSIONS: Lumbar paravertebral muscle fat content increases with aging, independent of volume, in healthy volunteers 20 – 62
years of age. Women, low lumbar levels, and the multiﬁdus muscle are most affected. Further study examining younger and older subjects
and the functional impact of fatty inﬁltrated paravertebral muscles are warranted.
ABBREVIATIONS: BIAfoot ⫽ Tanita UM-081 bio-impedance fat analyzer; BIAhand ⫽ Omron BF300 bioimpedance fat analyzer; BMI ⫽ body mass index; ES ⫽ erector
spinae (longissimus and iliocostalis combined); FSF ⫽ fat signal fraction; LBP ⫽ low back pain; MF ⫽ multiﬁdus; MFI ⫽ muscle fat inﬁltration

M

R imaging is the criterion standard for evaluating the size
and structure of soft-aqueous skeletal muscles.1,2 While
T1WI is commonly used for qualitative assessment of muscle fat
infiltration (MFI),3,4 chemical-shift– based imaging sequences allow quantification,5-7 which correlates with clinical symptoms3,8
and histology.2,9
The Dixon technique is a robust chemical-shift imaging application producing water- and fat-only images from dual-echo acReceived August 5, 2015; accepted after revision September 11.
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D.N., M.A.F., M.M., E.J.U.), University Hospital and University of Zurich, Zurich, Switzerland; Feinberg School of Medicine (J.M.E.), Northwestern University, Chicago,
Illinois; School of Health and Rehabilitation Sciences (J.M.E.), University of Queensland, Brisbane, Australia; and Institute of Diagnostic Radiology (M.M.), University
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quisitions.10,11 Excellent accuracy for MFI quantification is
shown in comparison with T1WI,12 spectroscopy,5 and histology
in different animal species.9 Accordingly, Dixon MR imaging was
used for evaluating muscle fat content in several clinical studies
including patients with low back pain (LBP),5,13 acute-to-chronic
whiplash,14 and neuromuscular disorders.15
Quantification of degeneration (fat infiltration and atrophy)
of lumbar paravertebral muscles has attracted interest in understanding their biologic influence on persistent LBP. Atrophy and
fat infiltrates are identified in patients16-21 and following experimentally induced lesions in a porcine model.22 However, human
studies describing lumbar MFI report inconsistent findings: An
Please address correspondence to Rebecca Crawford, PhD, Health Professions,
ZHAW, Zurich University of Applied Sciences, Technikumstr 71, CH-8401, Winterthur, Switzerland; e-mail: rebecca.crawford@zhaw.ch
Indicates article with supplemental on-line tables.
Indicates article with supplemental on-line photo.
http://dx.doi.org/10.3174/ajnr.A4596

association with LBP was demonstrated in some18,23-26 but not in
others.13,16
One explanation for discrepant findings is the influence of age
on muscle composition.17,18,27-29 Spinal degeneration is known
to occur early and increasingly throughout the life span,30 yet to
our knowledge, no study has assessed age-related morphologic
changes to lumbar paravertebral muscles in healthy volunteers,
which would provide a crucial supplement for future comparative
studies.
We sought to quantify lumbar paravertebral muscle volume
and fat content by 2-point Dixon MR imaging in healthy adult
volunteers spanning 4 decades of life, and we aimed to establish
an age- and level-dependent reference of lumbar paravertebral
muscle volume and fat content as a reflection of natural aging
history. We hypothesize greater MFI with age for both sexes
and lumbar MFI level– dependence with an increasing craniocaudal trend.

MATERIALS AND METHODS
This study was approved by the University Hospital Zurich institutional review board, participants provided written informed
consent, and no authors had financial interests.

Study Participants
Eighty subjects from a larger (n ⫽ 104) prospective clinical
trial investigating whole-body MRI of healthy adult volunteers
(between October 2011 and April 2014) were examined. Forty
women (39.0 ⫾ 11.6 years of age; range, 21– 62 years) and 40
men (40.0 ⫾ 11.2 years of age; range, 20 – 61 years) with 10
cases for each sex were represented across 4 decades: 20 –29,
30 –39, 40 – 49, and 50 – 62 years (1 subject per sex older than 60
years of age).
Participants were recruited via advertisements on the intranet and clinical trials Web site of the University Hospital Zurich. Volunteers were screened by using the “Swiss Olympics’
First Sports Medicine Interview” health survey, including
comprehensive questions determining medical history, handand leg-dominance, weight change (yes/no), smoker (yes/no),
alcohol and drug use, and exercise (moderate/high or low).
Musculoskeletal pain or injury was determined by the following question: “Do you currently or have you had injuries/
symptoms/operations of the musculoskeletal system?” In response to this question, 16 body parts (including low back),
plus an option of “other,” were marked yes or no; only responders answering no for all 16 body parts were included.
Subjects progressed to clinical examination when the selfreported height- and weight-registered body mass index (BMI)
was between 18 and 26 kg/m2 by using the following formula:
Weight/Height2 (kg/m2).31 Exclusion criteria were the following: contraindications for MR imaging (claustrophobia, metal,
pacemaker, pregnancy); previous arthrodesis surgery; systemic
diseases (chronic obstructive pulmonary diseases, diabetes,
metabolic diseases, rheumatologic disorders, tumors, chronic
pain syndrome); vascular problems (coronary heart disease,
peripheral vascular disease); and alcohol or drug abuse.

Clinical Examination Pre-MR Imaging
Barefoot standing height was measured with a wall-mounted stadiometer (nearest 0.1 cm); bodyweight (kilograms) was collected
via a standard scale; and BMI was derived from these 2 parameters. Two bioelectric impedance instruments were used to reflect
body fat: Tanita UM-081 (foot sensor pads on a standing scale;
Tanita, Arlington Heights, Illinois) (BIAfoot), and Omron BF300
(hand sensor pads with a hand-held device; Omron Healthcare,
Kyoto, Japan) (BIAhand). Leg dominance was confirmed with a
balance recovery test.32

Imaging Acquisition
Whole-body scans were performed in a 3T MR imaging scanner
(Ingenia; Philips Healthcare, Best, the Netherlands). A table-integrated 15-element dS head coil, automatically centering on imaged anatomy; a 16-channel posterior coil; and two 16-channel
anterior coils were used for signal reception; the dual-transmit
body coil of the scanner was used for radiofrequency transmission. Subjects were supine (arms alongside the body).
MR imaging protocol included axial 2-point Dixon sequences (3D fast-field echo T1; 2 echoes; acquired voxel dimensions, 2.0, 2.0, 4.0 mm; reconstructed voxel dimensions,
1.0, 1.0, 2.0 mm; intersection gap, 0.0 mm; FOV, 560 ⫻ 352;
number of sections, 80; TR, 4.2 ms; TE, 1.2 and 3.1 ms; flip
angle, 5°; number of signal averages, 2; sensitivity encoding
acceleration factor, 2.0 and 2.0; foldover direction, anteroposterior; water-fat shift, 0.292 pixels; receiver bandwidth, 1485.1
Hz/pixel⫺1; single series acquisition time, 16.4 ms; scanning
duration, 28:20 minutes). Two or 3 sequence blocks (participant height– dependent), with an acquisition time of 32.8 or
49.2 ms, respectively, represented the lumbosacral spine.

Image Analysis
Image analysis was performed with dedicated software providing
semiautomatic segmentation with linear interpolation (Myrian;
Intrasense, Paris, France). An experienced musculoskeletaltrained reader (R.J.C.), skilled in MR imaging postprocessing and
volumetric analyses, segmented muscles at all vertebrae between
the superior endplate of L1 to the superior endplate of the sacrum.
Each lumbar level was defined from the superior endplate of the
upper vertebra to the superior endplate of the vertebra (or sacrum) immediately below, including the intervening disc. We
drew left and right paravertebral muscle ROIs every third section
of the axial water image, while scout-referencing equivalent fat
images. The multifidus (MF), longissimus, and iliocostalis
were identified as medial-to-lateral paravertebral muscles, respectively; the longissimus and iliocostalis muscles were segmented as a single region labeled “erector spinae” (ES); the
border between the MF and ES was scouted from the mammillary processes. The software calculated muscle volume and
mean signal intensity values of all pixels. ROIs were copied
from the water images to fat images of the same sequence;
mean signal intensities (Signalwater ⫹ Signalfat) within these
ROIs were recorded (On-line Figure). Fat signal fraction
(FSF) was calculated as FSF (%) ⫽ (Signalfat/[Signalwater ⫹
Signalfat])⫻100.33
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Table 1: Demographics for 80 healthy adult volunteersa
Women (n = 40)
Men (n = 40)
Age (yr)
39.0 ⫾ 11.6 (21–62)
40.0 ⫾ 11.2 (20–61)
Height (cm)
168.0 ⫾ 6.2 (158–183)
181.7 ⫾ 7.3 (169–200)
Weight (kg)
61.3 ⫾ 7.7 (43.6–86.0)
76.1 ⫾ 7.7 (56.3–92.0)
21.6 ⫾ 2.1 (18.2–26.0)
23.0 ⫾ 1.8 (19.4–26.2)
BMI (kg/m2)
27.8 ⫾ 5.6 (12.5–38.8)
17.9 ⫾ 4.7 (5.4–31.0)
BIAfoot (%)
21.9 ⫾ 5.3 (13.0–33.3)
14.2 ⫾ 4.7 (5.2–22.3)
BIAhand (%)
Leg dominance
28 Right, 12 left
23 Right, 17 left
Hand dominance
34 Right, 6 left
34 Right, 6 left
Note:—BMI indicates body mass index.
a
Data are mean (range).

P Value
.22
⬍.001
⬍.001
.05
⬍.001
⬍.001
.35
1.0

BMI with categoric variables (weight
change, diet, smoking, alcohol, leg/hand
dominance) were evaluated by using the
Spearman r. Correlations between 1.0
and 0.5 were considered strong; 0.5– 0.3,
moderate; and 0.3– 0.1, weak. Statistical
significance was P ⬍ .05.

RESULTS

Descriptive statistics (mean ⫾ SD, range)
of demographics are found in Table 1. No
significant differences in paravertebral
muscle FSF or volume were found between the right and left sides
(P ⫽ .30) or hand (P ⫽ .52) or leg (P ⫽ .29) dominance.
FSF (percentage) and volume (cubic centimeters) (mean ⫾
SD) for age group, sex, and lumbar level are presented in Online Tables 1 and 2 and are illustrated in Figs 1 and 2.

Sex
FSF for MF and ES alone and combined was higher in women
than in men (P ⬍ .001), whereas the volume for MF and ES alone
and combined was higher in men (P ⬍ .001).

Age
Volunteers 30 –39 years of age (only in men, P ⬍ .001), 40 – 49
years (women: P ⫽ .04; men: P ⬍ .001), and 50 – 62 years (both
sexes, P ⬍ .001) showed higher FSF (MF ⫹ ES) than those 20 –29
years of age. In men, there was also higher FSF at 50 – 61 years
compared with 30 –39 years (P ⫽ .049) and 40 – 49 years (P ⫽ .03)
(On-line Table 1 and Fig 2).

Lumbar Level

FIG 1. Fat signal fraction (percentage) and muscle volume (cubic centimeters) at each lumbar spine level (L1–L5) for women and men. Multiﬁdus and erector spinae FSFs and muscle volumes are given separately and for FSF combined, to represent the volume-weighted
average for both (MF ⫹ ES). FSF and volume are represented as the
sum of both sides (left ⫹ right).

FSF (MF ⫹ ES) showed an increasing trend from L1 to L5. No
differences in FSF were found among the L1, L2, and L3 levels
(women, P ⫽ .07; men, P ⫽ .86). All other FSF level comparisons
were significant (P ⬍ .001). Higher FSF (MF ⫹ ES, percentage)
for both sexes was found at L5 (women: 31.9 ⫾ 9.3; men: 25.7 ⫾
8.0; P ⬍ .001) and L4 (women: 21.2 ⫾ 9.3; men: 15.3 ⫾ 5.3; P ⬍
.001) compared with the supradjacent level. FSF (MF ⫹ ES) was
higher in women at L1 (P ⬍ .05), L3 (P ⬍ .05), L4 (P ⬍ .001), and
L5 (P ⬍ .05) (On-line Table 1).

Muscles
Statistical Analysis
Statistical analyses were performed by using commercial software (GraphPad Prism; GraphPad Software, San Diego, California; and SPSS, Version 20; IBM, Armonk, New York). Mean
(⫾SD) FSF and volume for MF, ES, and MF ⫹ ES were calculated for each subject. The Kolmogorov-Smirnov test verified
normal distribution. The ANOVA with post hoc Bonferroni
correction compared FSF and volume values among subgroups. Except for the comparison between the right and left
sides as part of ANOVA, FSF and volume values of both sides
were combined for statistical analysis (On-line Figure). Distributions of leg and hand dominance were compared by using
the 2 test. Correlations between linear parameters (FSF, age,
volume, BMI, BIAfoot, and BIAhand) were assessed with the
Pearson correlation coefficient (r). Correlations of FSF and
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Total FSF (L1–L5) was higher in the MF than in ES (both sexes, P ⬍
.001). For MF and ES separately, FSF (L1–L5) was higher in women
(P ⬍ .001). According to muscle and level, FSF was higher in the MF
thanintheESatL1,L2,L3,andL4(bothsexes,P⬍.001each)andhigher
in the ES at L5 in women (P ⬍ .05) (On-line Table 1 and Fig 1).

Associations
Associations between variables are presented in Table 2.
A moderate association between FSF (L1–L5) and age was shown
(women: r ⫽ 0.39, P ⬍ .05; men: r ⫽ 0.50, P ⬍ .001). FSF at L3 best
correlated with age for both sexes, strongly in men (women: r ⫽ 0.40,
P ⬍ .05; men: r ⫽ 0.55, P ⬍ .001). No association was shown between
age and muscle volume or BMI for both sexes. Of the 2 body fat
measures, BIAfoot correlated best with age (women: r ⫽ 0.46, P ⬍ .01;
men: r ⫽ 0.52, P ⬍ .001) (Table 2, Figs 1 and 2, and On-line Table 2).

healthy adult volunteers (20 – 62 years of age) and showed that the
lumbar paravertebral muscle fat increased with age, independent
of volume. Women, low lumbar levels, and multifidus muscles
were most affected; these findings align with degenerative features
of the spinal column that are highly prevalent in asymptomatic
individuals.30
Lumbar paravertebral muscle degeneration occurs in LBP16-20,24
and in response to induced lesions,22 yet its prognostic value is
unclear. Little is known about normative degeneration, and comparisons with existing literature are limited. Using similar quantification methods with axial 2-point Dixon MR imaging at 1.5T,
Fischer et al5 described mean FSF within a region of bilateral
DISCUSSION
We quantified lumbar paravertebral muscle volume and fat conmultifidus muscles of 21% (range, 3%– 65%). Despite their retent by using 2-point Dixon whole-body MR imaging of 80
porting symptomatic cases (potentially higher MFI percentage),
our results (for MF / MF ⫹ ES) of 23%/
18% in female and 18%/15% in male
lumbar paravertebral muscles appear
aligned and may reflect consistent methods. Meakin et al28 interpolated crosssectional areas from axial T1WI in
women only, reporting mean MF ⫹ ES
volume caudal to L3–L4 of 303 cm3 (for
n ⫽ 11 with no LBP; 281 cm3 in all 42
women). In agreement, our MF ⫹ ES
volume for women at L4 –L5 was 248
cm3. We provide normative FSF and
volumes for all lumbar levels in both
sexes across 4 decades.
Our fat content age effect agrees
with that in other studies reporting
MFI in subjects with and without29
back pain.17,24,25 In disagreement,
Fortin et al18 found no correlation
with age and FSF cross-sectional areas
at L3–L4 or L5–S1 derived from T2WI
in men 35– 69 years of age. This likely
reflects methodologic differences and
FIG 2. Age-group-averaged fat signal fraction (percentage) and muscle volume for both sexes.
Multiﬁdus and erector spinae FSFs and muscle volumes are given separately and combined (MF ⫹ may relate to their lack of cases repreES); FSF is shown as a volume-weighted average. FSF and volumes are represented by the sum of senting the 20- to 30-year age group,
both sides (left ⫹ right). Signiﬁcant differences of the means between age groups are indicated by further highlighting the need for conan asterisk (P ⬍ .05) and triple asterisks (P ⬍ .001). FSF was higher in women than in men at each
age group, lumbar level, and muscle (MF ⫹ ES, P ⬍ .001; MF, P ⬍ .01; ES, P ⬍ .01). Volume was lower sistency in quantifying paravertebral
in women than in men as indicated by a dagger (P ⬍ .01) and double daggers (P ⬍ .001).
muscle quality.
Strong associations were shown between total FSF (L1–L5)
and FSF at L4 (women: r ⫽ 0.95, P ⬍ .001; men: r ⫽ 0.92, P ⬍
.001) (Table 2).
No significant correlation occurred between BMI and FSF. A
strong correlation occurred between BMI and BIAfoot or BIAhand
(Table 2).
No association was seen between FSF or BMI and consumption-related parameters (weight change, smoking,
alcohol/drug use, exercise) or hand/leg dominance (data not
shown).

