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ASL imaging in preoperative evaluation of gliomas
Multinodular and vacuolating neuronal tumor of the cerebrum
Localizing the L5 vertebra using nerve morphology on MRI
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Soﬁa
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Plus

Scepter® XC

Distal Access Catheter

Occlusion Balloon Catheter

Soft Torqueable Catheter Optimized
for Intracranial Access with
Excellent Navigation and Trackability

Clinical Applications in Four Key
Areas: Balloon Remodeling,
g, Stent
Delivery, Liquid Embolic Inje
Injection,
ection
and Balloon-Test Occlusion

INDICATIONS FOR USE:
The SOFIA® Catheter is indicated for general intravascular use, including the neuro and
peripheral vasculature. The SOFIA® Catheter can be used to facilitate introduction of
diagnostic or therapeutic agents. The SOFIA® Catheter is not intended for use in coronary
arteries.
The Scepter C® and Scepter XC® Occlusion Balloon Catheters are intended for use in
the peripheral and neuro vasculature where temporary occlusion is desired. The balloon
catheters provide temporary vascular occlusion which is useful in selectively stopping
or controlling blood ﬂow. The balloon catheters also offer balloon assisted embolization
of intracranial aneurysms. For use in the peripheral vasculature for the infusion of
diagnostic agents, such as contrast media, and therapeutic agents such as embolization
materials. For neurovascular use for the infusion of diagnostic agents such as contrast
media, and therapeutic agents, such as embolization materials, that have been approved
or cleared for use in the neurovasculature and are compatible with the inner diameter of
the Scepter C/XC Balloon Catheter.

The LVIS® Device is intended for use with bare platinum embolic coils for the treatment
of unruptured, wide neck (neck ≥ 4 mm or dome to neck ratio < 2), intracranial, saccular
aneurysms arising from a parent vessel with a diameter ≥ 2.5 mm and ≤ 4.5 mm.
The Headway® Duo Microcatheter is intended for general intravascular use, including
the peripheral and coronary vasculature for the infusion of diagnostic agents, such as
contrast media, and therapeutic agents, such as embolization materials. The Headway®
Duo Microcatheter is intended for neurovascular use, for the infusion of diagnostic
agents, such as contrast media, and therapeutic agents that have been cleared or
approved for use in the neurovasculature and are compatible with the inner diameter of
the Headway® Duo Microcatheter.

Headway® DUO
Microcatheter

Braided Coil Assist Stents with High
Neck Coverage, Excellent Opening,
and Improved Radial Force*

Innovative Catheter Technology
and Construction in a Complete
Range of Sizes and Softness

*Humanitarian Device: Authorized by Federal Law for use with bare platinum embolic
coils for the treatment of unruptured, wide neck (neck ≥ 4 mm or dome to neck ratio < 2),
intracranial, saccular aneurysms arising from a parent vessel with a diameter ≥ 2.5 mm
and ≤ 4.5 mm. The effectiveness of this device for this use has not been demonstrated.

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

MicroVention, Inc.
Worldwide Headquarters
35 Enterprise
Aliso Viejo, CA 92656 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

microvention.com
MICROVENTION, Scepter C, Scepter XC, Soﬁa, LVIS and Headway are registered trademarks of MicroVention, Inc. • Refer to Instructions for Use, contraindications and
warnings for additional information. Federal (USA) law restricts this device for sale by or on the order of a physician. ©2017 MicroVention, Inc. Aug. 2017

Unipedicular
approach.
Bipedicular
results.
*

AVAﬂex® Balloon System
Simplify your approach in treating vertebral
compression fractures (VCFs) and create larger
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minimally invasive approach with the potential
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Achieve precision with a single incision.
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FLOW-DEPENDENT MICROCATHETER SERIES

Now available through Balt USA

ordermagics@balt-usa.com

MAGIC catheters are designed for general intravascular use.
They may be used for the controlled, selective regional infusion
of therapeutic agents or embolic materials into vessels.1
Federal (USA) law restricts this device to sale, distribution by
or on the order of a physician. Indications, contraindications,
warnings and instructions for use can be found in the product
labeling supplied with each device.
1. Magic Catheters IFU – Ind 19
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Welcome and Greetings
Please join us in Vancouver, CANADA for the 56th Annual
Meeting of the American Society of Neuroradiology on
June 2–7, 2018 at the Vancouver Convention Centre East.
Surrounded by the coastal mountains and located on the
waterfront, you can enjoy these spectacular views in the heart
of downtown Vancouver. With its undeniable charm and friendly
atmosphere, Vancouver is known around the world as both a
popular tourist attraction and one of the best places to live.
ASNR enthusiastically presents Neuroradiology: Adding Value
and Improving Healthcare at the Symposium of the Foundation
of the ASNR, as well as the common thread throughout the
Annual Meeting. Implementing a value-based strategy in
imaging has grasped the attention of nearly every healthcare
provider; in particular with Radiologists understanding that the
future will demand their imaging practices deliver better value.
Value in healthcare is typically defined as those imaging
strategies that yield improved outcomes, lower costs, or both.
As payment transitions from a fee-for-service to a value-based
system, thus creating a fundamentally different marketplace
dynamic, measuring good outcomes are at the center of this
changeover. At this time of uncertainty what little remains clear
is that without a well-defined knowledge of their outcomes, no
medical specialty will be able to succeed in the future valuebased system. The Symposium will feature how Neuroradiology,
in its many subspecialty areas, adds value to clinical care
pathways by directing healthcare practice towards better
outcomes. The annual meeting programming will continue on
this theme emphasizing imaging that improves health
outcomes, while considering costs, thus adding value. Our
discussions will incorporate many innovative approaches to
how neuroimaging currently does and will continue to improve
overall healthcare performance.
As the Program Chair for ASNR 2018, it is my pleasure and
honor to welcome you to Vancouver, CANADA for our annual
meeting! Vancouver is known for being a very walkable city
with a compact downtown core hosting many places to enjoy.
So pack your comfortable walking shoes and let’s tour together
with our colleagues and friends!
Pina C. Sanelli, MD, MPH, FACR
ASNR 2018 Program Chair/President-Elect

Pina C. Sanelli, MD, MPH, FACR
ASNR 2018 Program Chair/President-Elect
Programming developed in cooperation with the…
American Society of Functional Neuroradiology (ASFNR)
Max Wintermark, MD
American Society of Head and Neck Radiology (ASHNR)
Deborah R. Shatzkes, MD
American Society of Pediatric Neuroradiology (ASPNR)
Ashok Panigrahy, MD
American Society of Spine Radiology (ASSR)
John D. Barr, MD, FACR, FSIR, FAHA
Society of NeuroInterventional Surgery (SNIS)
Mahesh V. Jayaraman, MD
ASNR Health Policy (HPC) Committee
William D. Donovan, MD, MPH, FACR,
Gregory N. Nicola, MD, FACR
ASNR Computer Sciences & Informatics (CSI) Committee
John L. Go, MD, FACR
ASNR Research Scientist Programming Committee
Dikoma C. Shungu, PhD, Timothy P.L. Roberts, PhD
The International Hydrocephalus Imaging Working Group
(IHIWG) / CSF Flow Group
William G. Bradley, Jr., MD, PhD, FACR, Harold L. Rekate, MD
and Bryn A. Martin, PhD

Abstract Deadline: Friday, December 15, 2017
Please visit 2018.asnr.org for more information
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AMERICAN JOURNAL OF NEURORADIOLOGY
Publication Preview at www.ajnr.org features articles released in advance of print.
Visit www.ajnrblog.org to comment on AJNR content and chat with colleagues
and AJNR’s News Digest at http://ajnrdigest.org to read the stories behind the
latest research in neuroimaging.
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Álex Rovira-Cañellas, Barcelona, Spain
Paul M. Ruggieri, Cleveland, OH
Zoran Rumboldt, Rovinj-Rovigno, Croatia
Amit M. Saindane, Atlanta, GA
Erin Simon Schwartz, Philadelphia, PA
Lubdha M. Shah, Salt Lake City, UT
Aseem Sharma, St. Louis, MO
J. Keith Smith, Chapel Hill, NC
Maria Vittoria Spampinato, Charleston, SC
Gordon K. Sze, New Haven, CT
Krishnamoorthy Thamburaj, Hershey, PA
Cheng Hong Toh, Taipei, Taiwan
Thomas A. Tomsick, Cincinnati, OH
Aquilla S. Turk, Charleston, SC
Willem Jan van Rooij, Tilburg, Netherlands
Arastoo Vossough, Philadelphia, PA
Elysa Widjaja, Toronto, Ontario, Canada
Max Wintermark, Stanford, CA
Ronald L. Wolf, Philadelphia, PA
Kei Yamada, Kyoto, Japan
Carlos Zamora, Chapel Hill, NC

EDITORIAL FELLOW
Vahe Zohrabian, New Haven, CT

SPECIAL CONSULTANTS TO THE EDITOR
AJNR Blog Editor
Neil Lall, Denver, CO
Case of the Month Editor
Nicholas Stence, Aurora, CO
Case of the Week Editors
Juan Pablo Cruz, Santiago, Chile
Sapna Rawal, Toronto, Ontario, Canada
Classic Case Editor
Sandy Cheng-Yu Chen, Taipei, Taiwan
Facebook Editor
Peter Yi Shen, Sacramento, CA
Health Care and Socioeconomics Editor
Pina C. Sanelli, New York, NY
Physics Editor
Greg Zaharchuk, Stanford, CA
Podcast Editor
Wende N. Gibbs, Los Angeles, CA
Twitter Editor
Jennifer McCarty, Atlanta, Georgia

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

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
NV00018669.AA

We’re Inside Every Great Neuroradiologist!

Join the leaders in neuroradiology today!
Learn more at www.asnr.org/join

800 Enterprise Dr., Suite 205, Oak Brook, IL 60523 • (630)574-0220 • membership@asnr.org • www.asnr.org

Strengthen ASNR’s representation at the
national level.
Your membership in the American Medical Association strengthens ASNR’s
representation in the AMA House of Delegates—the policymaking body of the
AMA that brings forth the views and interests of all physicians to establish national
policy on health, medical, professional and governance matters.
Please activate your 2017 AMA membership, visit ama-assn.org or call AMA
Member Relations at (800) 262-3211. If you are currently a member, thank you.
AMA member benefits and resources include:
Unlimited access to The JAMA Network® which brings together JAMA and all
11 specialty journals with CME.
jamanetwork.com
STEPS Forward™, the AMA’s new practice transformation series designed to help
physicians achieve the Quadruple Aim: better patient experience, better population
health and lower overall costs with improved professional satisfaction.
stepsforward.org
Free 18-month trial of DynaMed Plus®, an evidence-based, clinical support tool that
features thousands of images and provides immediate answers to clinical questions.
offers.jamanetwork.com
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Trevo® XP ProVue Retrievers
See package insert for complete indications, complications,
warnings, and instructions for use.
INDICATIONS FOR USE
1. The Trevo Retriever is indicated for use to restore blood flow in the
neurovasculature by removing thrombus for the treatment of acute ischemic
stroke to reduce disability in patients with a persistent, proximal anterior
circulation, large vessel occlusion, and smaller core infarcts who have first
received intravenous tissue plasminogen activator (IV t-PA). Endovascular
therapy with the device should start within 6 hours of symptom onset.
2. The Trevo Retriever is intended to restore blood flow in the neurovasculature
by removing thrombus in patients experiencing ischemic stroke within 8
hours of symptom onset. Patients who are ineligible for intravenous tissue
plasminogen activator (IV t-PA) or who fail IV t-PA therapy are candidates
for treatment.
COMPLICATIONS
Procedures requiring percutaneous catheter introduction should not be
attempted by physicians unfamiliar with possible complications which may
occur during or after the procedure. Possible complications include, but are not
limited to, the following: air embolism; hematoma or hemorrhage at puncture
site; infection; distal embolization; pain/headache; vessel spasm, thrombosis,
dissection, or perforation; emboli; acute occlusion; ischemia; intracranial
hemorrhage; false aneurysm formation; neurological deficits including stroke;
and death.
COMPATIBILITY
3x20mm retrievers are compatible with Trevo® Pro 14 Microcatheters (REF
90231) and Trevo® Pro 18 Microcatheters (REF 90238). 4x20mm retrievers are
compatible with Trevo® Pro 18 Microcatheters (REF 90238). 4x30mm retrievers
are compatible with Excelsior® XT-27® Microcatheters (150cm x 6cm straight
REF 275081) and Trevo® Pro 18 Microcatheters (REF 90238). 6x25mm Retrievers
are compatible with Excelsior® XT-27® Microcatheters (150cm x 6cm straight
REF 275081). Compatibility of the Retriever with other microcatheters has not
been established. Performance of the Retriever device may be impacted if a
different microcatheter is used.

SPECIFIC WARNINGS FOR INDICATION 1
• The safety and effectiveness of the Trevo Retrievers in reducing disability
has not been established in patients with large core infarcts (i.e., ASPECTS
≤ 7). There may be increased risks, such as intracerebral hemorrhage, in
these patients.
• The safety and effectiveness of the Trevo Retrievers in reducing disability has
not been established or evaluated in patients with occlusions in the posterior
circulation (e.g., basilar or vertebral arteries) or for more distal occlusions in
the anterior circulation.
WARNINGS APPLIED TO BOTH INDICATIONS
• Administration of IV t-PA should be within the FDA-approved window (within
3 hours of stroke symptom onset).
• Contents supplied STERILE, using an ethylene oxide (EO) process.
Nonpyrogenic.
• To reduce risk of vessel damage, adhere to the following recommendations:
– Take care to appropriately size Retriever to vessel diameter at intended
site of deployment.
– Do not perform more than six (6) retrieval attempts in same vessel using
Retriever devices.
– Maintain Retriever position in vessel when removing or exchanging
Microcatheter.
• To reduce risk of kinking/fracture, adhere to the following recommendations:
– Immediately after unsheathing Retriever, position Microcatheter tip
marker just proximal to shaped section. Maintain Microcatheter tip marker
just proximal to shaped section of Retriever during manipulation and
withdrawal.
– Do not rotate or torque Retriever.
– Use caution when passing Retriever through stented arteries.
• Do not resterilize and reuse. Structural integrity and/or function may be
impaired by reuse or cleaning.
• The Retriever is a delicate instrument and should be handled carefully. Before
use and when possible during procedure, inspect device carefully for damage.
Do not use a device that shows signs of damage. Damage may prevent
device from functioning and may cause complications.

Balloon Guide Catheters (such as Merci® Balloon Guide Catheter and FlowGate®
Balloon Guide Catheter) are recommended for use during thrombus removal
procedures.
Retrievers are compatible with the Abbott Vascular DOC® Guide Wire Extension
(REF 22260).
Retrievers are compatible with Boston Scientific RHV (Ref 421242).

• Do not advance or withdraw Retriever against resistance or significant
vasospasm. Moving or torquing device against resistance or significant
vasospasm may result in damage to vessel or device. Assess cause of
resistance using fluoroscopy and if needed resheath the device to withdraw.
• If Retriever is difficult to withdraw from the vessel, do not torque Retriever.
Advance Microcatheter distally, gently pull Retriever back into Microcatheter,
and remove Retriever and Microcatheter as a unit. If undue resistance is met
when withdrawing the Retriever into the Microcatheter, consider extending
the Retriever using the Abbott Vascular DOC guidewire extension (REF 22260)
so that the Microcatheter can be exchanged for a larger diameter catheter
such as a DAC® catheter. Gently withdraw the Retriever into the larger
diameter catheter.
• Administer anti-coagulation and anti-platelet medications per standard
institutional guidelines.
PRECAUTIONS
• Prescription only – device restricted to use by or on order of a physician.
• Store in cool, dry, dark place.
• Do not use open or damaged packages.
• Use by “Use By” date.
• Exposure to temperatures above 54°C (130°F) may damage device and
accessories. Do not autoclave.
• Do not expose Retriever to solvents.
• Use Retriever in conjunction with fluoroscopic visualization and proper
anti-coagulation agents.
• To prevent thrombus formation and contrast media crystal formation,
maintain a constant infusion of appropriate flush solution between guide
catheter and Microcatheter and between Microcatheter and Retriever or
guidewire.
• Do not attach a torque device to the shaped proximal end of DOC®
Compatible Retriever. Damage may occur, preventing ability to attach DOC®
Guide Wire Extension.

Concentric Medical
301 East Evelyn Avenue
Mountain View, CA 94041

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538
strykerneurovascular.com
Date of Release: SEP/2016
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Target® Detachable Coil

• 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
INTENDED USE / INDICATIONS FOR USE
radiology and preclinical training on the
Target Detachable Coils are intended to endovascularly
use of this device as established by Stryker
obstruct or occlude blood flow in vascular abnormalities of the
Neurovascular.
neurovascular and peripheral vessels.
• Patients with hypersensitivity to 316LVM stainless steel
may suffer an allergic reaction to this implant.
Target Detachable Coils are indicated for endovascular
• MR temperature testing was not conducted in peripheral
embolization of:
vasculature, arteriovenous malformations or fistulae
• Intracranial aneurysms
models.
• Other neurovascular abnormalities such as arteriovenous
• The safety and performance characteristics of the Target
malformations and arteriovenous fistulae
Detachable Coil System (Target Detachable Coils, InZone
• Arterial and venous embolizations in the peripheral
Detachment Systems, delivery systems and accessories)
vasculature
have not been demonstrated with other manufacturer’s
devices (whether coils, coil delivery devices, coil
CONTRAINDICATIONS
detachment systems, catheters, guidewires, and/or other
None known.
accessories). Due to the potential incompatibility of non
Stryker Neurovascular devices with the Target Detachable
POTENTIAL ADVERSE EVENTS
Coil System, the use of other manufacturer’s device(s) with
Potential complications include, but are not limited to:
the Target Detachable Coil System is not recommended.
allergic reaction, aneurysm perforation and rupture,
•
To reduce risk of coil migration, the diameter of the first
arrhythmia, death, edema, embolus, headache, hemorrhage,
and second coil should never be less than the width of
infection, ischemia, neurological/intracranial sequelae,
the ostium.
post-embolization syndrome (fever, increased white blood
•
In order to achieve optimal performance of the Target
cell count, discomfort), TIA/stroke, vasospasm, vessel
Detachable Coil System and to reduce the risk of
occlusion or closure, vessel perforation, dissection, trauma or
thromboembolic complications, it is critical that a
damage, vessel rupture, vessel thrombosis. Other procedural
continuous infusion of appropriate flush solution be
complications including but not limited to: anesthetic and
maintained between a) the femoral sheath and guiding
contrast media risks, hypotension, hypertension, access site
catheter, b) the 2-tip microcatheter and guiding catheters,
complications.
and c) the 2-tip microcatheter and Stryker Neurovascular
guidewire and delivery wire. Continuous flush also reduces
WARNINGS
the potential for thrombus formation on, and crystallization
• Contents supplied STERILE using an ethylene oxide (EO)
of infusate around, the detachment zone of the Target
process. Do not use if sterile barrier is damaged. If damage
Detachable Coil.
is found, call your Stryker Neurovascular representative.
•
Do not use the product after the “Use By” date specified
• For single use only. Do not reuse, reprocess or resterilize.
on the package.
Reuse, reprocessing or resterilization may compromise
the structural integrity of the device and/or lead to device • Reuse of the flush port/dispenser coil or use with any coil
other than the original coil may result in contamination of,
failure which, in turn, may result in patient injury, illness
or damage to, the coil.
or death. Reuse, reprocessing or resterilization may also
• Utilization of damaged coils may affect coil delivery to, and
create a risk of contamination of the device and/or cause
stability inside, the vessel or aneurysm, possibly resulting
patient infection or cross-infection, including, but not
in coil migration and/or stretching.
limited to, the transmission of infectious disease(s) from
one patient to another. Contamination of the device may
• The fluoro-saver marker is designed for use with a Rotating
lead to injury, illness or death of the patient.
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.

See package insert for complete indications,
contraindications, warnings and instructions
for use.
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NV00018669.AB

EX_EN_US

• 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.

• Removing the delivery wire without grasping the introducer
sheath and delivery wire together may result in the
detachable coil sliding out of the introducer sheath.
• Failure to remove the introducer sheath after inserting
the delivery wire into the RHV of the microcatheter will
interrupt normal infusion of flush solution and allow back
flow of blood into the microcatheter.
• Some low level overhead light near or adjacent to the
patient is required to visualize the fluoro-saver marker;
monitor light alone will not allow sufficient visualization of
the fluoro-saver marker.
• Advance and retract the Target Detachable Coil carefully
and smoothly without excessive force. If unusual friction is
noticed, slowly withdraw the Target Detachable Coil and
examine for damage. If damage is present, remove and use
a new Target Detachable Coil. If friction or resistance is
still noted, carefully remove the Target Detachable Coil and
microcatheter and examine the microcatheter for damage.
• If it is necessary to reposition the Target Detachable
Coil, verify under fluoroscopy that the coil moves with
a one-to-one motion. If the coil does not move with a
one-to-one motion or movement is difficult, the coil may
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REVIEW ARTICLE

Neuroimaging Changes in Menkes Disease, Part 1
X R. Manara, X L. D’Agata, X M.C. Rocco, X R. Cusmai, X E. Freri, X L. Pinelli, X F. Darra, X E. Procopio, X R. Mardari, X C. Zanus,
X G. Di Rosa, X C. Soddu, X M. Severino, X M. Ermani, X D. Longo, X S. Sartori, and
the Menkes Working Group in the Italian Neuroimaging Network for Rare Diseases

ABSTRACT
SUMMARY: Menkes disease is a rare multisystem X-linked disorder of copper metabolism. Despite an early, severe, and progressive
neurologic involvement, our knowledge of brain involvement remains unsatisfactory. The ﬁrst part of this retrospective and review MR
imaging study aims to deﬁne the frequency rate, timing, imaging features, and evolution of intracranial vascular and white matter changes.
According to our analysis, striking but also poorly evolutive vascular abnormalities characterize the very early phases of disease. After the
ﬁrst months, myelination delay becomes evident, often in association with protean focal white matter lesions, some of which reveal an
age-speciﬁc brain vulnerability. In later phases of the disease, concomitant progressive neurodegeneration might hinder the myelination
progression. The currently enriched knowledge of neuroradiologic ﬁnding evolution provides valuable clues for early diagnosis, identiﬁes
possible MR imaging biomarkers of new treatment efﬁcacy, and improves our comprehension of possible mechanisms of brain injury in
Menkes disease.
ABBREVIATION: MD ⫽ Menkes disease

M

enkes disease (MD) is a rare X-linked recessive disorder
(Online Mendelian Inheritance in Man No. 309400; http://
omim.org/)1 due to mutations in the ATP7A gene (Xq13.2q13.3), causing impaired absorption and cellular metabolism of
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copper. The overall incidence of MD in Europe is reported to be 1
in 300,000 births.2 Although the disease shows great clinical heterogeneity, most affected children present with early growth failure, hypothermia, failure to thrive, cutis laxa, and sparse, kinky
hair (pili torti).3
The central nervous system is primarily involved, with severe
cognitive and sensorimotor impairment, poor quality of life, and
reduction in life expectancy. The spectrum of neurologic manifestations is strikingly wide; drug-resistant epilepsy appears in the
first trimester of life, followed by regression of developmental
milestones and progression to death in early childhood. Despite
the wide phenotypic spectrum, some of the clinical features seem
to present a recurrent age-related course, suggesting a possible
concomitant role of brain maturation and age-related vulnerability to copper dysmetabolism. For example, epilepsy typically shows a 3-stage course: 1) focal seizures progressing to
status epilepticus (⬍3 months), 2) epileptic spasms (6 –11
months), and 3) multifocal seizures, tonic spasms, and myoclonus (20 –25 months).4
The scarce neuropathologic data refer to the late phases of MD
and point to diffuse cerebral and cerebellar atrophy, neuronal
loss, gliosis within cortical and deep gray matter, loss of Purkinje
cells, and cerebral white matter spongy changes along with loss of
myelin sheaths and axons. Intracranial arteries appear thin-walled
and strikingly tortuous.5,6
In the past decades, MR imaging investigations have been routinely applied to in vivo intracranial changes in children with MD.

artery, the software allowed the measurement in millimeters of the effective length of the whole vessel (curved
length) and the linear distance between the 2 extremes. A tortuosity
index was subsequently calculated according to the formula: (Curved Length/
Linear Length) ⫺ 1. The index is supposed to be zero if the 2 lengths are
equal.
Basilar artery semiquantitative and quantitative evaluations were compared with those of 29 children without MD
(Table 1) who underwent brain MR imaging and MRA for
other indications.
The presence of stenosis or ectasia of the intracranial arteries
was also evaluated on MRA studies, while the presence of venous
sinus ectasia was assessed on parenchymal imaging.

Table 1: Main data on intracranial vessel abnormalities in our MD sample and in 29 controls
Children with MD
Controls
Sample size (No.)
26 Children
29 Children
Sex
25 M, 1 F
19 M, 10 F
11.5 ⫾ 15 (0.2–82.3)
Age at MRA (mean) (range) (mo)
14 ⫾ 19 (2.2–86.7)a
0.07 ⫾ 0.08 (0.01–0.31)b
Tortuosity index (mean) (range)
0.41 ⫾ 0.30 (0.07–1.08)a
Smoker score (mean) (range)
6.0 ⫾ 1.3 (1–6)c
1.7 ⫾ 0.7 (1–3)b
a

Calculated at ﬁrst MRA in 15 children with MD.
P ⬍ .0001.
c
Calculated at ﬁrst MRI in 26 children with MD.
b

Nonetheless, due to the rarity of the disease, imaging findings are
also scarce, and our knowledge is based on scattered case reports
and small case series. Increased intracranial vessel tortuosity, protean white matter signal abnormalities, transient temporal lobe
changes, cerebral and cerebellar atrophy, basal ganglia anomalies,
and subdural collections have been variably reported and associated with the clinical phenotype, leading to several and sometimes
conflicting pathogenic hypotheses. So far, the frequency rate, precise characterization, timing, evolution, and likely pathogenesis of these neuroradiologic abnormalities remain unsatisfactorily understood.
The present large retrospective and review MR imaging
study aimed to improve our knowledge of the intracranial involvement in Menkes disease to provide possible neuroradiologic biomarkers useful for diagnosis and follow-up. In particular, this first Part will address the intracranial vascular and
white matter changes that might be observed during the course
of MD.

MATERIALS AND METHODS
MR imaging and MRA findings of children with MD were retrospectively evaluated. Children were enrolled if they had a biochemically or genetically confirmed MD diagnosis and at least 1
MR imaging. All images were evaluated by 2 neuroradiologists
with ⬎15 years of experience in pediatric neuroradiology (R.
Manara and D.L.), who were aware of the diagnosis but blinded to
the clinical findings; discordant findings were discussed until consensus was reached.
The study included 40 MRIs (25 MRAs, all with the time-offlight technique) of 26 children with MD (mean age at first MR
image, 7.5 ⫾ 5.9 months; range, 0.3–32.2 months; 1 female). Most
studies were performed on 1.5T scanners (37/40) and included at
least T2/FLAIR and T1-weighted images; DWI was available in
25/40 MRIs.

Intracranial Blood Vessel Evaluation
The qualitative evaluation of increased artery tortuosity was
obtained from MRA or parenchymal T2-weighted images
whenever angiography studies were not available. A semiquantitative evaluation of basilar artery dolichoectasia (Smoker
score, see the On-line Appendix) was performed on axial T2
imaging. A quantitative evaluation of the basilar artery tortuosity was performed with commercially available software
(syngo MultiModality Workplace; Siemens, Erlangen, Germany; see the On-line Appendix) in children with MD, who had
time-of-flight 3D-MRA in a DICOM format (15 children;
mean age, 14 ⫾ 19 months; range, 2.2– 86.7 months). Briefly,
after recognizing the proximal and the distal end of the basilar

White Matter Change Evaluation
Qualitative parenchymal evaluation was performed on all MRIs.
Tumefactive lesions, centrum semiovale DWI hyperintense lesions, focal nontumefactive white matter lesions, and abnormal
myelination, identified in previous publications, were recorded.

Literature Review
An extensive search was performed in all major data bases (Embase, Scopus, PubMed, Cochrane, and also www.google.com)
with the following terms: “Menkes” and “brain MR imaging.” We
included all articles reporting MR neuroimaging findings and age
at MR imaging examination. From case descriptions or direct
inspection of the published images, we investigated the presence/
absence of abnormal findings on MR imaging/MRA. The lack of
description combined with the impossibility of defining their
presence/absence with the available published images was recorded as “not mentioned.” We also recorded any available information about the size, distribution, signal pattern, evolution, and
proposed pathogenic hypothesis of white matter abnormalities
described in children with MD.
Our literature review included 47 articles published between
1989 and August 2016 that are listed in the On-line Appendix.

Statistical Analysis
The variables with normal distribution were analyzed by using the
Student t test, while for ordinal variables, the Mann-Whitney U
test was used. Categoric variables were analyzed by using the 2 of
the Pearson or the Fisher Exact test when required. The significance level was P ⬍ .05.

RESULTS
Table 2 summarizes the main features of our sample and of the
literature data regarding children with MD who underwent brain
MR imaging.
In our sample, 15 children with MD were alive at the time of
the study; for the remaining 11 children, death occurred at 6.3 ⫾
4.6 years of age (range, 9 months to 17.5 years). All children
showed severe early-onset neurodevelopmental impairment;
most patients presented with epilepsy during the early phases of
MD.
AJNR Am J Neuroradiol 38:1850 –57

Oct 2017

www.ajnr.org

1851

The On-line Table and Fig 1 summarize the main neuroradiologic findings of children with MD included in the study and in
our literature review.

Intracranial Vessel Abnormalities
Literature Review. At the first MR imaging, increased artery tortuosity was present in 45/62 children with MD (73%), absent in 2,
and not mentioned in 15. At follow-up, increased artery tortuosity was described in 14/23 (61%; in 4, the finding was not mentioned at the first examination), while in 9, it was not mentioned;
no case of tortuosity evolution was reported.
Our Sample. Increased artery tortuosity was detected in all children at any age. The finding was evident both on T2 parenchymal

imaging and MRA (On-line Fig 1). Both semiquantitative and
quantitative basilar artery evaluation showed significantly increased tortuosity compared with age-matched controls (P ⬍
.0001; Table 1 and Fig 2) and no correlation with age. Children
with MD with neuroradiologic follow-up showed no significant
evolution of the basilar artery changes (Table 3).
Stenosis and ectasia of the intracranial arteries, though repeatedly mentioned in the literature as possible pathogenic
mechanisms of parenchymal lesions,7,8 were never detected in
any of the present children with MD or in those reported in the
literature.
Widening of the venous sinuses, recently reported in 1 child
with MD,7 was detected in 1/26 children in the present sample
(On-line Fig 2A).

Table 2: Demographics and main clinical data of our children with MD and of children with
MD in the literature who underwent brain MRI
Literature Review
Demographics
Present Sample
(On-line Appendix)
Sample size
26 Children
62 Children
Sex
25 M; 1 F
57 M; 5 F
4.5 ⫾ 3.3 (0.1–14)b
Age at clinical onset (mean) (range) (mo)
3.7 ⫾ 2.5 (1–8)a
Age at ﬁrst MRI (mean) (range) (mo)
7.5 ⫾ 5.9 (0.3–32.2)
7.1 ⫾ 5.6 (0.6–34.0)
Follow-up MRI
8/26 Children
23/62 Children
Age at last follow-up (mean) (range) (mo)
25.3 ⫾ 19.4 (3.6–86.7)
10.2 ⫾ 6.28 (1.5–30)
Follow-up duration (mean) (range) (mo)
22.8 ⫾ 23.1 (1.4–78.5)
6.1 ⫾ 5.9 (0.3–26)
Epilepsy
23/26
37/62
Age at epilepsy onset (mean) (range) (mo)
6.5 ⫾ 3.4 (2.2–15.0)
4.6 ⫾ 3.3 (0.1–14)c
a

Calculated from 25/26 MD children.
Calculated from 31/62 MD children.
c
Calculated 19/37 MD children with epilepsy.
b

White Matter Changes:
Tumefactive Lesions
Literature Review. At first MR imaging,
white matter tumefactive lesions were
detected in 21/62 children with MD
(33%; mean age, 4.8 ⫾ 1.9 months;
range, 1.2–10 months); in 3/62 (5%), the
lesions were absent (mean age, 4.5
months; range, 3.5– 6 months), whereas
in the remaining 38/62, this finding was
not mentioned. In 5/21 cases, tumefactive lesions were not restricted to the
temporal regions. At follow-up MR im-

FIG 1. MR imaging ﬁndings in Menkes disease according to age at examination: A, Our sample (26 children, 40 examinations). B, Literature review
(62 children, 86 examinations).
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FIG 2. Tortuosity index (A) and Smoker score values (B) in children with MD (box on the left) and age-matched controls (box on the right). The
difference was highly signiﬁcant (P ⬍ .0001).
Table 3: Tortuosity index and Smoker score evolution among our
MD children with MR follow-up
First MR Exam
Last MR Exam
Tortuosity index 0.29 ⫾ 0.11 (0.14–0.39) 0.26 ⫾ 0.10 (0.14–0.32)a
Smoker score
3 ⫾ 1.3 (1–6)
3.3 ⫾ 0.7 (2–4)b
Obtained from 3 MD children with MRA follow-up (follow-up duration: 46.3 ⫾ 30.3
months).
b
Obtained from 7 MD children with MRI follow-up (follow-up duration: 25.5 ⫾ 25.3
months).
a

aging, tumefactive lesions were detected in 3/23 children (13%;
mean age, 2.7 months; range, 1.5– 4 months; in one child, the
lesions were absent at first examination), were absent in 7/23
(30%) (mean age, 8.6 ⫾ 2.9 months; range, 6 –15 months; all had
tumefactive lesions at first MR imaging), and were not mentioned
in the remaining 13/23.
Our Sample. Tumefactive lesions were detected at first MR imaging in 7/26 (27%; mean age, 5.8 ⫾ 1.3 months; range, 4.6 –7.7
months; On-line Fig 3) and in 2 additional children with MD at
follow-up MR imaging (both at 3.6 months of age). Among children with MD examined in the time window of 3– 8 months, the
detection rate was 9/16 (56%). In addition, among the 9 children
with MD with tumefactive lesions, 2 had follow-up MR imaging
and both showed full regression of the lesions. The presence of
recurrent seizures or status epilepticus in the month preceding
MR imaging was not associated with the detection of tumefactive
lesions (6/9 versus 18/31 MRIs, nonsignificant, Fisher exact test).
Temporal involvement was detected in all children with MD with
tumefactive lesions (unilaterally in 1/9) and spread toward other
lobes in 6/9 children (patients 5, 7, 9, 10, 16, and 26); the extratemporal involvement was more frequent than that reported in
the literature in children with MD (67% versus 23%, P ⫽ .04,
Fisher exact test). Tumefactive lesions were distinctly asymmetric
in 3/9.
All tumefactive lesions had strikingly T2-hyperintense subcortical white matter that appeared iso-hypointense on DWI with
increased apparent diffusion coefficient values; the cortical ribbon did not appear involved despite sulcal effacement.