Table 2: Correlation matrix—men upper right, women lower left
Men
Women
FSF (L1–L5)
FSF (L1)
FSF (L2)
FSF (L3)
FSF (L4)
FSF (L5)
Volume (L1–L5)
Age
BMI
BIAfoot
BIAhand

FSF (L1–L5)
0.86a
0.87a
0.93a
0.95a
0.90a
⫺0.03
0.39c
⫺0.08
0.39c
0.20

FSF (L1)
0.81a
0.92a
0.82a
0.75a
0.69a
⫺0.23
0.36c
⫺0.11
0.35c
0.18

FSF (L2)
0.91a
0.86a
0.87a
0.79a
0.65a
⫺0.20
0.36c
⫺0.17
0.31c
0.14

FSF (L3)
0.90a
0.71a
0.90a
0.90a
0.76a
⫺0.02
0.40c
⫺0.07
0.41b
0.19

FSF (L4)
0.92a
0.61a
0.80a
0.83a
0.83a
0.00
0.31c
⫺0.07
0.37c
0.16

FSF (L5)
0.90a
0.62a
0.68a
0.73a
0.86a
0.07
0.37c
0.02
0.36c
0.18

Volume (L1–L5)
⫺0.20
⫺0.25
⫺0.25
⫺0.12
⫺0.18
⫺0.13
0.08
0.29
0.20
0.21

Age
0.50b
0.34c
0.49b
0.55a
0.51b
0.46b
⫺0.13
0.03
0.46b
0.00

BMI
0.13
0.17
0.12
0.22
0.08
0.10
0.32c
0.18
0.78a
0.76a

BIAfoot
0.52b
0.43b
0.45b
0.48b
0.47b
0.49b
0.06
0.52b
0.70a

BIAhand
0.43b
0.47a
0.40c
0.46b
0.30
0.39c
0.30
0.34c
0.81a
0.76a

0.75a

P ⬍ .001.
P ⬍ .01.
c
P ⬍ .05.
a

b
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We found an age-related increase of MF and ES MFI for both
sexes, suggesting progressive worsening in muscle quality, even in
healthy individuals. Male participants in each older age group had
significantly more MFI in both MF and ES muscles than the
youngest men; the third decade of life is an effective baseline for
paravertebral muscle degeneration in healthy men. On the contrary, increased MFI in our female participants only occurred in
the fifth and sixth decades. These findings may indicate earlier
onset of MFI in men and a sex-dependent decline in muscle
quality.
We showed an increasing craniocaudal trend for FSF between
L1 and L5. Levels L4 –L5 had higher MFI compared with the supradjacent level; the upper lumbar spine showed a trend in
women (women, P ⫽ .07; men, P ⫽ .84). This finding agrees with
the longitudinal male population study of Fortin et al,17 in which
L5–S1 had higher MFI than L3–L4. D’Hooge et al34 showed more
MFI bilaterally in subjects with LBP compared with healthy controls at both L4 endplates, yet equivalence at the L3 superior endplate. While D’Hooge et al34 did not report interlevel comparisons, agreement exists with respect to a caudal trend for
increasing MFI. Our difference between sexes in the upper lumbar
spine is interesting. We speculate that muscle quality relates to the
intrinsic shape and function of the thoracolumbosacral spine,
which may differ between sexes. High paravertebral muscle volume occurs in people with greater lordotic angulation.28 While
there is conjecture about sex differences in lumbar curvature,35
determining spinal shape in relation to MFI could offer
clarification.
Plausible explanations behind normative muscle atrophy and
MFI exist and include a combination of disuse and denervation
secondary to the degenerative cascade and concomitant altered
tensile properties of lumbar myofascial and neural tissues. Disuse-related muscle decline purportedly relates to deconditioning,
local tensile unload, and altered muscle recruitment.16,19,22 Paravertebral muscle denervation occurs in asymptomatic individuals,36 and the multifidus muscle is susceptible to the effects of
neural stretching after disc height loss and subsequent listhesis.37
However, the extent of paraspinal muscle atrophy is not explained
by matching denervation; this finding indicates the potential for
reversal through activity.38 We describe no association of FSF
with BMI or exercise, perhaps not supporting either theory. Instead, a local disuse mechanism dependent on paravertebral muscle morphology and proximity to the vertebra as shown in the
cervical spine39 might better explain the etiology.
Conflicting with several studies reporting laterality in healthy
individuals,40 those with LBP,19,20,27,28 and the general population,17 we agree with another study18 in showing no differences
between sides or hand/leg dominance in our healthy volunteers.
Valentin et al29 described asymmetry in MF and ES MFI in their
healthy subjects, yet no asymmetry for ES volume. The discrepancy among studies may be due to methodologic differences relating to the types of measurement techniques (quantitative versus qualitative, MR imaging versus CT/sonography, volume
versus cross-sectional area), defined paravertebral ROIs, and
study samples.
Our valuable methodologic finding promotes more time-effi746
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cient data collection by using imaging at L4 to generalize for total
lumbar paravertebral muscle fat content.
MFI was higher in women than in men at each age group in
our series, despite control for BMI in subject selection, resulting
in a lower female mean (P ⫽ .05). Age-related change to skeletal
muscle quality differs for sex-dependence.41 Generally, men lose
more muscle with aging, yet women have greater functional consequences.41 Therefore, the influence of general body fat on
healthy paravertebral MFI cannot be ignored.29,34 While our
study showed no correlation between BMI and FSF, our bioimpedance was strongly associated. Despite the questionable validity
of bioimpedance in measuring body fat,42 further investigation
appears warranted in determining the suitability of BMI or bioimpedance in identifying modifiable risks.
While our study has several strengths, it is limited by being
cross-sectional, though it is feasible in assessing a wide age range.
Identifying a baseline age group from which to reference the natural history of change represents a valuable contribution to the
literature to which longitudinal studies can be directed. We only
included participants 20 – 62 years of age; this age range may not
be generalizable to other age groups. Our sample included 10
cases per sex and decade, offering an improvement to the findings
in the literature, but was potentially inadequately powered for
reference as normative data. Whole-body MRI may not be generalizable to higher resolution clinical scans. Additionally, 2-point
Dixon sequences are prone to underestimating FSF; however, we
limited the influence by reduction of the flip angle.5
Our healthy volunteers evidenced declining muscle quality as
a normal process of aging from the twenties into mature adulthood. Investigating whether serial decline continues into healthy
older adulthood would be valuable. Furthermore, that poorer
muscle quality as determined by increased MFI affects muscle
function when noncontractile tissue replaces muscle fibers is implied. Whether this speculation is true should be investigated with
applied research examining function.

CONCLUSIONS
Lumbar multifidus and erector spinae fat content increased with
age in healthy adults 20 – 62 years of age, was higher in women
than men, and was more prevalent in the low lumbar levels and in
the multifidus compared with erector spinae muscles. These muscle-based degenerative features are part of healthy aging and, relating to LBP, should be interpreted within the individual context.
Measurements at L4 are surrogates for the whole lumbar spine.
Further studies examining adolescents and adults older than 60
years and in applied research examining function may be helpful
in directing interventions aimed at reducing muscle degeneration
in the lumbar spine.
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Multicenter Validation of Mean Upper Cervical Cord Area
Measurements from Head 3D T1-Weighted MR Imaging in
Patients with Multiple Sclerosis
X Y. Liu, X C. Lukas, X M.D. Steenwijk, X M. Daams, X A. Versteeg, X Y. Duan, X K. Li, X F. Weiler, X H.K. Hahn, X M.P. Wattjes,
X F. Barkhof, and X H. Vrenken

ABSTRACT
BACKGROUND AND PURPOSE: Spinal cord atrophy is a common and clinically relevant characteristic in multiple sclerosis. We aimed
to perform a multicenter validation study of mean upper cervical cord area measurements in patients with multiple sclerosis and
healthy controls from head MR images and to explore the effect of gadolinium administration on mean upper cervical cord area
measurements.
MATERIALS AND METHODS: We recruited 97 subjects from 3 centers, including 60 patients with multiple sclerosis of different disease
types and 37 healthy controls. Both cervical cord and head 3D T1-weighted images were acquired. In 11 additional patients from 1 center,
head images before and after gadolinium administration and cervical cord images after gadolinium administration were acquired. The
mean upper cervical cord area was compared between cervical cord and head images by using intraclass correlation coefﬁcients (ICC) for
both consistency (ICCconsist) and absolute (ICCabs) agreement.
RESULTS: There was excellent agreement of mean upper cervical cord area measurements from head and cervical cord images in the
entire group (ICCabs ⫽ 0.987) and across centers and disease subtypes. The mean absolute difference between the mean upper cervical
cord area measured from head and cervical cord images was 2 mm2 (2.3%). Additionally, excellent agreement was found between the mean
upper cervical cord area measured from head images with and without gadolinium administration (ICCabs ⫽ 0.991) and between the
cervical cord and head images with gadolinium administration (ICCabs ⫽ 0.992).
CONCLUSIONS: Excellent agreement between mean upper cervical cord area measurements on head and cervical cord images was
observed in this multicenter study, implying that upper cervical cord atrophy can be reliably measured from head images. Postgadolinium
head or cervical cord images may also be suitable for measuring mean upper cervical cord area.
ABBREVIATIONS: EDSS ⫽ Expanded Disability Status Scale; Gd ⫽ gadolinium; HC ⫽ healthy control; ICC ⫽ intraclass correlation coefﬁcient; ICCabs ⫽ ICC

absolute agreement; ICCconsist ⫽ ICC consistency; MUCCA ⫽ mean upper cervical cord area; PPMS ⫽ primary-progressive MS; RRMS ⫽ relapsing-remitting MS,
SPMS ⫽ secondary-progressive MS

pinal cord atrophy is recognized as a common and clinically
relevant characteristic in patients with multiple sclerosis.1
Differences in cervical cord volume and area among patients

S

with different phenotypes of MS and healthy controls (HCs)
measured by MR imaging have been identified in many studies.2-4 Furthermore, a modest or strong correlation between
spinal cord atrophy and disability has been demonstrated in
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numerous studies, suggesting that spinal cord atrophy is an
essential determinant of clinical disability and a potential outcome measure to monitor MS disease progression.5-7 The measurement of the upper cervical cord area is a well-established
method for the assessment of spinal cord atrophy and has been
applied in most studies so far.2,3,5,8,9 Both image acquisition
and spinal cord segmentation are technically feasible and more
accurate in the upper cervical region compared with other
parts of the cord or the entire cord.10 In addition, the upper
cervical cord is more frequently affected by MS pathology than
lower parts of the spinal cord.11
Mean upper cervical cord area (MUCCA) can be measured
by using 3D T1-weighted MR images of the cervical cord.3,4
The MUCCA also has been measured recently on 3D T1weighted MR images of the head covering the upper cervical
cord, which has yielded promising results showing associations
between MUCCA and clinical disability and disease progression.2,5 Measuring the MUCCA from head MR images offers
the opportunity to analyze MUCCA retrospectively in datasets
without dedicated cervical 3D T1-weighted images, and it can
reduce costs and patient burden in prospective studies by eliminating the need for separate cervical cord image acquisitions if
these are only acquired to measure the MUCCA. An MR imaging contrast agent is commonly used to detect the bloodbrain barrier breakdown and inflammation in new lesions12,13
in patients with MS, which might influence the MUCCA measurements by tissue-contrast changes. The effect of the MR
imaging contrast agent on MUCCA measurement also has to
be investigated to ease the implementation of MUCCA as an
auxiliary measurement in clinical practice. Although MUCCA
measurements based on head 3D T1-weighted images have
been successfully used in a monocenter study,14 multicenter
validation is lacking. In addition, the possible effect of intravenous contrast administration on MUCCA measurements
has not been investigated.
Therefore, the aim of the current study was to validate the
measurement of the MUCCA on the basis of head compared with
cervical cord 3D T1-weighted images in patients with MS and
healthy controls on different MR imaging systems by using
different acquisition parameters from multiple centers and to explore the effect of gadolinium (Gd) administration on MUCCA
measurements.

Table 1: Scan protocols for all 3 centersa

Vendor
Scanner
Head MRI
Sequence
No. of sections
TR (ms)
TE (ms)
TI (ms)
FA
Voxel size (mm)
Cervical MRI
Sequence
No. of sections
TR (ms)
TE (ms)
TI (ms)
FA
Voxel size (mm)

Center A
(n = 58)
GE Healthcareb
Signa HDxt

Center B
(n = 28)
Siemensc
Trio Tim

Center C
(n = 7)
Philips Healthcared
Achieva

FSPGR
176
7.8
3
450
12°
0.94 ⫻ 0.94 ⫻ 1

MPRAGE
176
1600
2.13
1000
9°
1⫻1⫻1

FFE

FSPGR
176
7.3
3
450
15°
1⫻1⫻1

MPRAGE
96
2000
3.36
1100
10°
1⫻1⫻1

FFE

180
10
4.6
1000
8°
1⫻1⫻1

64
8
3.5
1000
8°
1⫻1⫻1

Note:—FA indicates ﬂip angle; FFE, fast-ﬁeld echo; FSPGR, fast spoiled gradient
recalled.
a
All images had a sagittal orientation.
b
Milwaukee, Wisconsin.
c
Erlangen, Germany.
d
Best, the Netherlands.

primary-progressive MS (PPMS), 10 with secondary-progressive MS (SPMS), and 37 HCs. The subjects from the Amsterdam center were selected from a larger cohort (most data from
this cohort have been published before3) in a semirandom
fashion, to include 20 with RRMS, 10 with SPMS, 10 with
PPMS, and 20 HCs. We ensured that the selected subsets
spanned the range of spinal cord area of the total group (on the
basis of the previously published measurements from cervical
images3).
MS diagnosis was determined according to the 2010 revisions of the McDonald criteria.15 The main demographic
and clinical characteristics included the Expanded Disability
Status Scale (EDSS)16 scores and disease duration of the
participants.
To explore the effect of intravenous Gd administration on
MUCCA measurements, we included an additional 11 patients
from Center C, including 2 with clinically isolated syndrome suggestive of MS and 9 with RRMS. In these patients, head images
before and after Gd administration and cervical cord images after
Gd administration were acquired.

MR Imaging Acquisition

MATERIALS AND METHODS
Subjects
The study was approved by the local institutional review board of
the 3 centers (Amsterdam, Beijing and Bochum), and informed
consent was obtained from each participant.
To investigate the variability of the MUCCA based on head
3D T1 MR images and cervical cord 3D T1 MR images, we
selected scans from ongoing local cohorts in which separate
head and cervical cord 3D T1 MR images were acquired. All
images were checked for visibility of the spinal cord without
artifacts, and head images were checked for coverage of the
upper cervical cord. A total of 97 subjects were recruited from
3 centers (A: Amsterdam, B: Beijing, and C: Bochum), including 40 patients with relapsing-remitting MS (RRMS), 10 with
750
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In all 3 centers, a 3T MR imaging system was used to acquire
high-resolution 3D sagittal T1-weighted head (with head
coils) and cervical cord (with spine coils) images in the same
scanning session. Corrections for geometric distortion due to
gradient nonlinearity were applied in 3D. Details of MR imaging systems and acquisition parameters are provided in
Table 1.

Image Analysis
Images were anonymized before MUCCA measurement and
presented in a random order to the rater (Y.L., with ⬎8 years of
experience). MUCCA was defined as the average area of the
30-mm-length section of the upper cervical cord, starting at
the upper borders of vertebral level C2, measured by using the

semiautomated software NeuroQLab (Fraunhofer MEVIS,
Bremen, Germany) (Fig 1). In short, NeuroQLab segments the
upper cervical cord from surrounding non-spinal cord tissue
by using a Gaussian mixture modeling method. The workflow
and the reliability of the software have been described
previously.2,3,17,18

Statistical Analysis
Analyses were performed by using SPSS software (Version 18;
IBM, Armonk, New York). Kolmogorov-Smirnov tests were
performed together with visual inspection of histograms to
assess the normality of the variables. Comparison of the demographic data and MR imaging parameters between different
disease subtypes and HCs or among different centers was conducted by using ANOVA, with Bonferroni correction for post
hoc comparisons.

The intraclass correlation coefficients (ICCs) were calculated to assess both absolute agreement (ICCabs) and consistency (ICCconsist) between MUCCA measurements from head
and cervical cord images. These calculations were also performed separately for each center and each disease subtype.
The difference between MUCCA measurements on head and
cervical cord images was calculated in square millimeters and
as percentages. For the exploratory analysis of the effects of
intravenous Gd administration, the above-mentioned analyses
were additionally performed in patients with MS from Center
C included in that part of our study.

RESULTS
Demographics and Clinical and MR Imaging
Characteristics

Five subjects were excluded from the final analysis, including 2
HCs from Center A (1 head scan and 1
cervical cord scan with artifacts) and 1
with RRMS, 1 HC from Center B (head
scan with artifacts), and 1 patient with
RRMS from Center C (the head scan
without Gd administration did not
cover the upper cervical cord). Finally, 103 subjects were left for final
analysis, including 93 subjects without
Gd administration from 3 centers
(Table 2) and 10 patients with images
before and after Gd administration
from Center C. As shown in Table 2
and in line with the recruitment of
long-standing patients with MS and
matched healthy controls in Center
A,3 the age of the subjects (including
patients and HCs) was older in Center
A than in the other 2 centers, and patients from center A had a longer average disease duration and higher EDSS
scores than patients from Center B.
MUCCA measured from cervical
cord images did not differ among centers in HCs (Center A: 81 ⫾ 9 mm2,
Center B: 80 ⫾ 6 mm2, Center C: 84 ⫾
10 mm2, F ⫽ 0.51, P ⫽ .61). For the
FIG 1. Examples of images from each center (cervical cord and head images). Sagittal T1-weighted whole cohort, the MUCCA measured
MR image of the ROI selection (30-mm section length) in the upper cervical cord, starting at the
from cervical cord images in patients
upper borders of vertebral level C2 (A, D, and G), and sagittal images of the cervical cord and head
with representative axial reformats overlaid by corresponding segmentation images from a pa- with MS was significantly lower than
tient with SPMS from Center A: B, MUCCA cervical cord images ⫽ 62 mm2, C, MUCCA head that in HCs (P ⬍ .001). Specifically, in
images ⫽ 64 mm2. A patient with RRMS from Center B: E, MUCCA cervical cord images ⫽ 74 mm2;
patients with SPMS (P ⫽ .02) and
F, MUCCA head images ⫽ 75 mm2. An HC subject from Center C: H, MUCCA cervical cord
PPMS (P ⬍ .001), the MUCCA was
images ⫽ 82 mm2; I, MUCCA head images ⫽ 80 mm2.
Table 2: Demographic and clinical characteristics of subjects without Gd administrationa
Center A (n = 58)

Center B (n = 28)

Center C (n = 7)

RRMS (n = 20)
SPMS (n = 10)
PPMS (n = 10)
HC (n = 18)
RRMS (n = 19)
HC (n = 9)
HC (n = 7)
Sex (female/male)
12:8
4:6
5:5
11:7
13:6
6:3
5:2
Age (yr)
50.5 ⫾ 8.4 (33–65) 63.4 ⫾ 4.7 (54–70) 55.8 ⫾ 4.6 (49–65) 51.9 ⫾ 6.8 (36–61) 33.5 ⫾ 8.7 (17–49) 32.4 ⫾ 11.9 (21–56) 38.6 ⫾ 11.8 (26–53)
Disease duration (yr) 18.8 ⫾ 5.8 (9–29) 20.7 ⫾ 7.6 (10–33) 19.5 ⫾ 4.6 (12–27)
NA
4.3 ⫾ 2.5 (1–10)
NA
NA
EDSS score
3.5 (2.5–6.5)
5 (3.5–8)
5.5 (3–7.5)
NA
3 (0–6.5)
NA
NA
Note:—NA indicates not applicable.
a
Data are presented as mean ⫾ SD (range).
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The Effect of Gd Administration on
MUCCA Measurements
Table 3 presents the results of the comparisons between MUCCA measurements based on 3D T1 MR images with
and without Gd administration. Excellent agreement was found between
MUCCA measurements on head images
with and without Gd administration
(ICCabs ⫽ 0.991, ICCconsist ⫽ 0.990) and
between MUCCA measurements on
cervical cord images and head images
with Gd enhancement (ICCabs ⫽ 0.992,
ICCconsist ⫽ 0.992).

DISCUSSION
The results of the current study demonstrate that MUCCA can be reliably measured by using head images covering the
upper cervical cord in a multicenter setting across MS subtypes. Furthermore,
our data suggest that Gd enhancement
does not have a substantial influence on
MUCCA measurements.
Upper cervical cord atrophy is regarded as an important biomarker correlating with clinical disability and predicting disease progression in MS.2,4,5
Measurement of MUCCA is commonly
FIG 2. Scatterplot of the MUCCA measured from head-versus-cervical cord images. Different used for assessing upper spinal cord atshapes indicate different centers (circle: Center A; diamond: Center B; star: Center C), and rophy. In our study, MUCCA was meadifferent colors represent different subgroups of subjects (red: HC; green: RRMS; yellow: PPMS; sured by using semiautomated software,
purple: SPMS). The solid black line indicates perfect agreement.
for which high intra- and interrater reproducibility has been observed for
significantly smaller compared with HCs, and patients with
MUCCA measurements either from head images3 or cervical cord
PPMS showed smaller MUCCAs than those with RRMS (P ⫽
images2 in previous studies. Although the primary objective of the
.01), whereas the MUCCA did not differ between patients with
current study was to determine agreement between head and cerRRMS and HCs (P ⫽ .20) or between those with SPMS and
vical images, it is reassuring that in our study, differences were
found in MUCCAs among disease subtypes: Patients with PPMS
those with RRMS (P ⫽ .63). MUCCA measured from head
and SPMS showed smaller MUCCAs compared with HCs, and
images showed similar group effects across centers and groups,
patients with PPMS demonstrated smaller MUCCAs compared
including differences between those with MS and HCs, as well
with those with RRMS, based on both cervical cord and head
as among disease subtypes.
images. For Center A, MUCCA has been reported before for these
subjects because they were part of a larger cohort; in that study,
Concordance of MUCCA Measurements from Cervical
Cord Images and Head Images
MUCCA was measured independently by another rater than the
There was excellent absolute and consistency agreement of
one performing the measurements in the current study.3 These
MUCCA measurements from head and cervical cord images in
current findings are in line with previous studies showing that
the whole group (ICCabs ⫽ 0.987, ICCconsist ⫽ 0.987). Similarly,
cervical cord atrophy is more pronounced in progressive
strong ICCs were observed across different centers and disease
subtypes.2,4
subtypes (On-line Table). The mean difference between MUCCA
Some previous studies have used head images to measure cermeasured from head images and cervical cord images was 0.1
vical cord atrophy,2,5,8,9 and a viable method is measuring the
mm2 (0.1%), ranging from ⫺5 mm2 (⫺6.1%) to 5 mm2 (6.6%).
MUCCA. However, for MUCCA measurements to be widely apThe mean absolute difference was 2 mm2 (2.3%), ranging from 0
plied to head images, in particular in a clinical trial setting, valito 5 mm2 (6.6%) (On-line Table). For illustration purposes, scatdation in a multicenter setting is necessary. Our study showed an
terplots (Fig 2) and Bland-Altman plots (Fig 3) were created,
average absolute difference in MUCCA between cervical cord and
which provide information on the interchangeability of the 2
head images of ⬍4%, and ICCs for absolute agreement ⱖ 0.978
measurements, by using MUCCAs from cervical cord images as
across centers and disease subtypes, which is consistent with a
previous study from a single center showing an ICC ⬎ 0.95 bethe criterion standard.
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MUCCA differences between head images and cervical cord
images (mm2)

they cover the upper cervical cord and if
gradient inhomogeneity correction is
Center A HC
applied in 3D. Retrospective studies can
Center A RRMS
thus be performed in large MS data
Center
A
PPMS
+2SD
5
Center A SPMS
bases investigating upper cervical cord
Center B HC
atrophy by using head images, which
Center B RRMS
may help to improve our understanding
Center C HC
of the role of spinal cord atrophy in MS.
3
For future studies, upper cervical cord
atrophy is an accessible outcome measure in treatment trials and clinical
research without additional cervical
0
cord image acquisitions, thus providing
additional information without increasing image acquisition cost or patient
-3
burden.19
Gd administration is often included
in routine MR imaging protocols of pa-2SD
tients with MS20 and can change the
-5
contrast of brain and spinal cord images.
The question of whether the MUCCA
50
60
70
80
90
100
110
can be reliably measured on images obtained after Gd administration is thereAverage MUCCA (mm2)
fore clinically relevant, but it has not
FIG 3. Bland-Altman plots for MUCCA measurements from cervical cord images and head im- been investigated before, to our knowlages. The averages of MUCCA measurements on cervical cord and head images are shown on the
horizontal axis, and the differences in MUCCA between the 2 measurements are shown on the edge. In the current study, we were unvertical axis. Different shapes indicate different centers (circle: Center A; diamond: Center B; star: able to perform a rigorous assessment
Center C), and different colors represent different subgroups of subjects (red: HC; green: RRMS; with available data for only 10 patients
yellow: PPMS; purple: SPMS).
from a single center. However, these
preliminary results showed excellent
Table 3: Demographic and clinical characteristics of patients with
Gd administration from Center C and comparison between
agreement of the MUCCA between head images with or without
MUCCA from nonenhanced head images, enhanced cervical cord
Gd administration and between head and cervical cord images
and head imagesa
with Gd administration, suggesting that Gd administration has
Center C (8 RRMS + 2 CIS)
Sex (female/male)
6:4
little effect on MUCCA measurement. These results should be
Age (yr)
39.0 ⫾ 10.8 (29–67)
confirmed in a larger group of patients and a multiscanner setting.
Disease duration (yr)
1.2 ⫾ 1.2 (0.1–2.9)
If future studies confirm the current finding, one could use head
EDSS score
2.6 ⫾ 1.7 (1–5.5)
images or cervical cord images after Gd administration to meaGd⫹ MUCCA (cervical cord images) (mm2)
82 ⫾ 10 (67–96)
Gd⫺ MUCCA (head images) (mm2)
82 ⫾ 10 (66–99)
sure MUCCA, which would present another option to assess cerGd⫹ MUCCA (head images) (mm2)
0.82 ⫾ 0.10 (66–99)
vical cord atrophy. However, care should be taken in case of enGd⫹ MUCCA (head images) vs
Gd⫹ MUCCA (cervical cord images)
hancing intramedullary cervical cord lesions that may affect
Difference (mm2)
⫺0.17 ⫾ 2.00 (⫺30–30)
MUCCA estimation on images obtained after Gd administration.
% Difference
⫺0.28 ⫾ 2.21 (⫺3.48–3.12)
2
Because in the present study no enhancing lesions were observed
Absolute difference (mm )
1.49 ⫾ 1.25 (0–30)
% Absolute difference
1.71 ⫾ 1.32 (0.48–3.48)
on the postcontrast images, we cannot exclude a bias in such
ICCconsist
0.990
cases. Furthermore, enhanced spinal nerves after Gd adminisICCabs
0.991
tration may influence the segmentation of the cord, another
Gd⫹ MUCCA (head images) vs
Gd⫺ MUCCA (head images)
potential factor influencing MUCCA measurement.
Difference (mm2)
⫺034 ⫾ 1.89 (⫺2–4)
Although this study included only 3 centers, the 3 main MR
% Difference
⫺0.40 ⫾ 2.05 (⫺2.61–4.42)
imaging vendors and the most commonly used sequences for
Absolute difference (mm2)
1.36 ⫾ 1.29 (0–4)
% Absolute difference
1.53 ⫾ 1.34 (0.14–4.42)
high-resolution cervical cord and head imaging were included.
ICCconsist
0.992
Despite the (subtle) differences in tissue contrast among different
ICCabs
0.992
scanners and 3D T1 sequences, agreement was excellent, suggestNote:—CIS indicates clinically isolated syndrome.
a
ing the generalizability of our results beyond scanners and pulse
Data are presented as mean ⫾ SD (range).
sequences. Therefore the MUCCA has the potential to become a
viable marker for MS in a routine clinical setting and clinical
tween MUCCA measurements from head and cervical cord imtreatment trials.
ages in patients with RRMS.14 The excellent agreement between
Several limitations apply to this work. First, we did not norMUCCA measurements using cervical cord and head images
malize the MUCCA measurements for intracranial volume, body
without systematic shift indicates that measuring the upper cerheight, or other parameters because optimal parameters for cervical cord area is feasible by using head MR imaging datasets if
Center_Group
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vical cord volume or area normalization remain controversial.21-23 Second, the presence of cord lesions including T2 hyperintensity and T1 hypointensity in the measurement area may
influence MUCCA measurements due to underestimation of
white matter volumes owing to lesion misclassification.9 However, the lesions are present on both cervical cord and head images, which may cause a similar effect on MUCCA measurements.
The high ICC values in all subgroups suggest that if an effect is
present, it is comparable between both image types. Third, HCs
were younger than those with MS, especially those with SPMS and
PPMS in Center A in the current study. High ICC values were
identified in HCs and all MS subgroups, suggesting that age has
little influence on the consistency of measurements of the
MUCCA between cervical cord and head images. Finally, this is a
cross-sectional study; a longitudinal study is warranted to extrapolate the current findings to MUCCA changes with time.

3.

4.

5.

6.

7.

8.

CONCLUSIONS
Excellent agreement between MUCCA measurements from
cervical cord and head images was observed across centers and
disease subtypes in a multicenter setting, implying that upper cervical cord atrophy can be reliably measured by using head images
covering the upper cervical cord. If there are no enhancing cervical cord lesions, postcontrast 3D T1-weighted images of the cervical cord or head may also be a suitable source for measuring
MUCCA. These findings have important implications for clinical
studies, including treatment trials.
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The Cervical Spinal Canal Tapers Differently in Patients with
Chiari I with and without Syringomyelia
X A. Thompson, X N. Madan, X J.R. Hesselink, X G. Weinstein, X A. Munoz del Rio, and X V. Haughton

ABSTRACT
BACKGROUND AND PURPOSE: The cause of syringomyelia in patients with Chiari I remains uncertain. Cervical spine anatomy modiﬁes
CSF velocities, ﬂow patterns, and pressure gradients, which may affect the spinal cord. We tested the hypothesis that cervical spinal
anatomy differs between Chiari I patients with and without syringomyelia.
MATERIALS AND METHODS: We identiﬁed consecutive patients with Chiari I at 3 institutions and divided them into groups with and
without syringomyelia. Five readers measured anteroposterior cervical spinal diameters, tonsillar herniation, and syrinx dimensions on
cervical MR images. Taper ratios for C1–C7, C1–C4, and C4 –C7 spinal segments were calculated by linear least squares ﬁtting to the
appropriate spinal canal diameters. Mean taper ratios and tonsillar herniation for groups were compared and tested for statistical
signiﬁcance with a Kruskal-Wallis test. Inter- and intrareader agreement and correlations in the data were measured.
RESULTS: One hundred ﬁfty patients were included, of which 49 had syringomyelia. C1–C7 taper ratios were smaller and C4 –C7 taper
ratios greater for patients with syringomyelia than for those without it. C1–C4 taper ratios did not differ signiﬁcantly between groups.
Patients with syringomyelia had, on average, greater tonsillar herniation than those without a syrinx. However, C4 –C7 taper ratios were
steeper, for all degrees of tonsil herniation, in patients with syringomyelia. Differences among readers did not exceed differences among
patient groups.
CONCLUSIONS: The tapering of the lower cervical spine may contribute to the development of syringomyelia in patients with Chiari I.

P

atients with a Chiari I malformation frequently develop syringomyelia, in theory the result of CSF flow obstructed by ectopic cerebellar tonsils. Phase-contrast MR imaging studies of CSF
flow in the foramen magnum support this theory. Oscillatory CSF
fluid flow has greater velocities and greater complexity in patients
with Chiari I than in healthy subjects.1 Why some patients with
Chiari I develop syringomyelia and other do not has not yet been
explained. How hyperdynamic CSF flow at the craniovertebral
junction causes syringomyelia lower in the cervical spine has also
not been elucidated.
Abnormal tonsil position is not a necessary or a sufficient
cause for syringomyelia because not all patients with Chiari I have
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syringomyelia and not all patients with syringomyelia have tonsillar herniation. The extent of tonsillar herniation does not predict the presence of syringomyelia. Therefore, factors other than
tonsil herniation may have a role in the pathogenesis of syringomyelia. For example, one factor may be the size of the posterior
cranial fossa; another pathogenetic factor may be the patency of
the central canal within the cervical or thoracic spinal cord.2,3
The possibility that cervical spinal canal anatomy has a role in the
pathogenesis of syringomyelia has not been extensively studied. The
spinal canal narrows between C1 and C4 in healthy subjects4 and in
patients with Chiari I.5 The tapering of the upper cervical spinal canal
causes peak CSF velocities to increase from C1 to C4.6,7 Taper ratios,
the slope of a line fit to spinal canal diameters at multiple spinal levels,
differ between patients with Chiari I and controls.5,8 We designed
this study to test the hypothesis that Chiari I patients with syringomyelia have different cervical spinal canal taper ratios than Chiari I
patients without syringomyelia.