WM Changes: Centrum Semiovale DWI Hyperintense
Lesions
Literature Review. Bilateral drop-shaped centrum semiovale lesions have been reported in 1/62 children with MD (1.6%) at 10

months of age; the lesions, hyperintense in DWI with restriction
of water molecule movement, showed a size increase at 13-month
follow-up.
Our Sample. Bilateral centrum semiovale lesions with identical
signal features were detected in an 8-month-old child (3.9%, patient 6, On-line Fig 2B).

WM Changes: Focal Nontumefactive White Matter
Lesions
Literature Review. Focal white matter lesions other than the tumefactive and DWI-hyperintense ones described above were detected at first MR imaging in 14/62 children with MD (23%; mean
age, 7.2 ⫾ 3.6 months; range 3–17 months) and were not mentioned in the remaining 48/62 children. At follow-up MR imaging, white matter focal lesions were present in 3/23 children with
MD (13% not mentioned in previous examinations), absent in
2/23 (absent and not mentioned in previous examinations in 1
case each), and not mentioned in 18/23 (notably, 3 of them had
lesions at first MR imaging, while in 15, the finding had not been
mentioned).
Our Sample. Focal white matter lesions were detected in 9/26
children with MD (35%; mean age, 14.1 ⫾ 11.0 months; range
4.6 –32.7 months). Among the 8 patients with MR follow-up, 5
still had no lesions, 1 showed lesion regression, and 2 presented
with new lesions.

Abnormal Myelination
Literature Review. Abnormal myelination was reported at first
MR imaging in 20/62 children with MD (32%; mean age, 6.6 ⫾
3.9 months) and was not mentioned in the remaining 42/62 children. At follow-up, this finding was detected in 9/23 (39%) (in
4/9, it was not mentioned at previous MR imaging) and was not
described in the remaining cases.
Our Sample. Abnormal myelination was found in 19/26 (73%;
mean age, 8.7 ⫾ 6.5 months; On-line Fig 4). Normal myelination
was more frequently detected among earlier MRIs (especially
younger than 6 months of age). In 1 child, the abnormal myelination appeared at follow-up at 15.6 months of age (the first MR
imaging performed at 4.8 months showed normal myelination for
age). Cases with longer follow-up MR imaging showed a progresAJNR Am J Neuroradiol 38:1850 –57
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FIG 3. Axial T2-weighted images at the level of the genu/splenium of
the corpus callosum in a boy (patient 8) affected by Menkes disease,
showing the progressive-though-delayed supratentorial myelination.

sion of the myelination during the disease course (Fig 3). In the
girl with MD, the myelination became normal at the last MR
imaging (86.7 months of age).

Further Statistical Analyses
Possible associations among clinical data and parenchymal or vascular abnormalities were investigated, revealing a weak association between increased basilar artery tortuosity and white matter
lesions, different from tumefactive lesions (0.56 ⫾ 0.35 versus
0.24 ⫾ 0.12, P ⫽ .02), and a trend toward an association between
earlier epilepsy onset and tumefactive lesions (4.9 ⫾ 2.5 versus
7.6 ⫾ 3.7, P ⫽ .07) and between later clinical onset and white
matter lesions, different from tumefactive lesions (4.9 ⫾ 2.3 versus 3.2 ⫾ 2.5 months, P ⫽ .09). No further significant associations
were found among clinical and neuroradiologic findings (eg, tumefactive lesions versus status epilepticus or refractory seizures in
the month preceding MR imaging examination, tumefactive lesions versus basal ganglia abnormalities, increased vascular tortuosity severity versus inguinal hernia, a marker of connective tissue
laxity, or basal ganglia lesions; P ⬎ .1 in all cases).

DISCUSSION
The present retrospective cross-sectional multicenter study analyzed the neuroradiologic MR imaging abnormalities in children
affected by Menkes disease, providing a detailed description of
intracranial vascular and parenchymal changes in this rare disease. In this Part, we will address the most remarkable intracranial
vessel and white matter MR imaging findings in our sample (26
children with MD) and the available literature (62 children with
MD).

Intracranial Vascular Changes
Increased artery tortuosity is considered a typical diagnostic feature of Menkes disease, being reported in nearly 75% of cases and
absent in ⬍4% of cases. Nonetheless, it is still unclear whether this
feature is progressive, eventually leading to blood supply abnormalities; stable since birth; or detectable even at a fetal stage, thus
representing a useful prenatal diagnostic disease marker. Indeed,
in the MD literature, abnormal intracranial artery tortuosity has
sometimes been described only on follow-up examinations, thus
suggesting a possible progression of artery changes. However,
these case reports lacked a careful description of the anatomic
conformation of the intracranial arteries at disease onset, leaving
some uncertainty as to whether the tortuosity had truly appeared
1854
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at follow-up or had been overlooked at disease onset. In our sample, an increased tortuosity was a constant age-independent MD
marker, thus confirming its important diagnostic role in the very
first months of life. The youngest child with MD (patient 26),
scanned in the neonatal period (20 days of life) for cutis laxa
before neurologic onset, already showed the typical vessel
changes. On the contrary, the lack of intracranial increased arterial tortuosity seems to make MD rather unlikely and should
prompt reconsidering other diagnoses.
An increased tortuosity of the intracranial arteries was confirmed in our sample by both semiquantitative and quantitative
basilar artery evaluations, which showed significant changes compared with age-matched subjects. Considering that the control
group included children undergoing MR imaging/MRA for the
suspicion of intracranial vascular problems, the difference is even
more meaningful and confirms the major role of intracranial artery evaluation in the diagnostic work-up of MD. Regarding the
evolution of the intracranial artery changes, the lack of association
between age and both the tortuosity index and Smoker score at
the cross-sectional evaluation and the lack of significant changes
in children with MD undergoing MR imaging follow-up provide
some evidence of early, most likely late-fetal or early-postnatal,
vessel wall damage that remains relatively stable during the subsequent disease course. Intracranial artery elongation has been
related to decreased activity of the copper-dependent lysyl oxidase, which is involved in elastin and collagen cross-linking, resulting in structural impairment of the blood vessel wall.9-15 Because during the whole intrauterine life, the circulating copper is
provided by the mother, early vascular wall impairment points to
a key role of ATP7A for lysyl oxidase function within the cell.16
The absence of intracranial artery ectasia and stenosis, either at
onset or at follow-up, is another important result. Previous studies have reported possible ectasia or distal narrowing of intracranial arteries.7,8 Even though no imaging study directly has yet
shown significant vessel lumen abnormalities, artery narrowing
has been repeatedly advocated as a likely cause of ischemia and
encephalomalacia. Actually, according to our experience (Online Fig 1C), the apparent distal artery caliper change was the
result of artifacts related to the acquisition sequence used for investigating intracranial arteries. In fact, the commonly used MRA
sequence (TOF) applies a saturation band just above the acquisition slab, aiming to cancel the cranial-caudal (venous) blood flow.
The increased tortuosity of intracranial arteries can easily result in
artery segments with downward-directed blood flow; the consequent artifactual signal loss might eventually lead to the false detection of stenosis and subsequent ectasia as the blood flow becomes again caudal-cranial. Indeed, the rare pathologic studies
seem to confirm our neuroimaging findings, showing mild intima
hypertrophy without significant abnormalities of vessel caliper
and patency.6
Recently, dural sinus ectasia has been reported in a child with
MD and has been suggested as a potentially interesting new disease marker.8 Indeed, this feature has also been detected in 1 child
of our sample. Nonetheless, its low detection rate (1/26, 4%)
raises some doubts about the real impact of venous changes and
the utility of a dedicated evaluation of the intracranial venous
system in the suspicion of MD.

Parenchymal Abnormalities
White Matter Tumefactive Lesions. In previous publications,17-19 tumefactive white matter lesions have been variably
named “white matter cystic changes,”19 “leukoencephalopathy,”20 and “transient edema of the temporal lobes.”21 All these
lesions shared the following MR imaging features: The affected
white matter presented striking T2-hyperintensity and increased
ADC values consistent with vasogenic edema, the cortical ribbon
was relatively spared, and the lesions had mild/moderate mass
effect. Because data were derived almost exclusively from case
reports, the frequency rate of tumefactive lesions in MD has not
yet been defined. The present literature analysis points to a frequency rate slightly above one-third of children with MD, similar
to that observed in our sample (37% versus 34%, respectively),
thus suggesting that tumefactive lesions are usually not overlooked in routine conventional MRIs.
Tumefactive lesions may be uni- or bilateral, symmetric or
asymmetric; most lesions are localized in the temporal lobes, disclosing the high vulnerability of these regions, especially the anterior portion (temporal pole). Nonetheless, involvement of other
cerebral lobes is not uncommon: An extratemporal involvement
was reported in nearly one-quarter of the children with MD with
tumefactive lesions in the literature. In our sample, the detection
of extratemporal lesions rose to two-thirds, most probably not
because of differences between the 2 study populations but because of the different, more systematic approach at imaging
evaluation.
One of the most interesting results of the present study is the
identification of a specific age window for the appearance of tumefactive lesions. According to the literature review, children
with MD presented with tumefactive lesions solely within the age
range of 1.2–10 months (3– 8 months in our sample). The recognition of a specific age window for tumefactive lesions implies the
existence of an age-dependent brain vulnerability in MD that does
not include the very early postnatal period and does not persist
beyond the tenth month of life. Besides, the lack of detection of
tumefactive lesions in children with MD undergoing MR imaging
after 10 months of age suggests an evolution of those lesions that
were detected in ⬎50% of MRIs during the age window of 3– 8
months. Indeed, the literature review,18,21 as well as 2 children
with MD in our sample (patients 22 and 23), showed the reversibility of tumefactive lesions at follow-up MR imaging, raising
some questions about their nature and pathogenesis.
In the past, some authors4,17,20,22 hypothesized for tumefactive lesions an ischemic pathogenesis that is not consistent with
the currently available neuroradiologic findings because of the
following: 1) Tumefactive lesions involve almost exclusively the
white matter, sparing the contiguous cortex, while the latter is
usually more vulnerable to ischemia; 2) DWI does not reveal cytotoxic edema, which, instead, characterizes ischemia; 3) tumefactive lesions do not respect vascular territories; and 4) tumefactive lesions seem to be reversible, while ischemic lesions are
mostly irreversible and typically result in focal encephalomalacia.
Other authors suggested the existence of a pathogenic relationship between tumefactive lesions and refractory seizures or
status epilepticus.17,18,20 A protracted epileptic activity might result in severe parenchymal edema, both vasogenic and cyto-

toxic.17 Vasogenic edema primarily derives from the persistent
and severe brain acidosis associated with status epilepticus, eventually leading to blood-brain barrier alteration, parenchymal
swelling, and sulcal effacement, while cytotoxic edema is likely
due to the excessive neuronal stimulation with alteration of cell
membrane permeability and neuronal/glial swelling. Postcritical
cytotoxic edema usually prevails in the cortex,17 might spread to
ipsilateral pulvinar and hippocampal formation, and has no or
mild mass effect. Actually, tumefactive lesions did not show cytotoxic-like features in any children in the literature or our sample
children with MD. In addition, in our relatively large sample, we
were not able to replicate the hypothesized association between
tumefactive lesions and the presence of status epilepticus or refractory seizures in the few days before MR imaging, even while
restricting the analysis to within the temporal window in which
tumefactive lesions have been detected (3– 8 months). Taken together, these data do not support the hypothesis of a causal relationship between tumefactive lesions and excessive seizure activity. Most likely, tumefactive lesions and status epilepticus are
simply independent epiphenomena of the same copper-related
metabolic dysfunction.
DWI Hyperintense Centrum Semiovale Lesions. Although found
in only 2 children with MD, considering both the literature and
our sample, white matter cytotoxic-like lesions merit discussion
due to their very peculiar MR imaging features. In both children
with MD, these lesions had an oval or drop-like shape (On-line
Fig 2B), were well recognizable on T2 images, but different from
tumefactive lesions; they were located in the deep white matter
and were strikingly DWI hyperintense with decreased ADC values. In the sole child with MD with follow-up MR imaging after 3
months, the lesions increased in size, maintaining a prevalent cytotoxic edema-like appearance. The pathogenesis of these lesions
is still uncertain; the prolonged persistence of cytotoxic edema is
not consistent with a brain infarct because the latter loses DWI
hyperintensity within 1 month, evolving into focal encephalomalacia; in addition, the affected regions, both at onset and followup, did not correspond to a specific vascular territory. Most likely,
centrum semiovale lesions are due to copper-dependent metabolic processes,22 leading to compromised mitochondrial function and eventually to a metabolic, not ischemic, stroke.
The very low frequency of DWI hyperintense lesions of the
centrum semiovale in children with MD suggests the coexistence
of environmental or genetic pathogenic factors, but it also hinders
their identification. One of the 2 children with centrum semiovale
lesions, for example, had a rare deletion of the exon 21, while in
the other child, the genetics were not specified.
Focal Nontumefactive White Matter Lesions. According to our
literature review, focal nontumefactive white matter lesions are
reported in about one-fourth of children with MD, while the analysis of our sample showed a frequency rate slightly above 40%.
Once again, the difference rate is most likely due to a more systematic search in our sample rather than to a true lower rate of
focal nontumefactive white matter lesions in the literature data.
These white matter lesions appear as T2/FLAIR-hyperintense/
DWI-isointense regions, do not show a precise or restricted temporal occurrence, and present no specific morphologic pattern
AJNR Am J Neuroradiol 38:1850 –57

Oct 2017

www.ajnr.org

1855

(all lobes were variably involved in our sample). From the literature review, it was not possible to gain useful information about
lesion evolution because follow-up data were lacking. In our sample, focal nontumefactive white matter lesions had a heterogeneous and unpredictable course, with lesions progressing during
the disease course in most cases but also with 1 child who showed
lesion regression at follow-up. According to some authors, focal
white matter lesions stem from the progressive and diffuse cortical neurodegeneration and represent a secondary white matter
degeneration.23 However, this hypothesis does not explain why
the lesions are focal, while neurodegeneration is more often a
global phenomenon and focal cortical lesions are absent or present with regional inconsistency. In addition, our study did not
reveal any association between these lesions and the presence or
the severity of brain atrophy. According to other authors, these
lesions would result from ischemic phenomena caused by vascular anomalies.1,4,7,8,19,22,24 The association between intracranial
artery tortuosity and nontumefactive white matter lesions found
in the present study seems to support a possible link between the
processes leading to vascular wall abnormalities and white matter
involvement. Nonetheless, because tortuosity changes do not
seem to be associated with artery lumen changes, the ischemic
hypothesis remains aleatory; moreover, focal white matter lesions
do not cluster in specific vascular territories, and both the literature review and our sample analysis did not detect any lesion with
DWI features of acute ischemia.
An alternative hypothesis suggested a relationship between white
matter changes and the metabolic energetic failure due to copperdependent enzymes.17 Similar white matter abnormalities have been
observed in mitochondriopathies caused by deficiency of the cytochrome C oxidase enzyme,17 which is also impaired in MD and
might result in brain cell death and demyelination. The present study
was not powered for addressing this issue properly, but the extreme
phenotypic variability of white matter lesions suggests that several
pathogenic mechanisms are likely involved, leading to progressive
white matter deterioration.
Abnormal Myelination. Abnormal myelination of the supratentorial white matter is a well-known finding in MD. It is present in
about one-third of the literature MRIs and in more than twothirds of our sample. Discrepancies in the detection rate most
likely reside in the challenging discrimination between abnormal
myelination both in early and in late phases of the disease course.
In fact, brain myelination is physiologically incomplete in the first
years of life, and its evaluation requires some expertise in pediatric
neuroradiology. On the other hand, advanced phases of MD
might present with superimposing neurodegenerative processes
that imply diffuse gliosis/Wallerian degeneration with concomitant white matter signal abnormalities.
Notably, most children with MD have normal myelination at
birth, suggesting that the lack of ATP7A function does not significantly influence myelin formation during fetal development, in
contrast to what happens regarding vascular tortuosity that is abnormal even despite maternal-mediated copper absorption. Abnormal myelination is therefore diagnosed when the expected
myelination milestones are not reached (eg, the anterior limb of
the internal capsule at 6 months of age) and might become more
evident with increasing age. Whether myelination abnormalities
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were due to a halt or a delay in the myelination process, it appears
unequivocally disentangled by the longitudinal MR imaging evaluation that, in our sample, repeatedly showed myelination progression (Fig 3) or even myelin full maturation at 7 years of age,
though the latter child with MD was the female subject (patient
13), likely with a milder form of MD.

CONCLUSIONS
Intracranial vascular and white matter findings appear strikingly
heterogeneous in Menkes disease. According to our data and literature review, a significantly increased arterial tortuosity seems
to represent an early and reliable diagnostic biomarker of Menkes
disease. On the other hand, there is no evidence of significant
vessel wall change evolution during the disease course, and the
role of artery changes in the pathogenesis of brain injury appears
to be very weak, if present at all. Regarding the white matter involvement, myelin abnormalities seem to result from different,
sometimes concomitant pathogenic mechanisms. Besides a delayed-but-improving postnatal myelination process, neurodegenerative phenomena implying gliosis and Wallerian degeneration might variably influence myelin signal. In addition, several
heterogeneous focal lesions might occur, some of which seem to
reveal a temporally selective white matter vulnerability during the
course of Menkes disease.
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Neuroimaging Changes in Menkes Disease, Part 2
X R. Manara, X M.C. Rocco, X L. D’agata, X R. Cusmai, X E. Freri, X L. Giordano, X F. Darra, X E. Procopio, X I. Toldo, X C. Peruzzi,
X R. Vittorini, X A. Spalice, X C. Fusco, X M. Nosadini, X D. Longo, X S. Sartori, and the Menkes Working Group in the Italian
Neuroimaging Network for Rare Diseases

ABSTRACT
SUMMARY: This is the second part of a retrospective and review MR imaging study aiming to deﬁne the frequency rate, timing, imaging
features, and evolution of gray matter changes in Menkes disease, a rare multisystem X-linked disorder of copper metabolism characterized by early, severe, and progressive neurologic involvement. According to our analysis, neurodegenerative changes and focal basal
ganglia lesions already appear in the early phases of the disease. Subdural collections are less common than generally thought; however,
their presence remains important because they might challenge the differential diagnosis with child abuse and might precipitate the
clinical deterioration. Anecdotal ﬁndings in our large sample seem to provide interesting clues about the protean mechanisms of brain
injury in this rare disease and further highlight the broad spectrum of MR imaging ﬁndings that might be expected while imaging a child with
the suspicion of or a known diagnosis of Menkes disease.
ABBREVIATION: MD ⫽ Menkes disease

M

enkes disease (MD; Online Mendelian Inheritance in Man
No. 309400; http://omim.org/)1,2 is a rare metabolic disorder due to mutations in the ATP7A gene (Xq13.2-q13.3) encoding
for the trans-Golgi copper-transporter P-type adenosine triphosphatase. Its dysfunction causes an impaired absorption and cellular metabolism of copper and results in an early, severe multisystem disease usually progressing to death in early childhood.3,4
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Affected infants might exhibit a sagging facial appearance, micrognathia, arched palate, laxity of the skin (cutis laxa), supernumerary wormian bones, reduced bone density, bladder diverticula,
increased vascular tortuosity, and sparse “peculiar white hair”
(pili torti).5,6 Failure to thrive, hypothermia, hypotonia, impaired
cognitive development, and relentless regression of developmental milestones highlight and reflect the primary involvement of
the central nervous system. The scarce neuropathologic findings,
both at gross and histology examination, are overtly dominated
by neurodegeneration. At postmortem examination, MD typically presents with diffuse neuronal loss, gliosis, and cerebral
white matter spongiosis, which result in cerebral and cerebellar
atrophy.7 Consistently, in vivo brain MRIs disclose protean findings at disease onset or during the follow-up that encompass focal
white and gray matter lesions and extracerebral changes but also
cerebral and cerebellar atrophy, revealing that neurodegenerative
changes might appear long before death. However, even though
case reports and small case series can outline the mutable involvement of the brain and allow formulating possible pathogenic hypotheses of brain damage, the available literature fails to provide
adequate information about the frequency, severity, and the evolution of the reported cerebral and extracerebral lesions. In addition, often the “case report” approach does not provide sufficient
evidence for confirming or refuting the numerous hypothesized
pathogenic mechanisms of brain involvement.
This article is the second part of an extensive retrospective and
review study that investigated the neuroimaging involvement of

Main neuroradiologic ﬁndings from literature review and in our sample
Literature Review

Brain Parenchyma
Basal ganglia abnormalities
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Cerebral atrophy
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6
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Note:—NR indicates not reported/mentioned.

MD. Intracranial vascular and white matter changes at onset and
during the disease course have been presented in the first part. The
present part will focus primarily on the neurodegenerative processes (cerebral and cerebellar atrophy), focal lesions involving
the basal ganglia, and subdural collections that might be detected
in these children. In addition, we will present other neuroradiologic findings that have not been reported previously, expanding
the spectrum of neuroimaging findings in MD and providing additional interesting clues on the still-elusive pathogenic mechanisms leading to brain damage in this rare disease.

MATERIALS AND METHODS

Literature Review
Our literature review included 47 articles published between 1989
and August 2016 that reported MR neuroimaging findings in children with MD and age at MR imaging examination (On-line Appendix). As already explained in Part 1, these articles were
retrieved by searching in the major databases (Embase, Scopus,
PubMed, Cochrane, and also www.google.com) with the following terms: “Menkes” and “brain MR imaging.” The presence or
absence of the above-mentioned MR imaging abnormalities were
evaluated considering both the descriptions and available images
of the selected articles. We considered as “not mentioned” any
feature that could not be unequivocally defined as present or absent. We also recorded any available information about size, distribution, signal pattern, evolution, and proposed pathogenic hypothesis of MD-related brain lesions.

This section has been extensively reported in Part I.8 Briefly, MR
imaging and MRA findings of 26 children with MD (mean age at
first MR imaging, 7.5 ⫾ 5.9 months; range, 0.3–32.2 months; 1
female) were retrospectively evaluated. Children were enrolled if
they had a biochemically or genetically confirmed MD diagnosis
and at least 1 MR imaging. Two neuroradiologists (R.M. and
L.D.) with ⬎15 years of experience in pediatric neuroradiology
evaluated all MR imaging examinations (40 MRIs and 25 MRAs),
aware of the diagnosis but blinded to the clinical findings; discordant findings were discussed until consensus was reached.

The variables with normal distribution were analyzed by using the
Student t test, while for ordinal variables, the Mann-Whitney U
test was used. A second-order model correlation was used for
fitting the third ventricle enlargement versus the age at MR imaging examination. Significance was set at P ⬍ .05.

Parenchymal Evaluation

RESULTS

Qualitative parenchymal evaluation was performed in all MRIs.
Cerebral atrophy was considered if there was an increase of supratentorial CSF spaces in children with normal or decreased head
circumference (all our children with MD were normo- or microcephalic except patients 7 and 21). The third ventricle laterolateral
diameter was measured on axial images at the level of the foramen
of Monro. Cerebellar atrophy was considered when a definite enlargement of cerebellar CSF spaces was noted. Signal abnormalities of the basal ganglia, subdural collections, and any other brain
signal or morphologic abnormality were also recorded.

Clinical features of our sample and children in the literature with
MD are summarized in the On-line Table 1, also published in Part
1. Among the 26 children with MD, 11 had died before our MR
imaging evaluation (mean age, 6.3 ⫾ 4.6 years; range, 9 months to
17.5 years). All 26 children showed early onset of severe psychomotor delay, and most of them presented with epilepsy during
the early phases of MD.
The Table and Fig 1 summarize the main neuroradiologic
findings of children with MD included in the study and in our
literature review.

Statistical Analysis
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FIG 1. MR imaging ﬁndings in Menkes disease according to age at examination. A, Our sample (26 children, 40 examinations). B. Literature review
(62 children, 86 examinations).

Basal Ganglia Abnormalities
Literature Review. Basal ganglia abnormalities were detected in
11/62 children with MD (18%; mean age, 6.2 ⫾ 4.1 months;
range, 2–17 months); 1 child did not present with basal ganglia
abnormalities, while the finding was not mentioned in 50/62 children. Five children with basal ganglia abnormalities had follow-up MR imaging; lesion regression or persistence was reported
in 1 case each, while in 3 cases, the finding was not mentioned.
Our Sample. Basal ganglia abnormalities were present in 15/26
children with MD (58%; mean age, 15.7 ⫾ 19.5 months; range,
3.6 – 86.7 months; Fig 2 and On-line Fig 1); in 11/15 children, the
lesions were present at first MR imaging. The lesions were typically asymmetric and involved the caudate head and anterior putamen. Among children with basal ganglia abnormalities, 3 had
no DWI, while in 4/12 (all younger than 1 year of age), the lesions
were DWI-hyperintense with decreased ADC values. DWI ischemic-like features disappeared in 1 child, while the remaining 3/4
children had no follow-up MR imaging.
None of the 4 children with basal ganglia abnormalities and
subsequent follow-up MR imaging showed lesion regression.
Considering both the literature and our sample findings, new
basal ganglia lesions were detected in the timeframe between 2
and 16 months.

Cerebral Atrophy
Literature Review. Cerebral atrophy was detected at the first MR
imaging in 41/62 children with MD (66%; mean age, 12.4 ⫾ 21.9
1860
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FIG 2. Brain MR imaging in a 5-month-old boy (patient 17) affected by
Menkes disease. A, Axial T2-weighted image shows inhomogeneous
hyperintensity in the anterior portion of the neostriatum more evident on the left side. B, Axial diffusion-weighted imaging (upper image) and apparent diffusion coefﬁcient map (lower image) show small
bilateral regions of restriction of the water molecule motion (arrowheads). C, Coronal T2-weighted image at the level of the anterior
portion of the basal ganglia discloses the bilateral-though-asymmetric involvement of the caudate head, nucleus accumbens, and anterior putamen (arrowheads).

months; range, 2 months to 12 years); it was absent in 5/62 and
not mentioned in the remaining 16/62. At follow-up MR imaging,
cerebral atrophy was reported in 21/23 children with MD (91%;
mean age, 10.9 ⫾ 6.0 months; range, 3–30 months), and it was
already present, absent, or not mentioned at the previous examination in 13/21, 2/21, and 6/21 cases, respectively.
Our Sample. Cerebral atrophy was detected at first examination
in 21/26 children with MD (81%; mean age, 8.0 ⫾ 6.2 months;
range, 2.2–32.2 months) and persisted among those with available
follow-up MR imaging. Regarding the 5 children with MD with

lections appeared in 2 further children
with MD at 3.6 and 15.6 months of age
and disappeared in 1 child.

Other Neuroradiologic Findings
Besides the above-mentioned findings,
the thorough evaluation of the MRIs of
our sample revealed several miscellaneous parenchymal abnormalities that
could not be set among the known classic neuroradiologic findings of MD.
FIG 3. Diameter of the third ventricle. A, Cross-sectional MR imaging ﬁndings in the 25 male
children with Menkes disease show the signiﬁcant correlation between ventricle dilation and age
at examination (r ⫽ 0.4, P ⬍ .001). B, MR imaging ﬁndings in children with Menkes disease with
neuroradiologic follow-up show signiﬁcant ventricular enlargement despite a relatively short
follow-up (median follow-up, 10.8 months; P ⫽ .01, paired t test).

no atrophy at the first examination, 2 developed it at follow-up, 2
had no follow-up, and 1 did not present with cerebral atrophy at
follow-up MR imaging but the imaging was performed very early,
at 3.6 months of age. Cerebral atrophy was always present in children examined after 17 months of age.
The quantitative evaluation of ventricular dilation showed a
significant correlation between third ventricle diameter and age at
MR imaging in male children with MD (r ⫽ 0.4, P ⬍ .001, Fig 3A).
Notably, ventricle enlargement seemed to increase rapidly during
the first year of life and become thereafter relatively stable. All our
children with MD showed a variable increase of third ventricle
diameter at follow-up (median increase, 3 mm; range, 2–9 mm;
median follow-up, 10.8 months; Fig 3B).

Cerebellar Atrophy
Literature Review. Cerebellar atrophy at first MR imaging was
present in 19/62 children with MD (31%; mean age, 6.4 ⫾ 4.5
months; range, 1.2–18 years), absent in 1/62 (5 months of age),
and not mentioned in 42/62. At MR imaging follow-up, cerebellar
atrophy was found in 9/23 children with MD (39%; mean age,
11.9 ⫾ 7.5 months; range, 3–30 months), while it was not mentioned in the remaining cases; in 3/9 children with MD, the atrophy was not reported at the first examination.
Our Sample. Cerebellar atrophy was detected at first MR imaging
in 18/26 children with MD (69%; mean age, 8.7 ⫾ 6.6 months;
range, 3.1–32.2 months). In 4 children with MD, cerebellar atrophy appeared during follow-up MR imaging. All children with
MD investigated after 1 year of age had cerebellar atrophy.

Subdural Collections
Literature Review. Hematomas or hygromas at first MR imaging
were present in 15/62 (24%; mean age, 7.1 ⫾ 4.1 months; range,
3–17 months), absent in 7/62, and not mentioned in the remaining 40/62 children with MD. At follow-up MR imaging, subdural
collections were present in 15/23 (65%; mean age, 12 ⫾ 5.9
months; range, 4.5–30 months; and absent or not mentioned in
the previous MR imaging in 3/15 and 7/15, respectively), absent in
2/23, and not mentioned in 6/23.
Our Sample. Subdural collections were detected in 5/26 children
with MD (18%; mean age, 9.1 ⫾ 4 months; range, 3.6 –15.6
months; On-line Fig 2). At follow-up MR imaging, subdural col-

T2-Pulvinar Sign. T2/FLAIR-hyperintensity of the posterior thalamus (Fig 4) was
detected bilaterally in 4/26 children with
MD, especially in advanced phases of the
disease (ie, at 13.9, 14.4, 16.9, and 18.7 months of age); in 2 further
children, bilateral pulvinar signal abnormalities were rather mild
(8.9 and 6.6 months).
Focal Cortical-Subcortical Lesions. The MR imaging of a
2-month-old child with MD (patient 3) presenting with repetitive
seizures showed a large left DWI hyperintense cortical-subcortical
parieto-occipital lesion; ADC values were decreased with the disappearance of the cortical ribbon on T1 and T2 images (Fig 5).
The lesion was not recognizable at 1-month follow-up MR imaging. The MR imaging of a 4-month-old boy (patient 25) presenting with status epilepticus showed the disappearance of the cortical ribbon on T1 and T2 images in a large left parieto-occipital
region that did not correspond to any vascular territory; the study
protocol did not include DWI. The follow-up MR imaging performed 11 months later showed evolution into encephalomalacia
of the lesion; concomitant bilateral temporal encephalomalacia
was also noted.
A 32-month-old boy (patient 20) showed left temporal
encephalomalacia.
A 3-month-old boy (patient 21) presented with bilateral occipital cortical-subcortical T2*-hypointense lesions (posthemorrhagic encephalomalacia with hemosiderin deposits, On-line Fig
3A); the tentorium was also T2*-hypointense.
Postictal MR Imaging Changes. The MR imaging of a 5-monthold boy (patient 17) presenting with status epilepticus revealed
signal abnormalities and swelling of the left hippocampal formation (On-line Fig 3B).
A 4-month-old boy (patient 26) presenting with a status epilepticus had corpus callosum DWI hyperintensity, most likely
consistent with a reversible splenium lesion (the boy had no further follow-up MR imaging to confirm this hypothesis).