MATERIALS AND METHODS
Approval for this retrospective study was obtained from the respective institutional review boards of the 3 sites: the University of Wisconsin School of Medicine and Public Health, Tufts University
AJNR Am J Neuroradiol 37:755–58
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School of Medicine, and the University of California, San Diego
School of Medicine. The requirement for written informed consent
was waived. This study conformed to Health Insurance Portability
and Accountability Act standards. We recruited 5 readers: A) a staff
neuroradiologist at the University of Wisconsin School of Medicine
and Public Health who was also a visiting scientist at the Tuft University Medical Center; B) a resident radiologist at the University of
Wisconsin School of Medicine and Public Health; C) a staff neuroradiologist; D) a resident at Tufts University Medical Center; and E)
a staff neuroradiologist at the University of California San Diego
School of Medicine. Readers re-read a fraction of cases 1 or 2 times
with at least 2 weeks between readings.
Cases of Chiari I were collected by reviewing the PACS between
January 2012 and July 2013 for cervical spine MR imaging or in 1
institution by reviewing the Chiari I case registry. Inclusion criteria
were any patient with sagittal T2-weighted fast spin-echo cervical
spine images (at 1.5T or 3T) who had ⱖ5-mm cerebellar tonsil herniation. Patients were excluded if they had a history or evidence of a
Chiari II malformation, tumor, trauma, infection, prior spine surgery, or poor-quality images. Cervical and thoracic MR images were
inspected for the presence of a fluid collection in the spinal cord
consistent with a syrinx.
For each patient, the sagittal T2-weighted cervical spine MR
imaging sequence was reviewed by using a DICOM image viewer
to identify the midline section or sections that best showed the
spinous processes or dens at each cervical level. Cerebellar tonsil
herniation was measured by placing a line from the tip of the
inferior end of the basion to the anterior rim of the opisthion and
measuring the perpendicular distance from this line to the inferior tip of the cerebellar tonsils on the sagittal image that best
demonstrated the tonsil. The anteroposterior diameter of the cervical spinal canal from C1 to C7 was measured on the midline
sagittal T2 images by a previously described method.6,7 At each
level, a line was placed perpendicular to the spinal axis at the
midpoint of the vertebra, the points where it crossed from CSF to
epidural tissue were identified, and the distances between them
were measured. At C1, the midpoint of the anterior arch of C1 was
defined, and the line was drawn transverse to the spinal axis at this
level. We measured the foramen magnum anteroposterior dimensions at the site with the largest enrollment as in previous
studies. The C1–C7, C1–C4, and C4 –C7 taper ratios were calculated by least squares fitting of a line to the appropriate diameters,
by using the LINE ST macro in Excel (Microsoft, Redmond,
Washington) as in previous studies.6,7 The length of the syringomyelia was calculated as the number of segments over which it
extended. The readers measured the maximal anteroposterior diameter of the syrinx on the midsagittal T2-weighted image.

Analysis and Statistical Testing
The diameter measurements for all readers were tabulated together with the patient age, sex, tonsillar herniation, syrinx location, and dimensions. Two sets of readings were created to control
for the possibility of reader effects. The measurements of readers
B, C, and E were pooled as set 1, and the measurements of readers
A (from 2 sites) and E were pooled as set 2. (Reader E’s 9 readings,
the only ones at the site, were included in both sets because there
was only 1 reader at this site.) The mean taper ratios for the pa756
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tients with Chiari I with and without syringomyelia were calculated and tested for significance by the Kruskal-Wallis rank sum
test, with significance set at .05. Tonsillar herniation was compared among groups with a Kruskal-Wallis test. The effect of age,
sex, institution, and reader was tested on the pooled datasets with
Kruskal-Wallis and Fisher exact tests for continuous and categoric responses, respectively. P values were not adjusted for multiple testing. All statistical computations and graphics were obtained in R 3.1.0 (R Core Team 2014; http://www.r-project.org).
We performed regression analysis with macros in Excel.
For reader-agreement analysis, 55 readings by reader B at site 1
were compared with readings in the same patients by reader A, and
90 readings by reader C at site 2 were compared with readings in the
same patients by reader A. For intrareader agreement, reader B reread a subset of patients (n ⫽ 21) and reader A reread a subset of
patients for a second (n ⫽ 20) and third time (n ⫽ 10), with a minimum of 2 weeks between readings.
Inter- and intrareader agreement was analyzed with BlandAltman 95% limits of agreement. We calculated the bias and the
typical discrepancy between 2 measurements, accounting for the
clustering that results from combining multiple diameters from
the same subject.9

RESULTS
The readers measured spinal canal diameters in 101 patients with
Chiari I without and 49 with syringomyelia at the 3 institutions.
Females comprised 66% and 67% of the patients in sets 1 and 2,
respectively. Readers A, B, C, D, and E measured 146, 55, 90, 9,
and 89 cases, respectively. Sets 1 and 2 differed in the number of
patients by 4, due to omissions of cases in which a reader believed
that measurements were inexact because of artifacts or other
problems with the image.
On average, syringes were 5 vertebral segments in length
(range, 1–13 segments) and 0.36 cm in anteroposterior diameter
(range, 0.1–1.67 cm). Syringes terminated superiorly most frequently at the C6 level (13 cases) and at other levels between C1
and T2 in other cases.
C1–C7 and C1–C4 taper ratios had negative signs indicating
narrower diameters at the caudal end; C4 –C7 taper ratios had
positive signs indicating larger diameters at their caudal ends (Fig
1 and Table). For C1–C7, taper ratios were ⫺0.057 ⫾ 0.034 cm/
level (set 1) and ⫺0.052 ⫾ 0.033 cm/level (set 2) for patients with
Chiari I without syrinx and ⫺0.036 ⫾ 0.041 cm/level (set 1) and
⫺0.032 ⫾ 0.039 cm/level (set 2) for the patients with syringomyelia. The difference was significant in both sets (P ⫽ .003 and .019
for sets 1 and 2, respectively).
The average foramen magnum diameters were 3.2 cm in 30 patients with and 3.1 cm in 53 patients without a syrinx; this difference
was not significant (P ⫽ .2). The diameters at C1 for the patients at
the 3 sites were 1.7 and 1.6 cm, respectively, in the cases with and
without syrinx; this difference was also not significant (P ⫽ .4).
C1–C4 taper ratios were ⫺0.147 ⫾ 0.072 cm/level (set 1) and
⫺0.129 ⫾ 0.070 cm/level (set 2) in patients with Chiari I without
syringomyelia and ⫺0.122 ⫾ 0.086 cm/level (set 1) and ⫺0.115 ⫾
0.078 cm/level (set 2) for the patients with Chiari I with syringomyelia (set 1). The difference was not statistically significant in
either set (P ⫽ .08 and .38 for sets 1 and 2, respectively).

12.0 ⫾ 5.01 mm (set 1) and 12.7 ⫾ 5.43
mm (set 2) in the patients with Chiari I
with syringomyelia. The differences between the 2 groups were significant (P ⫽
.008 and .020 for sets 1 and 2,
respectively).
Regression analysis showed that the
C4 –C7 taper ratio was 0.001 (tonsil
herniation) ⫹ 0.21 for the Chiari cases
without syringomyelia and 0.001 (tonsil herniation) ⫹ 0.42 for the Chiari
cases with syringomyelia. The taper ratio in patients with Chiari I with a syrinx was on average 0.021 cm/level
greater than that in the group without
syrinx for any degree of tonsillary herniation. The length of the syrinx correlated significantly with the C4 –C7
FIG 1. C1–C7, C1–C4, and C4 –C7 taper ratios and 95% conﬁdence intervals for set 1 and 2 readings
taper ratio (P ⫽ .02).
in patients with Chiari I without and with syrinx.
Because the proportion of females
Taper ratios for C1–C7, C1–C4, and C4 –C7 and tonsillar ectopia in patients with Chiari I with
and the ages on average were similar in
and without a syrinx
the 2 groups, sex and age were not conReader Set 1
Reader Set 2
founding factors. The C4 –C7 taper raWithout Syrinx With Syrinx Without Syrinx With Syrinx
tios were greater on average in males
C1–C7 Taper ratio (cm/level)
⫺0.057
⫺0.036a
⫺0.052
⫺0.032a
than in females by 0.02 cm/level (P ⫽
C1–C4 Taper ratio (cm/level)
⫺0.147
⫺0.122
⫺0.129
⫺0.115
.027 and .007 for sets 1 and 2, respec⫹0.009
⫹0.028a
C4–C7 Taper ratio (cm/level)
⫹0.011
⫹0.031a
tively). Sex had no significant effect on
a
a
Tonsillar ectopia (mm)
9.8
10.8
12.0
12.7
the position of the tonsils below the foa
Signiﬁcant differences between cases with and without syrinx (P ⬍ .05).
ramen magnum (P ⫽ .77 and .998 for
sets 1 and 2, respectively). C1–C4 taper
ratios tended to be larger with age (P ⫽
.153 and .011 for sets 1 and 2, respectively) as did the C1–C7 taper ratios
(P ⫽ .23 and .010 for sets 1 and 2, respectively). The C4 –C7 taper ratio was not
affected by age (P ⫽ .58 and .933 for sets
1 and 2, respectively). No other statistically significant effects of age or sex were
noted.
For 2 readers at site 1, the systematic
difference (bias) between measurements
by different readers in the same cases was
0.02 mm, and the variability between the 2
readers was 0.16 to ⫺1.22 mm in 95% of
cases. The systematic difference between
the 2 measurements at site 2 was 0.01 mm,
and the variability between the 2 readings
was 0.31 to ⫺0.33 mm in 95% of cases. For
1 reader at site 1, the systematic difference
FIG 2. Box-and-whisker plot of the C4 –C7 taper ratios in patients with Chiari I without and with
between a first and second reading was
a syrinx. For sets 1 and 2, taper ratios differed signiﬁcantly between groups (P ⫽ .026, .039).
0.005 mm and the variability was 0.15 to
C4 –C7 taper ratios (Fig 2) were 0.011 ⫾ 0.040 cm/level (set 1)
⫺0.13 mm in 95% of cases. Inter- and intrareader agreement was
and 0.009 ⫾ 0.039 cm/level (set 2) for the patients without syringosimilar in all other comparisons.
myelia and 0.031 ⫾ 0.053 cm/level (set 1) and 0.028 ⫾ 0.052 cm/level
(set 2) for patients with syringomyelia. The difference was significant
DISCUSSION
in both sets (P ⫽ .027 and .039 for sets 1 and 2, respectively).
The cervical spinal canal tapers differently in patients with Chiari I
Tonsillar descent averaged 9.82 ⫾ 3.98 mm (set 1) and 10.8 ⫾
with syringomyelia compared with those without it. In both groups,
4.79 mm (set 2) in the patients with Chiari I without syrinx and
the spinal canal narrows from C1 to C7. Patients with Chiari I with a
AJNR Am J Neuroradiol 37:755–58
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syrinx have a steeper positive C4 –C7 taper (wider caudally). The
C4 –C7 taper accounts for the differences in the C1–C7 segment because the C1–C4 taper does not differ significantly between the
groups.
Patients with Chiari I with syringomyelia have, on average,
greater tonsillar herniation than those without a syrinx. On average,
patients with syringomyelia, regardless of the amount of tonsillar
herniation, have a greater C4 –C7 taper than patients without it.
Given the multicenter nature of the study and the need for
multiple readers, the study was divided into 2 reader sets to assess
the influence of reader effect. For virtually all of the measurements
made, agreement was excellent among the readers.
In comparison with published studies, the patients in this
study had similar morphologic features. Tonsil herniation in
these patients compared well with the average of 11 mm reported
previously in a cohort of patients with Chiari I, some of whom had
syringomyelia.10 Syringomyelia most frequently extended superiorly to the level of C6 in this study, which is in keeping with
previous reports.10 Taper ratios for C1–C7, C1–C4, and C4 –C7 in
patients with Chiari I with syringomyelia in this study (⫺0.036,
⫺0.122, and 0.031 cm/level, respectively) agree well with those
previously reported11 in patients with distended syringes
(⫺0.034, ⫺0.098, and 0.024 cm/level, respectively). Our taper
ratios does not agree well with C1–T1 taper ratios in a sample of 21
patients reported previously,5 perhaps because of issues of linear
fitting to curving portions of the cervical spine, different patient
ages, or smaller sample sizes in the previous report. In a previous
report of 2 patients with scoliosis with and 20 without syrinx, the
presence of a syrinx does not produce a significant difference in
the C1 to C7 taper ratios.8 The small sample size may explain the
difference from our results.
The study has limitations due to the inclusion of multiple readers
and multiple medical institutions. The patients from the 3 institutions differed to some degree in age distributions and severity of
syringomyelia, probably because of the types of services offered at
each institution and the proportion of pediatric patients treated.
Reader disagreements in diameter measurements resulted from different placement of the transverse line on which to measure the diameters and from imprecisely defining the junction of the subarachnoid space and the epidural tissues. The use of the taper ratio tended
to moderate the effect of random measurement errors. Linear fitting
to diameters better suits short and relatively straight spinal segments
(C1–C4 and C4 –C7) than the entire cervical spine, which may curve.
Sex and age had an effect on taper ratios, but not on the differences
between the 2 patient groups, because the proportion of females and
the ages, on average, were similar in the 2 groups. Creating 2 sets of
data increased confidence that results were not reader-dependent.
The results in this study do not accord with the common assumption that syringomyelia results predominantly from spinal obstruction at the level of the foramen magnum. However, because tonsillar
ectopia and crowding at the foramen magnum do not accurately
predict the development of syringomyelia, other factors may be suspected. Greater positive C4 –C7 tapering (expansion) of the spine
suggests decreasing rather than increasing CSF velocities below C4 in
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these patients. The juxtaposition of negatively and positively tapering
cervical segments produces complex pressure gradients during the
cardiac cycle, which may contribute to the pathogenesis of syringomyelia. Other anatomic features relevant to syringomyelia may include variations in the central canal within the spinal cord and posterior fossa morphology.2,11
The steeper C4 –C7 taper ratios in patients with Chiari I with
syringomyelia warrant additional study. One hypothesis to test is
that the cervical spinal canal tapers differently in patients with
idiopathic syringomyelia than in controls who lack a syrinx.

CONCLUSIONS
Cervical spinal canal tapering may be a morphologic factor contributing to the development of syringomyelia in some patients
with Chiari I malformation. Computational fluid dynamics in
anatomically accurate models of the cervical spine may help explain why some patients develop a syrinx.
Disclosures: Alejandro Munoz del Rio—RELATED: Grant: Column of Hope*;
UNRELATED: Grants/Grants Pending: National Institutes of Health*; Other: Lippincott, Williams, and Wilkins, Comments: I provided statistical review for Annals of
Surgery. Victor Haughton—RELATED: Grant: Column of Hope,* Comments: Funds
for the statistician. *Money paid to the institution.
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Percutaneous Radiofrequency Ablation and Vertebral
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ABSTRACT
BACKGROUND AND PURPOSE: Combination radiofrequency ablation and vertebral augmentation is an emerging minimally invasive
therapy for patients with metastatic spine disease who have not responded to or have contraindications to radiation therapy. The purpose
of this study was to evaluate the rate of radiographic local control of spinal metastases treated with combination radiofrequency ablation
and vertebral augmentation.
MATERIALS AND METHODS: We retrospectively reviewed our tumor ablation database for all patients who underwent radiofrequency
ablation and vertebral augmentation of spinal metastases between April 2012 and July 2014. Tumors treated in conjunction with radiation
therapy were excluded. Tumor characteristics, procedural details, and complications were recorded. Posttreatment imaging was reviewed
for radiographic evidence of tumor progression.
RESULTS: Fifty-ﬁve tumors met study inclusion criteria. Radiographic local tumor control rates were 89% (41/46) at 3 months, 74% (26/35)
at 6 months, and 70% (21/30) at 1 year after treatment. Clinical follow-up was available in 93% (51/55) of cases. The median duration of
clinical follow-up was 34 weeks (interquartile range, 15– 89 weeks), during which no complications were reported and no patients had
clinical evidence of metastatic spinal cord compression at the treated levels.
CONCLUSIONS: Combination radiofrequency ablation and vertebral augmentation appears to be an effective treatment for achieving
local control of spinal metastases. A prospective clinical trial is now needed to replicate these results.
ABBREVIATION: RFA ⫽ radiofrequency ablation

M

etastatic spine disease affects 5%–10% of patients with cancer.1 Approximately 90% of symptomatic patients present
with pain, which is most commonly due to biochemical stimulation of endosteal nociceptors, tumor mass effect, and/or associated pathologic fracture.2 These patients are also at risk for metastatic spinal cord compression, which occurs in 10%–20% of
patients and is most often due to posterior extension of vertebral
body tumor.3,4 The resulting pain and neurologic deficits are associated with decreased quality of life and shortened life expectancy.5 Therefore, the goals of treatment are both pain palliation
and local tumor control.
Radiation therapy is the standard of care for pain palliation
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and local control of spinal metastases, but it has several important
limitations. First, certain tumor histologies respond less favorably
to radiation therapy, particularly non-small cell lung cancer, renal
cell carcinoma, melanoma, and sarcoma.6 Second, radiation therapy of spinal metastases is limited by the cumulative tolerance of
the spinal cord, which often precludes retreatment of recurrent
disease or progressive disease at adjacent vertebral levels.7 Third,
radiation therapy excludes patients from certain systemic chemotherapy clinical trials.
Combination radiofrequency ablation (RFA) and vertebral
augmentation is an emerging minimally invasive therapy for patients with metastatic spine disease who have not responded to or
have contraindications to radiation therapy. An ablation probe is
percutaneously placed into the tumor, and high-frequency alternating current is passed through an electrode at the probe tip,
generating frictional heating and necrosis of adjacent tissue.8 Cement is then instilled through the same percutaneous cannula to
stabilize or prevent associated pathologic fracture.9,10 The tandem procedure can be performed in an outpatient setting with the
patient under conscious sedation, requires minimal recovery, and
AJNR Am J Neuroradiol 37:759 – 65
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does not hinder or delay adjuvant therapies such as radiation or
systemic chemotherapy. Multiple case series have shown decreased pain scores after RFA and vertebral augmentation of spinal metastases,11-15 but evidence that percutaneous therapy
achieves local tumor control is limited to case reports and small
case series without internal controls.13,14 The purpose of this
study was to retrospectively evaluate the rate of radiographic local
control of spinal metastases treated with combination RFA and
vertebral augmentation at a National Cancer Institute–Designated Cancer Center.

MATERIALS AND METHODS
Institutional review board approval was obtained to retrospectively review our institutional database for all patients who
underwent RFA and vertebral augmentation of osseous metastases between April 2012 and July 2014. Informed consent was
waived for retrospective study participation. Tumors also
treated with radiation therapy were excluded. Recorded data
included patient demographics, primary tumor histology, and
vertebrae treated. All available preprocedural imaging of each
treated vertebra, including MR imaging, CT, and/or [18F] fluorodeoxyglucose (FDG) PET/CT, was reviewed to determine
whether the tumor involved the posterior vertebral body
and/or pedicles, had eroded the posterior vertebral body cortex, and/or was associated with pathologic vertebral compression fracture. Preprocedural tumor volumes were also estimated by measuring the greatest length of tumor in each
dimension. We preferred to measure the dimensions of T2hyperintense marrow replacement on MR imaging. If MR imaging was not available, the dimensions of osteolysis on CT
were measured, though this measurement likely underestimated tumor size.
Procedure notes were reviewed to determine the percutaneous
approach (ie, uni- versus bipedicular), number of ablations performed, and total ablation time at each vertebral level. Procedural
complications were documented according to the Society of Interventional Radiology classification.16 Patients were clinically
evaluated 1 hour after each procedure for evidence of acute complications, such as hematoma formation or neurologic injury. The
duration of clinical follow-up was recorded for each patient, and
electronic medical records were reviewed for evidence of delayed
complications, such as infection.

Radiofrequency Ablation and Vertebral Augmentation
Procedure
Written informed consent was obtained before all treatments. All
procedures were performed under fluoroscopic or CT guidance
with the patient consciously sedated. The skin, soft tissues, and
periosteum overlying the target vertebra were anesthetized with a
50/50 mixture of 1% lidocaine and 0.25% bupivacaine. The vertebral body was accessed from a transpedicular approach with a
10-ga introducer cannula, and a navigational osteotome was used
to create channels in the marrow cavity corresponding to the
planned placements of the ablation probe. In each case, the goal
was to perform overlapping ablations that encompassed the entire
volume of tumor on cross-sectional imaging and an additional
3-mm margin to account for microscopic tumor spread.9 A bipedicular approach was used when tumor extended across the sagittal vertebral body midline and could not be entirely ablated with
an adequate margin from a unipedicular approach (Fig 1).
Ablations were performed with the STAR Tumor Ablation
System (DFINE, San Jose, California). This system includes an
ablation probe with an articulated distal segment that is essential
for accessing tumor in the posterior central vertebral body (Fig
1).14 The probe also contains 2 thermocouples located 10 and 15
mm from the electrode, which permit real-time monitoring of the
volume of the ablation zone. Each individual ablation was performed until the thermocouple located 15 mm from the electrode
reached 50°C. Based on the manufacturer’s thermal distribution
curves, the dimensions of the ellipsoid ablation volume are 30 ⫻
20 ⫻ 20 mm when the thermocouple located 15 mm from the
electrode reaches 50°C.14 The electrode was placed no closer than
10 mm from the posterior vertebral body cortex, which is the
maximum radius of the minor axis of the ellipsoid ablation volume. When ablation was performed near this threshold, a coaxial
needle was placed through the neural foramen into the ventral
epidural space, the inner cannula of which contained an additional thermocouple. If the temperature in the ventral epidural
space exceeded 45°C, carbon dioxide and cooled 5% dextrose in
water were injected through the outer cannula of the needle for
thermal protection.8,17 Vertebral augmentation was performed
by using the StabiliT Vertebral Augmentation System (DFINE).
In all cases, cement was injected through the same percutaneous
cannula used for ablation.

Local Control Assessment and Analysis
Patient Selection for Radiofrequency Ablation and
Vertebral Augmentation
Patients were selected for RFA and vertebral augmentation by a
multidisciplinary team of radiation and medical oncologists, interventional radiologists, and spine surgeons. Treatments were
performed to achieve local tumor control and, in most cases, pain
relief. Treated patients could not receive radiation therapy or had
radiographic tumor progression at other sites of disease treated
with radiation therapy. Exclusion criteria for RFA and vertebral
augmentation included metastases that were entirely osteoblastic,
associated with pathologic compression fracture with spinal instability, or causing spinal cord compression. Tumor within 1 cm
of the spinal cord or nerves was not a contraindication for
treatment.
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All available postprocedural imaging was reviewed, including
MR imaging, CT, and/or FDG PET/CT. All follow-up imaging
was performed for clinical reasons at the request of the referring oncologist. In general, CT and PET/CT were performed to
assess the systemic chemotherapy response, and spinal MR imaging was performed when patients reported new or increasing
spine-related pain. Local control failure was defined as the
following: 1) increased osteolysis or paravertebral tumor extension on CT; 2) new or persistent enhancing soft tissue extending into the epidural space, neural foramina, or paravertebral space on MR imaging; or 3) persistent FDG uptake on
PET/CT (Fig 2). Additionally, T1-hypointense, T2-hyperintense signal and/or enhancement at the margin of the ablation
cavity on follow-up MR imaging were categorized as local con-

FIG 1. A 29-year-old woman with stage IV (T1b, N1, M1) cardiac angiosarcoma who presented with low back pain. Sagittal T1-weighted (A) and STIR
(B) MR imaging show diffuse T1 hypointensity and heterogeneous T2 hyperintensity of the lumbar vertebral body marrow, consistent with
marrow-replacing tumor. She was treated with conventional external-beam radiation therapy (30 Gy in 10 fractions); however, her back pain
persisted. Sagittal STIR (C) and T1-weighted, fat-suppressed, postcontrast (D) MR imaging performed 5 months later show interval progression
of multiple spinal metastases with new epidural extension of tumor at T11, L1, L2, and L3 (black block arrows) and pathologic fractures of the L2
and L3 vertebral bodies. She could not receive additional radiation therapy due to the cumulative dose to the spinal cord. Consequently, she
underwent radiofrequency ablation and vertebral augmentation of T11, L1, L2, and L3. Anteroposterior (E) and lateral (F) ﬂuoroscopic images show
percutaneous cannulae in both pedicles of T11 and the ablation probe curving into the left posteroinferior vertebral body (black arrowheads).
Sagittal STIR (G) and T1-weighted, fat-suppressed, postcontrast (H) MR imaging performed 6 months later show interval retraction of the
epidural tumor at T11, L1, L2, and L3. Signal void corresponding to cement (white asterisks) with surrounding T2-hyperintense, enhancing
granulation tissue is noted at the treated levels (white block arrows).

trol failure unless these findings remained stable on subsequent imaging, retraction of epidural tumor was seen, or a
PET/CT scan was available demonstrating absence of associated FDG uptake (Fig 1).9 To serve as an internal control,
posttreatment cross-sectional imaging was also reviewed for
evidence of systemic disease progression, including enlargement of visceral or intracranial metastases or osseous metastases that were not ablated.

RESULTS
Fifty-five spinal metastases treated with RFA and vertebral augmentation were included in the study. Radiation-resistant histologies comprised 62% (34/55) of treated tumors, including sarcomas (27%, 15/55), non-small cell lung cancer (16%, 9/55), renal
cell carcinoma (11%, 6/55), and melanoma (7.3%, 4/55). Other
histologies included breast adenocarcinoma (13%, 7/55), papillary thyroid cancer (9.1%, 5/55), hepatocellular carcinoma (3.6%,
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treatment. In all 5 of these cases, there
was also evidence of systemic metastatic
disease progression. Follow-up imaging
demonstrating local tumor control at
least 3 months after treatment was available for an additional 41 tumors. Thus,
the radiographic local tumor control
rate at 3 months was 89% (41/46). Imaging also demonstrated progression of
systemic metastatic disease in 80% (37/
46) of these cases. Thus, the 3-month radiographic local tumor control rate was
86% (32/37) in the setting of systemic
metastatic disease progression. Nine tumors (16%; 9/55) did not have imaging
demonstrating progression within 3
months of treatment or stability at least
3 months after treatment. These tumors
were not reimaged because the patients
entered hospice care due to progression
of visceral or intracranial metastatic disease. None of the patients without follow-up imaging at least 3 months after
treatment died with symptoms of metastatic spinal cord compression.
FIG 2. Examples of ablation failure. A, Axial CT image shows a T12 lytic squamous cell carcinoma
Four additional cases of tumor prometastasis. B, CT scan obtained 4 months after radiofrequency ablation and vertebral augmengression
were documented between 3
tation shows new osteolysis medial to the cement and extending across the midline (white
arrow), consistent with progression of residual tumor. C, Axial postcontrast, T1-weighted, fat- and 6 months after treatment; thus, 9 tosuppressed MR imaging performed 6 months after radiofrequency ablation and vertebral aug- tal cases of tumor progression were docmentation of an L3 non-small cell carcinoma metastasis shows signal void corresponding to
cement in the ablation cavity (white asterisk), with residual enhancing tumor in the right lateral umented within 6 months of treatment.
and posterior vertebral body that extends into the epidural space (black asterisks). D, Axial [18F] Follow-up imaging demonstrating local
ﬂuorodeoxyglucose PET/CT scan obtained 1 month after radiofrequency ablation and vertebral tumor control at least 6 months after
augmentation of an L5 liposarcoma metastasis shows residual hypermetabolic tumor along the
treatment was available for an additional
right anterolateral aspect of the vertebral body (white dashed arrow).
26 tumors. Thus, the radiographic local
2/55), head and neck squamous cell carcinoma (3.6%, 2/55), multumor control rate 6 months after treatment was 74% (26/35).
tiple myeloma (3.6%, 2/55), malignant peripheral nerve sheath
Imaging also demonstrated progression of systemic metastatic
tumor (3.6%, 2/55), and gastrointestinal adenocarcinoma (1.8%,
disease in 89% (31/35) of these cases. Thus, the 6-month radio1/55). Median tumor volume was 10.0 mL (interquartile range,
graphic local tumor control rate was 71% (22/31) in the setting of
4.9 –15.3 mL). Forty-seven percent (26/55) of tumors involved
systemic metastatic disease progression. Eleven tumors (27%; 11/
thoracic and 53% (29/55) involved lumbar vertebrae. Seventy41) with documented stability at least 3 months after treatment
three percent (40/55) of metastases involved the posterior vertewere not imaged again after 6 months. In 7 of these cases (64%;
bral body, 31% (17/55) were associated with erosion of the pos7/11), posttreatment imaging was not performed because the paterior vertebral body cortex, and 47% (26/55) involved the
tient was doing well clinically at the end of the study period with
pedicles. Associated pathologic compression fractures were presno back pain or neurologic deficits. One patient (9.1%; 1/11) died
ent in 62% (34/55) of treated vertebrae.
with metastatic spinal cord compression due to progression of an
Sixty-nine percent (38/55) of ablations were performed from a
upper thoracic spinal metastasis that was not previously treated
unipedicular approach, and 31% (17/55) were performed from a
with RFA and vertebral augmentation. This patient had a lumbar
bipedicular approach. Within each vertebra, the median number
spinal metastasis that was treated with RFA and vertebral augof ablations performed was 4 (range, 1–12) and the median cumentation that was stable on CT performed 3 months after treatmulative ablation time was 5 minutes 5 seconds (range, 51 secment. Three patients (27%; 3/11) were lost to follow-up between
onds to 19 minutes 13 seconds). According to the Society of In3 and 6 months after treatment.
terventional Radiology classification, there were no acute or
No additional cases of tumor progression were documented
delayed procedure-related complications during the median clinbetween
6 months and 1 year after treatment. Follow-up imaging
ical follow-up of 34 weeks (interquartile range, 15– 89 weeks).
demonstrating
local tumor control at least 1 year after treatment
Radiographic follow-up results are summarized in Fig 3. Folwas
available
for
an additional 21 tumors. Thus, the radiographic
low-up imaging included CT in 69% (38/55), MR imaging in 56%
local
tumor
control
rate 1 year after treatment was 70% (21/30).
(31/55), and PET/CT in 40% (22/55) of cases. Five cases of residImaging also demonstrated progression of systemic metastatic
ual or recurrent tumor were documented within 3 months of
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FIG 3. Flowchart summarizing overall radiographic local tumor control results at 3-month, 6-month, and 1-year follow-ups.

disease in 90% (27/30) of these cases. Thus, the 1-year radiographic local tumor control rate was 67% (18/27) in the setting of
systemic metastatic disease progression. Five tumors (19%; 5/26)
with at least 6 months of documented posttreatment stability were
not imaged again after 1 year. In 3 of these cases (60%; 3/5),
posttreatment imaging was not performed because the patient
was doing well clinically at the end of the study period with no
back pain or neurologic deficits. One patient (20%, 1/5) entered
hospice care due to progression of visceral metastatic disease, and
1 patient (20%, 1/5) was lost to follow-up.
Of the 9 cases in which radiographic local tumor control
was not achieved, the median time to documented tumor progression was 12.1 weeks (range, 3–20 weeks). Residual or recurrent tumor was present in the posterior vertebral body
and/or epidural space in 89% (8/9) of cases, and in the anterolateral vertebral body in 1 case (11%; 1/9). In 89% (8/9) of
cases, the ablation was performed from a bipedicular approach. In the one case in which failure occurred after a unipedicular approach, tumor recurrence occurred in the contralateral hemivertebral body (Fig 2).

DISCUSSION
In the present study, combination RFA and vertebral augmentation achieved 1-year radiographic local control rates of 70% (21/
30) overall and 67% (18/27) in the setting of systemic metastatic
disease progression. These results suggest the possibility of a new,
multidisciplinary paradigm for managing metastatic spine disease
that incorporates RFA and vertebral augmentation for local tu-

mor control.18 Although radiation therapy is the standard of care
for palliation and local control of osseous metastatic disease, RFA
and vertebral augmentation may be an effective alternative for
patients who cannot be offered or cannot tolerate radiation therapy or have radiation-resistant tumors (Fig 1). A prospective clinical trial is now needed to replicate these results.
In the 9 cases in which RFA and vertebral augmentation did
not achieve local tumor control, residual or recurrent tumor was
most commonly present in the posterior vertebral body and/or
epidural space (89%, 8/9). These results are expected, because it
can be difficult to ablate tumor in these areas without also heating
adjacent spinal nerves. We perform RFA with the patient under
conscious sedation, in part, so that patients can react to and express new radicular pain indicating that the spinal nerves are being heated to dangerous temperatures. When this happens, ablation is terminated to avoid thermal nerve injury, though the result
is often less thorough tumor ablation. The efficacy of radiation
therapy similarly declines with decreasing distance between the
tumor and the spinal cord, because of the risk of radiation-induced myelopathy.7 In several such cases, our multidisciplinary
team has used radiation therapy in combination with RFA and
vertebral augmentation. Greenwood et al19 recently reported our
initial experience with this strategy, which achieved radiographic
local tumor control rates of 92% (12/13) and 100% (10/10) at 3and 6-month follow-ups, respectively, despite systemic metastatic
disease progression. A prospective trial is needed to determine if
combination radiation therapy, RFA, and vertebral augmentation
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achieves better results than radiation or percutaneous therapy
alone.
One case of ablation failure occurred in the hemivertebral
body contralateral to where ablation was performed (Fig 2).
Although the entirety of osteolysis on pretreatment CT was
confined to the right hemivertebral body and was accessible
from a right unipedicular approach, microscopic tumor infiltration into the left hemivertebral body was presumably beyond the margin of the ablation zone. As a result of this case,
our current practice is to ablate the entire volume of T2-hyperintense marrow signal and enhancement on MR imaging, or
the entire volume of FDG avidity within the vertebral body on
PET/CT, as well as an additional 3-mm margin to account for
microscopic tumor infiltration.16
In addition to being a retrospective study with a heterogeneous cohort of tumor histologies, the most important limitation of this study is the number of patients without 3-month,
6-month, or 1-year imaging follow-up. Three factors account
for this limitation: First, there was no routine follow-up imaging protocol. This introduced selection bias that may have resulted in underestimation of local control rates, because oncologists are less likely to obtain imaging in patients with
clinically stable disease. Second, patients died or entered hospice care. These results are expected in a cohort of patients with
metastatic disease, and chart review revealed that these outcomes were not due to metastatic spinal cord compression at
the levels treated with RFA and vertebral augmentation. Third,
patients were lost to follow-up entirely. As in all outcomebased studies, this group has the greatest potential to bias the
results. However, these patients only accounted for 7.3% (4/
55) of the original cohort.
Another limitation is the lack of established criteria for the
radiographic diagnosis of recurrent or residual tumor. Ideally,
radiographic differentiation of tumor from postablation
changes would be based on histopathologic–MR imaging correlation, as has been done with soft-tissue tumors.20-22 However, vertebral augmentation prevents re-access to the vertebral body for biopsy. Increased osteolysis on CT is a reasonable
criterion for tumor progression, because animal studies have
shown that the lamellar structure of bone is preserved after
RFA.23 The MR imaging criteria of T2 hyperintensity and enhancement adjacent to the ablation cavity are nonspecific, because ablation produces a rim of granulation tissue around the
ablation cavity that, like tumor, is T1 hypointense, T2 hyperintense, and enhances.9 Furthermore, granulation tissue can
evolve with time, thus mimicking tumor progression.20 To
avoid overestimating the rate of local tumor control, we assumed that residual T1-hypointense, T2-hyperintense signal
and enhancement at the margin of the ablation cavity represented residual tumor unless follow-up MR imaging showed
stable findings or retraction of epidural tumor (Fig 1), or a
PET/CT was available demonstrating absence of associated
FDG uptake.