Incidental MR Imaging Changes Not Directly Related to
Menkes Disease
A 37-month-old boy (patient 9) underwent MR imaging a few
days after cardiopulmonary resuscitation; the examination
showed diffuse and severe brain ischemia with Wallerian degeneration of the corticospinal tract and trans-synaptic degeneration
of the substantia nigra and the subthalamic nucleus; concomitant
cortical laminar necrosis was also noted on T1 images.
A child (patient 14) presented with an iatrogenic cortical
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DISCUSSION
The present retrospective cross-sectional multicenter study analyzed the
neuroradiologic MR imaging abnormalities in a large sample of Italian children
affected by Menkes disease and reviewed
the pertinent literature up to August
2016. Because several children had ⬎1
MR imaging evaluation, the study also
provided interesting information on the
evolution of disease-related MR imaging
abnormalities. In this second section, we
address the issues of neurodegeneration
FIG 4. Axial FLAIR images at the level of the thalami. A, A 14-month-old boy (patient 14) shows and basal ganglia focal lesions, comparbilateral hyperintensity of the pulvinar (arrowheads); bilateral subdural collections, brain ing neuroimaging findings of our samatrophy, and abnormal myelination are also evident. B, An 87-month-old girl (patient 13)
shows bilateral hyperintensity of the pulvinar. Note the severe symmetric volume loss of the ple (26 children with MD) with those
reported in the literature (62 children
thalami.
with MD). In addition, we discussed
other previously unreported peculiar findings that widened the
spectrum of MR imaging abnormalities in MD, providing interesting clues on the possible pathogenesis of brain injury.

Basal Ganglia Abnormalities

FIG 5. Brain MR imaging of a 2-month-old boy (patient 3) disclosing a
left cortical-subcortical occipital-temporal-parietal lesion. A, Axial
diffusion-weighted images show that the lesion is markedly hyperintense (white arrowheads), mimicking an acute cerebral ischemia. ADC
values were decreased (not shown). B, Coronal and sagittal T2weighted images show the disappearance of the cortical ribbon
(black arrowheads). The lesion was fully recovered at follow-up MR
imaging 1 month later (not shown).

blood clot close to an intrathecal drainage set for subdural
collections.
Finally, a 9-month-old boy (patient 4) had focal white matter
lesions without mass effect, which were more evident in the subcortical temporal-polar regions (possible intermediate stage of
transient tumefactive lesions); unfortunately, no previous or follow-up examinations were available to confirm this pathogenic
hypothesis.

Further Statistical Analyses
No significant association was found between neurodegenerative changes, focal gray matter lesions, or subdural collections
and clinical, vascular, or white matter findings. In particular,
there was no association between basal ganglia abnormalities
and tumefactive lesions and prolonged jaundice at birth or the
presence or severity of intracranial artery tortuosity (P ⬎ .1 for
all associations).
1862
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Basal ganglia involvement was common among children with
MD, though the frequency rate was significantly higher in our
sample than in the literature (58% versus 18%). Indeed, according to our experience, these T2/FLAIR hyperintense lesions may
be easily overlooked, especially when the myelination of the surrounding white matter is impaired. Basal ganglia involvement was
typically bilateral but asymmetric; the head of the caudate nucleus
and anterior putamen seemed to be especially vulnerable, followed, in our sample, by the globus pallidus. According to both
our cohort and literature data, the involvement of the basal ganglia was scarcely or not reversible. When the sequence was available, basal ganglia abnormalities were frequently (transiently) hyperintense in DWI; this finding implies cytotoxic edema as the
main lesion mechanism for deep gray matter involvement in MD.
The detection at pathology of cystic-necrotic ischemic-like
changes in the past led to hypothesizing an ischemic pathogenesis
for basal ganglia lesions.7 Increased tortuosity of the main cerebral arteries could effectively result in distortion and occlusion of
small perforating arteries, even in the absence of overt artery stenosis. Nonetheless, the concomitant involvement of the caudate
head and anterior putamen, which are supplied by different
groups of perforating arteries (originating from the anterior and
middle cerebral arteries, respectively), and the lack of involvement of the interposed anterior limb of the internal capsule,
which shares the same vascular supply of the head of the caudate,
point to a metabolic rather than an ischemic mechanism. The
resulting cytotoxic edema due to intracellular copper-related energetic failure might eventually evolve into the cystic-necrotic
changes observed at pathology.
Regarding lesion timing, even though previous reports suggested a late involvement of the basal ganglia in MD,9 we found
deep gray matter signal abnormalities already in the first months
of life. Actually, new focal lesions were never observed after 16
months of age, pointing to early damage of these highly metabolic

regions. Different from the hypotheses in previous case reports or
small series,3 no significant association was found between basal
ganglia abnormalities and seizures or tumefactive white matter
lesions.

In MD, cerebral atrophy appeared rather early during the disease
course because it was recognizable in most children at first MR
imaging and progressed rapidly with time, reaching a sort of “plateau” in later phases of the disease. Cerebral atrophy likely results
from the combined effects of metabolic impairment, concomitant
infection distress (common in children with MD), prolonged status epilepticus, increased susceptibility to oxidative stress (due to
superoxide-dismutase enzyme deficiency), and energetic deficit
(due to respiratory chain impairment) acting on a developing
brain and resulting in severe cell death and neuronal loss.3,10-13
Cerebral atrophy became a constant feature at 1.5 years of age,
reflecting well the strikingly dramatic neurocognitive impairment
of these children. In addition, cerebral atrophy was poorly or not
reversible despite the introduction, soon after disease clinical onset, of copper histidine treatment in almost all patients of our
sample. Taken together, MR imaging and clinical findings confirm that neurodegenerative phenomena are of primary importance because they occur early and progress rapidly in MD. Any
attempt to treat this disease should therefore take into consideration that a late treatment beginning would likely result in a poor
neurocognitive outcome.

ential diagnosis with head trauma and, above all, nonaccidental
head trauma.13,15-18 A child abuse misdiagnosis might be favored
by the increased susceptibility to spontaneous fractures due to
osteoporosis in MD and by the presence of supernumerary wormian bones that might mimic cranial vault fractures (On-line Fig 4).
The presence of suggestive clinical (eg, “kinky hair”) or imaging
features (eg, increased intracranial artery tortuosity) and specific
laboratory findings (low serum copper and ceruloplasmin levels)
should aid in addressing the correct diagnosis. The pathogenic
mechanism leading to subdural collections is thought to depend
on increased vessel wall fragility in MD,19,20 with rupture and
hemorrhagic extravasation eased by the presence of brain atrophy.21 In our sample, all children with subdural collections had
concomitant brain atrophy as reported in the literature, even
though there was no significant association with both qualitative
and quantitative evaluation of brain atrophy severity. In addition,
subdural collections did not appear to be more frequent in older
children with MD, when cerebral atrophy was more pronounced.
Most likely, other concomitant factors such as trivial head
trauma, infections, or the rapidity of atrophy progression, might
have a role. From an imaging point of view, in our sample, subdural collections were extremely protean, included both hematomas and hygromas, were most frequently localized in the frontal
regions, but could be hemispheric, thin, or exerting a severe mass
effect on the brain structures, single or multiple, symmetric or
asymmetric. Only 1 child required decompressive surgery, and
the outcome was very poor.

Cerebellar Atrophy

Other Neuroradiologic Findings

Severe depletion of cerebellar neurons (about 50% of Purkinje
cells) with morphologic degenerative changes in the remaining
cells14 and degeneration of all 3 cerebellar cortical layers and the
deep nuclei with white matter gliosis7,10 are likely the pathologic
underpinnings of MR imaging findings recorded in the present
study. Indeed, the strikingly high rate of cerebellar atrophy
(⬎80% in our sample) is consistent with the typical MD pathologic features and with the well-known clinical picture (hypotonia
and cerebellar deficits are very common in children with MD).
According to our experience, cerebellar atrophy was progressive,
irreversible, and diffuse, with symmetric involvement of both the
vermis and hemispheres. Cerebellar atrophy in MD may be easily
overlooked due to the presence of other overwhelming supratentorial findings, thus explaining the difference in the detection rate
between our sample and literature data. Notably, the present
study showed that cerebellar atrophy was an early feature in both
the literature and in our sample (1.2 versus 3 months), commonly
associated with cerebral atrophy, thus highlighting the global neurodegenerative involvement of the central nervous system. Cerebellar atrophy most likely shares with cerebral atrophy its multifactorial pathogenesis and its poor response to medical treatment
when started after clinical onset.

Within this Part are included a few MR imaging findings that have
not been clearly mentioned in previous literature but that might
help in defining the whole phenotypic variability of brain damage
in MD. The bilateral T2/FLAIR hyperintensity of the posterior
thalamus (“pulvinar sign”) was a relatively frequent finding of
MD (15%), especially in older children. Actually, subtle pulvinar
involvement was also recognizable in previous studies3 and
should not be unexpected because the pulvinar is a key target of
prolonged seizure activity. Pulvinar cytotoxic edema is commonly detected in children with status epilepticus.22 Repetitive
episodes of refractory seizures and status epilepticus characterize
the clinical history of children with MD and might therefore lead
to irreversible degeneration of this region. Besides, both direct
and secondary trans-synaptic neurodegenerative changes might
have a role, especially in the late phases of disease.23
DWI hyperintensity of the corpus callosum and swelling of the
hippocampal formation found in 2 children with MD were also
likely related to prolonged seizure activity. Similarly, 2 further
children with MD investigated for status epilepticus had ischemic-like lesions on conventional MR imaging sequences, with
large and severe cortical-subcortical involvement; one of them
also had DWI that showed confirmatory cytotoxic-like features.
However, 1 child showed full regression of the lesion in all sequences (including DWI), while the other, though the condition
was evolving into encephalomalacia, had a nonvascular territorial
involvement. Both cases therefore appeared as ischemic stroke
mimics, probably related to the recent severe and prolonged seizure activity. Further evidence of a nonvascular pathogenesis is

Cerebral Atrophy

Subdural Collections
Among children with MD, subdural collections are relatively
common because they might be observed in about one-fourth of
cases. As repeatedly addressed in the literature, their detection at
first MR imaging might raise considerable problems in the differ-
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provided by the location of cortical brain injury in our sample:
Two of 3 children with MD with focal encephalomalacia had lesions close to the temporal poles (1 bilaterally) (ie, in regions that
are relatively protected from ischemia).
Finally, bilateral occipital cortical hemorrhagic lesions and anoxic-ischemic lesions secondary to a cardiac arrest were each
identified in 1 child with MD. These findings cannot be included in
the classic MR imaging abnormalities of MD. Nonetheless, they further highlight the extreme heterogeneity of brain damage among
children with MD and support the hypothesis that its pathogenesis is
most likely multifactorial and only partially understood.

CONCLUSIONS
Brain involvement in Menkes disease appears to be strikingly severe and heterogeneous. Besides early and poorly evolutive vascular abnormalities and delayed myelination, signs of progressive
neurodegeneration are typically found. In addition, during the
disease course, several cerebral and extracerebral lesions might
occur, some of which are restricted within specific age windows,
revealing selective age-dependent brain vulnerability during disease progression. The present detailed description of neuroradiologic findings at onset and during the disease course provides
valuable clues for an early diagnosis and paves the way for the
identification of reliable MR imaging biomarkers for monitoring
the efficacy of new treatments. In addition, the careful analysis of
lesion imaging features and evolution on a relatively large sample
of patients allows dismissing pathogenic hypotheses proposed on
the basis of anecdotal observations, leading to an improved definition of the possible mechanisms of brain damage in children
affected by Menkes disease.
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Analysis of the AJNR Twitter Feed
X V. Wadhwa, X E. Latimer, X K. Chatterjee, X J. McCarty, and X R.T. Fitzgerald

ABSTRACT
SUMMARY: The use of social media by medical professionals and organizations is increasing, with Twitter receiving the most attention.
User engagement is an important goal of social media activity, and engagement metrics represent a viable gauge of value in social media.
No thorough analysis of tweet characteristics that increase academic user engagement has yet been published. In this study, the authors
analyzed the American Journal of Neuroradiology Twitter feed to determine the tweet characteristics that were associated with higher
engagement rates.

T

witter (Twitter Inc, San Francisco, California), which is primarily based on status updates (“tweets”) consisting of 140
characters or fewer, with an optional 6 pictures or fewer, is one of
the largest social media platforms. Twitter is increasingly being
adopted by radiologists, as is evident at various national meetings.1 Many of the widely circulated general and subspecialty radiology journals, including Radiology, RadioGraphics, and the
American Journal of Neuroradiology (AJNR), use social media to
increase readership and interact with readers and authors, providing a dynamic platform for scientific discussion.2 User engagement is the key outcome of tweeting for individual users and
organizations alike, and irrespective of content, some tweets may
be more engaging than others. However, the tweet characteristics
associated with a high engagement rate have not yet been studied
for radiology journals. The objective of this study was to identify
the characteristics of AJNR tweets associated with high user engagement rate.

MATERIALS AND METHODS
Data Source
The AJNR Twitter account (@TheAJNR) has been active since
January 2013 and has more than 4000 tweets and 2500 followers as
of February 2017. Twitter analytics, which include impressions,
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engagements, and engagement rate for each tweet, were obtained
from the AJNR Twitter account for tweets published from August
2015–July 2016. Impressions refer the number of times a Twitter
user is served a tweet within their timeline or as part of a search
result. Engagements are defined by the total number of times a
user interacted with a tweet. Clicks anywhere on the tweet, including retweets, replies, follows, likes, links, cards, hashtags, embedded media, username, profile photo, or tweet expansion, result in
engagement. The engagement score for each tweet was calculated
as the number of engagements divided by impressions.

Tweet Characteristics
For this study, tweets with an engagement score above the 75th
percentile were considered as “high engagement tweets,” and
tweets below the 25th percentile were considered as “low engagement tweets.” Each tweet was further characterized by the month,
time of day (morning, afternoon, evening, and night), weekend
versus weekday, presence or absence of an imbedded image or
hashtag, and type of tweet. The time of day in Central Standard
Time (CST) was divided as morning (06:00 –11:59 hours), afternoon (12:00 –16:59 hours), evening (17:00 –20:59 hours) and
night (21:00 – 05:59 hours). The type of tweet was divided into the
following subtypes: Fellows’ Journal Club, Editor’s Choice Article, Tweet Chat, Case, Article, Blog, and Miscellaneous.

Statistical Analysis
All data were stored in Excel 2013 (Microsoft, Redmond, Washington) and analyzed by using SPSS version 23 (IBM, Armonk,
New York). A multivariate logistic regression model was constructed to identify the tweet characteristics associated with a high
engagement rate. A 2-sided P value ⬍ .05 was considered statistically significant.

Table 1: Frequency distribution of tweet characteristics
High ER
Characteristic Frequency
Tweets
% High ER
Picture
Yes
405
235
58.02%
No
627
23
3.67%
Hashtag
Yes
751
242
32.22%
No
281
16
5.69%
Weekday
910
231
25.38%
Weekend
122
27
22.13%
Time of day
Morning
606
200
33.00%
Afternoon
318
47
14.78%
Evening
66
7
10.60%
Night
42
4
9.52%

Odds
Ratioa

95% CIa

P Valuea

28.749
#

17.654–46.816

.000

3.266
#
0.613
#

1.747–6.108

.000

0.348–1.081

.91

0.298–0.730
0.249–1.842
0.115–1.773

.001
.445
.254

#
0.467
0.677
0.452

Note:—# indicates reference category; ER, engagement rate.
a
From the logistic regression model. The “Month of Tweet” (Fig 1) was also part of the logistic model and did not show
any independent statistical signiﬁcance.

engagement rate of all tweets was 4.75%,
and the median engagement rate was
3.4%.
Using the logistic regression model,
the presence of an image independently
increased the tweet engagement rate by
28.75 times (P ⬍ .001), and the presence
of a hashtag increased the rate by 3.27
times (P ⬍ .001). Tweets published in
the morning hours were twice as likely to
have a high engagement rate compared
with those published in the afternoon
hours (P ⫽ .001). No significant difference was found in tweets published on
weekends compared with weekdays,
evening or night compared with morning or afternoon, or according to the
month (Table 1). In an independent 2
analysis, the “Case” tweet type was 140fold more engaging compared with all
other tweet types because of the presence of a combination of engaging factors (Table 2). The 10 tweets with the
highest engagement rate during the
study period are shown in the On-line
Appendix.

DISCUSSION

FIG 1. Tweet frequency per month over the study period.
Table 2: Distribution by tweet types
Type of Tweet
Fellows’ Journal Club
Editor’s Choice
Tweet Chat
Case
Article
Blog
Other

Frequency
19
11
122
200a
384
159
137

a
186/200 “Case” tweets had a high engagement rate. 2 analysis of “Case” (200) versus
remaining Tweet types (832) showed a signiﬁcantly higher engagement rate (P ⬍ .001;
odds ratio, 140.238 关95% CI, 77.387–254.133兴).

RESULTS
A total of 1032 tweets were published during the study period. Of
these, 405 (39.2%) tweets included an image, and 751 (72.8%)
tweets had a hashtag. There were 122 (11.8%) tweets were posted
on a weekend. Most tweets were posted in the morning (606;
58.7%) and afternoon (318; 30.8%) hours (Table 1). The months
of March (106 tweets) and August (100 tweets) had the highest
AJNR Twitter activity (Fig 1). Overall, 258/1032 tweets were included in the “high engagement” category (75th percentile). The
engagement rate of these tweets was 6.57% and above. The mean

Our study examined the impact of tweet
characteristics on user engagement and
demonstrated that tweets including an
image or hashtag and those published in
the morning hours had the highest engagement rate.
Kelly et al2 showed that AJNR had
the second highest number of tweets in
the year 2015 (3274) among all radiology journals with an official
Twitter presence, second only to the Journal of Vascular and Interventional Radiology. AJNR also had the greatest number of favorites (a form of engagement) per 100 followers. They also
showed that radiology journals with Twitter profiles have higher
Impact Factors than those without profiles, as well as a positive
association between Impact Factor and the number of followers of
a journal’s Twitter profile. Cosco3 has also shown a strong association of Impact Factors and citations of general medical journals
with a journal’s Twitter following. Radiology articles published in
journals have been disseminated through Twitter and have been
shown to be effective in increasing readership. Hoang et al4
showed increased readership of an AJNR article after promotion
of the article on social media. Private practice radiology groups
are adopting social media platforms (Facebook and Twitter) earlier than academic radiology departments, indicating the use of
social media extending beyond research and academics.5
Twitter has been used to increase user engagement at various
national scientific meetings. Hawkins et al1 showed increased use
of Twitter at the 2011 and 2012 Radiological Society of North
America (RSNA) annual meetings. The recent annual meeting of
AJNR Am J Neuroradiol 38:1866 – 68
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the American Society of Regional Anesthesia and Pain Medicine
showed increased user engagement on Twitter, with Twitter content being scientific and created by meeting attendees, which also
engaged nonattendees as evidenced by “retweeting,” mostly of
picture-containing tweets.6 Similarly, the Irish Society of Urology
Annual Meeting 2014 demonstrated that Twitter use facilitated
interaction between delegates and significant participation of virtual followers.7
In the present study, we found that the presence of an image
independently increased the engagement rate by nearly 29 times.
This may be related to radiology images being more engaging than
text tweets. It has been suggested by some Twitter experts to use
photos to drive engagement.8 We also found that tweets containing a hashtag have a 3-fold increased engagement rate compared
with those without a hashtag. A hashtag refers to a word or phrase
preceded by a hash or pound sign (#) and is used to identify
messages on a specific topic. The use of hashtags gives more visibility to the tweet because users can search for common topics of
interest, such as #ASNR17, #RadRes, and #NeuroRad, which in
turn may contribute to increased engagement. Tracking hashtag
use over time is possible by using third-party Web sites. Symplur
(Upland, California), a health care social media analytics organization, was used by Hawkins et al1 for their study to track the
hashtags #RSNA11 and #RSNA12. Symplur was also used by
Gouda et al9 to track hashtags associated with heart failure.
Our study also analyzed the impact of the time of day on tweet
engagement. The highest Twitter activity for @TheAJNR was during the morning hours, which also had twice higher engagement
compared with afternoon tweets. No significant difference was
found between morning and afternoon tweets compared with
evening and night tweets, possibly because of the small number of
later-hour tweets.
One limitation of this study was the inclusion of only 1 year of
tweets. In addition, the high engagement rate of image-containing
tweets may be related to the inherent nature of radiology as an
imaging-based medical specialty, and further research is nec-
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essary to identify the engaging factors for other specialties and
organizations.

CONCLUSIONS
Tweets including an image and/or a hashtag and those published
in the morning hours had the highest user engagement rate for the
AJNR Twitter feed. Our data may allow other organizations and
individual Twitter users to maximize the potential impact of their
social media efforts. Further research is required to identify if this
high engagement on Twitter leads to meaningful engagement
with the journal itself.
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RESEARCH PERSPECTIVES

Spinal and Paraspinal Plexiform Neuroﬁbromas in Patients
with Neuroﬁbromatosis Type 1: A Novel Scoring System
for Radiological-Clinical Correlation
X M. Mauda-Havakuk, X B. Shofty, X S. Ben-Shachar, X L. Ben-Sira, X S. Constantini, and X F. Bokstein

ABSTRACT
BACKGROUND AND PURPOSE: Neuroﬁbromatosis type 1 is a common tumor predisposition syndrome. The aim of this study was to
characterize the radiologic presentation of patients with neuroﬁbromatosis type 1 with widespread spinal disease and to correlate it to
clinical presentation and outcome.
MATERIALS AND METHODS: We conducted a historical cohort study of adult patients with neuroﬁbromatosis type 1 with spinal
involvement. Longitudinal clinical evaluation included pain and neurologic deﬁcits. Radiologically, spinal involvement was classiﬁed
according to a novel classiﬁcation system, and a radiologic risk score was calculated.
RESULTS: Two hundred ﬁfty-seven adult patients with neuroﬁbromatosis type 1 are followed in our center. Thirty-four of these patients
qualiﬁed for inclusion in this study. Three independent factors were found to be associated with increased risk for neurologic deﬁcit: 1)
bilateral tumors at the same level in the cervical region that approximated each other, 2) paraspinal tumors at the lumbar region, and 3)
intradural lesions. On the basis of these factors, we calculated a combined risk score for neurologic deﬁcits for each patient. We found a
clear correlation between patient status and the calculated radiologic risk score. Patients with neurologic deﬁcits were found to have a
higher risk score (9 ⫾ 8.3) than patients without neurologic deﬁcits (2.5 ⫾ 2.9, P ⬍ .05). Patients who progressed during the follow-up period
had signiﬁcantly higher scores at presentation than patients with stable conditions (9.9 ⫾ 8.73 versus 3.9 ⫾ 5.3, respectively; P ⬍ .05).
CONCLUSIONS: In this series, neurologic deﬁcit is correlated with tumor burden and subtype. We found no direct correlation with tumor
burden and pain. Our novel radiologic classiﬁcation scoring system may be used to predict increased risk for neurologic morbidity.
ABBREVIATIONS: NF1 ⫽ neuroﬁbromatosis type 1; PN ⫽ plexiform neuroﬁbromas

N

eurofibromatosis type 1 (NF1; Online Mendelian Inheritance in Man #162200) is a common genetic autosomal
dominant syndrome. NF1 effects approximately 1:2000 individuals
worldwide.1,2 The syndrome is characterized by a combination of
clinical traits: café au lait macules, Lisch nodules (iris hamartomas),
neurofibromas (cutaneous, subcutaneous, plexiform), optic pathway gliomas, and bone dysplasia.1,3
Spinal manifestations of NF1 include bone changes such as
acute kyphoscoliosis at the cervical-thoracic junction and vertebral body anomalies, soft-tissue abnormalities such as dural ecta-
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sia and lateral meningocele, and various spinal tumors.1,4 Neoplastic spinal involvement in NF1 varies widely; patients may be
affected by nerve sheath tumors such as neurofibromas, plexiform
neurofibromas (PN), and intramedullary glial tumors. Figure 1
demonstrates a typical case of a complex spinal involvement in a
patient with NF1. To date, no association has been found between
spinal tumor burden and clinical outcome.
Generally, an operation is reserved for tumors associated with
progressive neurologic deficits.5 Patients with NF1 with massive
spinal involvement present a major clinical challenge. Often the
burden of the disease is overwhelming. Thus, it is extremely difficult to follow up, even using innovative volumetric assessment
methods. It may also be difficult to identify the culprit tumor
responsible for specific clinical symptoms. Malignant transformation, though rare, poses a significant problem and usually also
necessitates surgical resection when feasible.6
Many biologically targeted therapies have been used in the
clinical and preclinical setting. A few examples are RAS (receptor
associated) targeted therapy, mTOR (mechanistic target of rapaAJNR Am J Neuroradiol 38:1869 –75
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Patients were initially grouped according to their clinical presentation:
asymptomatic and symptomatic (with
pain or neurologic deficits); then, we analyzed specifically the groups of patients
with pain or neurologic deficits related
to their spinal manifestations.
We tried to develop a new radiologic
classification that would allow risk stratification of spinal patients with NF. We
therefore classified the tumors into 4
groups:
1. Foraminal tumor: a tumor involving
the nerve roots and the neuroforamen.
2. “Kissing” tumors: bilateral-foramFIG 1. Complex spinal manifestation in a patient with NF1. Spinal MR imaging study of a 36-yearinal tumors that approximated each
old asymptomatic patient with NF1. Note that the tumors involve all the neuroforamina in the
other at the same level, to ⬍2 mm,
cervical and lumbar segments (A and C). Axial T1 with gadolinium demonstrates massive paraspinal
involvement of the thoracic region (B). Sagittal T2 with fat saturation of the lumbar region
with significant compression of the
demonstrates multiple tumors in the neuroforamina and in the lumbar spine (C).
cord or thecal sac (See Fig 2B for an
example).
3. Paraspinal tumor: a tumor epicentered lateral to the neurofomycin) inhibitors,7 interferon,8 or multi kinase inhibitors.9 Reramina, having a large soft-tissue component outside the spicently, promising preliminary results were published10 demonnal canal.
strating a response to treatment with mitogen-activated protein
4. Intradural tumor: a tumor epicentered inside the thecal sac.
kinase inhibitor in a phase 1 study. The possibility of medical
See Fig 1 for an example of our radiologic classification system.
treatment for PN further highlights the need to accurately progTumors were counted and scored independently for each
nosticate patients with spinal NF1.
subtype.
For example, a patient with a paraspinal tumor in the
There is a clinical subtype of NF1, “spinal-NF1,” that is assocervical
segment
received 1 point for this region and 0 points
ciated with a unique phenotype and genotype and should be diffor
the
thoracic
and
lumbar regions. For tumors in group 1
ferentiated from regular NF1-associated spinal involvement.
(foraminal),
the
number
of spinal levels (nerves) involved was
These patients (spinal-NF1) characteristically display massive
counted
for
each
spinal
segment
on each side. For example, a
neoplastic enlargement of most of the spinal roots and multiple
patient
with
bilateral
cervical
foraminal
tumors in 3 different
paraspinal tumors, with very few of the dermal manifestations
11
levels
was
given
a
score
of
6
for
cervical
foraminal
tumor. For
typical of NF1. Molecularly, in patients with spinal-NF1, a large
tumors
in
group
2
(kissing),
1
point
was
given
for
each level
deletion encompassing the NF1 gene can be found.
involved.
Tumors
in
group
4
(intradural)
were
rare,
usually
Our study focuses on spinal involvement in patients with NF1
involving
a
single
lesion
per
segment;
their
presence
or
absence
in general, rather than the spinal-NF1 subtype. Included were
was also documented for each segment. Because tumors in
both patients with spinal-NF and those with NF who presented
group 3 (paraspinal) are manifested as bulky, massive, paraspiwith spinal manifestations.
nal, soft-tissue masses that cannot be counted for multiplicity,
The aim of this study was to characterize the variety of spinal
we decided to take into account the presence or absence of the
radiologic presentations of patients with NF1. In addition, we
paraspinal tumor in each spinal segment (cervical, thoracic,
propose a novel classification and radiologic scoring system for
lumbosacral). See Fig 2A for a schematic representation of our
patients with spinal involvement. We intended to demonstrate a
classification system. The overall clinical course was detercorrelation between our scoring system and symptoms such as
mined on the basis of the clinical documentation and then
pain and neurologic deficits.
correlated with radiologic data.
For statistical analysis, we used SPSS, Version 21 (IBM,
MATERIALS AND METHODS
Armonk,
New York). Differences in the mean distribution of
This study was approved by the institutional review board of Telthe tumors between groups of patients at presentation (sympAviv Medical Center. Records of all 257 adult patients with NF1
tomatic versus asymptomatic, pain versus no pain, neurologic
treated at the Gilbert Israeli NF1 Center between 2008 and 2014 were
deficit versus no neurologic deficit) were evaluated with the
retrospectively reviewed. Thirty-four patients with documented
Student independent samples t test, with significance set at P ⬍
NF1-associated neoplastic spinal involvement, including MR imag.05. Tumor subgroups that demonstrated a significant differing studies of the spine (at least 2 MR imaging studies) and sufficient
ence (P ⬍ .05) or a trend difference in prevalence (P ⬍ .1)
clinical follow-up data (⬎2 years of clinical follow-up) were included
among the clinical groups were further analyzed. The effect of
in the analysis. Each patient‘s imaging studies were evaluated and
each tumor subtype on the outcome measures (pain, neuroclassified with our classification method by a radiology resident
logic deficit, neurologic deterioration), as indicated by the pre(M.M.-H.), under the supervision of a senior neuroradiologist (L.B.vious analysis, was evaluated with a logistic regression, and the
S.); both were blinded to the clinical condition of the patients.
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RESULTS
Of 257 adult patients with NF1 followed in our institution, 41
(15.9%) had documented spinal involvement based on spinal imaging. Thirty-four (83%) had sufficient clinical follow-up data to
be included in this study. Seventeen of the patients (50%) were
females; the median age at first spinal imaging was 31 years (range,
14 –55 years). The mean follow-up time was 3.5 ⫾ 2.9 years. Seventeen patients (50%) had a positive family history of NF1. Fifteen patients (44%) underwent an operation due to progressive
symptomatic spinal disease.
Follow-up data were available for 30 patients. Four patients
were excluded from the outcome analysis due to either surgeries
at presentation (n ⫽ 3) or insufficient follow-up data (n ⫽ 1). At
the last follow-up, 7/30 (23%) patients available for evaluation
demonstrated radiologic progression. Tumor distribution varied
widely; see the Table for detailed description of the entire group.
We analyzed tumor distribution according to the following factors:
●

●

●

FIG 2. Schematic representation of our classiﬁcation of spinal involvement in NF1 (A). A red circle represents tumors within the
neuroforamina (group 1). Blue circles represent bilateral tumors
within the neuroforamina with sac compression (kissing neuroﬁbromas, group 2). The green ellipse represents paraspinal involvement (group 3). The purple ellipse represents an intradural lesion
(group 4). A patient with this imaging result would have received a
score of 6 for cervical foraminal, 2 for thoracic, 2 for lumbar foraminal, 1 for thoracic paraspinal, 1 for intradural thoracic, and 2 for
2 pairs of lumbar kissing tumors. The spinal cord schema image has
been released as part of an open knowledge project by Cancer
Research UK and attributed to Cancer Research UK/Wikimedia
Commons. B, T2 with fat saturation coronal MR imaging study of
the lumbar region of a patient with NF1. In the yellow rectangle, we
see an example of 2 pairs of bilateral tumors approximating each
other at the same level to ⬍1–2 mm, with signiﬁcant compression
of the thecal sac (kissing PN). Note the large paraspinal component
of the tumors (group 1).

odds ratio for outcome was calculated. A radiologic risk score
was computed on the basis of the ORs of the significant categories for each patient and was correlated with neurologic and
radiologic outcome. The complete risk score calculation would
be the following:
OR1 ⫻ n tumors1 ⫹ OR2 ⫻ n tumors2 … ORn ⫻ n tumorsn.

●

Symptomatic: Only 22 of 34 patients (64%) were symptomatic
at presentation due to their spinal disease. The spinal distribution of the tumors did not differ between symptomatic and
asymptomatic patients for all tumor types. The only exception
was group 2, kissing neurofibromas in the cervical region.
Those were more abundant in the symptomatic group compared with the asymptomatic group (1.1 ⫾ 2.3 versus 0.3 ⫾
0.78, respectively; P ⬍ .05). (See Fig 3 for a detailed distribution
of symptomatic and asymptomatic tumors by group.)
Pain: Fifteen of 34 patients (44%) had pain associated with their
spinal disease. The spinal distribution of the tumors did not
differ between patients in either group (Fig 4).
Neurologic deficit: Thirteen of 34 patients (38%) presented
with neurologic deficits related to their spinal disease; 21/34
(62%) were neurologically intact. These patients had significantly more tumors in the cervical and lumbosacral regions
(Fig 5). Kissing cervical neurofibromas were more common in
patients with neurologic deficits than in intact patients, with an
average of 1.7 ⫾ 0.7 versus 0.2 ⫾ 0.6, respectively (P ⬍ .05). A
similar difference in the amount of kissing neurofibromas was
found for the lumbosacral area, with an average of 2.83 ⫾ 1.4
versus 0.95 ⫾ 2.2, respectively (P ⬍ .05). In addition, a difference between the groups was observed in the number of patients with cervical paraspinal tumors. In the neurologically
impaired group, more patients had cervical paraspinal tumors
(0.46 ⫾ 0.15 patients) in comparison with the neurologically
intact group (0.2 ⫾ 0.4 patients, P ⬍ .05).
We tried to quantify the impact of differences in tumor distribution at different levels on clinical status (as manifested by
pain and neurologic impairment). Thus, we used a series of
logistic regressions examining the increase in associated risk of
neurologic deficit or pain with each type of tumor (stratified by
group and location). Three independent factors were found to
be associated (either statistically significant or with a trend toward significance) with an increased risk for neurologic deficits:
The first was the presence of kissing neurofibromas (group 3)
in the cervical region, the second was associated with paraspinal tumors (group 1) in the lumbar region, and the third
was related to intradural disease (group 4) (Fig 5), with respective ORs of 1.7 (P ⫽ .07), 3.7 (P ⫽ .08), and 4.2 (P ⫽
AJNR Am J Neuroradiol 38:1869 –75
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.03). On the basis of these data, we calculated a risk score for
neurologic deficits for each patient. The risk score was calculated as follows: the number of kissing neurofibromas was
multiple by 1.7, if lumbar paraspinal tumors were present we
added 3.7 and if an intradural disease was present we added
4.2.