CONCLUSIONS
Radiofrequency ablation and vertebral augmentation appears in
this retrospective study to be an effective treatment for achieving
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local control of spinal metastases. A prospective clinical trial is
now needed to replicate these results.
Disclosures: Adam N. Wallace—UNRELATED: Grants/Grants Pending: DFINE is
donating ablation probes for an animal research study; OTHER RELATIONSHIPS:
DFINE paid for travel expenses for the Metastatic Spine Disease Multidisciplinary
Working Group meeting in January 2014. Jack W. Jennings—UNRELATED: Consultancy: DFINE; Payment for Lectures (including service on Speakers Bureaus):
DFINE speaker panel.
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CT-Fluoroscopic Cervical Transforaminal Epidural Steroid
Injections: Extraforaminal Needle Tip Position Decreases Risk
of Intravascular Injection
X G.M. Lagemann, X M.P. Yannes, X A. Ghodadra, X W.E. Rothfus, and X V. Agarwal

ABSTRACT
BACKGROUND AND PURPOSE: Cervical transforaminal epidural steroid injections are commonly performed for temporary pain relief or
diagnostic presurgical planning in patients with cervical radiculopathy. Intravascular injection of steroids during the procedure can
potentially result in cord infarct, stroke, and even death. CT-ﬂuoroscopy allows excellent anatomic resolution and precise needle
positioning. This study sought to determine the safest needle tip position during CT-guided cervical transforaminal epidural steroid
injection as determined by the incidence of intravascular injection.
MATERIALS AND METHODS: We retrospectively evaluated procedural imaging for consecutive single-site CT-ﬂuoroscopic cervical
transforaminal epidural steroid injection performed during a 13-month period. Intravascular injections were identiﬁed and classiﬁed by
volume, procedure phase, vessel type, and needle tip position relative to the targeted neural foramen. ANOVA, Wilcoxon, or Pearson 2
testing was used to assess differences among groups as appropriate.
RESULTS: Intravascular injections occurred in 49/201 (24%) procedures. Of the intravascular injections, 13/49 (27%) were large, 10/49
(20%) were small, and 26/49 (53%) were trace volume. Sixteen of 49 (33%) intravascular injections occurred with a trial contrast dose;
27/49 (55%), with a steroid/analgesic cocktail; and 6/49 (12%), with both. Twenty-seven of 49 (55%) intravascular injections were
likely venous, 22/49 (45%) were indeterminate, and none were likely arterial. The intravascular injection rate was signiﬁcantly lower
(P ⬍ .001) for the extraforaminal needle position (8/82, 10%) compared with junctional (27/88, 31%) and foraminal (14/31, 45%) needle
tip positions.
CONCLUSIONS: An extraforaminal needle position for CT-guided cervical transforaminal epidural steroid injection decreases the risk of
intravascular injection and therefore may be safer than other needle tip positions.
ABBREVIATION: TFESI ⫽ transforaminal epidural steroid injection

C

ervical radiculopathy is a common medical condition with a
reported annual incidence of 0.8/1000 persons.1 Cervical
transforaminal epidural steroid injections (TFESIs) are commonly performed in patients with cervical radiculopathy to provide targeted diagnostic information to referring surgeons or to
provide short-term pain relief. CT-fluoroscopy offers excellent
anatomic resolution and allows very precise needle positioning,
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making it the preferred technique for many proceduralists.2,3
Posterior circulation stroke and cord infarct are rare but potentially devastating complications of cervical TFESIs.4-9 Although
some debate remains, these complications are most commonly
attributed to accidental intravascular injection of steroid.4
The intravascular injection rate for CT-guided cervical TFESIs
has previously been estimated at 1%–26%,3,10,11 while the corresponding rate for conventional fluoroscopic guidance has been
published at 17%–32.8%.12-15 Despite the known risks of the procedure and the high anatomic resolution of CT, the role of needle
position in intravascular injection has not been previously evaluated, to our knowledge.
The purpose of this study was to determine the safest needle tip
depth relative to the targeted neural foramen as determined by the
incidence of intravascular injection. We also characterized intravascular injections by volume, phase of the procedure (contrast injection versus steroid/analgesic cocktail), and likely vessel type injected.

MATERIALS AND METHODS
Subjects
Local institutional review board approval was obtained for this
retrospective review of clinical and imaging data. This study was
compliant with the Health Insurance Portability and Accountability Act.
We retrospectively searched our radiology information system
for all consecutive unilateral, single-level CT-guided cervical
TFESIs performed for upper extremity radiculopathy by the neuroradiology division at our main academic campus during a 13month period (February 2014 to February 2015). C3-level injections performed for radiculopathy were included, but C3-level
procedures performed for occipital neuralgia were excluded.

Procedure Technique
All procedures were performed by 1 of 3 attending neuroradiologists (G.M.L., W.E.R., and V.A.) with Certificates of Added Qualification in neuroradiology and having 4, 24, and 8 years of experience, respectively, performing image-guided spine procedures.
The injections were performed by using a technique similar to
that previously published3 with additional details as follows: All
procedures were performed on a single LightSpeed Plus 4-detector row CT scanner (GE Healthcare, Milwaukee, Wisconsin).
Scout imaging was acquired through the targeted level by using
the following parameters: rotation time, 0.8 seconds; speed, 3.75
mm/rotation; pitch, 0.75:1; section thickness, 2.5 mm; 120 kV
with variable milliamperes; and noise index, 4.69. Intermittent
CT-fluoroscopy was performed with SmartView (GE Healthcare)
activated by a foot pedal and creating 3 consecutive, 2.5 mmthick, axial sections per scan by using 120 kV with variable milliamperes. All CT-fluoroscopy imaging acquired during the procedure was automatically archived to our PACS.
A 25-ga, 3.5-inch Quincke spinal needle (BD Medical, Franklin Lakes, New Jersey) was advanced toward the posterior margin
of the targeted neural foramen. The posterior margin of the foramen was targeted because it has been suggested that the posterior
aspect of the foramen is less vascular and may carry less risk of
intravascular injection.2 Furthermore, targeting the posterior
neural foramen aids in avoiding injury to the vertebral artery.
After attachment of flexible microbore tubing, a trial dose of
0.3 mL of iohexol contrast agent (Omnipaque, 180 mg/mL; GE
Healthcare, Piscataway, New Jersey) was injected and was imme-

diately followed by CT-fluoroscopy to evaluate for intravascular
contrast. (We use the term “trial dose” for the contrast-only injection to distinguish from “test dose,” a term historically used to
refer to the injection of analgesic before steroid injection.) If intravascular injection was identified with the trial dose, the needle
was withdrawn a few millimeters and a repeat injection of 0.3 mL
of iohexol was performed with repeat CT-fluoroscopic imaging.
These steps were repeated until there was no evidence of intravascular injection.
A cocktail of 1.2 mL of 2.5 or 5 mg/mL bupivacaine analgesic, 8-mg of preservative-free dexamethasone sodium phosphate steroid (10 mg/mL), and 0.3 mL of iohexol was then
injected under additional CT-fluoroscopic guidance. We use
dexamethasone as our glucocorticoid for cervical TFESIs because its
nonparticulate nature may reduce the risk of stroke or cord infarct if
the steroid is accidentally injected intravascularly.4,5 No case of cord
infarct or stroke has been reported with nonparticulate steroids to
date.16
The patient was monitored for 15 minutes after the procedure
for minor complications (such as vasovagal response or increasing postprocedure pain) and major complications (such as cardiovascular or neurologic compromise).

Image Evaluation
All studies were retrospectively evaluated by 2 of the proceduralists (G.M.L. and V.A.) blinded to operator and patient identity.
The 2 reviewers initially evaluated and characterized all imaging
separately. In cases of disagreement, the 2 re-evaluated the relevant imaging together and reached a consensus on all findings and
characterizations.

Intravascular Injection Deﬁnition

Intravascular injection was considered present if 1 of 2 contrast
appearances was identified on CT-fluoroscopy, similar to previously described criteria11:
1) Contrast appeared as ⱖ1 round or curvilinear discrete
foci separate from the needle tip and its surrounding epidural
contrast collection (Fig 1). In this situation, the initial intravascular contrast was sometimes confirmed by partial or complete dissipation of the discrete foci of contrast on immediate
repeat CT-fluoroscopic imaging, though this additional confirmation was not required for classification as intravascular
contrast.
2) Either far less than the expected
amount of injected contrast, or no
contrast at all, accumulated adjacent
to the needle or elsewhere on the imaging (Fig 2). In this context, we inferred that a vessel had rapidly carried
the contrast out of the plane in the very
short time between injection and imaging. Complete absence of contrast
was considered a completely intravasFIG 1. Mixed intravascular and epidural contrast injection. A, Intravascular injection appears as cular injection.
discrete foci of contrast (arrowheads) away from the needle tip and adjacent main, epidural
Contrast appearing as a continuous
contrast collection. B, The intravascular contrast almost completely disappears (arrowheads) on curvilinear collection extending away
immediate repeat CT-ﬂuoroscopic imaging. This rapid resolution of contrast conﬁrmed but was
not required for identiﬁcation of intravascular contrast. The needle tip position is junctional on from the needle tip between paraspinal
muscles was interpreted as contrast exthese images.
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FIG 2. Intravascular injection identiﬁed by a less-than-expected accumulation of epidural contrast. A, Needle position before the contrast trial
dose. B, Only a very small amount of contrast, considerably less than the injected volume of 0.3 mL of iohexol, is seen on immediate
postinjection imaging. The missing contrast is inferred to be intravascular and has been circulated out of the imaged ﬁeld. (A trace amount of
intravascular contrast is also noted within the right aspect of the spinal canal.) C, After the needle is withdrawn several millimeters, a repeat
contrast trial injection shows the expected volume of injected contrast accumulating in the epidural space. No additional intravascular contrast
was identiﬁed with the steroid/analgesic injection (not shown), making this a trial dose intravascular injection.

FIG 3. Intravascular contrast injection classiﬁed by volume. A, Trace volume of intravascular injection appears as 1–2 subtle foci (arrowheads),
each ⱕ2 mm. The image is windowed to accentuate the intravascular contrast; the initial appearance on default window settings is even subtler
and was not identiﬁed at the time of the procedure. B, A small volume of intravascular injection appears either as ⱖ3 foci (arrowheads), at least
1 focus of ⱖ3 mm (central arrowhead), or both (as in this case). C, A large volume of intravascular contrast injection. Less than the expected
volume of injected iohexol is seen on the imaging because most of the intravascular contrast has already been circulated out of the FOV. Some
intravascular contrast is present within the venous plexus both adjacent to the needle tip and more medially (arrowheads).

tending within the fascia planes and did not represent intravascular contrast.

Intravascular Injection Volume
Intravascular injections were characterized by volume into 1 of 3
categories (Fig 3):
1) Trace (Fig 3A): Intravascular contrast appears as 1–2 foci,
each appearing as a punctate or curvilinear focus and measuring
ⱕ2 mm in diameter.
2) Small (Fig 3B): Intravascular contrast volume is too small
to create a clear perceptible decrease in the expected volume
of accumulating epidural contrast. However, the visualized
intravascular contrast component either has a smallest transaxial dimension measuring ⱖ3 mm or appears as ⱖ3 separate
foci.
3) Large (Fig 3C): The amount of accumulating epidural contrast is clearly smaller than the injected amount. In this case, the
nonvisualized contrast was interpreted as already carried out of
the imaged FOV by the vascular system.

Intravascular Injected Material
The intravascular injection was classified as occurring with the
trial contrast dose, the steroid/analgesic injectate, or both.
A trial dose intravascular injection was considered present if 3
criteria were satisfied (Fig 2):
1) Intravascular injection was present on the first imaging acquired immediately after the initial trial dose.
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2) Needle withdrawal and repeat trial dose were mentioned
in the report of the procedure or could be identified on the
imaging.
3) Intravascular injection was not identified, even in retrospect, on the ensuing injection of steroid/analgesic.
Steroid/analgesic intravascular injection was considered present if 2 criteria were satisfied (Fig 4):
1) Intravascular injection was not seen, even in retrospective
analysis, during the contrast trial dose.
2) Intravascular contrast was identified in retrospect during the
ensuing injection of steroid/analgesic.
An intravascular injection with both a trial dose and steroid/
analgesic components was considered present if 3 criteria were
satisfied (Fig 5):
1) Intravascular contrast was present in retrospect on trialdose imaging.
2) Needle withdrawal and the repeat trial dose were not mentioned in the report of the procedure and could not be identified
on the imaging.
3) Additional intravascular contrast was identified in retrospect on the ensuing injection of steroid/analgesic.
In this final situation, the 2 components of intravascular injection are intimately related and closely dependent. Thus, we
consider this situation to represent a single intravascular injection
with components in 2 phases: one trial dose and the other steroid/
analgesic injectate.

FIG 4. Intravascular injection seen only on steroid/analgesic injection. A, Needle position preinjection. B, Contrast trial injection shows no
intravascular injection. C, Subsequent injection of the steroid/analgesic cocktail shows a small intravascular injection (arrowhead) within an
indeterminate paraspinal vessel. The needle was unchanged in position between trial injection and steroid/analgesic cocktail injection.

FIG 5. Intravascular injection on both trial injection and steroid/analgesic cocktail injection. A,
The trace intravascular injection (arrowhead) is subtle but present on the contrast trial dose; the
proceduralist did not appreciate it at the time of the procedure. B, More obvious intravascular
injection (arrowhead) is evident on the ensuing steroid/analgesic cocktail injection.

line connecting the anterolateral margin of the vertebral body with the lateral margin of the facet joint. For the
low cervical neural foramina, where
the transverse process is a lateral continuation of the facet joint, the transverse process was not considered a part
of the facet joint. A needle tip within 2
mm of this line segment was characterized as within the junctional zone. A
needle tip lateral to the junctional zone
was classified as extraforaminal; a needle tip medial to the junctional zone
was classified as foraminal.

Statistical Testing
Pearson 2 testing was used to assess dif-

FIG 6. Classiﬁcation of intravascular injection by vessel type. A, Venous injection, with contrast
within extracanalicular and intracanalicular (arrowhead) components of the venous plexus. B,
Indeterminate vessel injection, with contrast accumulating within a small paraspinal vessel (arrowhead). This could represent either a branch of the ascending cervical artery or a small vein. No
likely arterial injections were identiﬁed.

Vessel Characterization
Intravascular injections were characterized as likely venous, likely
arterial, or indeterminate, as shown in Fig 6. In likely venous,
contrast accumulates away from the needle tip within the foraminal venous plexus. In indeterminate, discrete contrast accumulates away from the needle tip within or between the paraspinal
muscles, in the expected region of branches of the anterior cervical artery and small draining veins. In likely arterial, contrast
clearly extends along the anatomic course of the vertebral artery,
ascending cervical artery, radiculomedullary artery, or anterior
spinal artery.

Needle Depth
Needle tip position at the time of injection was classified as
extraforaminal, junctional, or foraminal by using a modified
version of a previously published scheme (Fig 7).10,17 The lateral junction of the targeted neural foramen was defined by a

ferences in vascular injections based on
needle position. Differences in vascular
injections were assessed on the basis of
age, sex, and prior surgical history by using ANOVA, Wilcoxon, and Pearson 2
testing, respectively. If appropriate, post
hoc multiple comparison testing was
performed with correction (the Tukey
method and the Steel-Dwass procedure
for parametric and nonparametric tests,
respectively). Statistical testing was performed by using JMP 11 (SAS Institute,

Cary, North Carolina).

RESULTS
Patient Population
A total of 175 patients underwent 201 consecutive unilateral,
single-level procedures, with most (87%) undergoing only a
single cervical injection during the 13-month study period.
The remaining 13% of patients underwent ⱖ2 unilateral, single-level injections on different days. The mean patient age was
53 years (range, 25– 87 years). Fifty-three percent of procedures were performed on men; 47% were performed on
women. The most frequently injected levels were C6 and C7,
with a roughly equal split in laterality. There was no significant
difference in age, sex, or history of prior cervical surgery
among groups based on needle depth or vascular injection
(P ⬎ .05).
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Injected Material and Type of
Vessel Injected
Of the 16 intravascular injections occurring on trial dose only, 13/16 (81%) were
likely venous, and in the remaining 3/16
(19%), the injected vessel type was indeterminate. Of the 27 intravascular injections occurring with the steroid/analgesic cocktail only, 10/27 (37%) were likely
venous and 17/27 (63%) were indeterminate for vessel type. For the 6 intravascular injections with both trial dose
and steroid/analgesic components, 4/6
(67%) were likely venous and 2/6 (33%)
were indeterminate for vessel type.