DISCUSSION

The main findings of this article are based on a novel radiologic
classification system that correlates well with clinical presentation
and outcome, producing a potentially useful radiologic risk scoring method.
Patients with NF1 with spinal involvement present the treating
multidisciplinary team with unique difficulties. High tumor burden poses a significant radiologic challenge when attempting to
Calculation of Radiologic Risk Score
Risk score ⫽ 1.7⫻ n (of cervical kissing neurofibromas) ⫹ 3.7 (if
assess anatomic progression. Clinically, it is often difficult to dislumbar paraspinal tumors were present) ⫹ 4.2 (if an intradural
tinguish the culprit tumor responsible for the symptoms. Due to
disease was present).
the complexity and associated morbidity of plexiform neurofiFor pain, no risk factors were found to be significant. In addibroma operations, they are often kept as a last resort when all
tion, no difference related to pain was found in the risk score.
other conservative therapeutic measures have failed and the tuPatients with neurologic deficits were found to have a significantly
mor responsible for neurologic deterioration is identified beyond
higher risk score, with an average of 9 ⫾ 8.3, compared with 2.5 ⫾
all doubt. In light of the novel treatment options for PN currently
2.9 in neurologically intact patients (P ⬍ .05, Fig 6).
being developed (at least among patients with NF1), a means of
While a total of 34 patients were included in this study, we only
evaluating these tumors and their course of progression is essenhad long-term follow-up data for 30 patients. During the foltial for treatment decision-making.10
low-up period, 24/30 (80%) remained neurologically stable, while
In a series of 149 patients with spinal neurofibromas, spinal
the conditions of 6/30 (20%) deteriorated. The mean risk score
involvement was classified into several types according to the ancalculated according to the proposed method was significantly
atomic location of the tumors in the spinal canal and foramina.12
higher for patients with deteriorating conditions (10 ⫾ 8.7) comDespite the large number of patients in the cohort, only 12 had
pared with those with stable conditions (3.9 ⫾ 5.3, P ⬍ .05).
NF1, and only a minority of the patients had multiple spinal tumors. We found 3 other studies that
Detailed tumor distribution for the entire cohort (n ⴝ 34)
looked into the incidence and variety of
Group 1:
Group 2: Kissing
Group 3:
Group 4:
spinal tumors in patients with NF1 more
Neuroforaminala
Neuroﬁbromasa
Paraspinalb
Intraduralb
specifically. Recently, a large series of
Cervical
7.3 ⫾ 6 (0–14)
0.8 ⫾ 1.9 (0–6)
10 (29%)
3 (8%)
spinal findings in patients with NF1 was
Thoracic
4.9 ⫾7.5 (0–24)
0
13 (38%)
3 (8%)
published, describing 97 patients with
Lumbo-sacral
8.8 ⫾ 7.7 (0–20)
1.6 ⫾ 3.5 (0–16)
15 (44%)
5 (14%)
baseline imaging of the spine.13 In this
a
The average number ⫾ SD of involved levels in each spinal region for each tumor type for the entire cohort (n ⫽ 34).
series, 78 patients had spinal neurofiNumbers in parentheses represent the range of affected levels.
b
Number of patients (%). Note that for intradural and paraspinal tumors, the number represents the total number of
bromas, but only 26 patients had clinical
patients, regardless of how many levels are affected.

FIG 3. Spinal tumor distribution in asymptomatic and symptomatic patients. Error bars represent the standard error of the mean.
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FIG 4. Spinal tumor distribution in patients with and without pain. Error bars represent the standard error of the mean.

FIG 5. Spinal tumor distribution in patients with neurologic deﬁcits and in neurologically intact patients. Patients with neurologic deﬁcits had
more paraspinal tumors in the cervical region (group 1) and more kissing NF (group 3) in the cervical and the lumbar regions. Error bars represent
the standard error of the mean.

and radiologic follow-up. The authors did not provide radiologic
correlation to neurologic deficits or to any other symptoms. The
only prognostic finding in that series was an increased risk of
spinal curvature abnormalities associated with paraspinal
PN.13 In 2 other studies of patients with NF1 with spinal involvement, correlation between imaging and clinical outcome
was found only in the cervical region5 or specifically for intradural involvement.14

Most of the patients in our series demonstrated a severe burden of spinal disease presenting with multilevel disease. This finding probably represents a selection bias because usually the more
severe cases are referred to tertiary NF1 centers such as ours, with
a strong neuro-oncologic and neurosurgical orientation. The follow-up period in our series is relatively long (3.5 years) with a
good follow-up adherence by patients (⬃90%), allowing us to
better evaluate the clinical and radiologic outcome.
AJNR Am J Neuroradiol 38:1869 –75
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FIG 6. Radiologic risk scores for different patient groups. Symptomatic patients (with neurologic deﬁcits and/or pain) had higher scores
compared with asymptomatic patients (A). Patients showing neurologic deterioration had higher scores compared with patients with stable
conditions (B).

Sixty-four percent of our patients were symptomatic at presentation; 24% had both pain and neurologic disability. In our
series, only 20% of patients demonstrated clinical progression.
We saw no difference in overall tumor burden at presentation
between patients with progressive or stable neurologic conditions. This illustrates the lack of a simple correlation between MR
imaging tumor burden and clinical outcome. We found that in
general, the correlation among radiologic manifestations, clinical
presentation, and outcome is limited when using traditional radiologic evaluation. This limitation motivated us to develop a
radiologic risk score aimed at predicting long-term neurologic
outcome.
From our data, 2 factors emerge as having a significant influence on a patient’s neurologic outcome: kissing neurofibromas in
the cervical spine and paraspinal lumbar tumors. In addition,
intradural tumors, as expected, tend to cause significant neurologic morbidity as well. We incorporated all of these cardinal radiologic risk factors into a simple, easy-to-use radiologic risk
score. This score has shown a good correlation with the clinical
condition at presentation, with significantly higher scores in
symptomatic patients with disease-associated neurologic deficits
(Fig 6A). In addition, individual patient scores were highly predictive of clinical progression. Patients with neurologic deterioration had an average score of ⬃10 compared with an average score
of ⬃4 in patients with clinically stable conditions (Fig 6B).
This new scoring system, though requiring further validation
in prospective, long-term follow-up studies, may aid in risk stratification of a patient with complex spinal NF1, assist in determining radiologic and clinical follow-up intervals, and help clarify the
need for medical treatment. In addition, these risk factors should
be taken into account when presented independently, in cases in
which the risk score is unusable.
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This work has a few methodologic limitations. First, the historical cohort design has the shortcomings of any retrospective
study. In addition, the numbers in our series are limited; this
feature necessitated minimally reduced statistical significance levels in some of the analysis. Another shortcoming is the design of
our radiologic risk score, which was built for patients with high
disease burden and probably will not serve to predict neurologic
deterioration or indicate the need for surgical intervention in patients with a single spinal tumor or a limited disease burden.
We believe that our study helps to characterize and classify
the challenging population of patients with NF1 with spinal
involvement.

CONCLUSIONS
In this limited series, 3 factors were found to be highly correlated
with neurologic deficit: paraspinal tumors in the cervical region,
kissing neurofibromas in the cervical region, and intradural lesions. Pain was not correlated with tumor burden in any of the
spinal segments. Our innovative radiologic classification and
scoring system produces a risk score that is significantly associated
with the neurologic impairment and clinical progression. This
score may aid in identifying patients who have an increased risk of
neurologic deterioration and the need for a future operation,
based on their imaging at presentation.
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3D Pseudocontinuous Arterial Spin-Labeling MR Imaging in the
Preoperative Evaluation of Gliomas
X Q. Zeng, X B. Jiang, X F. Shi, X C. Ling, X F. Dong, and X J. Zhang

ABSTRACT
BACKGROUND AND PURPOSE: Previous studies showed conﬂicting results concerning the value of CBF maps obtained from arterial
spin-labeling MR imaging in grading gliomas. This study was performed to investigate the effectiveness of CBF maps derived from 3D
pseudocontinuous arterial spin-labeling in preoperatively assessing the grade, cellular proliferation, and prognosis of gliomas.
MATERIALS AND METHODS: Fifty-eight patients with pathologically conﬁrmed gliomas underwent preoperative 3D pseudocontinuous
arterial spin-labeling. The receiver operating characteristic curves for parameters to distinguish high-grade gliomas from low-grade gliomas
were generated. Pearson correlation analysis was used to assess the correlation among parameters. Survival analysis was conducted with
Cox regression.
RESULTS: Both maximum CBF and maximum relative CBF were signiﬁcantly higher in high-grade gliomas than in low-grade gliomas (P ⬍
.001). The areas under the curve for maximum CBF and maximum relative CBF in distinguishing high-grade gliomas from low-grade gliomas
were 0.828 and 0.863, respectively. Both maximum CBF and maximum relative CBF had no correlation with the Ki-67 index in all subjects
and had a moderate negative correlation with the Ki-67 index in glioblastomas (r ⫽ ⫺0.475, ⫺0.534, respectively). After adjustment for age,
a higher maximum CBF (P ⫽ .008) and higher maximum relative CBF (P ⫽ .005) were associated with worse progression-free survival in
gliomas, while a higher maximum relative CBF (P ⫽ .033) was associated with better overall survival in glioblastomas.
CONCLUSIONS: 3D pseudocontinuous arterial spin-labeling– derived CBF maps are effective in preoperative evaluation of gliomas.
Although gliomas with a higher blood ﬂow are more malignant, glioblastomas with a lower blood ﬂow are likely to be more aggressive.
ABBREVIATIONS: ASL ⫽ arterial spin-labeling; CASL ⫽ continuous ASL; GBM ⫽ glioblastoma; HGG ⫽ high-grade glioma; HR ⫽ hazard ratio; KPS ⫽ Karnofsky

Performance Scale; LGG ⫽ low-grade glioma; max ⫽ maximum; OS ⫽ overall survival; pCASL ⫽ pseudocontinuous ASL; PFS ⫽ progression-free survival; ROC ⫽ receiver
operating characteristic; WHO ⫽ World Health Organization

G

lioma is the most common intracranial malignant tumor,
accounting for almost 80% of primary malignant brain tumors.1 Grading of gliomas is important for an optimal therapy
plan and predicting outcome.2,3 According to the World Health
Organization (WHO) criteria, gliomas can be classified into 4
groups: grades I–IV. Grade I and grade II gliomas are considered
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low-grade gliomas (LGGs), while grade III and grade IV gliomas
are regarded as high-grade gliomas (HGGs).
Advanced MR imaging techniques, such as MR perfusion, have
been shown to be more effective than conventional MR imaging
techniques in grading gliomas.4,5 Dynamic susceptibility contrast
perfusion imaging is the reference standard for evaluating tumor perfusion.6,7 However, this technique relies on the intravenous application of a contrast medium, which is not suitable for patients who are
allergic to this medium or who have renal failure.8,9
Arterial spin-labeling (ASL) is a noninvasive MR perfusion
imaging technique for obtaining CBF maps. Some previous studies based on pulsed ASL and continuous ASL (CASL) have shown
that the ASL-derived CBF maps have potential value in grading
gliomas8,10-15 and predicting their progression.9,16,17 However,
although pseudocontinuous ASL (pCASL) is considered an improved method over pulsed ASL and CASL,18-20 a recent study
reported that pCASL-derived CBF maps failed to accurately grade
gliomas.21

On the other hand, according to many previous studies, gliomas
with higher tumor blood flow are commonly more malignant.8-17
However, a recent study found a positive correlation between proliferation activity and levels of a hypoxia biomarker in glioblastoma
(GBM),22 suggesting that GBM with a lower blood flow might be
more aggressive. Hence, the correlation between relative CBF and the
grade of malignancy might be more complex in gliomas.
The purpose of this study was to examine the value of the CBF
maps derived from 3D pCASL in preoperatively assessing the grade,
cellular proliferation, and prognosis of gliomas. Additionally, we performed a subgroup analysis on patients with GBM.

operative follow-up. Among the other 53 patients, only 2 (3.9%)
were lost to follow-up. Thus, 51 patients were included in the
survival analysis. The median follow-up time was 30 months
(range, 24 –36 months). Overall survival (OS) was defined as the
time from diagnosis until either death or the time the patient was
last known to be alive (censused), and progression-free survival
(PFS) was defined as the time from diagnosis until tumor progression, recurrence, or death or when the patient was last known to
be alive (censused).25

Image Processing and Analysis

This was a retrospective study based on data collected from our
prospective cohort of patients with gliomas who were hospitalized
at the Department of Neurosurgery, Second Affiliated Hospital of
Zhejiang University School of Medicine, between August 2013
and January 2015. This study was approved by the local ethics
review board and was conducted in accordance with the ethical
principles of the Declaration of Helsinki. Written informed consent was obtained from all participants. Fifty-eight patients with
supratentorial cerebral gliomas, who underwent a preoperative
MR imaging examination with a 3D pCASL sequence, were enrolled in this study. The preoperative Karnofsky Performance
Scale (KPS) was administered in all patients when they were admitted to the hospital.

The CBF images were all coregistered to the contrast-enhanced
T2-FLAIR images by using SPM12 (www.fil.ion.ucl.ac.uk/spm).
The analysis of the images was performed with ImageJ, Version
1.49 (National Institutes of Health, Bethesda, Maryland). The
ROIs were manually placed on the contrast-enhanced T2-FLAIR
images by 1 expert neuroradiologist with 20 years’ experience,
who was blinded to the pathology of the tumors. Before ROIs were
drawn, the image section that was speculated to contain the tumor
area with the highest tumor blood flow was chosen by referring to
the CBF maps. Areas with an abnormal signal in the enhanced
T2-FLAIR images were all included. Another rectangular ROI was
drawn to include contralateral gray matter areas. Then ROIs were
copied to the corresponding CBF maps, as shown in Fig 1. The
maximum CBF values (CBFmax) in ROIs were obtained. Then the
relative CBFmax (rCBFmax) was calculated by dividing the CBFmax
in the tumor ROI by the CBFmax in the contralateral ROI.

Imaging Data Acquisition

Interobserver Concordance

All subjects underwent MR imaging on a 3T system (Discovery
MR750; GE Healthcare, Milwaukee, Wisconsin) with an 8-channel high-resolution receiver head coil. The CBF images were acquired with a 3D pCASL sequence with the following parameters:
section thickness, 4 mm; number of sections, 36; FOV, 240 ⫻ 240
mm; matrix, 128 ⫻ 128; TR, 4632 ms; TE, 10.5 ms; flip angle, 111°;
number of excitations, 3; labeling duration, 1450 ms; postlabeling
duration, 1525 ms; and pixel bandwidth, 976.6 Hz/pixel. The scan
time for this sequence was 4 minutes 29 seconds. In addition, a
contrast-enhanced T2-FLAIR sequence was acquired after the injection of a gadolinium contrast agent.

Another reader, a junior neurosurgeon who was blinded to the
pathology, also delineated the ROIs of all tumors. The measurements from this reader were only used for the assessment of interobserver concordance. The rCBFmax values measured by the 2
readers were compared by means of an intraclass correlation
coefficient.

MATERIALS AND METHODS
Patients

Pathology
The median time interval between preoperative MR imaging and
the operation was 4 days (range, 1–10 days). Three patients underwent only stereotactic biopsy, and the others underwent craniotomy. The histopathologic diagnosis was performed by pathologists on the basis of the WHO 2007 criteria.
The Ki-67 proliferating index was reported in 45 patients. In each
case, areas with the highest number of positive-staining tumor nuclei
were selected for calculating the Ki-67 index. According to previous
literature,23,24 patients with a Ki-67 index of ⱖ30% were assigned to
the high Ki-67 index group and patients with a Ki-67 index of ⬍30%
were assigned to the low Ki-67 index group.

Follow-Up
Three patients who underwent stereotactic biopsy and 2 patients
who died of operative complications were excluded in the post-

Statistical Analysis
All statistical analyses were performed with SPSS Statistics, Version 22 (IBM, Armonk, New York) and GraphPad Prism, Version
6.0 (GraphPad Software, San Diego, California). The significance
level was set to ␣ ⫽ .05. P ⬍ .05 was statistically significant.
The normality assumption was tested with the Kolmogorov-Smirnov test. The data were expressed as mean ⫾ SD.
Interobserver reliability was with the intraclass correlation coefficient based on a 2-way random-effects model. The Pearson
correlation analysis was used to assess the correlation among
parameters.
The 1-way ANOVA followed by the Fisher least significant
difference test was used to compare differences in parameters
among multiple groups. The differences in parameters between
the HGG and the LGG groups were compared using the independent samples t test. The receiver operating characteristic (ROC)
curves for parameters in distinguishing HGG from LGG were
generated. Optimal cutoff values were derived from ROC curves,
and sensitivity, specificity, predictive values, and accuracy were
calculated on the basis of these best cutoff values.
Survival analysis was conducted with the Cox regression for
AJNR Am J Neuroradiol 38:1876 – 83
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both the univariate and multivariate analyses. Except for CBF
parameters, 3 clinical features (age, sex, preoperative KPS) were
also included in the survival analysis.

RESULTS
Patient Characteristics
Among these 58 patients with gliomas, there were 27 women and
32 men, with a mean age of 49.5 years (range, 26 –76 years) and a
mean KPS score of 82.9 (range, 30 –100). According to the WHO
2007 criteria, there were 13 patients diagnosed with WHO grade II
(astrocytomas, n ⫽ 5; oligoastrocytomas, n ⫽ 4; oligodendrogliomas, n ⫽ 4), 17 patients diagnosed with WHO grade III (anaplastic astrocytomas, n ⫽ 6; anaplastic oligoastrocytomas, n ⫽ 7; anaplastic oligodendrogliomas, n ⫽ 4), and 28 patients diagnosed
with WHO grade IV (GBM, n ⫽ 28).

Interobserver Concordance
The manifestations of an LGG, a GBM with a low Ki-67 index, and a
GBM with a high Ki-67 index in contrast-enhanced T2-FLAIR images and CBF maps are shown in Fig 1. Our evaluation of the interobserver concordance for parameters showed excellent agreement.
The intraclass correlation coefficients for the measurement of tumor
CBFmax, contralateral CBFmax, and rCBFmax were as high as 0.995,
0.860, and 0.987, respectively. Furthermore, there was a very strong
correlation between CBFmax and rCBFmax (r ⫽ 0.941).

Parameters in Each Type of Pathologic Tumor
The measured parameters in each type of pathologic tumor are
summarized in Table 1. The CBFmax of GBMs was only significantly higher than that of astrocytomas (P ⫽ .002) and oligoastrocytomas (P ⫽ .005), while the rCBFmax of GBMs was
significantly higher than that of astrocytomas (P ⬍ .001), oligoastrocytomas (P ⬍ .001), oligodendrogliomas (P ⫽ .032),
anaplastic astrocytomas (P ⫽ .03), and anaplastic oligoastrocytomas (P ⫽ .027). Both the CBFmax and rCBFmax of GBMs
were lower than those of anaplastic oligodendrogliomas without statistical significance (both P ⫽ .22).
Both the CBFmax and rCBFmax of anaplastic oligodendrogliomas were significantly higher than those of anaplastic astrocytoFIG 1. Enhanced T2-FLAIR images (A, C, and E) and CBF maps (B, D, and
mas (P ⫽ .035 and .013, respectively) and anaplastic oligoastroF) of a 69-year-old man with oligoastrocytoma (WHO grade II; Ki-67
cytomas (P ⫽ .027 and .012, respectively), while those of
index, 10%), a 42-year-old man with glioblastoma (WHO grade IV;
Ki-67 index, 20%), and a 43-year-old man with glioblastoma (WHO
oligodendrogliomas were higher than those of astrocytomas (P ⫽
grade IV; Ki-67 index, 60%), respectively. Note that blood ﬂow is sig.4 and .35, respectively) and oligoastrocytomas (P ⫽ .42 and .30,
niﬁcantly elevated in the glioblastoma with a relatively low Ki-67 inrespectively) without statistical significances. Both the CBFmax
dex, while it is not elevated in the glioblastoma with a very high Ki-67
index. The unit for CBF maps is milliliters/100 g/min.
and rCBFmax of anaplastic oligodendrogliomas were significantly higher than
Table 1: Measurements of absolute CBFmax and rCBFmax in each type of pathologic tumor
those of oligodendrogliomas (P ⫽ .021
CBFmax (mL/100 g/min)
and .012, respectively).
Grade/Histology
No.
Tumor
Contralateral
rCBFmax
The mean CBFmax and rCBFmax were
Grade II (n ⫽ 13)
a,b
c,d
similar
between astrocytomas and oli83.2 ⫾ 3.90
0.91 ⫾ 0.18
Astrocytoma
5
75.4 ⫾ 10.2
a,b
c,d
goastrocytomas,
or between anaplastic
Oligoastrocytoma
4
74.8 ⫾ 12.1
93.2 ⫾ 28.8
0.83 ⫾ 0.16
Oligodendroglioma
4
109.8 ⫾ 47.8e
80.0 ⫾ 9.6
1.38 ⫾ 0.59e,f
astrocytomas and anaplastic oligoastroGrade III (n ⫽ 17)
cytomas. No significant differences were
78.0 ⫾ 23.6
1.51 ⫾ 0.68e,f
Anaplastic astrocytoma
6
127.2 ⫾ 84.8e
detected among different pathologic
Anaplastic oligoastrocytoma
7
125.1 ⫾ 71.9e
82.4 ⫾ 8.9
1.54 ⫾ 0.88e,f
types for contralateral CBFmax (P ⫽ .50).
Anaplastic oligodendroglioma
4
212.5 ⫾ 87.5
78.8 ⫾ 16.6
2.75 ⫾ 1.02
Grade IV (n ⫽ 28)
Glioblastoma

28

P ⬍ .01, compared with glioblastoma.
b
P ⬍ .01, compared with anaplastic oligoastrocytoma.
c
P ⬍ .001, compared with glioblastoma.
d
P ⬍ .001, compared with anaplastic oligoastrocytoma.
e
P ⬍ .05, compared with anaplastic oligoastrocytoma.
f
P ⬍ .05, compared with glioblastoma.
a
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171.5 ⫾ 58.7

77.0 ⫾ 10.9

2.25 ⫾ 0.79

Parameters in Each Tumor Grade
Both the absolute tumor CBFmax and
rCBFmax increased with an increase in
grade of glioma, as shown in Table 2. In all
gliomas, both the CBFmax and rCBFmax of
grade IV gliomas were significantly

higher than those of grade II gliomas (P ⬍ .001), and those of
grade III gliomas were significantly higher than those of grade II
gliomas (P ⫽ .011 and .009, respectively), while those of grade IV
gliomas were higher than those of grade III gliomas without statistical significance (P ⫽ .198 and .070, respectively). After oligodendrogliomas and anaplastic oligodendrogliomas were excluded, significant differences between grade III gliomas and
grade IV gliomas were detected for both CBFmax and rCBFmax
(P ⫽ .025 and .004, respectively).

Differentiation of LGG and HGG
There were significant differences between LGG and HGG for
both CBFmax and rCBFmax (P ⬍ .001), regardless of whether
oligodendrogliomas and anaplastic oligodendrogliomas were excluded, as shown in Fig 2. The ROC curves for CBFmax and
rCBFmax in distinguishing HGG from LGG are shown in Fig 3,
Table 2: Measurements of absolute CBFmax and rCBFmax in each
WHO grade with or without the exclusion of oligodendrogliomas
and anaplastic oligodendrogliomas
CBFmax (mL/100 g/min)
Patients/Grades
All
Grade II
Grade III
Grade IV
Excludeda
Grade II
Grade III
Grade IV
a

No.

Tumor

Contralateral

rCBFmax

13 85.8 ⫾ 30.3
17 146.4 ⫾ 84.0b
28 171.5 ⫾ 58.7d

85.3 ⫾ 16.4
80.0 ⫾ 16.1
77.0 ⫾ 10.9

1.03 ⫾ 0.41
1.81 ⫾ 0.96c
2.25 ⫾ 0.15d

9 75.1 ⫾ 10.4
13 126.1 ⫾ 74.7e
28 171.5 ⫾ 58.7d,f

87.7 ⫾ 18.6
80.4 ⫾ 16.6
77.0 ⫾ 10.9

0.88 ⫾ 0.16
1.52 ⫾ 0.77b
2.25 ⫾ 0.15d,g

With oligodendrogliomas and anaplastic oligodendrogliomas excluded. Note the
following P values in each patient group:
b
P ⬍ .05, compared with grade II.
c
P ⬍ .01, compared with grade II.
d
P ⬍ .001, compared with grade II.
e
P ⫽ .05, compared with grade II.
f
P ⬍ .05, compared with grade III.
g
P ⬍ .01, compared with grade III.

and the results of the ROC analysis are shown in Table 3. The area
under curve, best cutoff value, sensitivity, and specificity for
CBFmax were 0.828, 91 (mL/100 g/min), 84.4%, and 84.6%, respectively, in all gliomas and were 0.859, 91 (mL/100 g/min),
82.9%, and 100%, respectively, after oligodendrogliomas and
anaplastic oligodendrogliomas were excluded. Those for rCBFmax
were 0.863, 1.19, 82.2%, and 84.6%, respectively, in all gliomas
and were 0.916, 1.22, 80.5%, and 100%, respectively, after oligodendrogliomas and anaplastic oligodendrogliomas were excluded. Both CBFmax and rCBFmax values allowed HGGs to be
distinguished from LGGs, and the differential diagnosis was improved after oligodendrogliomas and anaplastic oligodendrogliomas were excluded.

Correlation with the Ki-67 Index
In all patients, as shown in Fig 4, both CBFmax (P ⫽ .565) and
rCBFmax (P ⫽ .652) values were not correlated with the Ki-67
index. However, there was a moderate positive association between CBFmax and the Ki-67 index in the low Ki-67 index group
(P ⫽ .029, r ⫽ 0.399), and a high inverse association between
CBFmax and the Ki-67 index in the high Ki-67 index group (P ⬍
.001, r ⫽ ⫺0.775). Similarly, rCBFmax had a moderate positive
correlation with the Ki-67 index in the lower Ki-67 index group
(P ⫽ .017, r ⫽ 0.432) and a high inverse correlation with the Ki-67
index in the high Ki-67 index group (P ⬍ .001, r ⫽ ⫺0.784). In
addition, in GBM, both CBFmax (P ⫽ .017, r ⫽ ⫺0.475) and
rCBFmax (P ⫽ .006, r ⫽ ⫺0.534) showed a moderate negative
correlation with the Ki-67 index.

Survival Analysis

Fifty-one patients (13 grade II, 13 grade III, 25 grade IV) were
included in the survival analysis. Table 4 shows the results obtained with the univariate Cox model for PFS and OS in both
gliomas and GBMs. Sex had no association with PFS or OS in both
gliomas and GBMs (all data, P ⬎ .5). In gliomas, higher CBFmax,
higher rCBFmax, older age, and lower KPS
were associated with worse PFS (hazard
ratio [HR] ⫽ 1.005, 1.670, 1.036, 0.971,
respectively; all data, P ⬍ .05), while
CBFmax and rCBFmax were not prognosis
factors for OS (P ⫽ .244 and .232, respectively). In GBMs, lower CBFmax, lower
rCBFmax, and older age tended to be associated with worse OS without statistical
significances (HR ⫽ 0.993, 0.563, 1.030,
respectively; P ⫽ .070, .065, and .103, respectively), while CBFmax and rCBFmax
were not associated with PFS (P ⫽ .497
and .644, respectively).
Either CBFmax or rCBFmax were included in the multivariate Cox analysis
for PFS in gliomas, together with age and
KPS. Furthermore, CBFmax or rCBFmax
were also included in the multivariate
Cox analysis for OS in GBM, together
FIG 2. Boxplots of CBFmax (A) and rCBFmax (B) in low-grade gliomas and high-grade gliomas for all with age. The results showed that
subjects. The boxplots of CBFmax (C) and rCBFmax (D) in LGGs and HGGs after the oligodendrogliomas and anaplastic oligodendrogliomas were excluded. ### indicates P ⬍ .001, compared with rCBFmax was a significant independent
LGG.
prognostic factor for PFS in gliomas
AJNR Am J Neuroradiol 38:1876 – 83

Oct 2017

www.ajnr.org

1879

(P ⫽ .005) and OS in GBMs (P ⫽ .033), while CBFmax was only a
significant independent prognosis factor for PFS in gliomas (P ⫽
.008), shown in Table 5. After adjustment for age, higher CBFmax
(HR ⫽ 1.007) and higher rCBFmax (HR ⫽ 1.707) were associated
with worse PFS in gliomas, while higher rCBFmax (HR ⫽ 0.490)
was associated with better OS in GBM.

DISCUSSION
In this study, 3D pCASL-derived CBF maps were found to be
effective in preoperatively assessing the grade and prognosis

FIG 3. Receiver operating characteristic curves of CBFmax (A) and
rCBFmax (B) in distinguishing high- from low-grade gliomas, without
(black line) or with (red line) oligodendrogliomas and anaplastic oligodendrogliomas excluded.

in gliomas. Another interesting finding was that CBFmax and
rCBFmax showed a dual relationship with the degree of malignancy in gliomas. In accordance with previous studies based on
pulsed ASL and CASL,8-17 both CBFmax and rCBFmax obtained
from pCASL increased with increasing grade of gliomas, and gliomas with higher CBFmax and rCBFmax were associated with worse
PFS. These findings suggest that gliomas with higher rCBFmax are
associated with a higher degree of malignancy. However, in
GBMs, both CBFmax and rCBFmax were found to have a significant negative correlation with the Ki-67 index. Also, GBMs with a
lower rCBFmax were associated with worse OS after adjustment
for age. Thus, GBMs with lower blood flow seemed to be more
aggressive.
Unlike quantification methods of DSC MR imaging, which
require an accurate arterial input function, 1 advantage of the ASL
sequence is that it can provide an absolute quantification of CBF.9
In our study, a very strong correlation between CBFmax and
rCBFmax was reported. The results of rCBFmax were similar to
those of CBFmax in grading gliomas and evaluating the Ki-67 index, while rCBFmax seemed to be more valuable in predicting the
prognosis of gliomas and GBMs. These results suggest that ASLderived absolute CBF is also useful in evaluating gliomas.
However, compared with the DSC perfusion MR imaging, one
limitation of the application of ASL is the relatively low SNR.15,20

Table 3: ROC curve analyses of CBFmax and rCBFmax in discriminating high- and low-grade gliomas
Parameters/Patients AUC Youden Index
Cutoff Value
Sensitivity (%) Speciﬁcity (%)
CBFmax
All
0.828
0.690
91 mL/100 g/min
84.4
84.6
0.859
0.829
91 mL/100 g/min
82.9
100
Excludeda
rCBFmax
All
0.863
0.668
1.19
82.2
84.6
0.916
0.805
1.22
80.5
100
Excludeda

PPV (%)

NPV (%)

Accuracy (%)

95.0
100

61.1
56.3

84.5
86.0

94.9
100

57.9
52.9

82.8
84.0

Note:—AUC indicates area under the curve; PPV, positive predictive value; NPV, negative predictive value.
a
With oligodendrogliomas and anaplastic oligodendrogliomas excluded.

FIG 4. The linear regression of CBFmax (A–C) and rCBFmax (D–F) with the Ki-67 index in all subjects (A and D), in the low and high Ki-67 groups (B
and E), and in glioblastomas (C and F). The low Ki-67 group included patients with a Ki-67 index of ⬍30%, and the high Ki-67 group included
patients with a Ki-67 index of ⱖ30%.
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CBFmax and rCBFmax in anaplastic oligodendrogliomas than in
oligodendrogliomas. These results conflicted with those of a previous study based on CASL-derived CBFmax.12 However, a recent
study by Fellah et al,28 based on DSC-derived relative CBF, reported a result similar to that in our study. Several previous studies have also shown a significantly higher relative CBV in anaplastic oligodendrogliomas than in oligodendrogliomas,28-31 while
some other studies have reported a conflicting result.32-34 The
ability of perfusion parameters to distinguish oligodendrogliomas
and anaplastic oligodendrogliomas needs to be evaluated further.
A previous study by Mayer et al22 showed a positive correlation between proliferative activity and the level of a hypoxia biomarker in GBM. This molecular pathology finding is consistent
with our finding that the Ki-67 index had a negative correlation
with CBFmax and rCBFmax in GBMs. However, the potential
mechanism is not clear. Evans et al35 found that higher grade
gliomas were associated with more hypoxia. It is widely accepted
that hypoxia will lead to the activation of the transcription of
hypoxia-inducible factor-1 via stabilization of its ␣ subunit.36-38
One potential mechanism of this may result in lower tumor blood
flow in GBMs, which causes severe hypoxia and, in turn, the activation of the transcription of hypoxia-inducible factor-1, leading
to high proliferative activity through further downstream pathways. Another potential mechanism might be due to the inability
of angiogenesis to keep up with tumor cell proliferation in certain
GBMs that have a high proliferative activity. The explicit mechanism needs to be investigated further.
On the other hand, our study also found that GBMs with a
lower rCBFmax were associated with a worse OS but showed no
association with PFS. This finding also suggests that a GBM with
lower blood flow may cause severe hypoxia, causing it to become increasingly
Table 4: Univariate Cox model for progression-free survival and overall survival in patients
with gliomas and glioblastomas
malignant. Some other studies have also
PFS
OS
found that hypoxia in GBM is related
to a poor prognosis,39 yet 2 previous
Variables
HR
95% CI
P Value
HR
95% CI
P Value
studies based on ASL-derived CBF
Gliomas (n ⫽ 51)
Age
1.036
1.009–1.063
.008
1.043
1.014–1.073
.004
maps have reported a contradictory re0.957
0.670–1.368
.811
0.896
0.606–1.325
.582
Sexa
sult.16,17 However, 1 of those contradicKPS
0.971
0.953–0.989
.002
0.970
0.952–0.988
.002
tory studies involved only 18 gliomas,16
1.005
1.001–1.010
.027
1.003
0.998–1.008
.244
CBFmax
and another contradictory study had
1.670
1.149–2.427
.007
1.246
0.869–1.785
.232
rCBFmax
only performed qualitative analysis,17
GBM (n ⫽ 25)
Age
1.036
1.002–1.072
.039
1.030
0.994–1.067
.103
which reduced their reliability. It is well0.851
0.547–1.323
.851
0.870
0.548–1.381
.555
Sexa
known that the activity of hypoxia-inKPS
0.986
0.963–1.008
.215
0.987
0.965–1.009
.242
ducible factor-1␣–mediated pathways
0.997
0.989–1.005
.497
0.993
0.985–1.001
.070
CBFmax
due to hypoxia will lead to migration
0.865
0.467–1.601
.644
0.563
0.306–1.035
.065
rCBFmax
and invasion of tumor cells.40,41 In addia
Female versus male.

CASL is an improved method, providing a higher tagging efficiency compared with pulsed ASL.18 However, because of magnetization transfer effects, the magnetization in the target tissues will
be reduced, which limits the application of this method.18 In
2005, Garcia el al19 proposed the pCASL method to overcome this
disadvantage, and this method can improve not only the SNR but
also the accuracy of CBF measurements.18,20 Previous studies
have shown that the pulsed ASL– derived and CASL-derived CBF
maps have potential value in grading gliomas.8,10-15 In the current
study, pCASL-derived CBF maps were also found to be effective in
grading gliomas. However, a previous study indicated that
pCASL-derived CBF maps were unable to grade gliomas, in contradiction to our results.21 In that study, compared with relative
CBF derived from the dynamic contrast-enhanced MR imaging,
the ASL-derived relative CBF was found to be relatively higher in
LGGs but lower in HGGs. The potential explanation is not clear.
More research may be required to evaluate the reliability of the
CBF maps derived from pCASL.
Oligodendrogliomas and anaplastic oligodendrogliomas exhibit elevated relative CBV compared with astrocytic tumors of
the same histologic grade.26,27 Similarly, our study also found that
both CBFmax and rCBFmax were clearly elevated in oligodendrogliomas (not statistically significant) and anaplastic oligodendrogliomas (statistically significant) compared with other pathologic subtypes of the same histologic grade. In accordance with
previous studies based on relative CBV,26 ability of the CBFmax
and rCBFmax values in differentiating HGGs from LGGs improved after we excluded oligodendrogliomas and anaplastic
oligodendrogliomas.
Furthermore, our results demonstrated a significantly higher

Table 5: Multivariate Cox model for progression-free survival in patients with gliomas and overall survival in patients with
glioblastomas
PFS in Gliomas
OS in GBM
Parameters
Multivariate Cox model including CBFmax
Multivariate Cox model including rCBFmax

a
b

Variables
CBFmax
Age
KPSa
rCBFmax
Age
KPSa

HR
1.007
1.043
–
1.707
1.038
–

95% CI
1.002–1.012
1.015–1.071
–
1.174–2.483
1.011–1.065
–

P Value
.008
.002
.131b
.005
.006
.233b

HR
0.992
1.030
–
0.490
1.037
–

95% CI
0.984–1.001
0.995–1.067
–
0.254–0.943
1.001–1.074
–

P Value
.066
.097
–
.033
.045
–

KPS was not included in the multivariate Cox analysis for OS in glioblastomas.
Only the P value was presented for the variable, which was excluded from the Cox model with P ⬎ .10.
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tion, hypoxia is known to induce resistance to radiation therapy
and chemotherapy through several mechanisms.42,43 This could
explain why GBMs with a lower blood flow were more aggressive
and were associated with a worse OS.
However, a previous study by Law et al44 in 2008 found that
GBMs with high relative CBV were significantly associated with a
poor OS, while another study by Deike et al45 in 2016 suggested
that GBMs with a low blood supply may be associated with poor
OS. The difference in results between these studies may be due to
the different postoperative treatment strategies. Currently, concomitant radiochemotherapy has become the standard treatment
for GBMs, and sometimes bevacizumab is also used to treat recurrent GBMs. Thus, resistance to radiation therapy and chemotherapy is now playing a more important role than before in the
treatment of GBMs and will clearly influence the OS of patients
with GBMs. A prospective study enrolling relatively large samples
is needed to accurately evaluate the role of perfusion parameters
in predicting the outcome of GBMs.
There were some limitations in our research. First, the sample
size used for this study was not very large; therefore, some of the
results may not be completely reliable, especially the results from
the subgroup analysis. Further studies enrolling larger samples are
needed to verify these results. Second, the postcontrast T2-FLAIR
images were consulted when drawing the ROIs, so the ROI selection method presented in our study was not an accurate portrayal
of a blind study. However, the resulting bias is hardly avoided, and
it has also existed in many previous studies.8-14 Compared with
previous ROI selection methods, the method presented in our
study is relatively objective, with an excellent intraclass correlation coefficient. Third, molecular pathology for gliomas, such as
1p19q deletion and IDH1/2 mutations, was not routinely examined in our study. Further studies dividing gliomas or GBMs into
subgroups by molecular pathology may provide further useful
information.

CONCLUSIONS
3D pCASL-derived CBF maps are effective in preoperative evaluation of gliomas. Although gliomas with higher blood flow are
associated with a higher degree of malignancy, GBMs with a lower
blood flow are likely to be more aggressive.
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Diagnostic Accuracy of Neuroimaging to Delineate Diffuse
Gliomas within the Brain: A Meta-Analysis
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X A.H. Zwinderman, and X P.C. De Witt Hamer

ABSTRACT
BACKGROUND: Brain imaging in diffuse glioma is used for diagnosis, treatment planning, and follow-up.
PURPOSE: In this meta-analysis, we address the diagnostic accuracy of imaging to delineate diffuse glioma.
DATA SOURCES: We systematically searched studies of adults with diffuse gliomas and correlation of imaging with histopathology.
STUDY SELECTION: Study inclusion was based on quality criteria. Individual patient data were used, if available.
DATA ANALYSIS: A hierarchic summary receiver operating characteristic method was applied. Low- and high-grade gliomas were analyzed in subgroups.
DATA SYNTHESIS: Sixty-one studies described 3532 samples in 1309 patients. The mean Standard for Reporting of Diagnostic Accuracy
score (13/25) indicated suboptimal reporting quality. For diffuse gliomas as a whole, the diagnostic accuracy was best with T2-weighted
imaging, measured as area under the curve, false-positive rate, true-positive rate, and diagnostic odds ratio of 95.6%, 3.3%, 82%, and 152. For
low-grade gliomas, the diagnostic accuracy of T2-weighted imaging as a reference was 89.0%, 0.4%, 44.7%, and 205; and for high-grade
gliomas, with T1-weighted gadolinium-enhanced MR imaging as a reference, it was 80.7%, 16.8%, 73.3%, and 14.8. In high-grade gliomas, MR
spectroscopy (85.7%, 35.0%, 85.7%, and 12.4) and 11C methionine–PET (85.1%, 38.7%, 93.7%, and 26.6) performed better than the reference
imaging.
LIMITATIONS: True-negative samples were underrepresented in these data, so false-positive rates are probably less reliable than truepositive rates. Multimodality imaging data were unavailable.
CONCLUSIONS: The diagnostic accuracy of commonly used imaging is better for delineation of low-grade gliomas than high-grade
gliomas on the basis of limited evidence. Improvement is indicated from advanced techniques, such as MR spectroscopy and PET.
ABBREVIATIONS: hsROC ⫽ hierarchic summary receiver operating characteristic; ROC ⫽ receiver operating characteristic; STARD ⫽ Standard for Reporting of
Diagnostic Accuracy; CI ⫽ credibility interval; TP ⫽ true-positive; TN ⫽ true-negative; FP ⫽ false-positive; FN ⫽ false-negative

D

iffuse gliomas are the most common primary brain tumors in
adults, with an annual incidence of approximately 6 per
100,000. Despite advances in neurosurgery, radiation therapy,

and chemotherapy, gliomas are fatal.1 Brain imaging is indispensable for diagnosis, treatment planning, evaluation, and follow-up.
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Although imaging standards to plan resection and radiation therapy vary between institutions and specialists, conventional imaging is in common use, typically consisting of T1-weighted MR
imaging before and after gadolinium and T2/FLAIR-weighted
imaging for gliomas. Of these conventional sequences, T2/
FLAIR-weighted imaging is often considered as a reference for
low-grade gliomas, and T1-weighted gadolinium-enhanced imaging, for high-grade gliomas in neurosurgical planning, combined with T2-weighted imaging in radiation therapy planning.2,3
Compared with other cancer types, accurate delineation of
gliomas within the brain for treatment planning is particularly
important due to the proximity of eloquent brain structures,
which are vulnerable to surgery and radiation therapy.4 Conversely, more extensive resections and boosted radiation therapy
correlate with longer survival.5-7 At the same time, clinical observations challenge the diagnostic accuracy of current imaging protocols: Gliomas recur even after a radiologically complete resection,8,9 and glioma cells have been detected outside MR imaging
abnormalities.10,11 Brain imaging techniques, such as multivoxel
spectroscopy and PET, were developed to improve tumor grading
and delineation.12,13
Inherent in any regional treatment, such as surgery and radiation therapy, is the need to delineate a target volume, which
mandates a dichotomous classification into tumor and normal
tissue. Low- and high-grade gliomas have different treatment
strategies and prognosis, while both are characterized by diffuse
tumor infiltration. This supports our pooled analysis for diffuse
glioma in addition to subgroup analysis by glioma grade. More
accurate glioma delineation may improve the consistency between treatment results and survival. For instance, more accurate
delineation may serve to identify patients eligible for more aggressive surgery than would have been considered on the basis of
conventional imaging and may identify patients with glioma infiltration beyond meaningful surgical therapy so that useless and
possibly harmful resections can be avoided.
The diagnostic accuracy of imaging techniques to delineate
gliomas has not been systematically addressed, to our knowledge.
In this meta-analysis, we estimate and compare the diagnostic
accuracies of conventional imaging techniques and advanced MR
imaging and PET to delineate newly diagnosed diffuse gliomas
within brain tissue in adults.

MATERIALS AND METHODS
Search Strategy
We aimed to identify all publications reporting glioma imaging
correlated with histopathology for the sampled locations. Our
data sources were the National Library of Medicine (PubMed/
MEDLINE, beginning in 1966) and the Excerpta Medica DataBASE (EMBASE, beginning in 1947), accessed on February 29,
2016, searching MeSH and Emtree subject headings (On-line
Appendix: Methods 1). The publication language was restricted to Western languages; the publication date was restricted until January 1, 2016. References of identified studies
were reviewed for further eligible publications in adherence
with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement guidelines (http://
prisma-statement.org/).

Study Selection Criteria
Studies were eligible for further analysis on the basis of 5 inclusion
criteria: First, an adult population or subpopulation was required
with patients at least 18 years of age. Second, only newly diagnosed diffuse gliomas of World Health Organization grades II–IV
were included to avoid imaging artifacts from previous treatment.
Third, brain imaging of any technique was allowed as a diagnostic
test. Fourth, histopathology of tissue samples was required as a
reference test. Fifth, histopathology of samples and imaging test
measurements had to be directly correlated by surgical navigation
with 3D coordinates. When duplicate reports on the same population were retrieved, only the report with the most complete data
was used for analysis. Studies also including patients of pediatric
age or pathology other than diffuse glioma were included if the
population of interest could be extracted from the data. Postmortem studies were excluded to avoid bias from end-stage disease.
For interobserver agreement on study inclusion, a  statistic was
used.14

Quality and Outcome Measures
Any study reporting glioma imaging correlated with histopathology was independently assessed in full text for quality criteria by 2
observers (N.V. and F.W.A.H, with 3 and 8 years of experience in
clinical neurosurgery) using the Standard for Reporting of Diagnostic Accuracy (STARD) guidelines, a 25-item checklist to explore reporting quality.15 Disagreements were resolved through
adjudication by a third observer (P.C.D.W.H., with 15 years of
experience in clinical neurosurgery). For interobserver agreement
on quality assessment, the intraclass correlation coefficient was
calculated. One observer extracted the study data (N.V.) on the
imaging techniques, the histopathologic examination method,
the colocalization method between imaging and histopathology,
and the number of patients and samples categorized by glioma
grades. The extracted data were verified by another observer
(P.C.D.W.H.). Biopsy sample locations were categorized for each
imaging technique as normal or abnormal signal according to the
authors’ test positivity criteria and as glioma or normal brain in
correlated histopathologic examination according to the authors’
definitions. We aimed to include individual sample data as much
as possible, either by availability from the publication, by request
for original data to corresponding authors (up to 3 times in case of
nonresponse), or by estimation of data points from plots of image
measurements versus tumor characteristics. If individual sample
data were unavailable, we included the aggregated data as summaries of true-positive (TP), true-negative (TN), false-positive
(FP), and false-negative (FN) samples. Accordingly, each imaging
technique in every study provided at least 1 estimate of diagnostic
accuracy.

Statistical Analysis
We used hierarchic summary receiver operating characteristic
(hsROC) curve analysis with random effects for within-study and
between-study variation to summarize estimates of the diagnostic
accuracy for each imaging technique with ⬎1 study available
(On-line Appendix: Methods 2).16 The available data allowed hierarchic analysis of samples within techniques. The estimates with
95% credibility intervals (CIs) consisted of the summary trueAJNR Am J Neuroradiol 38:1884 –91
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modated.22 Fourth, partly missing data
can be handled with this model. For the
meta-analysis, vague priors were chosen
for the prior distributions, so that the
results primarily reflect inference from
the presented data without prior knowledge. Normal distributions with mean
of zero and variance of 10,000 represented the accuracy, cut-point and scale
parameters, and inverse ␥ distributions,
with a shape and rate of 0.01 representing the precisions. Uniform distributions were used as alternative vague priors. Summary estimates consisted of the
median values with CIs of the posterior
distributions. For the analysis, we used
JAGS software, Version 4.0.1 (Jags Software; Newark, Delaware; http://mcmcjags.sourceforge.net) from the rjags package (Version 4 –3) for R statistical and
computing software (http://www.rproject.org/). Sampling traces and distributions and Gelman-Rubin diagnostics were evaluated for evidence
against convergence by using the coda
package (Version 0.17.1; https://www.
rdocumentation.org/packages/coda/
versions/0.17-1).
Statistical tests for heterogeneity between studies are unavailable for diagnostic accuracy meta-analysis; therefore, heterogeneity was explored with
23
FIG 1. Flow chart of publication selection. The asterisk indicates that multiple exclusion criteria subgroup analysis. Sensitivity analysis
included analysis of the following: 1) the
could apply to studies.
subset of higher quality studies, considpositive rate (sensitivity: TP / [TP ⫹ FN]), the summary falseered those with a prospective design, including quantified sample
positive rate (1-specificity: FP/ [FP ⫹ TN]), the diagnostic odds
data in at least 15 patients and qualifying for the methodologic
ratio ([TP/FN]/[FP/TN]),17 and the summary area under the redescription of both neuroimaging and histopathology24; 2) the
ceiver operating characteristic (ROC) curve. Differences in estisubset of studies with individual patient data; and 3) alternative
mates between imaging techniques in relation to reference imagvague prior distributions. Subgroups of low-grade (World Health
ing were also calculated and considered significant when the CI
Organization grade II) and high-grade (World Health Organizaexcluded zero. A Bayesian Markov chain Monte Carlo algorithm
tion grade III or IV) gliomas were reported separately. Publication
with 3 chains modeled the hsROC curve with the CI for each
bias was explored graphically.
imaging technique on the basis of 5 parameters: the accuracy and
its precision, the cut-point and its precision, and the scale paramRESULTS
eter.18 The accuracy and the cut-point were allowed to vary
The search strategy identified 8558 unique citations (Fig 1), of
which 272 full-text publications were assessed for eligibility. Subamong studies; the scale was allowed to vary among imaging techsequently, 61 articles were included for meta-analysis on the basis
niques. These parameters provide an hsROC curve with an operof the 5 selection criteria. The interobserver agreement for incluating point on the curve representing the summary true-positive
sion was moderate ( ⫽ 0.47; 95% CI, 0.37– 0.57). A total of 3532
and false-positive rates. A Bayesian hsROC analysis was used for
the following reasons: First, this approach is considered the stansamples with correlated histopathologic examinations and imagdard for meta-analysis of diagnostic accuracy, taking into account
ing were included from 1309 patients with gliomas. For subgroup
the correlation between the true-positive and false-positive
analysis by glioma grade, data could be extracted for 907 samples
rates.18,19 Second, individual sample data and aggregated data, if
in 421 patients with low-grade gliomas and for 1380 samples in
814 patients with high-grade gliomas. Glioma subtypes, such as
individual data are unavailable, can be analyzed together per imastrocytoma or oligodendroglioma, could not be analyzed in subaging technique to estimate its diagnostic accuracy.20,21 Third,
groups because data for these subgroups could usually not be
varying test positivity criteria for imaging in studies can be accom1886
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FIG 2. Number of publications, patients, and samples for imaging techniques categorized by glioma grades. LGG indicates low-grade glioma;
HGG, high-grade glioma; FLT, 18F ﬂuorthymidine; nr, number.

FIG 3. Summary hierarchic ROC curves of imaging techniques. Estimated summary ROC curves are plotted by imaging technique in ROC space
for diffuse gliomas as a whole—that is, low- and high-grade gliomas combined (A), low-grade glioma (B), and high-grade glioma (C). The operating
points of curves represent the estimated summary true-positive and false-positive rates as indicated by solid squares. Solid squares are missing
when convergence is not reached. Color coding shows conventional MR imaging in black, advanced MR imaging in shades of blue, PET imaging
in shades of red, and CT and sonography imaging in shades of green.

extracted. Individual sample data were available from 19 studies.
The higher quality subset consisted of 29 studies.
The mean STARD score of the included studies was 13 ⫾ 2.8.
The interobserver agreement for STARD quality assessment was
substantial (intraclass coefficient ⫽ 0.66; 95% CI, 0.49 – 0.78).
The included studies reported on 16 imaging techniques, including T1-weighted imaging before and after gadolinium, T2-,
T2/FLAIR-, perfusion- and diffusion-weighted imaging (apparent diffusion coefficient), MR spectroscopy (choline to N-acetylaspartate ratio), diffusion tensor imaging (fractional anisotropy),
and PET with these tracers: FDG, 11C methionine (MET), 18F
fluoroethyltyrosine (FET), 18F fluorthymidine, or 18F or 11C choline (Cho). Imaging protocols varied widely; for instance, 22 studies used 1.5T MR imaging field strength, 15 used 3T, 1 used 0.15T;
and field strength was unspecified in 11 studies. The number of
studies, patients, and samples for each imaging technique categorized by glioma grades is plotted in Fig 2.
The reference standard to distinguish tumor and normal brain
in tissue samples for all studies was microscopic examination with
hematoxylin-eosin staining and immunohistochemical analysis.
Nine studies reported the reference standard as the labeling index
of proliferating cells; 6 studies reported the reference standard as
the tumor infiltration index; and 2 studies, as the cellularity index.
We followed the authors’ definition to differentiate normal brain
and glioma.

The method to correlate the histopathology with imaging was
frameless stereotactic needle biopsies in 27 studies, frame-based
stereotactic needle biopsies in 14, neuronavigated resection biopsies in 12, and unspecified stereotactic needle biopsies in 8.
The hsROC curves of imaging techniques for diffuse glioma as
a whole are plotted in Fig 3A, and for the subgroups of low- and
high-grade gliomas, in Fig 3B, -C, respectively. The characteristics
of these hsROC curves are listed in Fig 4.
The estimates of false-positive rates need to be interpreted
with caution due to relative lack of data on true-negative samples.
This “underrepresentation” of true-negatives and consequently
bias in false-positive rates may be unbalanced across imaging
techniques, creating additional biases when comparing the ROC
curves.
In all gliomas considered, the area under the curve was highest
for T2-weighted imaging (95.6%), followed by MR spectroscopy
(93.3%). The false-positive rate was lowest in T2-weighted imaging (3.3%), followed by CT (16.0%); and the true-positive rate
was highest for MR spectroscopy (95.0%), followed by sonography (93.3%). The diagnostic odds ratio was highest for T2weighted imaging (152), followed by MR imaging spectroscopy (39.2).
For low-grade gliomas, the area under the curve was highest
for T2-weighted imaging (89.0%), followed by MR spectroscopy
(78.1%) and T2/FLAIR-weighted imaging (77.4%). The falseAJNR Am J Neuroradiol 38:1884 –91
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FIG 4. Diagnostic accuracy characteristics of imaging techniques. Diagnostic performance of imaging techniques expressed as area under the
curve, summary false-positive rate, summary true-positive rate, and diagnostic odds ratio for diffuse gliomas as a whole—that is, low- and
high-grade gliomas combined (A), low-grade glioma (B), and high-grade glioma (C). The medians of posterior distributions are plotted as squares
proportional to the number of observations with 95% credibility intervals. The most common clinically used imaging technique is in blue as
reference. n.a. indicates nonavailable data because either ⬍3 studies were available or the posterior samples did not converge; fa, fractional
anisotropy.

positive rate was lowest in T2-weighted imaging (0.4%), followed
by T2/FLAIR-weighted imaging (22.1%); and the true-positive
rate was highest for MR spectroscopy (87.3%), followed by T2/
FLAIR-weighted imaging (65.8%). The diagnostic odds ratio was
highest for T2-weighted imaging (205), followed by MR spectroscopy (15.7). Not surprising, the area under the curve was statistically significantly lower for T1-weighted gadolinium-enhanced
imaging compared with T2-weighted imaging (difference of
54.4%; 95% CI, 8.4%– 80.8%) and for perfusion-weighted imaging (difference of 54.1%; 95% CI, 7.8%–78.2%). Of note, T2weighted imaging had a higher area under the curve, false-positive
ratio, and diagnostic odds ratio in comparison with T2/FLAIRweighted imaging, the other common clinically used MR imaging
sequence.
For high-grade gliomas, the area under the curve was highest
for MR spectroscopy (85.7%), followed by MET-PET (85.1%).
The false-positive rate was lowest in CT (14.0%), followed by
T1-weighted gadolinium-enhanced imaging (16.8%); and the
true-positive rate was highest for MET-PET (93.7%), followed
by MR spectroscopy (85.7%). The diagnostic odds ratio was
highest for MET-PET (26.6), followed by T1-weighted gado1888
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linium-enhanced imaging (14.8). MET-PET and MR spectroscopy had a higher area under the curve and true-positive rate in
comparison with the common clinically used T1-weighted
gadolinium-enhanced MR imaging (respectively, 80.7% and
73.3%). This came at the expense of higher false-positive rates
for MET-PET and MR spectroscopy, respectively 38.7% and
35.0%. Most remarkable, CT with contrast had an area under
the curve (80.0%) like that of T1-weighted gadolinium-enhanced MR imaging.
Sensitivity analysis demonstrated robustness against publication quality, individual sample data, and alternative vague priors
(On-line Fig 1). Because statistical tests for heterogeneity were
unavailable to take the association between sensitivity and specificity into account,23 we inspected the plots of the study data and
hsROC curve for each technique (On-line Fig 2), demonstrating
considerable heterogeneity among studies, resulting in a relatively
large CI. For many imaging techniques, the number of publications was too small to exclude publication bias (On-line Fig 3).
Small studies with small areas under the curve or low false-positive rates may be missing for T1-weighted gadolinium-enhanced
imaging and T2-weighted imaging.

DISCUSSION
The main findings of this meta-analysis for the diagnostic accuracy of neuroimaging to delineate diffuse gliomas are the following: 1) It is best with T2-weighted imaging, followed by MR spectroscopy. 2) It is better for low-grade gliomas with T2-weighted
imaging than for high-grade gliomas with T1-weighted gadolinium-enhanced MR imaging; considering the area under the curve
(89.0% versus 80.7%) and the diagnostic odds ratio (205 versus
14.8). 3) it may be improved in high-grade gliomas with MR spectroscopy or MET-PET. 4) It is not superior with T2/FLAIRweighted imaging for low-grade gliomas. 5) It is not inferior with
CT with contrast for high-grade gliomas. 6) It varies considerably
between imaging techniques and shows heterogeneity between
studies.
Thresholds for acceptable diagnostic accuracy of tumor imaging are undetermined. The accuracy of imaging for glioma delineation by MR imaging is, for instance, less than that for lesion
detection in hepatocellular carcinoma by sonography, CT, or MR
imaging.25 It is comparable with detection of metastatic lymph
nodes in non-small cell lung cancer by CT or MR imaging, but it
is less than that of PET.26,27 Moreover, it is less than that of the
diagnosis of breast cancer by MR imaging.28 These studies, however, address the radiologic diagnosis of cancer by imaging, not
the delineation of infiltrative cancer within normal tissue. The
identification of cancer cells within normal-appearing imaging
regions seems to be specific for glioma.10,29 We did not find metaanalyses of tumor delineation in other solid cancers.
The variation in diagnostic performance may be explained by
the notoriously difficult diagnostic problem of delineating glioma
cells, which gradually infiltrate brain tissue. Therefore, the concept of delineating a tumor by the presence or absence of cancer
cells, on which ROC analysis is based, may oversimplify gradual
glioma infiltration. Nevertheless, treatment target volumes are
required for patient care.
Several factors may contribute to the observed variation in
diagnostic performance. First, the scan protocols have not been
standardized for any of these sequences. For the diagnostic standard of MR imaging, for instance, variation exists in scanner
equipment, quality assessment and control, acquisition protocols,
image processing, quantification, and interpretation by radiologists. Second, histopathologic examinations may vary due to incomplete sampling of heterogeneous tumors and interpretation
differences among neuropathologists.30-32 Third, the correlation
between imaging measurements and histopathologic examination may be another source of variation. This colocalization depends on the precision of the navigated locations of tissue samples. Navigation precision has been found to be within several
millimeters,33,34 whereas tissue may be heterogeneous at smaller
distances.35
Improvement of diagnostic accuracy to delineate gliomas for
regional therapy requires an offset between increasing the truepositive rate and decreasing the false-positive rate. Increasing the
true-positive rate may be preferable for tumor control, whereas
decreasing the false-positive rate may be preferable for preservation of functional integrity. From the perspective of tumor control, the overestimation of diffuse glioma (ie, the inadvertent
declaration of normal brain as diffuse glioma) would be more

acceptable than underestimation. Nevertheless, this is only acceptable when at the same time, surgery aims to minimize neurologic deficits from removal of critical brain regions whether or not
they are infiltrated by tumor. This is usually done by brain mapping of functions with the patient under local anesthesia to push
the resection to the functional limits.4 In other words, a more
sensitive imaging delineation would be even more likely to require
functional brain mapping as a safeguard against removal of critical brain regions potentially infiltrated by tumor. In this perspective, MR spectroscopy and PET might have the potential to increase the true-positive rate of glioma delineation for surgical
strategies. However, a more sensitive tumor delineation should
probably not prompt larger high-dose radiation fields because a
similar safeguard against cognitive decline from radiation therapy
is unavailable. Perhaps high-dose radiation therapy should rather
focus on regions at high risk for tumor progression, whereas a
lower dose could be acceptable in regions with a low risk for tumor progression.
Our observations may challenge current care standards. First,
T2/FLAIR-weighted imaging has been proposed as the standard
for radiologic response measurements in low-grade gliomas,3
whereas our data indicate that T2-weighted imaging has better
diagnostic performance before treatment than T2/FLAIRweighted imaging. Second, MR imaging, including T1-weighted
gadolinium-enhanced and T2-weighted imaging, is considered
the standard for treatment planning and radiologic response measurements in high-grade gliomas,2 whereas our data indicate that
the diagnostic performance of CT with contrast to delineate highgrade gliomas before treatment is not necessarily inferior. Clearly,
anatomy is better visualized with MR imaging than CT. Furthermore, subtle areas of disease progression that may be outside the
main tumor mass are better identified on MR imaging than on
CT.
Third, in particular for high-grade gliomas, there is room for
improvement in tumor delineation. For instance, radiation oncology guidelines are heterogeneous regarding target delineation.36-38 MR spectroscopy and PET hold promise as additives to
the current standard, but availability and standardization are limitations to more widespread use. For a detailed discussion of these
techniques, we suggest recent reviews.39-43 Furthermore, T2weighted imaging performed best for diffuse gliomas as a whole
and for low-grade-gliomas but could not be estimated for highgrade gliomas in these data because quantitative information was
only available from 2 studies. Nevertheless, T2-weighted imaging
may contribute to better delineation of high-grade gliomas as
well.
Strengths of this meta-analysis include a thorough search
strategy, assessment of reporting quality by STARD criteria, and
analysis using the hsROC method, whenever available, with individual sample data.
Our results should be interpreted within the limits of the quality of observational data that were retrieved with the limited number of patients and samples from publications with suboptimal
reporting quality. Due to obvious reluctance to sample tissue outside imaging abnormalities, true-negative samples are underrepresented in these data; thus, estimates of false-positive rates are
probably less reliable than those of true-positive rates. FurtherAJNR Am J Neuroradiol 38:1884 –91
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more, the available data only allowed indirect comparison of imaging techniques because only 2 studies were identified with
quantitative head-to-head comparison of techniques.44,45 Last,
several potential biases in this meta-analysis should be considered.46 Methodologic heterogeneity is likely to exist. Publication
bias was suggested, though population bias is unlikely because all
patients were required to have a glioma, control cases were excluded, and all samples from patients were examined with the
same reference standard of histopathologic examination. Nevertheless, verification bias may be present because imaging characteristics have probably guided biopsy sampling strategies. The
studies may be biased by patient selection, and we cannot exclude
heterogeneity from subjective interpretation of image measurements. Furthermore, clinical heterogeneity is likely because in
addition to unstandardized imaging and pathology protocols,
positivity criteria of diagnostic and reference tests may have varied among studies.
The implication of our findings is that planning of surgery or
radiation therapy for diffuse gliomas using current imaging protocols should be performed with caution because these have only
moderate accuracy for glioma delineation based on limited evidence. The sensitivity of imaging to delineate all regions of existing tumor infiltration seems to be less than the specificity to rule
out tumor from normal brain. The true-positive rate of conventional imaging for high-grade gliomas may be improved by MR
spectroscopy and PET. Furthermore, future effort to quantify and
improve this accuracy may aim at combinations of imaging and
head-to-head comparison with molecular characterization as the
criterion standard.
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CONCLUSIONS

15.