Needle Depth
Needle depth at the time of injection was
more commonly extraforaminal (82/
201, 41%) or junctional (88/201, 44%)
FIG 7. Needle depth classiﬁcation. A, The lateral junction of the neural foramen (dotted line) is and less often foraminal (31/201, 15%).
deﬁned by a line segment connecting the anterolateral margin of the vertebral body with the
The intravascular injection rate was
most lateral margin of the facet joint. A needle tip in a zone within 2 mm medial or lateral to this
segment (solid lines) is classiﬁed as within the junctional zone (J). A needle tip ⬎2 mm lateral is significantly lower (P ⬍ .001) for extraclassiﬁed as within the extraforaminal zone (E), and a needle tip ⬎2 mm medial is classiﬁed as foraminal needle position (8/82, 10%)
within the foraminal zone (F). Examples of extraforaminal (B), junctional (C), and foraminal (D) compared with junctional (27/88, 31%)
needle tip positions.
and foraminal (14/31, 45%) needle tip
positions (pair-wise comparisons: extraforaminal versus junctional, P ⬍ .001; extraforaminal versus
Intravascular Injection Incidence, Volume, and Material
Intravascular injections occurred in 49/201 (24%) procedures. Of
foraminal, P ⬍ .001; junctional versus foraminal, P ⫽ .145).
these procedures, 16/49 (33%) had intravascular injection only
with the trial dose; 27/49 (55%), only with the steroid/analgesic
Complications
injection; and 6/49 (12%), with both the trial dose and the steroid/
There were no minor or major intraprocedural or immediate
analgesic injectate. Regarding volume, 13/49 (27%) were large,
postprocedural complications.
10/49 (20%) were small, and 26/49 (53%) were trace volume.

Injected Material and Volume of Intravascular Injection
Of the 16 intravascular injections occurring during the trial dose
only, 10/16 (63%) were large volume, 3/16 (19%) were small volume, and 3/16 (19%) were trace volume intravascular injections.
Of the 27 intravascular injections occurring with steroid/analgesic
injectate only, 2/27 (7%) were large volume, 3/27 (11%) were
small volume, and 22/27 (81%) were trace volume intravascular
injections. All 6 intravascular injections with both trial dose and
steroid/analgesic components had the same size intravascular injection in the 2 components: One of 6 (17%) injections was large
volume; 4/6 (67%), small volume; and 1/6 (17%), trace volume.

Injected Vessel
Regarding injected vessels, 27/49 (55%) were likely venous, 22/49
(45%) were indeterminate, and none were likely arterial.

Type of Vessel Injected and Size of Intravascular Injection
Of the 13 large-volume intravascular injections, 11/13 (85%) were
likely venous and the remaining 2/13 (15%) were associated with
an indeterminate vessel type. Of the 10 small-volume intravascular injections, 8/10 (80%) were likely venous and the remaining
2/10 (20%) had an indeterminate vessel type. Of the 26 tracevolume intravascular injections, 8/26 (31%) were likely venous
and the remaining 18/26 (69%) had an indeterminate vessel type.
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DISCUSSION
Intravascular injection during CT-fluoroscopic cervical TFESI is
common, occurring in 24% of our 201 cases. Of these, most
(53%) were trace volume intravascular injections, and most resulted in intravascular injection of the steroid and analgesic. Extraforaminal needle tip position strongly correlated with a
lower incidence of intravascular injection (P ⬍ .001). Despite
many intravascular injections of nonparticulate steroid, there
were no complications.
We have shown that the extraforaminal needle tip position
may be relatively safe because it reduces the risk for intravascular
injection. Minimizing rates of intravascular injection is critical
because accidental embolization of steroid and analgesic can potentially lead to rare but catastrophic complications, such as cord
infarct, stroke, or even death.4-9
There has been considerable disagreement regarding the ideal
needle position within the targeted neural foramen for CT-guided
cervical TFESIs. Some assume that a relatively deep position, with
the needle tip within the outer neural foramen and immediately
adjacent to the targeted nerve root, is required for proper analgesic and steroid efficacy,3,10,18 while others advocate a more cautious, extraforaminal needle tip position to minimize the risk of
complications.8,19,20 Junctional and foraminal needle tip positions have been previously shown to have higher rates of foram-

inal contrast flow compared with the extraforaminal needle
position,10 though contrast dispersal pattern was shown not to
correlate with pain relief in 1 study.21
To our knowledge, we are the first to observe, on CT-guided
TFESI, contrast appearing within vessels during steroid/analgesic cocktail injection, a finding we believe depicts intravascular injection of steroid and analgesic. We were able to evaluate intravascular injection of the steroid/analgesic cocktail
because we routinely mix iodinated contrast with our cocktail,
a procedural technique detail not practiced at many other institutions. In previous descriptions of CT-guided3,10,11 and
conventional fluoroscopic-guided12-15 injections, the intravascular contrast was always identified on the trial dose and the
needle was appropriately readjusted before injecting the steroid/analgesic cocktail. Many of our intravascular injections
were trace volume, had a very subtle appearance, were not
noted at the time of the procedure, and were identified only
with meticulous retrospective evaluation of the procedural imaging. It is possible that intravascular injections of steroid and
analgesic occurred in these prior studies but were not detected.
Kranz et al11 reported an overall rate of intravascular injection
during CT-fluoroscopic cervical TFESI similar to our own
(26% versus our 24%), but with all occurrences identified only
on the trial contrast injection. We may have a relatively high
rate of steroid/analgesic intravascular injection because we do
not use the “double tap” technique of Kranz et al to evaluate
intravascular contrast washout with the trial contrast dose injection.
A future study directly comparing procedures performed with and
without the double tap technique is warranted to prove the effectiveness of the double tap technique.
Intravascular injection occurred more often with the steroid/
analgesic cocktail than with the trial dose. The reason is not completely clear, but we speculate that the larger overall volume of the
steroid/analgesic cocktail (⬎2 mL of combined analgesic, steroid,
and contrast) compared with the trial dose (0.3 mL of contrast
alone) leads to slightly greater conspicuity of punctate intravascular injections, which constituted most steroid/analgesic intravascular injections.
Although we identified many likely intravascular injections
of contrast/steroid injectate (27 procedures with intravascular
injection during the steroid/analgesic phase alone and 6 procedures during both trial dose and contrast/steroid injection),
we had no complications in the course of 201 procedures.
Other authors have similarly reported no complications in 30
injections on 30 patients18 and 90 injections on 63 patients10
(though comparison may be imperfect because those studies
did not mix contrast with their steroid injection). Major complications seem to occur at a ⬍0.1% incidence.17 This safety
record indicates that CT-fluoroscopic-guided cervical TFESIs are
safe when performed by well-trained proceduralists who are experienced in spine procedures. In particular, spine procedures using
nonparticulate steroid such as dexamethasone appear to carry a low
risk of stroke or spinal cord infarct from embolized steroid.4,22 Earlier reports of complications from intravascular injection of steroids
have often used triamcinolone or methylprednisolone,4,6-8,16 both of
which have large aggregate particles. In 1 study performed on pigs,
4/4 injected with methylprednisolone into their vertebral arteries ex-

perienced catastrophic strokes and cord infarcts, whereas 0/7 injected
with prednisolone or dexamethasone had any complications.23 Regardless of steroid used, the proceduralist must always be mindful of
the risk of accidentally directly injuring the vertebral artery with the
procedure needle.
Limitations of our study include those inherent in a retrospective design and a single-hospital experience. Lack of relatively
long-term (1–2 month) pain relief results also prevents us from
recommending an extraforaminal needle position as the ideal position for cervical TFESIs. A future study with appropriate statistical power evaluating long-term pain relief, needle tip position,
and intravascular injection incidence is warranted to determine
the ideal needle tip position that minimizes intravascular injection while preserving patient pain relief.

CONCLUSIONS
An extraforaminal needle position for CT-guided cervical TFESI
decreases the risk of intravascular injection and therefore may be
safer than other needle tip positions.
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BACKGROUND

I

schemic stroke is a leading cause of death and disability worldwide. Much of the long-term disability occurs in patients with
Emergent Large Vessel Occlusion (ELVO). In fact, in these patients, occlusion of a major intracerebral artery results in a large
area of brain injury often resulting in death or severe disability1.
Until recently, intravenous tissue plasminogen activator (t-PA)
was the only proven treatment for ELVO.
However, the landscape of stroke treatment has changed
with the publication of five randomized multicenter controlled
clincal trials. These trials provide Class 1, Level A evidence that
endovascular thrombectomy (ET) is the standard of care for
patients with ELVO. In particular, thrombectomy results in

This article is published simultaneously in the journals Interventional Neuroradiology, American Journal of Neuroradiology, Journal of Interventional Neurology,
EJMINT, Journal of Neuroendovascular Therapy, Journal of NeuroInterventional
Surgery, Neuroradiology, and Neurosurgery.
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significantly better clinical outcomes compared to best medical therapy in patients with acute occlusion of the intracranial
internal carotid artery (ICA) and/or M1 segment of the middle
cerebral artery (MCA)2-6. These results have led to guideline
recommendations advocating for endovascular treatment in
addition to t-PA for patients with ELVO. In addition, ET is
now offered as first line therapy for patients that are not eligible for intravenous thrombolysis7-9. However, achieving the
best possible clinical outcomes with endovascular stroke treatment mandates structured training and education of those
physicians who are providing endovascular stroke treatment.
On this regard, a recent meta-analysis of these five clinical
trials showed that the vast majority of thrombectomies were
performed by experienced neurointerventionalists. These include interventional neuroradiologists, endovascular neurosurgeons, and interventional neurologists who routinely perform neuroendovascular procedures10. None of the studies
allowed physicians without previous experience in mechanical
AJNR Am J Neuroradiol 37:E31–E34
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thrombectomy to enroll patients. The centers participating in
these trials offered endovascular stroke therapy 24 hours a day
(with the exception of those in the EXTEND-IA trial) with
expertise in vascular neurology and neurocritical care in a
comprehensive stroke center. On-site expertise in vascular
neurology and neurocritical care is paramount to achieving
good clinical outcomes.
Geographical limitations to rapid access to acute stroke centers providing mechanical thrombectomy have led some to suggest physicians without prior experience or formal neuroendovascular training should consider providing coverage for these
procedures. A multidisciplinary British Intercollegiate Stroke
Working Party put forth a document outlining the safe delivery of
mechanical thrombectomy, which highlights that operators
should not normally carry out procedures with which they are
unfamiliar and that they should recognize ad-hoc arrangements
are not in the best interest of patients11.
It is also important to recognize that modern endovascular
stroke therapy focuses on direct clot removal with mechanical
devices, as compared with previous paradigms where intra-arterial thrombolytic infusion was an acceptable treatment option for
large vessel occlusions12. The technical skills needed to safely deliver devices into the intracranial circulation are significantly
more involved than simply placing a catheter for medication infusion. Catheter skills from other circulations do not replace the
need for formal training in safe intracranial microcatheter navigation and device placement.
Acute ischemic stroke is a complex disease and successful endovascular treatment is based on the comprehensive ability to
rapidly integrate multiple pieces of information, including: the
patient’s history, clinical examination, neuroradiological studies,
and to subsequently formulate a treatment plan. Both patient selection and procedural expertise are critical to achieve a good
clinical outcome. Hence, there is a clear rationale for formal
training in both clinical neuroscience and interventional
neuroradiology.
The purpose of this document is to define what constitutes
adequate training for physicians who can provide endovascular
treatment for acute ischemic stroke patients. These training
guidelines are modeled after prior standards of training documents such as the training, competency and credentialing standards for diagnostic cerebral angiography, carotid stenting and
cerebrovascular intervention13 and the performance and training
standards for endovascular ischemic stroke treatment14, written
and endorsed by multispecialty groups. In addition, the importance of organ specific training, rigorous quality improvement
benchmarks, and minimum volume requirements needed to
maintain high quality care has been extensively described for
acute myocardial infarction, an analogous time sensitive
disease15.
This document represents the cumulative work of the societies
listed below, and represents an international consensus on adequate training to safely and effectively perform these procedures:
E32
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Australian and New Zealand Society of Neuroradiology Conjoint Committee for Recognition of Training in Interventional Neuroradiology (CCINR) representing the RANZCR
(ANZSNR), ANZAN and NSA
Canadian Interventional Neuro Group (CING)
European Society of Neuroradiology (ESNR)
European Society of Minimally Invasive Neurologic Therapy
(ESMINT)
Japanese Society for Neuroendovascular Therapy (JSNET)
Sociedad Ibero Latino Americana de Neuroradiologica
(SILAN)
Society of NeuroInterventional Surgery (SNIS)
Society of Vascular and Interventional Neurology (SVIN)
World Federation of Interventional and Therapeutic Neuroradiology (WFITN)

PHYSICIAN QUALIFICATIONS
Physicians providing intra-arterial treatment for acute stroke
are required to have appropriate training and experience for
the performance of neuroangiography and interventional
neuroradiology.
We recognize that the specific training pathways may differ
across nations, but the consensus is to mandate adequate training
to perform emergent endovascular stroke intervention. These
cognitive requirements consist of baseline training and qualifications as well as ongoing professional education, which are essential for safe and efficient patient management.
It is also important to point out that these qualifications are for
new practitioners who are not currently performing acute stroke
intervention with mechanical thrombectomy. We understand
that there are current practitioners (who are board certified or
board eligible in radiology, neurology or neurosurgery) who may
have trained prior to the establishment of formal training pathways, and have acquired the necessary skills listed below to safely
and effectively treat these complex patients. We would still expect
the same requirements for maintenance of qualifications as listed
below.

I. Baseline training and qualiﬁcations:
1. Residency training (in radiology, neurology or neurosurgery)
which should include documented training in the diagnosis and
management of acute stroke, the interpretation of cerebral arteriography and neuroimaging under the supervision of a boardcertified neuroradiologist, neurologist or neurosurgeon with subsequent board eligibility or certification. The residency program
and supervising physicians should be accredited according to
national standards as they pertain to the countries involved.
Those physicians who did not have adequate such training
during their residencies must spend an additional period (at
least one year) by training in clinical neurosciences and neu-

roimaging, focusing on the diagnosis and management of
acute stroke, the interpretation of cerebral arteriography and
neuroimaging prior to their fellowship in neuroendovascular
interventions.
AND
2. Dedicated training in Interventional Neuroradiology (also
termed Endovascular Neurosurgery or Interventional Neurology) under the direction of a Neurointerventionalist (with neuroradiology, neurology or neurosurgical training background), at
a high-volume center. It is preferred that this is a dedicated time
(minimum of one year), which occurs after graduating from residency (i.e., a fellowship). A training program accredited by a
national accrediting body is also strongly preferred but not required. Published standards exist for various countries16-22.
Within these programs, specific training for intra-arterial therapy
for acute ischemic stroke should be performed, including obtaining appropriate access even in challenging anatomy, microcatheter navigation in the cerebral circulation, knowledge and training of the use of stroke specific devices and complication
avoidance and management.
While various national standards will have differing procedure
requirements, we encourage practitioners to meet their national
minimum procedural and training standards. Fellowships which
are not accredited by national credentialing bodies should still
have adequate training to meet their local minimum procedure
requirements. In addition, we expect that minimum training
numbers for stroke thrombectomy may increase in future revisions of these standards given the recent developments in the
field.

II. Maintenance of physician qualiﬁcations:
It is vital that the physician have ongoing stroke specific continuing medical education. A minimum of 16 hours of stroke specific
education every 2 years is suggested. Individual physician outcomes should conform to national standards and institutional
requirements. In addition, the physician should participate in an
ongoing quality assurance and improvement program. The goals
of this quality assurance program for stroke therapy would be to
monitor outcomes both in the peri-procedural period and at 90
days. The quality assurance program must review all emergency
interventional stroke therapy patients. In addition, participation
in a national quality improvement registry, when available, is also
encouraged. Outcomes should be tracked and recorded. While
threshold levels for recanalization, complication rates, etc. have
yet to be established, we suggest the following as a minimum:
1. Successful recanalization (modified TICI 2b or 3) in at least
60% of cases.
2. Embolization to new territory of less than 15%.
3. Symptomatic intracranial hemorrhage (i.e. Parenchymal Hematoma on imaging with clinical deterioration) rate less than
10%.
Hospital requirements: Successful treatment of the ELVO patient does not occur in a vacuum, but rather with the framework
of a multi-disciplinary team. As such, we feel it is critical that the
patients be treated in a center, which has 24/7 access to the
following:

1. Angiography suites suitably equipped to handle these patients, as well as equipment and capability to handle the
complications.
2. Dedicated stroke and intensive care units (preferably dedicated neuro-intensive care unit), staffed by physicians with
specific training in those fields.
3. Vascular neurology and Neurocritical care expertise.
4. Neurosurgery expertise, including vascular neurosurgery
5. All relevant neuroimaging modalities (CT/CTA, MR/MRA,
Trans-cranial Doppler [TCD]), including 24/7 access to CT
and MRI.