In this meta-analysis, the diagnostic accuracy of imaging for delineation of diffuse gliomas (low- and high-grade gliomas combined) is best with T2-weighted imaging, followed by MR spectroscopy. The diagnostic accuracy of the common clinically used
imaging is better for low-grade gliomas with T2-weighted imaging than for high-grade gliomas with T1-weighted gadoliniumenhanced imaging. Improvement is indicated for high-grade
gliomas using advanced imaging techniques, such as MR spectroscopy and PET. Current imaging protocols are based on limited evidence from heterogeneous studies, and future studies with
head-to-head comparison and combinations of imaging techniques are required to improve glioma delineation.
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Imaging Biomarkers for Adult Medulloblastomas: Genetic
Entities May Be Identiﬁed by Their MR Imaging
Radiophenotype
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ABSTRACT
BACKGROUND AND PURPOSE: The occurrence of medulloblastomas in adults is rare; nevertheless, these tumors can be subdivided into
genetic and histologic entities each having distinct prognoses. This study aimed to identify MR imaging biomarkers to classify these entities
and to uncover differences in MR imaging biomarkers identiﬁed in pediatric medulloblastomas.
MATERIALS AND METHODS: Eligible preoperative MRIs from 28 patients (11 women; 22–53 years of age) of the Multicenter Pilot-study for
the Therapy of Medulloblastoma of Adults (NOA-7) cohort were assessed by 3 experienced neuroradiologists. Lesions and perifocal
edema were volumetrized and multiparametrically evaluated for classic morphologic characteristics, location, hydrocephalus, and Chang
criteria. To identify MR imaging biomarkers, we correlated genetic entities sonic hedgehog (SHH) TP53 wild type, wingless (WNT), and
non-WNT/non-SHH medulloblastomas (in adults, Group 4), and histologic entities were correlated with the imaging criteria. These MR
imaging biomarkers were compared with corresponding data from a pediatric study.
RESULTS: There were 19 SHH TP53 wild type (69%), 4 WNT-activated (14%), and 5 Group 4 (17%) medulloblastomas. Six potential MR
imaging biomarkers were identiﬁed, 3 of which, hydrocephalus (P ⫽ .03), intraventricular macrometastases (P ⫽ .02), and hemorrhage (P ⫽
.04), when combined, could identify WNT medulloblastoma with 100% sensitivity and 88.3% speciﬁcity (95% CI, 39.8%–100.0% and
62.6%–95.3%). WNT-activated nuclear ␤-catenin accumulating medulloblastomas were smaller than the other entities (95% CI, 5.2–22.3
cm3 versus 35.1– 47.6 cm3; P ⫽ .03). Hemorrhage was exclusively present in non-WNT/non-SHH medulloblastomas (P ⫽ .04; n ⫽ 2/5). MR
imaging biomarkers were all discordant from those identiﬁed in the pediatric cohort. Desmoplastic/nodular medulloblastomas were more
rarely in contact with the fourth ventricle (4/15 versus 7/13; P ⫽ .04).
CONCLUSIONS: MR imaging biomarkers can help distinguish histologic and genetic medulloblastoma entities in adults and appear to be
different from those identiﬁed in children.
ABBREVIATIONS: AUC ⫽ area under the curve; CE ⫽ contrast-enhanced; CMB ⫽ classic medulloblastoma; DNMB ⫽ desmoplastic/nodular medulloblastoma;
SHH ⫽ sonic hedgehog; WHO ⫽ World Health Organization; WNT ⫽ wingless
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edulloblastomas (World Health Organization [WHO]
grade IV) rarely occur in adults. According to the United
States registry analysis from the Surveillance, Epidemiology, and
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End-Results data base, incidence rates around 0.6 cases per million have been recorded, which is ⬎50 times lower than the incidence of glioblastoma.1-3 A higher age at diagnosis is a negative
prognostic factor for survival, with a median overall survival currently between 7.7 and 9.7 years, provided patients receive the best
medical care.4 The 2016 revision of the WHO classification of
CNS tumors introduced the concept of an integrative medulloblastoma diagnosis.5 The diagnosis includes 4 histologically and 4
genetically defined entities known to have an influence on the
Paper previously presented at: Annual Meeting of the European Congress of
Radiology, March 1–5, 2017 (SS711); Vienna, Austria.
Please address correspondence to Vera C. Keil, MD, Universitätsklinik Bonn,
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course of the disease in both children and adults.6-12 The genetic
entities that are currently defined are sonic hedgehog (SHH)activated (and exist with or without TP53 mutation), wingless
(WNT)-activated, and non-SHH/non-WNT (Groups 3 and 4)
medulloblastomas. The defined histologic groups are classic
(CMB), large cell anaplastic, desmoplastic/nodular (DNMB)
medulloblastomas and medulloblastoma of extensive nodularity. The exact classification at the earliest possible time point is
of great importance to evaluate prognosis and possible targeted therapies.
Radiogenomics is a dynamically evolving field in radiology
based on standard diagnostic MR imaging. It seeks to identify
so-called MR imaging biomarkers that may predict the genetic
profile of a tumor, assuming that the genetic profile is reflected
in a distinctive radiophenotype, and can also be of benefit
when true genetic analysis is not available.13 Only 1 study has
been published in a predominantly pediatric cohort, which
investigated a radiogenomic approach to differentiate genetically defined medulloblastoma entities.14 The authors found
that genetic entities were distinguishable by several MR imaging biomarkers such as tumor location or enhancement pattern. Different relative frequencies and varying prognostic influences of the genetic medulloblastoma entities between adult
and pediatric cohorts suggest that MR imaging biomarkers
identified in pediatric cohorts may be different from those in
adult medulloblastoma.8-10,12,15,16
The Multicenter Pilot-study for the Therapy of Medulloblastoma of Adults (NOA-07) is the first prospective trial of an adult
medulloblastoma cohort that systematically evaluated radiochemotherapy as the first-line treatment and included, among others, imaging biomarkers in its analysis. The study presented here is
dedicated to identifying MR imaging biomarkers that will allow
differentiation of medulloblastoma genetic entities based on the
entirely adult NOA-07 cohort. Identification of such MR imaging
biomarkers may facilitate presurgical tumor assessment and assist
in the categorization of the differences between adult and pediatric MR imaging biomarkers.

MATERIALS AND METHODS
Patient and Imaging Data
This trial was registered at ClinicalTrials.gov (NCT01614132) and
under the EudraCT number 2007-002560-10 (https://www.
clinicaltrialsregister.eu/ctr-search/search?query⫽2007-00256010) after approval by the ethics committee of the University of
Regensburg, Regensburg, Germany (08-112-0058; substantial
amendment of July 1, 2016) and of all participating sites. Between 2008 and 2014, 15 neuro-oncologic centers recruited 30
adult patients older than 21 years of age with suspected medulloblastomas. Medulloblastoma diagnosis was confirmed in all
cases. Presurgical CT and MR imaging datasets were retrospectively analyzed involving multiparametric imaging criteria
based on T1-weighted, T2-weighted, FLAIR, and contrast-enhanced T1-weighted sequences (available in n ⫽ 28/30) as well
as apparent diffusion coefficient maps (n ⫽ 23/30, On-line
Figure). In 2 of 30 cases, presurgical MR imaging data were not
available.

Table 1: Adult and pediatric cohorts by histology and genetic
status
Adult (This
Pediatric (Perreault
Cohort, n = 28) et al. 201414) (n = 47)
Median age (range) (yr)
39.0 (33.4–41.3)
8.2 (0.9–33.9)
Male/female
1.5:1.0
2.4:1.0
Genetic entity (No.) (%)
SHH
19 (67.9%)
13 (27.7%)
WNT
4 (14.2%)
4 (8.4%)
Group 4
5 (17.9%)
17 (36.2%)
Group 3
0 (0.0%)
13 (27.7%)
Histologic entity (No.) (%)
Classic
13 (46.4%)
31 (66.0%)
Desmoplastic/nodular
15 (53.6%)
4 (8.5%)
Large cell anaplastic
0 (0.0%)
10 (21.3%)
Other subgroups
0 (0.0%)
2 (4.2%)
Note:—SHH indicates sonic hedgehog–activated medulloblastoma; WNT, winglessactivated medulloblastoma.

Data were compared with that in the cohort of Perreault et
al,14 in which 42 of 47 cases were pediatric (Table 1).

Imaging Criteria Deﬁnition and Analysis
Three neuroradiologists (E.H., M.W.-M., V.C.K., with 26, 28, and
6 years of experience, respectively) who were blinded to the histologic and genetic backgrounds of each patient, evaluated noncontrast-enhanced CT scans and MR imaging datasets (1.5T or
3T). Criteria were grouped as follows: 1) classic morphologic imaging characteristics applied to describe brain tumors, 2) Chang
medulloblastoma staging criteria and tumor location,17 3) diagnostic criteria of hydrocephalus or brain stem compression, and
4) tumor and edema volumes and respective ratios.
Classic morphologic characteristics of brain tumors were
defined as the following: enhancement pattern (strong, weak,
nonenhancing), signal homogeneity (homogeneous, inhomogeneous), signal intensity (hypointense, isointense, hyperintense to
gray matter) on nonenhanced T1-weighted and T2-weighted images, the sharpness of tumor margins, and the presence of cyst
formation and hemorrhage. The presence of hemorrhage was diagnosed from either additional SWI or T2-weighted gradientecho sequences or on presurgical CT.
Location criteria were the following: infiltration of the vermis,
the hemispheres, or the brain stem/peduncular region, including
contact with the lower rhombic lip, the eighth cranial nerve, the
fourth ventricle, or the cerebellopontine angle. In addition, the
presence of hydrocephalus, brain stem compression, midline
shift, supratentorial growth, and multifocality was evaluated.
Medulloblastoma volumes were determined with commercially available software (tumor tracking tool, Intellispace Portal
5.0; Philips Healthcare, Best, the Netherlands) on automatically
aligned contrast-enhanced T1WI (CET1WI) and T2-weighted
images on the basis of manually defined signal-intensity thresholds. Perifocal edema was quantified on FLAIR datasets. Volume
ratios were established as the following: 1) tumor volume ratio,
which was defined as the volume fraction of the tumor part with
exclusive T2 signal elevation and without the contrast-enhancing
volume fraction (T2-weighted volume minus CET1WI volume
divided by T2-weighted volume); and 2) edema-tumor ratio,
which was defined as edema volume on FLAIR images divided by
T2-weighted tumor volume.
AJNR Am J Neuroradiol 38:1892–98
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Table 2: Comparative overview of MR imaging biomarkers for adult and pediatric cohorts regarding genetic entity discrimination
Pediatric Cohort Imaging Criteria
Adult Cohort Imaging Criteria (n = 28)
P Value
Correspondence
P Value
(n = 47)a
Hemorrhageb
.04b
Nob
NS
Blood products
.02b
Nob
NS
Edema present
Edema volumeb
b
b
.03
NA
NA
NA
Hydrocephalus
.02b
NA
NA
NA
Chang M-stage ⱖ2b (Chang on CET1WI plus
spinal tap)
.03b
NA
NA
NA
Contact with lower rhombic lipb
b
.01b
NA
NA
NA
Chang T-stage ⬎T2 on T2WI
.02b
Pseudocorrespondence
⬍.005b
Midline/fourth ventricleb
Contact with fourth ventricleb
Inﬁltration of vermis
.80
Nob
Cysts
.82
Both NS
NS
Cyst
Contrast-enhancement homogeneity
.29
Both NS
NS
Enhancement pattern solid
⬍.005b
Cerebellar hemisphereb
Inﬁltration of cerebellar hemispheres
.08
Nob
b
b
Contact with cerebellopontine angle
1.0
No
⬍.005
Contact with cerebellopontine angleb
Enhancement pattern
.81
Nob
⬍.005b
Enhancement minimal to noneb
Sharp margins
.63
Nob
.03b
Ill-deﬁned marginsb
NA
NA
NA
NS
Enhancement pattern, other
Note:—NA indicates not available (parameter not analyzed); NS, criterion not signiﬁcantly unbalancedly distributed, hence not identiﬁed a biomarker by Perreault et al.14
a
Pediatric cohort: discovery cohort of Perreault el al.14 No identical MR imaging biomarkers could be identiﬁed among imaging criteria of both cohorts.
b
MR imaging biomarkers that were identiﬁed by signiﬁcantly imbalanced distribution between genetic entities.

The criteria of Chang et al17 were determined on the basis of
tumor margins on both T2-weighted and CET1-weighted images.
Macroscopically visible subependymal/ventricular metastases
(Chang M-stage ⱖ2) were determined on CET1WI. Micrometastases (Chang M-stage 1) were previously investigated in the CSF at
the time of diagnosis on the basis of the evaluation of 2 boardcertified neuropathologists in all cases.17

Neuropathologic Evaluation
Medulloblastoma diagnoses had been confirmed at the German
Brain Tumor Reference Center of the German Society for Neuropathology and Neuroanatomy by at least 2 board-certified neuropathologists. Classification was performed with histologic, immunohistochemical, and genetic analyses according to the revised
WHO Classification of Tumors of the CNS 2016 as described in
current Best Practice Guidelines.18 Histologically and genetically
defined medulloblastoma entities were available for all 28 patients. In addition, the whole genomic copy number and allelic
distribution were analyzed by molecular inversion probe methodology without evidence of amplifications in MYCC, MYCN, or
GLI2 genes. One SHH-activated tumor was found to exhibit copy
number losses of 9q and chromosome 14, typical for SHH-activated entities. A subgroup of samples was classified according their
epigenetic subgroup by methylation arrays (450k array), which confirmed the genetically defined subgroups in all cases.19,20 The complete analysis catalogue is listed in the On-line Figure.
Imaging criteria of the comparative pediatric cohort are listed
in Table 2 extracted from the earlier publication.14

Statistics
Statistical analyses were designed by an independent biomathematician and performed with STATA 14.0 (StataCorp, College
Station, Texas). Because no tentative assumptions regarding the
relationship between imaging criteria and genetic or histologic
status could be made, an exploratory statistical approach to identify possible MR imaging biomarkers involved testing imaging
criteria against all other criteria with 2-sided Fisher exact or
ANOVA testing (depending on whether categoric or continuous
1894
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data were handled). Deliberately, no multiple testing correction
approach was chosen to not overlook any possible significant associations.21 Statistical significance was reached at P ⬍ .05.
Imaging criteria that were significantly associated with genetic
criteria, according to the exploratory tests, were defined as potential imaging biomarkers. These were then assessed regarding their
sensitivity and specificity in the differentiation of genetic entities.
Evaluation involved both single and combined MR imaging biomarker applications and was based on an area under the curve
(AUC) analysis.
To investigate potential differences between adult and pediatric biomarkers, we compared imaging biomarkers identified in
the present study with those of a previous study involving a predominantly pediatric cohort.14

RESULTS
Patient Cohort
The cohort of adult patients with medulloblastoma in this
NOA-07 substudy included 11 women and 17 men (detailed overview in Table 1). In this cohort, no SHH-activated TP53–mutated
medulloblastomas were found, all were TP53 wild type. Histologically, no cases with large cell anaplastic histology or with extensive nodularity were present. All WNT-activated and non-WNT/
non-SHH medulloblastomas were histologically CMB, while 4 of
15 SHH-activated medulloblastomas were DNMB (P ⫽ .001).

Imaging Biomarkers of Genetic Entities and
Chromosomal Aberrations
Six categoric and continuous volumetric imaging criteria could be
identified as MR imaging biomarkers to differentiate genetically
defined entities of SHH TP53 wild type, WNT-activated, and nonSHH/non-WNT Group 4 medulloblastomas in this cohort (Table
3). Notably, apart from hemorrhage, none of the classic MR imaging criteria used for tumor description, as defined in the “Materials and Methods” section, were identified as suitable MR imaging biomarkers.
The absence of the biomarker “hydrocephalus” was observed
in 4 of 4 WNT-activated medulloblastomas. Hence, normally

Table 3: Imaging biomarkers for adult medulloblastoma genetic entity differentiationa
Genetic Entity
Imaging Biomarker
Hydrocephalus
Chang M-stage ⱖ2 (CET1WI)
Hemorrhage
Contact with fourth ventricle
Contact with lower rhombic lip
Chang T-stage ⬎2 (T2WI)
Tumor volume on T2WI
(median and 95% CI)

P Value
.03b
.02b
.04b
.02b
.03b
.01b
.06c

SHH (n = 19)
12/19
10/19
0
3/19
0
17/19
30.6 cm3
(26.6–37.7 cm3)

WNT (n = 4)
0
0
0
3/4
1/4
1/4
5.6 cm3
(5.2–22.3 cm3)

Group 4 (n = 5)
4/5
1/5
2/5
3/5
2/5
4/5
25.0 cm3
(0.64–47.4 cm3)

Note:—SHH indicates sonic hedgehog–activated medulloblastoma (only TP53 wild type in this cohort); WNT, wingless-activated medulloblastoma.
a
Candidate imaging biomarkers for the differentiation of 3 different genetic medulloblastoma entities in this cohort (SHH, WNT, non-SHH/non-WNT Group 4) are listed on the left.
b
Signiﬁcant.
c
Near signiﬁcance when comparing all 3 groups.

sized ventricular spaces as a biomarker to differentiate WNTactivated lesions showed a high negative predictive value and a sensitivity of 100% (95% CI, 39.81%–100.0%; AUC, 0.83 [95% CI,
0.67– 0.99]). However, the positive predictive value of having ruled
out the other entities correctly was low (33.33%; 95% CI, 22.12%–
46.8%), because 7 of 19 SHH-activated and 1 of 5 non-SHH/nonWNT medulloblastomas also showed no signs of hydrocephalus.
The absence of subependymal macrometastases (Chang M
ⱖ2) identified WNT-activated lesions with 100% sensitivity (all
WNT activated cases, Chang M ⬍2; AUC, 0.73; 95% CI, 0.52–
0.94). However, the positive predictive value was again low
(21.0%; 95% CI, 16.42%–26.73%).
Hemorrhage was exclusively observed in non-SHH/non-WNT
medulloblastomas (n ⫽ 2/5), resulting in a positive predictive value
of 100% to identify this entity correctly; however, it had a low sensitivity (40.0%; 95% CI, 5.30%–85.34%; AUC, 0.70 [95% CI, 0.40–1.0]).
The combination of all 3 of the above-mentioned biomarkers
to identify WNT-activated medulloblastomas increased the specificity to 88.30% (95% CI, 62.6%–95.32%) at a sensitivity of 100%
(95% CI, 39.80%–100%) and a negative predictive value of 100%,
because no WNT-activated lesions showed hemorrhage, hydrocephalus, or macrometastases (AUC, 0.92; 95% CI, 0.81–1.0). The
positive predictive value was 50.0% (95% CI, 29.0%–71.0%) because 3 of 19 SHH-activated and 1 of 5 non-SHH/non-WNT lesions were also negative for all 3 criteria.
Differentiation of WNT-activated medulloblastomas from
SHH-activated and non-SHH/non-WNT entities combined was also
possible: WNT-activated nuclear ␤-catenin accumulating medulloblastomas were significantly smaller on T2-weighted images (median, 11.0 versus 37.7 cm3; 95% CI, 5.2–22.3 versus 35.1– 47.6 cm3;
P ⫽ .03). Tumor volume on T2-weighted images was at a 5% error
limit not significantly different when comparing all 3 entities (P ⫽
.06, Table 3).
The differentiation of SHH-activated and non-SHH/nonWNT Group 4 lesions was possible on the basis of edema volumes
(SHH-activated medulloblatoma: median edema, 5.1 cm3; 95%
CI, 3.3– 8.0 cm3; Group 4 median edema, 1.2 cm3; 95% CI, 0.0 –
6.9 cm3; AUC, 0.85 [95% CI, 0.63–1.0; P ⫽ .02]), while tumor at
the fourth ventricle (SHH-activated medulloblastoma, 3 of 19 cases;
Group 4, three of 5 cases; AUC, 7.21; 95% CI, 0.39 –1.0), contact with
the lower rhombic lip, and the presence of hemorrhage (both biomarkers: SHH-activated medulloblastoma in 0 of 19 cases; Group 4,

two of 5 cases; AUC, 0.70; 95% CI, 0.39 –
1.0) were less reliable and not significant
(P ⫽ .14, .18, and .18, respectively). A visualization of MR imaging biomarkers for
all 3 genetically defined medulloblastoma
entities is presented in Fig 1.
No significant association could be
identified for any of the imaging criteria
and the chromosomal status of the tumor.

Comparison with Previously
Reported MR Imaging Biomarkers
for Medulloblastoma Entities in
Pediatric Patients

Relative frequencies of histologically
and genetically defined medulloblastoma entities were different between both cohorts: None of the
MR imaging biomarkers identified in the adult cohort corresponded to those identified in the comparative predominantly
pediatric cohort (Table 2). “Midline/fourth ventricle contact” was
a significant biomarker to identify non-SHH/non-WNT medulloblastomas in the pediatric cohort. Midline location of the lesion
was not significant in our cohort (criterion “vermis”). Contact
with the fourth ventricle was analyzed separately for the present
adult cohort and was determined as a biomarker with excess representation in WNT-activated medulloblastomas (Table 3).

Imaging Characteristics of Histologically Deﬁned Entities
DNMB and CMB
Perifocal edema volume was significantly larger in DNMB (n ⫽
15) than in CMB [n ⫽ 13; median, 8.74 cm3 (95% CI, 5.71–11.73
cm3) versus 2.31 cm3 (95% CI, 1.12–5.74 cm3); P ⫽ .01; AUC 0.83
(95% CI, 0.68 – 0.98)]. DNMBs were less frequently in contact
with the fourth ventricle than CMBs [4 of 15 versus 7 of 13; P ⫽
.04; positive predictive value to identify CMB correctly, 63.6%
(95% CI, 39.7%– 82.3%); AUC, 0.7 (95% CI, 0.5– 0.9)].

DISCUSSION
According to the recent revision of the WHO classification of
brain tumors, the definition of genetic and histologic features of
medulloblastoma is a prerequisite for a proper diagnosis of this
tumor.5 In both pediatric and adult patients, genetically and histologically defined entities were determined to be relevant for
prognosis and patient outcome. Therefore, precise characterization of medulloblastomas can facilitate the design of personalized
therapies.14,15,20 Biomarkers based on standard MR imaging
techniques have been successfully applied in the diagnosis of numerous brain lesions, including medulloblastomas.13,22-27
As part of the criteria of Chang et al,17 MR imaging morphometric analyses are well-established for medulloblastomas and are
relevant in the prognosis of both adult and pediatric cohorts.28
However, entities of adult medulloblastomas seem to behave differently from the same entities in pediatric cohorts.10,12,14 To our
knowledge, this is the first study to date that analyzes MR imaging
biomarkers for genetic entity discrimination of exclusively adult
patients with medulloblastoma in comparison with a pediatric
cohort. The imaging criteria used in this study differ slightly from
those presented in the study of Perreault et al.14 Because the present
AJNR Am J Neuroradiol 38:1892–98
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The cohort of adult medulloblastomas included in this study did not contain any SHH-activated TP53 mutated
cases or patients with large cell/anaplastic or extensively nodular histology,
which are all common in pediatric cohorts.4 Similarly, the relative frequencies
of genetically defined medulloblastoma
entities in this cohort differed from those
in pediatric cohorts but were concordant
with other adult cohorts.9,12,14,16
As a main result of our study, WNTactivated genetic entities of adult patients with medulloblastoma could be
differentiated from SHH-activated TP53
wild type and non-SHH/non-WNT
Group 4 medulloblastomas by a combination of MR imaging biomarkers.
Adult WNT-activated tumors were observed to be correlated to several imaging biomarkers, which might be described as their radiophenotype. At the
time of tumor detection (and thus of
neurologic symptoms), WNT tumors
are in contact with the fourth ventricle,
but without Chang M-stage ⱖ2 and are
of small volume (lower Chang T-stages),
in consequence without hydrocephalus. This finding might suggest that
early midline location at the fourth
ventricle induces neurologic symptoms,
which allow diagnosis despite low tumor
size. In contrast, most SHH-activated or
non-SHH/non-WNT tumors were larger,
multilocular, or focally metastatic and
associated with hydrocephalus. Smaller,
monofocal tumors can be more easily resected in total. This characteristic may also
partially explain a frequently identified
higher survival in these patients.27 Most
interesting, an association of WNT-activated medulloblastomas in the lower
FIG 1. Characteristic imaging features of genetic medulloblastoma entities. Sagittal sections on
rhombic lip could only be confirmed for a
the left; transverse sections on the right. A, Typical WNT-activated medulloblastoma, relatively
small, in contact with the fourth ventricle (tumor margins marked with white arrows), no hydro- minority of tumors in this trial, despite the
cephalus. B, SHH-activated medulloblastoma with large tumor volume and macrometastases embryologic association of WNT-activa(sagittal image, white arrow) and large edema volume (transverse image, white arrow) and hy- tion within the lower rhombus.
drocephalus (sagittal image, black arrow). C, Non-SHH/non-WNT Group 4 tumor showing macThe combination of 3 of 6 identirometastases (sagittal image, white arrows), hydrocephalus, and hemorrhage (transverse image,
black arrows) as distinguishing features.
fied imaging biomarkers, hemorrhage,
subependymal macrometastases, and
study was a multicenter study, sequence parameters and image qualhydrocephalus, allowed an optimal discrimination of WNT-acity varied among the centers; these differences make the analysis
tivated medulloblastomas from the other 2 genetic entities in our
more difficult.14 In detail, the pediatric comparative cohort did not
cohort. All MR imaging biomarkers relevant for genetic entity
differentiate between 2 of the biomarkers in our cohort (“contact
discrimination in this cohort were, however, different from those
with the fourth ventricle” and “vermis/midline location”) and did
identified for the comparative pediatric cohort. The pediatric conot include the Chang criteria or hydrocephalus. Remarkably, no
hort did not differentiate between 2 of the biomarkers in our
coherent MR imaging biomarkers for the same genetic entities could
cohort (contact with the fourth ventricle and vermis/midline location). Contact with the fourth ventricle is, therefore, a pseudobe identified between adult and pediatric cohorts.
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consistent biomarker between both cohorts because it was linked
to the criterion midline location in the pediatric cohort, which
was not identified as a biomarker in our study.
Commonly, medulloblastoma location is stratified into medial, cerebellopontine, and hemispheric lesions. However, attempts to use location criteria as biomarkers for differentiation of
genetic medulloblastoma entities have yielded only inconsistent
results.14,29-31 Our cohort also exhibits this inconsistency, because no significant association between genetic entities and tumor location was observed. This may suggest that these location
categories are not useful as biomarkers in adult medulloblastomas. A lack of association between cerebellar location and genetic
entity is, to some extent, in conflict with findings that suggested
that different medulloblastoma genetic entities had a spatially and
cytologically distinct tumorigenesis.7,29,32
Classic morphologic tumor criteria such as signal homogeneity were not significantly associated with genetic entities in our
study. This finding was strikingly different from the data of
Perreault et al,14 in which sharpness of tumor margins, enhancement pattern, and location categories were highly predictive of
genetic entities (though tumor margins later proved not an adequate MR imaging biomarker when tested with the validation
cohort of the pediatric study). Hemorrhage was the only classic
morphologic tumor criterion in our cohort that exclusively occurred in Group 4 tumors. However, hemorrhage was also reported in WNT-activated medulloblastomas.27,33 Therefore, this
MR imaging biomarker should be re-evaluated in a larger independent cohort.
Considering the substantial amount of genetic and chromosomal factors investigated in this study, it remains surprising how
many of these factors apparently do not result in a particular
radiophenotype, especially when considering chromosomal aberrations. It can thus be postulated that the biologic impact of these
factors cannot be quantified by standard MR imaging sequences.
Quantitative MR imaging sequences and multifactorial computerassisted image data analyses may, however, allow a better identification of biomarkers.34
As a limitation of our study, the comparative pediatric cohort
comprised 4 adults (besides 43 children). However, the main limitation is the small size of our cohort. All findings regarding imaging biomarkers must, therefore, be taken as hypothesis-generating and should be tested for their validity in larger cohorts in the
future. Different from our comparative pediatric cohort, in the
discovery cohort of Perreault et al,14 no validation cohort was
available to test the identified MR imaging biomarkers for adult
medulloblastoma genetic entity differentiation in a blinded setting. Further research is needed to determine why biomarkers for
medulloblastoma entities in pediatric patients differed from adult
biomarkers identified in this study and also why classic tumor
imaging criteria were usually not relevant as MR imaging biomarkers in this study. Possible reasons can be statistical effects due
to a small cohort size, different methods of image assessment, but
also a true lack of influence of the genetic entity on medulloblastoma radiophenotype. An international prospective trial with
larger patient numbers is planned and will be an opportunity to
elaborate on these open questions.

CONCLUSIONS
Several MR imaging biomarkers could be identified in this cohort
of adult patients with medulloblastoma and allowed successful
presurgical discrimination of genetically as well as histologically
defined medulloblastoma entities. MR imaging biomarkers used
in differentiation of medulloblastomas in adults seem distinct
from biomarkers in children. Both findings will need to undergo
further validation by radiogenomic analyses of larger medulloblastoma cohorts.
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CLINICAL REPORT

ADULT BRAIN

Multinodular and Vacuolating Neuronal Tumor of the
Cerebrum: A New “Leave Me Alone” Lesion with a
Characteristic Imaging Pattern
X R.H. Nunes, X C.C. Hsu, X A.J. da Rocha, X L.L.F. do Amaral, X L.F.S. Godoy, X T.W. Watkins, X V.H. Marussi, X M. Warmuth-Metz,
X H.C. Alves, X F.G. Goncalves, X B.K. Kleinschmidt-DeMasters, and X A.G. Osborn

ABSTRACT
SUMMARY: Multinodular and vacuolating neuronal tumor of the cerebrum is a recently reported benign, mixed glial neuronal lesion that
is included in the 2016 updated World Health Organization classiﬁcation of brain neoplasms as a unique cytoarchitectural pattern of
gangliocytoma. We report 33 cases of presumed multinodular and vacuolating neuronal tumor of the cerebrum that exhibit a remarkably
similar pattern of imaging ﬁndings consisting of a subcortical cluster of nodular lesions located on the inner surface of an otherwise
normal-appearing cortex, principally within the deep cortical ribbon and superﬁcial subcortical white matter, which is hyperintense on
FLAIR. Only 4 of our cases are biopsy-proven because most were asymptomatic and incidentally discovered. The remaining were followed
for a minimum of 24 months (mean, 3 years) without interval change. We demonstrate that these are benign, nonaggressive lesions that do
not require biopsy in asymptomatic patients and behave more like a malformative process than a true neoplasm.
ABBREVIATIONS: DNET ⫽ dysembryoplastic neuroepithelial tumor; MVNT ⫽ multinodular and vacuolating neuronal tumor of the cerebrum

M

ultinodular and vacuolating neuronal tumor of the cerebrum
(MVNT) was first described in 2013 as a benign seizure-associated lesion with a characteristic histopathologic appearance.1
The most recent (2016) World Health Organization Classification of Tumors of the Central Nervous System2 includes MVNT as a
unique cytoarchitectural pattern of gangliocytoma, though to
date, it remains unclear whether MVNT is a true neoplastic process or a dysplastic hamartomatous/malformative lesion.2,3
Only a few cases of MVNT have been reported in the neuropathology literature.1,3-6 We report 33 cases of presumed MVNT
that exhibit a remarkably similar pattern of imaging findings that,

Received February 18, 2017; accepted after revision May 3.
From the Division of Neuroradiology (R.H.N., A.J.d.R., L.L.F.d.A., H.C.A.), Santa Casa
de Sao Paulo School of Medical Sciences, Sao Paulo, Brazil; Division of Neuroradiology (R.H.N., A.J.d.R.), Diagnosticos da America SA, Sao Paulo, Brazil; Department
of Medical Imaging (C.C.H., T.W.W.), Princess Alexandra Hospital, Brisbane,
Queensland, Australia; Division of Neuroradiology (L.L.F.d.A., V.H.M.), Medimagem,
Hospital da Beneﬁcencia Portuguesa de Sao Paulo, Sao Paulo, Brazil; Department
of Radiology (L.F.S.G.), Hospital Sirio Libanes, Sao Paulo, Brazil; Department of Radiology (L.F.S.G.), Medical School, Universidade de Sao Paulo, Sao Paulo, Brazil; Department of Neuroradiology (M.W.-M.), University Hospital Würzburg, Würzburg,
Germany; Department of Radiology (F.G.G.), Children’s Hospital of Brasilia, Brasilia,
Brazil; Department of Pathology (B.K.K.-D.), University of Colorado, Aurora, Colorado; and Department of Radiology (A.G.O.), University of Utah, Salt Lake City,
Utah.
Please address correspondence to Renato Hoffmann Nunes, MD, Santa Casa
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in many of our cases, were followed for years without demonstrating interval change. Only 4 of our cases were biopsy-proven because most were asymptomatic and incidentally discovered.
In this article, we describe the nearly pathognomonic imaging
appearance of MVNTs and suggest that these are nonaggressive
“leave me alone” brain lesions, which do not require either biopsy
or resection.

CASE SERIES
Case Selection
Fifty-three cases of presumed MVNTs were collected from the
MR imaging archives of the multinational contributing authors.
Imaging was performed between July 2006 and November 2016.
All cases were characterized as a subcortical or juxtacortical lesion
consisting of a small cluster of nodules (Fig 1). Patient records for
each case were retrospectively reviewed, and demographic features,
clinical symptoms prompting initial imaging, histopathology reports, and follow-up studies or subsequent development of neurologic symptoms were noted by each contributing author. Cases that
did not have either biopsy proof or follow-up of at least 24 months
were later excluded, resulting in 33 patients.

Imaging Analysis
All imaging studies were performed on either a 1.5T or a 3T scanner. In all studies, sequences performed included sagittal T1WI,
axial FLAIR, and DWI. Depending on the scanner used, either a
gradient-echo sequence or a susceptibility-weighted imaging sequence was performed. Thin-section steady-state sequences (FIESTA,
AJNR Am J Neuroradiol 38:1899 –904
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FIG 1. Typical imaging presentation on FLAIR. Selected axial (A–C) and coronal (D) FLAIR images of presumed MVNT demonstrate supratentorial
hyperintense intra-axial lesions consisting of groups of multiple nodules, located on the subcortical ribbon and superﬁcial subcortical white
matter following the gyral contour. The images illustrate the variability in the size and location of the lesions and the degree of surrounding
signal change (A, Case 21. B, Case 23. C, Case 7. D, Case 19).
Summary of ﬁndings of patients with presumed MVNT
Demographics
Clinical data

33 patients; mean age, 39 yr; female/male ratio (1.4:1)
Nonfocal headache (n ⫽ 16), possible seizure (n ⫽ 8),
other reasons (n ⫽ 9)
Follow-up scan 24–144 mo (mean, 36.8 mo)
Parietal lobe (n ⫽ 9), frontal lobe (n ⫽ 8), temporal
lobe (n ⫽ 6), occipital lobe (n ⫽ 2), ⬎1 lobe (n ⫽ 8)

Location
MRI ﬁndings (total)
Hyperintense lesions on T2WI in comparison with the normal white matter
Hyperintense lesions on FLAIR in comparison with the CSF
Hypointense lesions on thin-section T2WI in comparison with the CSF
Presence of abnormal white matter signal surrounding the bubble-like lesions
Contrast enhancement
Restricted diffusion or blooming on susceptibility-weighted imaging

balanced FFE, CISS) were occasionally acquired. Gadolinium-enhanced T1WI was performed in all patients. Three neuroradiologists
(R.H.N., A.J.d.R., and A.G.O., with 5, 22, and ⬎35 years of experience, respectively) reviewed all individual cross-sectional images in a
consensus analysis. Location, configuration, lesion size, and signal
intensity on T1WI and T2WI, FLAIR, DWI, thin-section steady-state
sequences, and postgadolinium T1WI were tabulated.