SUMMARY
We, as a group of international multi-disciplinary NeuroInterventional societies involved in the endovascular management of acute
ischemic stroke, have put forth these training guidelines. We believe
that a neuroscience background, dedicated neurointerventional
training, and stringent peer review and quality assurance processes
are critical to ensuring the best possible patient outcomes. Welltrained neurointerventionalists are a critical component of an organized and efficient team needed to deliver clinically effective mechanical thrombectomy for acute ischemic stroke patients.
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Asymptomatic Interhypothalamic Adhesions in Children

W

e have several comments regarding the article “Asymptomatic Interhypothalamic Adhesions in Children.”1 We agree
with the main message of the article: Referable hypothalamic–
pituitary axis symptoms are rare in patients with interhypothalamic adhesions. However, because symptoms can be present on
occasion, it is prudent to exclude endocrinopathy on clinical
grounds. We have encountered a few cases of patients with interhypothalamic adhesions and pituitary axis disturbances, one associated with Kallmann syndrome2; 2 with septo-optic dysplasia;
and 1, with abnormal weight gain.
We agree with the authors’ theory that interhypothalamic adhesions may be the result of “incomplete hypothalamic cleavage,
failed apoptosis, or abnormal neuronal migration” and acknowledge the association with “gray matter heterotopia.” Therefore,
additional midline abnormalities would be expected. However,
the authors did not identify additional abnormalities in most patients. Nonetheless, concurrent gray matter heterotopia was present in 40%, a considerably large percentage of patients, and they
proposed that heterotopia associated with interhypothalamic adhesions may be part of an unknown genetic disorder.
All portions of the brain, including the midline, must be carefully examined in patients with interhypothalamic adhesions because they represent a potential marker for brain malformation.
Additional midline anomalies/abnormalities are quite common
in our experience.2-4 These may be subtle and insignificant (hypoplasia of the falx, underrotated hippocampi, and so forth) or
obvious and potentially of great consequence (malformations of

brain development).2-4 Indeed, review of Fig 1 demonstrates subtle midline anomalies not mentioned in the article, including hypogenesis or volume loss of the splenium (Figs 1A and E) and a
partially fenestrated, persistent cavum septum pellucidum (Fig
1D).1 In normal brains, the callosal splenium is typically equal to
or larger in caliber than the genu. While a cavum septum pellucidum is a normal variation, it is uncommon in the general population beyond the neonatal period.
We strongly believe that the midline should be closely scrutinized for additional anomalies/abnormalities in patients with an
interhypothalamic adhesion. Only after the brain has been carefully examined and signs/symptoms have been carefully considered can an interhypothalamic adhesion be considered an incidental and isolated finding.
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s indicated in our article,1 approximately 70% of our patients
with interhypothalamic adhesions had no symptoms referable to hypothalamic-pituitary dysfunction (40 of 57). We have
since identified 72 additional patients, of whom 51 had no clinical
symptoms. Thus, in the appropriate patient population in which
associated symptoms are absent, interhypothalamic adhesions
may be incidental.
Furthermore, in our experience, none of the asymptomatic
patients and only 4 of the symptomatic population had additional
midline abnormalities. We re-reviewed the imaging in all of our
patients and found the numbers to hold true. None of the patients
used for the figures had hypogenesis of the splenium or posterior
periventricular white matter volume loss to cause splenium volume loss. The patient in Fig 1D did have a cavum septum pellucidum, a normal variant, but did not have partial fenestration on
review of the images in 3 orthogonal planes.
Last, we agree with the Whitehead and Vezina2 thesis that “the
midline should be closely scrutinized for additional anomalies/
abnormalities in patients harboring an interhypothalamic adhesion. Only after the brain has been carefully examined and
signs/symptoms have been carefully considered can an interhypo-
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thalamic adhesion be considered an incidental and isolated finding.”3 It mirrors ours, “While associations between IHAs [interhypothalamic adhesions] and other syndromes likely exist, in the
appropriate patient population lacking referable symptoms and
with few or no other structural abnormalities, interhypothalamic
adhesions may be incidental and of no clinical significance.”
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Integrative Analysis of 334 Patients with Blister-Like Aneurysms

e read with great interest a recent article by Peschillo et al1 on
blister-like aneurysms. The authors performed a meta-analysis of 334 patients with blister-like aneurysms who were treated with
either an operation or endovascular therapy. The authors found that
endovascular treatment had lower morbidity and mortality and provided a better outcome compared with surgical approaches, especially in patients with low Hunt and Hess (HH) scale and Fisher
grades. Only the HH and Fisher grades were clear predictors of outcomes in multivariate analysis, but the method of treatment was not.
We commend the authors for performing a meta-analysis of
this type of aneurysm because it is a rare disease with imprecise
definition and no existing guidelines on optimal management.2
However, we have significant concerns about the methodologies
and results. First, the authors did not specify how they handled the
data in their meta-analysis. It seems that the authors performed an
integrative analysis of individual patients pooled from each individual study instead of a “meta-analysis.” If this is the case, did the authors exclude a study because it did not specify clinical presentation,
method of treatment, or outcome? The exact criteria used for study
inclusion were not clear; this problem increases the potential for publication bias. A previous systematic review of 331 patients showed
that results from multivariate analysis were influenced by the number of cases in a single study and the journal Impact Factor.3
Second, for studies that did not provide information on HH or
Fisher grade, did the authors assign their own scores as they did
for the modified Rankin Scale score? From our experience, assignment of these parameters on the basis of limited information reported in published articles can significantly bias the results. In
addition, inclusion of both HH and Fisher grades simultaneously
in the multivariate analysis may be inappropriate because they can
provide similar information (ie, covariates).
Third, the authors did not specify whether all the patients included in the analysis presented with subarachnoid hemorrhage.
For example, of the 8 patients with blister-like aneurysms presented by Chalouhi et al,4 1 patient presented with sentinel headache, and in 2 patients, the aneurysm was incidentally discovered.
If a patient presents with SAH, the treatment considerations will
be completely different from those for a patient whose blister-like
aneurysm was discovered incidentally.5 Similarly, the outcomes
will be significantly different as well.
Last, publications from earlier years are likely to be on micro-
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surgical management or coils, while more recent studies will focus
on new endovascular treatment methods. Consequently, a patient
who would be selected for endovascular treatment today on the
basis of presentation would have undergone microsurgical clipping in 1997. This trend is clearly shown in Fig 4 of Szmuda et al.3
In summary, the authors presented interesting results based on
an integrative analysis of patients with blister-like aneurysms. Even
though one acknowledges the inherent limitations of such analysis,
the study can still benefit from better definitions of the following: 1)
inclusion criteria, 2) handling of missing data (eg, HH and Fisher grades,
mRS), and 3) presentation of patients (SAH versus incidental).
Li Yang was supported by National Natural Science Foundation, 2014, grant number
81301988 and the Shenghua Yuyin Experts Project of Central South University.
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e are grateful for the opportunity to answer questions from
Yang et al.
We have analyzed each one of the critiques, and these are our
comments to the numbered points below raised by the authors:
1) “It seems that the authors performed an integrative analysis
of individual patients pooled from each individual study instead
of a ‘meta-analysis.’”
We performed a comprehensive literature search in the
PubMed and Scopus data bases on blister-like aneurysms. The
aim of the work, as specified at the end of the introductory paragraph, was “to perform a systematic review and meta-analysis of
the various types of treatment to compare their efficacy and
safety.”
We have tried to do both and as described in the article, all
included studies were noncomparative.
2) “If this is the case, did the authors exclude a study because it
did not specify clinical presentation, method of treatment, or
outcome?”
In the “Materials and Methods” section, we specified the exclusion criteria: “43 articles were excluded either because the patients did not have blister-like aneurysms or because the patients’
presentations or angiographic outcomes were not described.”
Therefore, we have included only patients with specific data regarding the clinical onset or with enough detail to obtain such
information.
3) “The exact criteria used for study inclusion were not clear;
this problem increases the potential for publication bias.”
In the third paragraph of “Materials and Methods,” we specified the following: 1) patient presentation described by using validated scales (Hunt and Hess [HH] and Fisher), 2) treatment
technique (endovascular, surgical, combined), 3) long-term neurologic outcome (a good neurologic outcome was defined as a
modified Rankin Scale score of 2). When an mRS score was not
available, good neurologic outcome was determined from the description of the clinical results (eg, terms such as “no morbidity”
or “good recovery”). We think that this is clear enough.
4) “A previous systematic review of 331 patients showed that
results from multivariate analysis were influenced by the number
of cases in a single study and the journal Impact Factor.”
We partially agree with this comment because some inadequate studies may hamper a good meta-analysis. Furthermore,
another bias could be the definition of a blister-like aneurysm.
Thus, in the article, we proposed a definition.
Our purpose was to offer a systematic review and meta-analysis of the various types of treatment of blister-like aneurysms on
the basis of current literature. As we wrote in our article, further
prospective studies are recommended to support our results.
5) “Second, for studies that did not provide information on
HH or Fisher grade, did the authors assign their own scores as they
did for modified Rankin Scale score? From our experience, assignment of these parameters on the basis of limited information reported in published articles can significantly bias the results.”
We have included studies that provided information on HH
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and Fisher grades, besides studies that described clinical and radiologic details that have allowed extraction of HH and Fisher
grades. Studies that did not provide information (clinical and
radiologic onset characteristics, HH or Fisher grades) have been
excluded from the analysis.
We totally disagree with Yang et al that this can “significantly
bias the results”; if the information is enough to extract the score
(ie, a CT scan or a description of clinical status at admission), how
this could alter the results?
6) “In addition, inclusion of both HH and Fisher grades simultaneously in the multivariate analysis may be inappropriate because they can provide similar information (ie, covariates).”
This is potentially true. However, multivariate analysis performed including the model, alternatively, HH or Fisher grades
(with other variables) yielded similar results, thus confirming that
both HH and Fisher grades are independent predictors of the
clinical outcome in our study.
“In summary, the authors presented interesting results based
on an integrative analysis of patients with blister-like aneurysms.
Even though one acknowledges the inherent limitations of such
analysis, the study can still benefit from better descriptions of the
following: 1) inclusion criteria, 2) handling of missing data (eg,
HH and Fisher grades, mRS), and 3) presentation of patients
(SAH versus incidental).”
All these points were discussed above.
In conclusion, we hope that we have answered all the questions
raised. We thank Yang et al for helping to clarify some important
issues.
Probably this article has some limitations, and many times we
have written that further prospective studies must be performed
to confirm these results: “Larger and homogeneous cohorts of
patients will help to elucidate the optimal treatment for patients
with subarachnoid hemorrhage due to blister-like aneurysms” in
the “Conclusions” paragraph.
Our article was reviewed by 2 independent reviewers and a
Senior Editor from the American Journal of Neuroradiology, who
are undisputed experts on this topic. The acceptance of the manuscript and publication in such an important journal confirmed
the quality of our work.
Blood blister-like aneurysms are one my team’s main fields of
interest; we tried to do our best to add new elements to better
understand these complex lesions.
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Regarding “Clinical and Imaging Follow-Up of Patients with
Coiled Basilar Tip Aneurysms Up to 20 Years”

W

e thank van Eijck et al for their effort in addressing the
important, relevant question regarding the follow-up on
coiled basilar aneurysms in “Clinical and Imaging Follow-Up of
Patients with Coiled Basilar Tip Aneurysms Up to 20 Years.”1
However, we would like to raise a few questions regarding the
study.
In this long-term follow-up study of patients with coiled basilar aneurysms, the authors concluded that regular and life-long
follow-up should be done, possibly with yearly MR imaging, to
detect reopening in a timely manner, because even stable occluded aneurysms can reopen and rebleed many years after treatment. However, it is unclear from the data presented how many of
the aneurysms reopened or regrew and whether growth was progressive on follow-up. Were all patients with reopening treated?
Retreatment statistics may not accurately indicate how many of
these aneurysms reopened or regrew unless all of these were retreated. Chalouhi et al2 reported a much higher recanalization
rate (17.2% in stented and 38.9% in nonstented aneurysms) versus retreatment rates (7.8% in stented and 27.8% in nonstented
aneurysms) in 235 cases of coiled basilar tip aneurysms.
The study provides valuable insight, and it would be very helpful to have a few more questions answered.
In the 9 patients who rebled (and 3 who died), did follow-up
imaging help in predicting the event? Did any of these cases show
evidence of reopening or regrowth on imaging?
Progressive mass effect was seen in 6 patients and was the cause
of death in 5 patients. Four of these had multiple retreatments,
and 3 had 5 retreatments. Did repeat coiling have any correlation
with progressive mass effect? Was the mass effect on the brain
stem or optic chiasm not manifested clinically? Were there any
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brain stem signs or clinical nerve dysfunction that warranted further imaging?
Unruptured treated aneurysms did not bleed on follow-up.
Did they increase in size? Do they need to be followed up? Did any
of them need retreatment?
The authors report that the aneurysm size was the most important risk factor for retreatment, and this finding is consistent
with the literature. It would be interesting to know whether and
how many of the small (⬍10 mm) aneurysms regrew and whether
they were retreated.
While imaging is helpful to document reopening/regrowth, it
is unclear whether routine imaging in all patients and annual imaging would necessarily add value. Imaging might also lead to
more aggressive retreatment. More data to show that it could
actually help prevent rebleeds would be helpful. While all the
retreatments in the authors’ study did not have complications,
other studies have described a roughly 6% rate of thromboembolic complications both with and without stent assistance.2

REFERENCES
1. van Eijck M, Bechan RS, Sluzewski M, et al. Clinical and imaging
follow-up of patients with coiled basilar tip aneurysms up to 20
years. AJNR Am J Neuroradiol 2015;36:2108 –13 CrossRef Medline
2. Chalouhi N, Jabbour P, Gonzalez LF, et al. Safety and efficacy of
endovascular treatment of basilar tip aneurysms by coiling with
and without stent assistance: a review of 235 cases. Neurosurgery
2012;71:785–94 CrossRef Medline
X A. Malhotra
X X. Wu
X V.B. Kalra
Department of Diagnostic Radiology
X C.C. Matouk
Department of Neurology and Neurosurgery
X H.P. Forman
Department of Diagnostic Radiology
Yale School of Medicine
New Haven, Connecticut

AJNR Am J Neuroradiol 37:E39

Apr 2016

www.ajnr.org

E39

REPLY:

W

e thank our colleagues Malhotra et al for their interest in
our long-term follow-up study in patients with coiled basilar tip aneurysms. We thank the Editor for the opportunity to
address their questions.
Our follow-up study of a patient cohort of 154 coiled basilar
tip aneurysms covered 20 years. No patients were lost to clinical
follow-up, and most eligible patients had imaging follow-up at
various times. Nevertheless, imaging follow-up was not structured in yearly intervals; therefore, some questions remain unanswered. On the other hand, our study has the longest follow-up
and is the most complete in the literature up to now, to our
knowledge.
We will try to answer the questions raised by Malhotra et al. As
we indicated in the “Materials and Methods” section, any reopening was an indication for additional coiling. Only exceptionally
was additional treatment not performed or postponed for technical anatomic or clinical reasons.
Of 9 patients with a rebleed from the coiled ruptured basilar
tip aneurysm, 2 died from an initial incompletely occluded
aneurysm before 6-month follow-up imaging was performed.
In 5 patients, previous follow-up imaging showed a completely
occluded aneurysm (for an example, see Fig 2). The 1 patient with
a rebleed 16 years after coiling underwent CT at another hospital
2 years earlier, but in retrospect, visible reopening was not appreciated at the time.
Progressive growth of the basilar tip aneurysm was the most
devastating event in our patient cohort, directly leading to death
in 5 of 6 patients. Multiple additional coiling had no favorable
effect on the progressive increase in size of these aneurysms at an
http://dx.doi.org/10.3174/ajnr.A4711
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unpredictable pace. In the “Discussion,” we addressed the clinical
presentation of mass effect on the brain stem and cranial nerves.
Most patients presented with gradually progressive cognitive decline, with apathy, dysphagia, fatigue, and gait disturbances. In a
later phase, locked-in syndrome occurred in 1 patient. The patient
with optic chiasm compression had visual field deficits and
headaches.
The most important predictor for reopening of the coiled basilar tip aneurysm is aneurysm size. Larger aneurysms reopen more
frequently. However, small aneurysms may also reopen. In our
cohort, 11 of 37 (30%) retreated basilar tip aneurysms were 2–9
mm. Two of 11 aneurysms were unruptured. Three of 9 reopened
ruptured small aneurysms had a recurrent hemorrhage.
Our study does not provide answers to all questions relating to
reopening and rebleeding at follow-up of coiled basilar tip aneurysms. However, one thing is certain: Reopening (and rebleeding)
of coiled basilar tip aneurysms is unpredictable. Although some
trends are apparent, they are of limited value to the individual
patient. Larger aneurysms reopen more frequently, but small aneurysms may also reopen. While most reopening becomes evident
in the first year of follow-up, reopening may also occur many
years after first or repeated treatment and after long periods of
stable complete occlusion.
In our opinion, yearly MR imaging of all coiled basilar tip
aneurysms should be adequate to detect this, to some extent unpredictable, reopening in a timely manner. Recurrent episodes of
hemorrhage can thus be prevented.
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