RESULTS
Demographic Data
Patient demographics, clinical presentation, and imaging findings
in all 33 patients are summarized in the Table and detailed in the
On-line Table. Patient ages ranged from 8 to 63 years, with a mean
of 39 years (median, 41 years) at the time of initial diagnosis.
There were 19 females and 14 males (female/male ratio, 1.4:1).

Imaging Findings
Size and Conﬁguration. All lesions consisted of groupings of
multiple (3 to ⬎10) tiny discrete, sharply marginated, round or
ovoid intra-axial nodules, ranging from 1 to 5 mm in diameter.
They were all supratentorial and located on the inner surface of
an otherwise normal-appearing cortex. The lesions often surrounded a sulcus, principally within the deep cortical ribbon and
superficial subcortical white matter (Figs 1–3). Overall lesion size
ranged from to 7 to 57 mm in maximum diameter, and mass effect
was minimal or absent.
Location. Nine of 33 (27%) lesions were located in the parietal
lobe, 8 (24%) were confined to the frontal lobe, and 6 (18%) were
1900
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33 (100%)
33 (100%)
21 (100%)
15 (45%)
1 (3%)
0 (0%)

isolated to the temporal lobe. Only 2 lesions were located in the
occipital lobe (4%). Eight (24%) affected more than 1 lobe.
Signal Intensity. Twenty-nine nodules (88%) were mildly hypo-/
isointense relative to normal white matter, while the remainder
were hypointense on T1-weighted spin-echo sequences. All nodules did not suppress on FLAIR (Figs 2– 4) and were hyperintense
on T2WI to normal white matter and hypointense in comparison with CSF. The differences in signal intensity on T2WI
were better demonstrated on thin-section steady-state sequences (Fig 2), which were available for review in 21 patients
(64%). The white matter surrounding or adjacent to the small
nodules appeared normal in nearly half of patients (18/33). In
45%, confluent T2/FLAIR hyperintensity that spared the overlying cortex was present (Figs 1–3). No lesions exhibited restricted diffusion (Fig 3), and none showed blooming on susceptibility-weighted imaging.
Contrast Enhancement. Post-contrast enhancement was absent
in all (Fig 3) except 1 lesion (97%). This lesion displayed a very
subtle focus of enhancement along its medial margin.

Clinical Data
Presenting symptoms included nonfocal headache (n ⫽ 16) and
suspected seizure (n ⫽ 8). Nine patients were scanned for other
reasons, such as Bell’s palsy, glioma, meningioma follow-up, neuroimaging surveillance of patients with known skin melanoma,
and psychiatric evaluations.
Follow-up scans were available in all except 3 cases (all

of which were biopsy-proven), ranging from 24 to 144
months (mean, 36.8 months) following initial imaging. All
(100%) were clinically indolent and unchanged in size or
appearance.

Pathologic Findings

Because of their benign appearance and lack of relationship to
specific clinical symptomatology, in most cases, the lesions were
thought to be incidental. However, in 4 patients, the presenting
clinical symptoms were potentially attributed to the identified lesion.
In 1 (case 10), even though the presenting symptoms (psychiatric) did not
correlate with the lesion location, the
neurosurgeons decided to resect the lesion to exclude a worrisome pathologic
condition. Although initially the pathologic analysis was called “inconclusive,”
subsequent re-analysis of the slides
showed multiple glioneuronal hamartomas fitting the histopathologic description of MVNT.
Another patient (case 26) presented
with isolated seizure localized to the
right temporal region, which correlated
with the location of the subcortical lesion. The lesion was resected and the patient’s symptoms resolved. Again, the
initial pathologic analysis was called “inconclusive”; however, re-analysis of the
FIG 2. A 47-year-old woman who presented with nonfocal headache (case 1). Axial FLAIR (A) and histopathology showed 2 small areas of
coronal T2-weighted I (B) MR images demonstrate a left temporoparietal hyperintense subcortical lesion (arrows). The lesion had ill-deﬁned borders, and the surrounding white matter appeared abnormal tissue consisting of glial and
slightly hyperintense on T2/FLAIR. After 60 months of clinical stability, the study was performed neuronal cells in a rarified background
on a 3T scanner. Coronal FLAIR (C), FLAIR 3D reconstruction (D), selected coronal T2WI (E), and of focal microcyst formation, consisselected axial thin-section T2WI (F) show the unchanged lesion located on the inner surface of
otherwise normal-appearing left temporoparietal cortex surrounding a sulcus. The groups of tent with the histopathologic descripmultiple coalescent intralesional and perilesional nodules are better depicted. The images tion of MVNT.
illustrate that the signal changes previously demonstrated in the surrounding white matter
In another (case 31), the patient
consist of innumerable very tiny nodules clustered together, sparing the overlying cortex.

FIG 3. Most prevalent MR imaging presentations. A 50-year-old asymptomatic man with a history of skin melanoma (case 15). A–E, Selected axial
MR images show a right frontal subcortical lesion consisting of groups of multiple nodules, hyperintense on FLAIR/T2WI (A and B). Selected axial
thin-section T2WI (C) depicts mild hypointensity in comparison with the CSF. High signal is seen on an axial DWI (D) with high ADC values (not
shown) due to the T2-shinethrough effect. No abnormal enhancement is depicted (E). No changes were detected on imaging follow-up after 25
months (not shown). A 41-year-old man who presented with nonfocal headache (case 8). F–J, Selected axial MR images reveal a left opercular
subcortical lesion consisting of groups of multiple nodules, hyperintense on FLAIR/T2WI (F and G). High signal is seen on an axial DWI (H) with
high ADC values (I) due to the T2-shinethrough effect. No abnormal enhancement is depicted (J). No changes were detected on imaging
follow-up after 24 months (not shown).
AJNR Am J Neuroradiol 38:1899 –904
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FIG 4. A 53-year-old male patient with temporal lobe epilepsy (case 31). A–D, MR imaging demonstrates a probable MVNT in the left parahippocampal gyrus (arrows). E, FDG-PET MR brain imaging shows focal hypometabolism in the left medial temporal lobe corresponding to the site
of suspected lesion. F and G, Hematoxylin-eosin-stained histopathology slides demonstrate the abnormal clustering and vacuolation of the
neuronal cells. Images were obtained with 20⫻ magniﬁcation (F) and 200⫻ magniﬁcation (G).

sented with headaches (Fig 5). Brain MR
imaging was performed and demonstrated a left frontal lobe lesion suggestive of MVNT. Histopathology and immunohistochemical stains confirmed
the diagnosis.

DISCUSSION
MVNTs are distinctive neuronal lesions
first described by Huse et al1 in 2013 in a
small case series of 10 patients. Since
then, an additional 5 cases have been
reported in the neuropathology literature.3-6 Because so few reported cases
FIG 5. A 43-year-old male patient with headaches (case 33). A, Axial FLAIR image demonstrates a were available, the new 2016 World
left frontal lobe lesion (arrow) consisting of multiple coalescent T2 and FLAIR hyperintense
Health Organization Classification of
nodules located in the deep cortical ribbon and without mass effect. B, Low-power photomicrograph with immunohistochemistry staining for neuroﬁbrillary protein shows positive staining CNS neoplasms recognized MVNT as
between variably sized nonstaining vacuolating nodules.
an entity but provisionally included it as
a unique cytoarchitectural pattern of
presented with temporal lobe epilepsy. MRI evaluation showed
gangliocytoma, noting that it was unclear whether it is a truly
a lesion in the left parahippocampal gyrus (Fig 4). Surgical
neoplastic or dysplastic lesion.2 This article examines the imaging
resection of the lesion was performed and histopathology analand clinical spectrum of a large series of presumed MVNTs and
ysis revealed abnormal brain tissue in the left parahippocampal
delineates classic imaging findings of MVNT in an effort to pregyrus that included a population of cells showing neuronal
vent misdiagnosis and unnecessary biopsy.
features, many of which had vacuolation of a perikarya and a
Published cases1,3-6 share similar histopathologic features,
degree of clustering. Immunohistochemical stains confirmed a
showing neuroepithelial cells with conspicuous stromal vacuoladegree of nodularity and a weak immunoreactivity for synaption arranged in nodules principally within the deep cortical ribtophysin on many neuronal cells, but most appeared negative
bon and superficial subcortical white matter. These dysplastic
for neuronal nuclear protein and neurofilament protein. There
cells typically orient perpendicular to the cortical surface, which
was variable background of positive dendritic staining for
correlates well with the radiologic appearance of clusters or a linCD34. The lesion was also negative for IDH1-R132H mutation
ear array of juxtacortical nodules. The constituent dysplastic cells
antibody, and staining was normal for ATRX and p53. The Ki67
exhibit immunopositivity for HuC/HuD and Olig2, associated
proliferation refraction was very low, and staining for GFAP
with neurogenesis at an earlier stage of neuronal development.
showed varying background gliosis. Findings supported the
However, they show negativity or weak positivity for neuronal
diagnosis of MVNT.
lineage markers that are present in mature neurons, therefore,
In the other pathology-proven case (case 33), the patient prerevealing an early neuronal immunophenotype. To date, genetic
1902
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FIG 6. MVNT typical presentation graphic illustration. Schematic coronal view depicts a nodular “bubbly-appearing” lesion located on the
inner surface of otherwise normal-appearing left temporal lobe cortex within the deep cortical ribbon and superﬁcial subcortical white
matter. Reprinted from Osborn’s Brain9 with permission from
Elsevier.

analyses have failed to demonstrate characteristic molecular
changes that specify a particular tumor subtype.1,3-6 More recently, MVNTs have been shown to demonstrate overexpression
of ␣-internexin, which is a major component of neurofilaments in
interneurons and cerebellar granule cells. INA expression is seen
in developing immature neurons. Again, these findings support
the hypothesis that MVNT may represent a dysplastic early neuronal phenotype and may fall into a category between cortical
malformation and harmatomatous lesions, which behave in a benign fashion.3,6
MVNTs exhibit a highly characteristic appearance on MR
imaging. All lesions in our series consist of a cluster of variably
sized nodular lesions located on the subcortical ribbon and
superficial subcortical white matter following the gyral contour (Fig 6). They appear hyperintense on T2WI, do not suppress on FLAIR, and typically do not enhance or cause mass
effect (Figs 2– 4). Our findings are in accordance with those in
the cases in the pathology literature.1,3-6 The nonsuppression
on FLAIR and the slightly hypointense signal compared with CSF on
T2-weighted sequences observed in this series are possibly related to
a high protein or solid component within the vacuolated areas. In
almost half of our patients, the subcortical white matter adjacent to
the small nodules are hyperintense on T2/FLAIR; this appearance is
likely due to coalescence of many smaller clustered nodules and partial volume averaging (Fig 2), sometimes resembling a mass-like lesion as previously described.3-6
Most of our cases were imaged before the description of
MVNT in the 2016 World Health Organization Classification
and were initially diagnosed as enlarged perivascular spaces,
focal cortical dysplasia, or dysembryoplastic neuroepithelial
tumor (DNET). Although MVNT may have some overlapping

imaging features with DNET and other cortically based tumors, the absence of cortical involvement and prominent mass
effect and intra- or perilesional tumor nodules help to distinguish MVNTs.3,6,7 Enlarged perivascular spaces may also have
some similar imaging features; however, they typically exhibit
CSF-like signal on all sequences, while MVNTs do not suppress
on FLAIR. Prominent perivascular spaces that are below the resolution of 1.5 or 3T MR imaging may not suppress on FLAIR, but this
pattern is usually described as an abnormal white matter signal surrounding other typical enlarged perivascular spaces, particularly in
the anterior temporal region.8
While the most common clinical manifestation was an episode of seizure in the neuropathology literature,1,3-6 in this
series, possible seizure was only observed in a few patients
(19%) and the remainder presented with nonspecific, nonfocal
clinical manifestations. Most MVNTs are usually an incidental
finding on imaging studies and may be more common than
other neuronal and mixed glioneuronal tumors. The true prevalence of this lesion in asymptomatic individuals may have
been underestimated in the neuropathology literature due to
reporting bias because most are probably not resected.
It is still not clear whether multinodular and vacuolating neuronal tumor represents a neoplasm or malformation2; however,
on the basis of our results, given the long stability of the imaging
findings and clinical course, it is apparent that MVNT behaves in
a benign, nonaggressive manner that is more like a hamartomatous lesion than a neoplasm. Imaging findings of MVNT are
highly suggestive of the diagnosis. While a few MVNTs may be
causative of seizure disorders and therefore require excision for
clinical management, akin to DNET, most are asymptomatic lesions that are “leave me alone” entities. These lesions usually do
not require biopsy, resection, or follow-up imaging unless and
until it can be demonstrated that the visualized lesion is responsible for the symptoms.
Our retrospective study had clear limitations. Only half of our
patients had adequate imaging follow-up to confirm stability with
time. Another major limitation is that histopathology was only
available for 4 cases. Nevertheless, the imaging findings of all presumed MVNTs were strikingly similar to the ones described in the
neuropathology literature.

CONCLUSIONS
This large case series describes the typical MRI appearance of MVNT
characterized by subcortical cluster of FLAIR hyperintense nodular
lesions located on the inner surface of an otherwise normal-appearing cortex without enhancement or significant mass effect. Although
the true nature of MVNT remains to be fully elucidated, the histopathology literature to-date favors a malformative lesion over a neoplasm. We emphasize that MVNT is a “leave me alone” brain lesion.
When incidentally discovered, MVNT can be sufficiently managed
on surveillance imaging to ensure stability and unnecessary surgery
or biopsy should be avoided.
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Age, Sex, and Racial Differences in Neuroimaging Use in Acute
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ABSTRACT
BACKGROUND AND PURPOSE: Limited information is available regarding differences in neuroimaging use for acute stroke work-up. Our
objective was to assess whether race, sex, or age differences exist in neuroimaging use and whether these differences depend on the care
center type in a population-based study.
MATERIALS AND METHODS: Patients with stroke (ischemic and hemorrhagic) and transient ischemic attack were identiﬁed in a metropolitan, biracial population using the Greater Cincinnati/Northern Kentucky Stroke Study in 2005 and 2010. Multivariable regression was
used to determine the odds of advanced imaging use (CT angiography/MR imaging/MR angiography) for race, sex, and age.
RESULTS: In 2005 and 2010, there were 3471 and 3431 stroke/TIA events, respectively. If one adjusted for covariates, the odds of advanced
imaging were higher for younger (55 years or younger) compared with older patients, blacks compared with whites, and patients presenting
to an academic center and those seen by a stroke team or neurologist. The observed association between race and advanced imaging
depended on age; in the older age group, blacks had higher odds of advanced imaging compared with whites (odds ratio, 1.34; 95% CI,
1.12–1.61; P ⬍ .01), and in the younger group, the association between race and advanced imaging was not statistically signiﬁcant. Age by race
interaction persisted in the academic center subgroup (P ⬍ .01), but not in the nonacademic center subgroup (P ⫽ .58). No signiﬁcant
association was found between sex and advanced imaging.
CONCLUSIONS: Within a large, biracial stroke/TIA population, there is variation in the use of advanced neuroimaging by age and race,
depending on the care center type.
ABBREVIATION: GCNKSS ⫽ Greater Cincinnati/Northern Kentucky Stroke Study

S

troke is the fifth leading cause of death and a leading cause of
disability in the United States.1 According to national mortality statistics from the Centers from Disease Control and Preven-
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tion, racial disparities in mortality were largest for stroke, among
the leading causes of death.2 The National Health and Nutrition
Survey Epidemiologic Follow-Up Study3 estimated that mortality
due to cerebrovascular disease accounted for 28% of the difference in total mortality rates between blacks and whites. During
2010 –2013, stroke mortality among those aged 45 and older varied by age and race. There was a markedly higher stroke death rate
in non-Hispanic black individuals than in any of the other raceethnicity groups, and a greater portion of their stroke deaths occurred at younger ages (45– 64 years).4 Studying trends in stroke
incidence and case fatality is critical for the planning, implementation, and evaluation of the public health effort to decrease the
burden of stroke in the United States.
Previous studies have shown compelling sex, racial, and socioeconomic disparities in the treatment and outcomes among patients with acute stroke.5-7 Generally, racial minorities and
women with acute stroke have lower quality hospital care,5,8-13
including the use of imaging. These disparities can contribute to
inequality in stroke outcomes and are a top research priority of
AJNR Am J Neuroradiol 38:1905–10
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the National Institute of Neurologic Disorders and Stroke. The
management of stroke begins with the appropriate diagnostic
work-up. Imaging is an important component in both evaluation
and decision-making in patients presenting with suspected acute
stroke. In particular, early vascular imaging, such as CTA/MRA, is
now critical for clinical decision-making in patients potentially
eligible for endovascular therapy, and urgent brain MR imaging
and vascular imaging are recommended in suspected transient
ischemic attack.14 Although numerous publications have highlighted the disparities in stroke care, very limited data describe
demographic differences in neuroimaging use in a population.
These observations motivated us to examine data from a large
population-based cohort for evidence of systematically different
imaging work-up in patients with stroke based on race, sex, or age.
If the sources and causes of disparities in stroke care are recognized, these can then inform the setup of programs and initiatives
to improve stroke care. This information will also be critical as we
transition to value-based health care.
The Greater Cincinnati/Northern Kentucky Stroke Study
(GCNKSS) is designed to investigate stroke incidence rates and
case fatality in a biracial population (blacks and whites) of a
5-county region that includes the city of Cincinnati. Our objective
was to assess whether race, sex, or age differences exist in neuroimaging use in routine acute stroke practice within this large,
metropolitan, population-based cohort and whether these differences depend on care center type.

MATERIALS AND METHODS
Study Design/Study Population
This was a retrospective, population-based study of all adults (20
years of age and older) with acute stroke among residents of a
5-county region of Southwest Ohio and Northern Kentucky during 2005 and 2010. Patients with acute stroke (ischemic and hemorrhagic) and TIA were identified in a population of 1.3 million
served by 15 different inpatient hospitals in the Greater Cincinnati/
Northern Kentucky area. The GCNKSS involved ascertainment of all
stroke events that occurred in the population in 2005 and 2010.

Methodology and Study Population of the GCNKSS
The detailed methodology of GCNKSS has been published before.15 The study population is defined as all residents of the
Greater Cincinnati/Northern Kentucky region, which includes 2
Southern Ohio counties and 3 contiguous Northern Kentucky
counties that abut the Ohio River. The study population of the
Greater Cincinnati/Northern Kentucky region consists of ⬍3%
Hispanic and other minorities; all self-identified black or white
subjects were included in our analysis. There were 2 methods
of screening: retrospective review of discharge diagnoses and prospective monitoring of emergency department visits and admission lists. To qualify as an incidence case, a person must have met
the criteria for 1 of the 5 stroke/TIA subcategories, lived at a zip
code within the 5-county region at the time of stroke onset, and
had the onset of stroke in 2005 (between January 1, 2005, and
December 31, 2005) or 2010 (between January 1, 2010, and December 31, 2010). Strokes were classified as first-ever or recurrent
on the basis of evidence of prior clinical stroke in the medical
record. The date and type of each prior stroke or TIA were re1906
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corded, and any neurologic deficit present before the current
stroke or TIA was documented. We have current institutional
review board approval at all the regional hospitals.

Clinical and Imaging Data Abstraction
Screening. Screening techniques were identical in both the 2005
and 2010 study periods. Study nurses prospectively screened the
medical records of all inpatients with primary or secondary
stroke–related International Classification of Diseases, 9th Revision
discharge diagnoses from the 15 acute care hospitals in the study
region. The International Classification of Diseases, 9th RevisionClinical Modification codes (both primary and secondary discharge diagnoses) for retrieving medical records included 430 –
436. In addition, strokes not found by inpatient screening were
ascertained by monitoring all stroke-related visits to hospital
emergency departments (with the exception of the Cincinnati
Children’s Hospital Medical Center). Patient charts and imaging
records abstracted by research nurses were reviewed by study physicians. Study physicians reviewed every abstract to verify whether
a stroke or TIA had occurred and then assigned a stroke category
and mechanism to each event on the basis of all available information, using definitions described previously.16
Stroke Case Adjudication. Study nurses and physicians were
trained extensively before case review, and detailed instructions
guided reviewers on screening, abstraction, and case review. Specifically, study physicians reviewed all data from each case, including clinical scenarios, presenting symptoms, and imaging (CT
and/or MR imaging reports, and images if physician-requested).
In addition, senior investigators reviewed a select sample of cases
from all physician reviewers to ensure accuracy of case ascertainment, and any discrepancies or questionable cases were resolved
by senior investigators.
We included all acute ischemic or hemorrhagic stroke or TIA
cases ascertained in the hospital setting, including all emergency
departments and inpatient services (direct admissions and inhospital events). The cases included in this analysis were restricted
to hospitalized patients because the collection of outpatient imaging performed in a nursing home or physician’s office setting
was not pursued in the study. Socioeconomic status was determined by the percentage below the poverty level within a respondent’s US 2000 Census Tract of residence and dichotomized at
high poverty ⱖ20%.17

Data Analysis
The proportion of noncontrast CT, CT angiograms, MR imaging,
MR angiograms, and carotid sonograms within 2 days of stroke/
TIA symptom onset was computed by sex, age (55 or younger or
older than 55 years), and race (white or black) demographic
groups. We specifically used the 2-day limit to capture all imaging
performed for both acute stroke and TIA work-up. In our previous work,18 we found a trend toward an increased incidence of
ischemic stroke in the young (20 –54 years of age) for both black
and white patients. We used this same age limit (55 years) to
dichotomize the current study group into young versus old.
We used multivariable logistic regression to determine the
odds of advanced imaging use for the demographic variables of

interest (age, sex, and race), adjusting for additional covariates.
We defined advanced imaging as additional CT or MR imaging,
including CTA head and/or neck, MR imaging brain, and MRA
head and/or neck. Covariates included NIHSS score; an indicator
for high poverty (percentage below poverty level ⱖ20%); emergency department presentation; insurance; type of case (hemorrhagic, ischemic, or TIA); seen by the stroke team or neurologist;
type of care center (academic or nonacademic); and study year
(2005 or 2010). We defined “academic center” as one with a neurology residency program where neurology is the primary admitting service for patients with stroke. Interaction terms for study
year by age, sex, and race and age by race, age by sex, and race by
sex were evaluated in the model with a P ⬍ .05 considered statistically significant. Statistically significant interactions were described by stratification by the effect modifier. Last, we also stratified
cases on the basis of type of care center to evaluate whether any observed associations were consistent across the type of care center,
with further stratification by any significant effect modifiers.

TIA events with imaging data available in 3213 patients. Because
demographic differences in imaging use did not differ significantly between the calendar years 2005 and 2010, data for the 2
years were combined. The median age for the combined group
was 72 years, 20% were black, 57% were women, and the median
NIHSS score was 3 (Table 1). A higher proportion of men underwent MR imaging (55% versus 51%, P ⬍ .01) and MRA (36%
versus 31%, P ⬍ .01) compared with women, with no sex differences in the use of NCCT, carotid sonography, or CTA. A higher
proportion of blacks underwent NCCT (96% versus 92%), MR
imaging (59% versus 51%), and MRA (41% versus 31%) compared with whites (P ⬍ .01), with no racial difference in CTA.
Advanced imaging use (MR imaging, CTA, MRA) was higher in
younger (55 years or younger) compared with older patients
(older than 55 years) (68% versus 52%, P ⬍ .01), whereas older
patients underwent a higher proportion of carotid sonography
(43% versus 36%, P ⬍ .01) (Table 2).

Multivariable Analysis

RESULTS
In 2005, there were 3471 stroke/TIA events with imaging data
available in 3226 patients; and in 2010, there were 3431 stroke/
Table 1: Demographics and clinical characteristics overall and by
study yeara
All
2005
2010
(N = 6902)
(n = 3471)
(n = 3431)
Age (median) (IQR)
72 (59–81)
72 (59–81)
71 (58–82)
Race
Black
1355 (20%)
659 (19%)
696 (20%)
White
5505 (80%)
2791 (80%)
2714 (79%)
Other
42 (1%)
21 (1%)
21 (1%)
Sex, female
3906 (57%)
1968 (57%)
1938 (56%)
Percentage below
754 (11%)
399 (12%)
355 (10%)
poverty ⱖ20%
Care center
Academic
1026 (15%)
440 (13%)
586 (17%)
Nonacademic
5876 (85%)
3031 (87%)
2845 (83%)
ED presentation
6023 (87%)
2955 (85%)
3068 (89%)
Insurance
Any
6319 (94%)
3159 (95%)
3160 (93%)
Self-pay
415 (6%)
172 (5%)
243 (7%)
NIHSS (median) (IQR)
3 (1–7)
3 (1–7)
2 (1–6)
Case type
Hemorrhagic
821 (12%)
427 (12%)
394 (11%)
Ischemic
4412 (64%)
2147 (62%)
2265 (66%)
TIA
1669 (24%)
897 (26%)
772 (22%)
Seen by stroke team 4287 (62%)
2006 (58%)
2281 (66%)
or neurologist
Note:—IQR indicates interquartile range; ED, emergency department.
a
Data are No. (%) unless otherwise indicated.

After we adjusted for covariates, younger age (55 years or
younger) was associated with higher odds of advanced imaging
compared with older age (older than 55) (adjusted odds ratio,
1.90; 95% CI, 1.63–2.22; P ⬍ .01). Compared with white patients,
black patients had significantly higher odds of additional advanced imaging (OR, 1.27; 95% CI, 1.08 –1.49; P ⬍ .01). The odds
of advanced imaging were also higher if patients presented to an
academic center or were seen by a stroke team or neurologist. No
statistically significant association was found between sex and advanced imaging (Table 3). A higher NIHSS score was associated
with decreased advanced imaging (OR, 0.93; 95% CI, 0.92– 0.94;
P ⬍ .01).
We found a significant age-by-race interaction so that the association between race and advanced imaging was dependent on
age. After we adjusted for covariates, in the older age group, black
race was associated with higher odds of advanced imaging compared with white race (OR, 1.34; 95% CI, 1.12–1.61; P ⬍ .01).
However, in the younger age group, the association between race
and advanced imaging was not statistically significant (Table 3).
No statistically significant interactions were found between study
year and age, sex, and race, between age and sex, and between age
and race.
In subgroup analyses by type of center, the age-by-race interaction persisted in the academic center subgroup (P ⬍ .01), but
not in the nonacademic center subgroup (P ⫽ .58). In the academic center, in the older age group, black race was associated
with higher odds of advanced imaging compared with white race

Table 2: Unadjusted neuroimaging use for stroke/TIA work-up by sex, age, and race for combined study periods of 2005 and 2010a
Sex
Age (yr)
Race

NCCT
MRI
CTA
MRA
Any advanced imaging
Carotid sonography
a

Men
(n = 2996)
2778 (93%)
1633 (55%)
163 (5%)
1075 (36%)
1718 (57%)
1246 (42%)

Women
(n = 3906)
3649 (93%)
1983 (51%)
184 (5%)
1206 (31%)
2104 (54%)
1614 (41%)

P
Value
.26
⬍.01
.17
⬍.01
⬍.01
.82

55 or Younger
(n = 1343)
1265 (94%)
851 (63%)
130 (10%)
569 (42%)
916 (68%)
482 (36%)

Older Than 55
(n = 5559)
5162 (93%)
2765 (50%)
217 (4%)
1712 (31%)
2906 (52%)
2378 (43%)

P
Value
.08
⬍.01
⬍.01
⬍.01
⬍.01
⬍.01

Black
(n = 1355)
1296 (96%)
801 (59%)
81 (6%)
561 (41%)
847 (63%)
417 (31%)

White
(n = 5505)
5091 (92%)
2788 (51%)
263 (5%)
1703 (31%)
2948 (54%)
2425 (44%)

P
Value
⬍.01
⬍.01
.07
⬍.01
⬍.01
⬍.01
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Data are No. (%) unless otherwise indicated.
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Table 3: Multivariable model for advanced imaging (CTA/MRI/MRA) for stroke/TIA work-up in the overall group stratiﬁed by age
groups
Overall
55 yr or Younger
Older Than 55 yr
Age 55 yr or younger
Race, black (reference white)a
Sex, male
Academic
High poverty
ED presentation
Insurance (any, reference self-pay)
NIHSS score
Event type (reference TIA)
ICH/SAH
Infarct
Seen by stroke team or neurologist
Study year 2010 (reference 2005)

OR (95% CI)
1.90 (1.63–2.22)
1.27 (1.08–1.49)
1.06 (0.95–1.18)
1.43 (1.20–1.71)
0.85 (0.69–1.03)
1.95 (1.65–2.29)
0.91 (0.70–1.18)
0.93 (0.92–0.94)

P Value
⬍.01
⬍.01
.32
⬍.01
.10
⬍.01
.47
⬍.01

OR (95% CI)
–
1.02 (0.73–1.41)
1.06 (0.81–1.39)
1.21 (0.85–1.72)
0.71 (0.49–1.04)
2.74 (1.81–4.14)
0.90 (0.63–1.28)
0.93 (0.92–0.95)

P Value
–
.92
.69
.29
.08
.01
.56
⬍.01

OR (95% CI)
–
1.34 (1.12–1.61)
1.06 (0.94–1.20)
1.51 (1.22–1.85)
0.91 (0.73–1.15)
1.84 (1.54–2.19)
0.94 (0.64–1.39)
0.93 (0.92–0.94)

P Value
–
⬍.01
.31
⬍.01
.44
⬍.01
.76
⬍.01

1.22 (0.99–1.50)
2.51 (2.19–2.88)
2.33 (2.07–2.63)
1.66 (1.48–1.85)

.07
⬍.01
⬍.01
⬍.01

1.98 (1.26–3.12)
2.46 (1.78–3.41)
3.25 (2.38–4.43)
1.77 (1.35–2.33)

⬍.01
⬍.01
⬍.01
⬍.01

1.04 (0.82–1.33)
2.50 (2.16–2.91)
2.22 (1.95–2.53)
1.64 (1.46–1.85)

.72
⬍.01
⬍.01
⬍.01

Note:—ED indicates emergency department; ICH, intracranial hemorrhage.
a
Race by age group interaction (P ⫽ .04).

Table 4: Multivariable model for advanced imaging (CTA/MRI/MRA) for stroke/TIA work-up stratiﬁed by care center type and age
groups
Academic Center (n = 1026)a
Nonacademic Centers (n = 5876)b
55 yr or Younger

Older Than 55 yr

55 yr or Younger

Older Than 55 yr

P
P
P
P
OR (95% CI)
Value
OR (95% CI)
Value
OR (95% CI)
Value
OR (95% CI)
Value
0.56 (0.30–1.04)
.07 1.80 (1.19–2.72)
⬍.01
1.25 (0.82–1.89)
.29 1.27 (1.04–1.55)
.02
1.00 (0.58–1.72)
.99 1.25 (0.88–1.78)
.22
1.12 (0.82–1.54)
.48 1.05 (0.92–1.20)
.46
0.98 (0.51–1.85)
.94 0.74 (0.47–1.17)
.20 0.64 (0.40–1.03)
.07 0.98 (0.75–1.28)
.89
2.09 (0.89–4.91)
.09 1.79 (1.03–3.12)
.04 3.19 (1.94–5.24) ⬍.01
1.83 (1.52–2.20) ⬍.01
0.77 (0.45–1.33)
.35 0.84 (0.45–1.56)
.58 0.92 (0.57–1.47)
.73 0.99 (0.61–1.60)
.95
0.94 (0.92–0.97) ⬍.01 0.94 (0.92–0.95) ⬍.01 0.91 (0.89–0.94) ⬍.01 0.93 (0.92–0.94) ⬍.01

Race, black (reference white)
Sex, male
High poverty
ED presentation
Insurance (any, reference self-pay)
NIHSS
Event type (reference TIA)
ICH/SAH
0.99 (0.34–2.85)
Infarct
2.12 (0.93–4.88)
Seen by stroke team or neurologist 2.39 (1.02–5.56)
Study year 2010 (reference 2005)
3.84 (2.23–6.62)

.98
.08
.04
⬍.01

1.54 (0.80–2.96)
1.85 (1.10–3.11)
3.02 (1.75–5.20)
1.88 (1.31–2.68)

.20
.02
⬍.01
⬍.01

2.46 (1.40–4.34)
2.44 (1.68–3.55)
3.80 (2.68–5.38)
1.38 (1.00–1.90)

⬍.01
⬍.01
⬍.01
.05

0.87 (0.65–1.17)
2.58 (2.20–3.01)
2.21 (1.93–2.53)
1.61 (1.42–1.83)

.37
⬍.01
⬍.01
⬍.01

Note:—ED indicates emergency department; ICH, intracranial hemorrhage.
a
In the academic care center subgroup: race by age group interaction (P ⬍ .01).
b
In the nonacademic care center subgroup: race by age group interaction (P ⫽ .58).

(OR, 1.80; 1.12–1.61; P ⬍ .01). However, in the younger age
group, the association between black race and advanced imaging
was in the opposite direction and not statistically significant
(Table 4). In the nonacademic center, black race was associated
with higher odds of advanced imaging in both age groups (unstratified OR, 1.28; 95% CI, 1.07–1.53; P ⬍ .01).

DISCUSSION
The principal finding of our study is that younger patients (55
year or younger) and black patients were more likely to undergo
advanced imaging for acute stroke/TIA work-up. Although men
underwent a significantly higher proportion of MR imaging/
MRA in unadjusted analyses, this association was not present after
adjusting for covariates. Additionally, we did not find a significant
difference in the use of advanced imaging by insurance or socioeconomic status.
Prior studies have shown demographic differences in the use
of neuroimaging for acute stroke.15,19 Large variation was reported among English public hospitals, where younger patients,
men, and patients of higher socioeconomic status were more
likely to undergo brain imaging (NCCT or MR imaging).11 A
study using the Canadian Stroke Registry found that very elderly
1908
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patients were less likely to undergo carotid imaging compared
with younger patients with acute ischemic stroke, though there
was no association between age and the quality of stroke care.17 In
our analysis, a higher proportion of the older patients underwent
carotid sonography rather than CTA or MRA, compared with
younger patients. A possible explanation is that older patients are
less suitable candidates for carotid endarterectomy or carotid artery stent placement due to other comorbidities, including dementia; therefore, advanced vascular imaging is less likely to be
performed. Additionally, younger patients may have more stroke
mimics, leading to increased advanced imaging.
The strength of our study is that it is the largest populationbased dataset capturing detailed clinical information regarding
stroke care in the United States, and it is one of the few studies
with a substantial number of black patients. In addition, our dataset represents a large, metropolitan population representative of
the United States population with respect to median age, median
income, black race, female sex, and rate below the poverty
level.16,20
There is a distinct advantage in using a population-based
source of information regarding imaging use patterns. Popula-

tion-based epidemiologic studies of stroke fall into 2 broad
classes: 1) surveillance studies, and 2) cohort studies; both are
needed to fully understand stroke incidence and disparities. Just
as cohort studies are critical to the understanding of the causes of
stroke, surveillance studies are critical to determining the distribution of stroke; and both contribute to knowledge regarding
important public health trends in stroke. Similarly, administrative data provide complementary data to population-based studies by providing access to large numbers of cases with lower costs.
However, administrative data lack the ability to answer clinical
questions, have incomplete ascertainment, and have limited access to special populations. Registries, such as Get With the
Guidelines,21 provide more clinical information than purely administrative data, though they are still limited compared with
population-based studies. Providing data in these registries by
hospitals demonstrates a willingness to participate in stroke quality-improvement projects, indicating a bias at the hospital level.
Most surprising, in contrast to concerns that blacks may receive less diagnostic work-up, we found that overall, blacks received more advanced imaging than whites. A possible explanation is that in our population, the only large, academic hospital in
the region admits a greater proportion of black patients. Furthermore, the racial difference depended on age and type of care center, with potential differential access to stroke expertise. A retrospective analysis of US Department of Veterans Affairs Hospital
systems also suggested sites of care as a factor for disparities by
demonstrating that white patients at nonminority-serving hospitals had a significantly higher probability of undergoing carotid
imaging than either black or white patients at minority-serving
hospitals.22 In addition, there may be clinical differences between
strokes in blacks and whites in our study, including variations in
vascular risk factors prompting advanced imaging work-up. We
also found that the odds of advanced imaging were higher if patients were seen by a stroke team or neurologist, suggesting that
physician factors can have a substantial effect on imaging use.
This finding has also been demonstrated in a large retrospective
cohort study examining factors affecting the use of outpatient
imaging, where specialists ordered 43.6% compared with 27.5%
ordered by primary care physicians.23
Disparity in health care is being increasingly recognized;
hence, an overarching goal of the Healthy People 2020 initiative is
“to achieve health equity, eliminate disparities, and improve the
health of all groups” in the United States.24 A recent study demonstrated a significant gap between metropolitan and nonmetropolitan area hospitals, especially with the rate of recombinant tissue plasminogen activator administration and provision of stroke
education.25 Even more alarming is that this rural-urban geographic disparity gap in rtPA use is increasing.26 Several deficiencies contribute to the disparity in stroke care, including widespread geographic variation and access issues. Furthermore, the
prehospital recognition of stroke is lower among minority patients compared with non-Hispanic whites and, similarly, lower
for female compared with male patients,27 highlighting the importance of identifying all links in the chain of stroke care. Lack of
awareness, socioeconomic factors, cultural impediments, and potential existence of bias are additional barriers in the delivery of
care.5

Change in the incidence and outcome of a disease and the
reduction of clearly identified disparities in these rates and outcomes are the ultimate test of how well science has translated new
discoveries into benefits for the population. Because stroke is the
most frequent neurologic cause of death and a leading cause of
major disability, it should be a primary focus for neurologic surveillance studies. Understanding use of standard of care (NCCT)
versus advanced imaging (MR imaging/CTA/MRA) is important
because additional diagnostic imaging, including vascular imaging, can help guide treatment decisions and elucidate etiology and
recurrence risk in patients with stroke and TIA. The understanding of the differential use of imaging in various centers, different
age groups, and the “at-risk” population is crucial to designing
future interventions to reduce stroke risk and quantify the need
for standardization of care.
There are a few important limitations to our study, including
the retrospective nature. There is a potential for bias of incomplete case ascertainment, though our method of identification of
hospitalized strokes is well-defined and remained consistent
across the study periods. Despite the surveillance methods in
place, it is possible that some cases of stroke and TIA were missed.
Although imaging may have an effect on the detection and diagnosis of stroke, the case definition for stroke used in this analysis
for both study periods was based strictly on clinical criteria, supported by imaging findings. Another limitation is that the neuroimaging use rates are from older 2005 and 2010 cohorts. We plan
to study the imaging use in the 2015 GCNKSS cohort (data collection for the same is underway). Our study also does not have
the ability to track how the use of imaging affected clinical decision-making and/or outcomes in the stroke population; however,
this area is an important focus for future research.

CONCLUSIONS
Age- and race-related differences exist in the use of neuroimaging
for patients with stroke/TIA, which depends on care center type.
Clearly, much work is still needed to understand these disparities.
Deconstructing the differences in utilization data must continue
because this can provide an important basis for lines of inquiry
into socioeconomic and access-to-stroke-care issues. These data
are critical for focusing and monitoring the success of the public
health effort in decreasing disability and mortality due to stroke.
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ORIGINAL RESEARCH

ADULT BRAIN

Improved Detection of Anterior Circulation Occlusions: The
“Delayed Vessel Sign” on Multiphase CT Angiography
X D. Byrne, X G. Sugrue, X E. Stanley, X J.P. Walsh, X S. Murphy, X E.C. Kavanagh, and X P.J. MacMahon

ABSTRACT
BACKGROUND AND PURPOSE: Multiphase CTA, a technique to dynamically assess the vasculature in acute ischemic stroke, was primarily
developed to evaluate collateral ﬁlling. We have observed that it is also useful in identifying distal anterior circulation occlusions due to
delayed anterior circulation opaciﬁcation on multiphase CTA, an observation we term the “delayed vessel sign.” We aimed to determine
the usefulness of this sign by comparing multiphase CTA with single-phase CTA.
MATERIALS AND METHODS: All 23 distal anterior circulation occlusions during a 2-year period were included. Ten M1-segment occlusions
and 10 cases without a vessel occlusion were also included. All patients had follow-up imaging conﬁrming the diagnosis. Initially, the
noncontrast CT and ﬁrst phase of the multiphase CTA study for each patient were blindly evaluated (2 neuroradiologists, 2 radiology
trainees) for an anterior circulation occlusion. Readers’ conﬁdence, speed, and sensitivity of detection were recorded. Readers were then
educated on the “delayed vessel sign,” and each multiphase CTA study was re-examined for a vessel occlusion after at least 14 days.
RESULTS: There was signiﬁcant improvement in the sensitivity of detection of distal anterior circulation vessel occlusions (P ⬍ .001),
overall conﬁdence (P ⬍ .001), and time taken to interpret (P ⬍ .001) with multiphase CTA compared with single-phase CTA. Readers
preferred MIP images compared with source images in ⬎90% of cases.
CONCLUSIONS: The delayed vessel sign is a reliable indicator of anterior circulation vessel occlusion, particularly in cases involving distal
branches. Assessment of the later phases of multiphase CTA for the delayed vessel sign leads to a signiﬁcant improvement in the speed and
conﬁdence of interpretation, compared with single-phase CTA.
ABBREVIATIONS: MPCTA ⫽ multiphase CTA; SPCTA ⫽ single-phase CTA

T

he major recent development in acute stroke care, clot retrieval by thrombectomy, reduces disability and improves the
quality of life in patients with proximal large-vessel occlusions.1
Prompt brain imaging and precise localization of an intracranial
vessel occlusion are important to aid in the selection of appropriate patients for treatment with intravenous thrombolysis and/or
thrombectomy.2-4
CT angiography is performed immediately after noncontrast
CT to assess vessel occlusion or stenoses and to evaluate the pial
collateral status. Single-phase CTA (SPCTA, a single arterial

Received March 9, 2017; accepted after revision May 27.
From the Departments of Radiology (D.B., G.S., E.S., E.C.K., P.J.M.) and Stroke Medicine (S.M.), Mater Misericordiae University Hospital, Dublin, Ireland; Department of
Radiology (J.P.W.), St. James’s Hospital, Dublin, Ireland; School of Medicine (S.M.,
E.C.K., P.J.M.), University College Dublin, Dublin, Ireland; and Royal College of Surgeons in Ireland Medical School (S.M.), Dublin, Ireland.
Please address correspondence to D. Byrne, MD, Department of Radiology, Whitty
Building, North Circular Rd, Mater Misericordiae University Hospital, Dublin 7,
Ireland; e-mail: dbyrne.radiology@gmail.com
http://dx.doi.org/10.3174/ajnr.A5317

phase study of the head and neck) is the most common CTA
technique used to assess the intra- and extracranial vasculature.5
Multiphase CTA (MPCTA) is a new supplementary technique,
distinct from brain perfusion CT, that acquires intracranial images at 3 time points (phases) rather than just a single phase.5 To
date, MPCTA has been primarily used to obtain extra information on the extent of pial collateral filling.2,6,7
We have observed a simple imaging sign on MPCTA that assists in confirming the diagnosis of acute ischemic stroke. It appears especially useful when an occluded vessel is small (eg, M2 or
M3 segments of the middle cerebral artery), a finding that may be
easily overlooked with SPCTA alone. The “delayed vessel sign”
refers to the presence of an artery distal to the point of occlusion/
stenosis that is absent or poorly opacified on the initial angiographic phase but becomes more opacified on the delayed phases,
appearing denser than the equivalent vessel on the opposite side
(Figs 1 and 2). This sign can rapidly indicate the presence of an
ipsilateral vessel occlusion.
The aim of our study was to determine whether educating
AJNR Am J Neuroradiol 38:1911–16
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FIG 1. Multiphase CTA and follow-up MR imaging of an 83-year-old woman presenting with acute right upper limb weakness and dysphasia. A,
Axial MIP of the ﬁrst phase demonstrates subtle paucity of vessels in the distribution of the left MCA compared with the right side. B, Axial MIP
of the second phase demonstrates the delayed vessel sign (long arrow). There is delayed enhancement of the distal left MCA via pial collateral
vessels (short arrows). This vessel is not seen on the ﬁrst phase due to the presence of an M2 vessel occlusion. C, Axial MIP of the third phase
also demonstrates the “delayed” left MCA vessel (long arrow). D, DWI b⫽1000 image 2 weeks postpresentation demonstrates a recent infarct
(arrow) in the same left MCA territory.

FIG 2. Multiphase CTA in a 65-year-old man with acute left-sided weakness. A, Axial MIP of the ﬁrst phase without obvious asymmetry. B and
C, Axial MIPs of the second and third phases demonstrate the delayed vessel sign (arrow) with opaciﬁcation of a distal right MCA branch, which
was not opaciﬁed on the ﬁrst angiographic phase due to a proximal M2 vessel occlusion. D, DWI b⫽1000 image 24 hours postpresentation
demonstrates an acute infarct (arrow) in the same right MCA territory.

radiologists of all levels of experience (resident to expert) on the
delayed vessel sign would improve sensitivity, confidence, and
speed in the detection of distal anterior circulation vessel occlusions compared with SPCTA alone.

MATERIALS AND METHODS
Patients and Distribution of Intracranial Vessel
Occlusions
Approval for this study was obtained from the local ethics committee at Mater Misericordiae University Hospital. A senior radiology trainee (D.B.), not involved in the formal evaluation of the
studies, selected all distal anterior (ie, M2/A2 segments or smaller)
circulation occlusions in patients who presented to our institution after MPCTA became standard practice and who fulfilled the
inclusion criteria (suspected acute ischemic stroke, having undergone NCCT and MPCTA, and follow-up cross-sectional imaging). This process identified 23 appropriate distal anterior circulation occlusions during the study period (January 2014 to
September 2016). Ten consecutive M1 occlusions in the study
period were also selected as a means of comparing the usefulness
of the sign for the detection of larger vessel occlusions. In addition, the last 10 consecutive studies with normal findings with
follow-up MR imaging available, obtained in the study period,
were included to assess false-positives.
1912
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Of the 43 patients, 21 were women (mean age, 69 ⫾ 16.5
years; range, 33–94 years). Before evaluation, vessel occlusions
were deemed present or absent by a consensus of 2 neuroradiologists not involved in image evaluation who had access to
follow-up imaging. The cases were randomly sorted to be evaluated by readers (neuroradiologists: P.J.M. with 10 years’ experience and E.C.K. with 15 years’ experience; radiology residents: G.S. with 2 years’ experience, and E.S. with 3 years’
experience).

Technical Parameters
Images were obtained with a 128-section multidetector CT
scanner (Somatom Definition AS⫹; Siemens, Erlangen, Germany) at 120 kV, 90 mAs (effective) with a collimation of
128 ⫻ 0.6 mm. NCCT was performed from the skull base to the
vertex. The first phase of the MPCTA was performed from the
aortic arch to the skull vertex with the second and third phases
performed from the skull base to the vertex. The first phase is
timed to occur during the peak arterial phase with bolus monitoring of the descending thoracic aorta and is commenced
after a 6-second delay. Eighty milliliters of intravenous contrast (iopamidol, Niopam; Bracco Imaging, Milan, Italy; 370
mg iodine per milliliter) is injected at a rate of 5 mL/s followed

Table 1: Results for radiology traineesa
Distal Occlusions
Sensitivity (%)
Conﬁdence (1–5)
Time (sec)

SPCTA
71.7 (57.4–82.7)
3.8 (3.6–4.0)
99 (90–107)

MPCTA
100 (92.2–100)
4.8 (4.6–4.9)
44 (40–49)

Proximal M1 Occlusions
P Value
⬍.001
⬍.001
⬍.001

SPCTA
100 (83.8–100)
4.6 (4.3–4.8)
72 (65–79)

MPCTA
100 (83.8–100)
5.0
34 (30–37)

Normal Study Findings
P Value
NS
.08
⬍.001

SPCTA
–
3.6 (3.3–3.8)
102 (93–112)

MPCTA
–
5.0
56 (51–61)

P Value
–
⬍.001
⬍.001

Note:—NS indicates not signiﬁcant.
a
Conﬁdence intervals provided in parentheses.

Table 2: Results for neuroradiologistsa
Distal Occlusions

Proximal M1 Occlusions

Normal Study Findings

SPCTA
MPCTA
P Value
SPCTA
MPCTA
P Value
SPCTA
MPCTA
P Value
Sensitivity (%)
78.3 (64.4–87.7) 100 (92.2–100)
.004 100 (83.8–100) 100 (83.8–100)
NS
–
–
–
Conﬁdence (1–5) 3.8 (3.7–4.0)
4.9 (4.8–5.0)
⬍.001
4.7 (4.5–4.9)
5.0
.08
3.7 (3.5–3.9) 4.9 (4.7–5.0) ⬍.001
Time (sec)
84 (78–90)
37 (34–41)
⬍.001
67 (60–74)
29 (26–32)
⬍.001
81 (78–85)
43 (39–47)
⬍.001
a

Conﬁdence intervals provided in parentheses.

by 40 mL of saline at a similar rate. The second and third phases
are acquired after 11 and 22 seconds, respectively.
Thin sections (1 mm) are reconstructed for each phase, and
maximum intensity projections with 5-mm section thickness are
reconstructed at the scanner workstation in 3 planes (axial, sagittal, and coronal) for each phase.

Image Interpretation
Stage 1. The NCCT and SPCTA (ie, the first phase of an MPCTA
study) were independently evaluated, and readers’ confidence,
speed, and sensitivity of detection were recorded. Readers were
provided with a brief clinical history, NCCT, and source images of
the SPCTA (ie, MIPs were initially not provided). On the NCCT,
absence of hemorrhage, the presence or absence of a hyperdense
vessel sign, and parenchymal infarction were recorded. Using
SPCTA source images, readers were asked to record the presence
and location of an intracranial vessel occlusion. A detailed analysis of all images generated was not expected. Intracranial vessel
occlusions were classified as follows: right or left, anterior cerebral
artery (A1, A2, or A3), and middle cerebral artery (M1, M2, M3).
The time taken to complete the initial reading was recorded.
Readers’ degrees of confidence in their interpretation of each
study were recorded with a 5-point Likert scale (1 ⫽ not at all
confident, 2 ⫽ not very confident, 3 ⫽ neutral, 4 ⫽ confident, and
5 ⫽ very confident). Readers were then provided with the axial,
coronal, and sagittal reconstructed MIP images and asked
whether they preferred the source or reconstructed MIP images of
the SPCTA.
Stage 2. After an interval of at least 2 weeks, all readers were
educated on the delayed vessel. Readers were advised to immediately assess the second and third phases of the MPCTA rather than
the first phase to aid in the detection of delayed enhancement. A
positive delayed vessel sign is only present if a suspect vessel on the
delayed phases is poorly opacified on the initial phase. If the delayed vessel sign was identified, the readers were advised to follow
the vessel proximally and correlate with the linked initial angiographic phase to aid in the detection of the point of vessel
occlusion.
Following this education, all readers re-evaluated the 43 cases
but with access to the source images from the entire MPCTA
study rather than just the initial phase. MIP reconstructions were

initially withheld. Readers were asked to record the same findings
as described in stage 1, but to also comment on the presence or
absence of the delayed vessel sign and on which phase it was most
pronounced. Readers were also asked to record the presence of
concomitant pial vessel hyperenhancement (which refers to the
presence of relatively asymmetric enhancing pial vessels on delayed phases of a MPCTA ipsilateral to an intracranial vessel occlusion) and to record on which of the 3 phases this was most
obvious. Readers were then provided with reconstructed MIP images and asked whether they preferred the source or reconstructed
MIP images of the MPCTA.

Statistical Analysis
The significance level was set at P ⬍ .05. The McNemar test was
used to compare SPCTA with MPCTA results. To evaluate interrater agreement between readers, we used unweighted  statistics
and 95% confidence intervals. Agreement was quantified as fair
( ⫽ 0.21– 0.40), moderate ( ⫽ 0.41– 0.60), substantial ( ⫽
0.61– 0.80), or almost perfect ( ⫽ 0.81– 0.99).

RESULTS
Distal Vessel Occlusions
There was a significant improvement in the sensitivity of the
detection of distal (A2, A3, M2, M3) anterior circulation vessel
occlusions on MPCTA compared with SPCTA (P ⬍ .001),
from 75% to 100%. Among the 2 radiology trainees, 33 of 46
(total) distal occlusions were detected on SPCTA and all distal
occlusions were detected with MPCTA. Among the 2 neuroradiologists, 36 of 46 (total) distal occlusions were detected on
SPCTA and all distal occlusions were detected with MPCTA
(Tables 1 and 2).
Among radiology trainees (Table 1), for distal anterior circulation occlusions, mean confidence improved from 3.8 for
SPCTA to 4.8 for MPCTA (P ⬍ .001). The average time taken
to interpret each case on SPCTA was 99 seconds and decreased
to 44 seconds with MPCTA (P ⬍ .001). Among neuroradiologists (Table 2), for distal anterior circulation occlusions, the
mean confidence was 3.8 for SPCTA, improving to 4.9 for
MPCTA (P ⬍ .001). The average time taken to interpret each
case on SPCTA was 84 seconds, decreasing to 37 seconds on
MPCTA (P ⬍ .001).
AJNR Am J Neuroradiol 38:1911–16
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M1 Occlusions
While all proximal (M1) occlusions were detected on both
SPCTA and MPCTA by all readers, there was significant improvement in the speed of detection of M1 occlusions with MPCTA.
There was also a trend toward improvement in the confidence of
detection of M1 occlusions; however, this did not reach statistical
significance (P ⫽ .08). Among radiology trainees, for proximal
M1 occlusions, confidence improved from 4.6 with SPCTA to 5.0
with MPCTA (P ⫽ .08). The average time taken to interpret each
case on SPCTA was 72 seconds, decreasing to 34 seconds on
MPCTA (P ⬍ .001). Among neuroradiologists, for proximal M1
occlusions, the mean confidence was 4.7 for SPCTA, improving to
5.0 for MPCTA (P ⫽ .08). The average time taken to interpret
each case on SPCTA was 67 seconds, decreasing to 29 seconds on
MPCTA (P ⬍ .001).

Normal Study Findings
The average time taken to evaluate studies with normal findings
without an intracranial vessel occlusion significantly decreased
with MPCTA (49 seconds) compared with SPCTA (92 seconds)
(P ⬍ .001), and readers’ confidence significantly improved for
studies with normal findings with MPCTA (4.9) compared with
SPCTA (3.6) (P ⬍ .001).

General Findings
Both radiology trainees and neuroradiologists stated that in patients with an intracranial vessel occlusion, that they preferred
and were more confident with their findings after MIP images
were provided compared with source images (97.7% of MPCTA
cases and 90.9% of SPCTA cases). Readers stated that they were
more confident with MIP compared with source images in
100% of cases with normal findings without intracranial vessel
occlusion.
Overall, the sensitivity of the delayed vessel sign for the presence of vessel occlusion was 96.2% (95% CI, 91.4%–98.3%) and
specificity was 100% (95% CI, 91.2%–100%). Overall, the positive predictive value of the delayed vessel sign was 100% (95% CI,
97.1%–100%), and the negative predictive value was 88.9% (95%
CI, 76.5%–95.1%).
With the Pearson correlation coefficient, there was a high correlation between the presence of the delayed vessel sign and pial
vessel enhancement (r ⫽ 0.6465, P ⬍ .001).
Interrater agreement was almost perfect ( ⫽ 0.83) between
readers for distal anterior circulation intracranial occlusion detection with SPCTA and improved with MPCTA ( ⫽ 0.95). Agreement was almost perfect for the presence of the delayed vessel sign
in cases of distal anterior circulation intracranial vessel occlusion
( ⫽ 0.91) and was substantial ( ⫽ 0.75) for the presence of
asymmetric pial vessel enhancement.

DISCUSSION
In our institution, MPCTA is the standard angiographic technique in the investigation of suspected acute ischemic stroke.
Acute cerebral ischemia is a dynamic process requiring a dynamic
diagnostic approach.8 In this context, the evaluation of patients
suspected of having acute ischemic stroke with single-phase CTA
is inappropriate. While perfusion CT is an established stroke im1914

Byrne

Oct 2017

www.ajnr.org

aging technique (from which MPCTA-type images can also be
generated),9,10 it is not universally available at all times of day,
especially in non-stroke centers. MPCTA is an alternative technique for achieving dynamic vascular imaging and may be more
widely applicable. Additional software-based postprocessing is
not required, and in our experience, accurate interpretation by
the nonexpert (especially if comfortable with SPCTA) is readily
possible after brief training.
MPCTA was primarily developed to improve the assessment
of pial collaterals; however, we have found, consistent with other
reports, that it also aids in the diagnosis of distal anterior circulation occlusions.11,12 Our study provides an easily understood
means by which MPCTA can improve the detection of more distal
anterior circulation vessel occlusions. The previous studies,11,12
also demonstrating the superiority of MPCTA over SPCTA, did
not provide a clear mechanism by which this benefit is derived.
We have found that the delayed vessel sign on CTA can be communicated and understood quickly and easily by all medical professionals involved in acute stroke care. We have shown that the
education of radiologists of different levels of expertise (but particularly trainee radiologists) on the delayed vessel sign leads to an
increase in the sensitivity and speed of detection of distal anterior
circulation vessel occlusions. We have also found that confidence
in interpretation increases significantly.
It is likely that the delayed vessel (most commonly the more
distal branches of the MCA) enhances slowly due to retrograde
opacification via pial collaterals. A process of retrograde opacification is supported by the strong correlation between the presence of the delayed vessel sign and pial enhancement, an association most evident on the same delayed phase (either second or
third). Our sign is distinct from the “clot outline sign,”13 which is
seen on procedural arteriograms obtained before intra-arterial
thrombolysis. This sign implies that the vessel in question is almost completely occluded and has minute blood flow past the clot
(ie, antegrade flow). The delayed vessel sign, which we describe, is
conceptually different because the vessel in question typically has
total occlusion, which fills retrograde via collateral vessels. Unlike
the clot outline sign, our study pertains to CTA, not procedural
arteriography, and is used to assist in the diagnosis of distal anterior circulation occlusions rather than to predict treatment
responders.
In this new era of endovascular treatment of proximal largevessel occlusions, the detection and treatment of less severe stroke
due to more distal vessel occlusion remain essential.14 Recent data
suggest that patients with proximal M2 occlusions may benefit
from endovascular treatment; therefore, early accurate detection
of these occlusions will likely become more important.15,16 The
role of intravenous thrombolysis with tenectaplase in mild stroke
with distal vessel occlusion will be tested in the A Randomized
Controlled Trial of TNK-tPA Versus Standard of Care for Minor
Ischemic Stroke With Proved Occlusion trial (NCT02398656).
Patients are often initially triaged as having possible acute ischemic stroke by paramedics or other non-stroke specialists17 and
are referred for NCCT after early rapid clinical assessment.17-20
The differential diagnosis of acute stroke from stroke mimics can
be a challenge, especially in milder cases.21 Many patients present
to the hospital off-hours22,23 when there may be less immediate

identification of an occlusion but rather
used the consensus opinion of 2 neuroradiologists not involved in the study.
Although the delayed vessel sign demonstrated a high negative predictive
value in cases of distal occlusion, we hypothesize that the sign would be absent,
or harder to appreciate, in patients with
poor collateral supply in the ischemic
territory. For example, in cases of basal
ganglia and internal capsule infarction,
territories supplied by lenticulostriate
branches,29 the delayed vessel sign will
likely be absent because these vessels are
perforator arteries and lack collateral
blood supply.30 In addition, the delayed
vessel sign will be absent in cases of small
cortical infarcts, which are often caused
by occlusion of small pial vessels by microemboli.31 The sign may falsely indicate an acute intracranial occlusion in
FIG 3. Multiphase CTA in a 78-year-old man with expressive dysphasia and right-sided weakness. several scenarios not encountered in this
A, Axial source image of the ﬁrst phase of MPCTA without obvious asymmetry of the intracranial
study population, for example in the setvasculature. B, The delayed vessel sign is identiﬁed on the second phase (arrow), indicative of a
proximal occlusion. C, Axial source image of the third phase of the MPCTA. D–F, Axial MIPs of the ting of chronic intracranial occlusions/
ﬁrst, second, and third phases of the same patient. The delayed vessel sign is more apparent on stenoses and acute or chronic extracraMIP image (arrow) of the second phase (E) compared with source images.
nial occlusions. Readers were not timed
on their interpretation of the entire anaccess to senior radiology personnel and hence greater reliance on
giographic dataset but only on the time to establish the presence
trainee radiologists for the initial interpretation of imaging.24,25
or absence of a vessel occlusion. The times recorded in this study
We think that this sign will aid in the rapid differentiation of
are not a true reflection of the interpretation time for the entire
study. Our inclusion criteria limited the study to anterior circustroke from stroke mimics.20,26 MPCTA comprises a large numlation stroke because this is the most common type of intracranial
ber of images that can seem daunting to interpret, especially in the
vessel occlusion; however, the sign may also be applicable to the
urgent clinical scenario of suspected ischemic stroke. The key to a
posterior circulation.
quick, confident, and accurate MPCTA interpretation, especially
in patients with an uncertain clinical diagnosis, is to immediately
assess the later phases rather than the initial phase for the presence
CONCLUSIONS
The delayed vessel sign is a reliable indicator of anterior circulaof the delayed vessel sign; this assessment can then accelerate the
tion vessel occlusion and is particularly useful in cases involving
identification of a vessel occlusion.
distal branches that are not easily identified on a single-phase
The purpose of MIPs is to give an overview of the target vessel
angiographic examination. Immediate assessment of the MIP reby generating a DSA-like image.27 MIPs are known to increase the
constructions of the later phases of an MPCTA examination for
conspicuity of intracranial vessel occlusion and stenosis.28 In
the delayed vessel sign leads to a significant improvement in the
97.7% of MPCTA cases and in 90.9% of SPCTA cases in this study,
speed and confidence of detecting vessel occlusions.
both radiology trainees and neuroradiologists stated that they
preferred and were more confident with their interpretation when
Disclosures: Sean Murphy—UNRELATED: Travel/Accommodations/Meeting ExMIP images were provided compared with source images alone.
penses Unrelated to Activities Listed: travel grants to attend the International Stroke
The delayed vessel sign was often more apparent on MIP comConference, Houston, Texas, February 2017; sponsorship to attend the European
pared with source images (Fig 3). Readers also reported that symStroke Conference, Prague, May 2017; sponsorship to attend the UK Stroke Forum,
November 2016.
metric vessel enhancement in cases without an intracranial vessel
occlusion was easier to appreciate on MIP compared with source
images and reassured readers that no intracranial vessel occlusion
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Concordance of Time-of-Flight MRA and Digital Subtraction
Angiography in Adult Primary Central Nervous System
Vasculitis
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ABSTRACT
BACKGROUND AND PURPOSE: 3D-TOF-MRA and DSA are 2 available tools to demonstrate neurovascular involvement in primary central
nervous system vasculitis. We aimed to compare the diagnostic concordance of vessel imaging using 3D-TOF-MRA and DSA in patients
with primary central nervous system vasculitis.
MATERIALS AND METHODS: We retrospectively identiﬁed all patients included in the French primary central nervous system vasculitis
cohort of 85 patients who underwent, at baseline, both intracranial 3D-TOF-MRA and DSA in an interval of no more than 2 weeks and
before treatment initiation. Two neuroradiologists independently reviewed all 3D-TOF-MRA and DSA imaging. Brain vasculature was
divided into 25 arterial segments. Concordance between 3D-TOF-MRA and DSA for the identiﬁcation of arterial stenosis was assessed by
the Cohen  Index.
RESULTS: Thirty-one patients met the inclusion criteria, including 20 imaged with a 1.5T MR unit and 11 with a 3T MR unit. Among the 25
patients (81%) with abnormal DSA ﬁndings, 24 demonstrated abnormal 3D-TOF-MRA ﬁndings, whereas all 6 remaining patients with normal
DSA ﬁndings had normal 3D-TOF-MRA ﬁndings. In the per-segment analysis, concordance between 1.5T 3D-TOF-MRA and DSA was 0.82
(95% CI, 0.75– 0.93), and between 3T 3D-TOF-MRA and DSA, it was 0.87 (95% CI, 0.78 – 0.91).
CONCLUSIONS: 3D-TOF-MRA shows a high concordance with DSA in diagnostic performance when analyzing brain vasculature in
patients with primary central nervous system vasculitis. In patients with negative 3T 3D-TOF-MRA ﬁndings, the added diagnostic value of
DSA is limited.
ABBREVIATIONS: COVAC ⫽ COhort of patients with primary VAsculitis of the Central nervous system; PCNSV ⫽ primary central nervous system vasculitis;
RCVS ⫽ reversible cerebral vasoconstriction syndrome; SCA ⫽ superior cerebellar artery

T

he diagnosis of primary central nervous system vasculitis
(PCNSV) relies on the evidence of isolated vascular involvement of CNS vessels in patients with persistent neurologic disorders. Complete work-up should exclude other conditions that

Received March 16, 2017; accepted after revision May 20.
From the Departments of Internal Medicine (H.d.B., B.B., A.A.) and Neurology (E.T.),
Caen University Hospital, University of Caen-Normandie, Institut National de la
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Unite Mixte de Recherche 894, Paris, France; Biostatistics and Clinical Research
Unit (J.-J.P.), Caen University Hospital, Caen, France; Department of Vascular Neurology (M.Z.), Centre Hospitalier Saint Joseph, Université Paris-Descartes, Institut
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may explain vascular changes, such as infection, malignancy,
autoimmune disease, and other cerebral vasculopathies, especially reversible cerebral vasoconstriction syndrome (RCVS) or
atherosclerosis.1-4 Original diagnostic criteria from Calabrese and
Mallek,5 established in 1988, proposed that vascular involvement
could be demonstrated with brain biopsy, which remains the criterion standard, or with DSA. DSA has a high sensitivity for the
involvement of small vessels of up to 500 m. However, it remains
an invasive tool with the risk of rare complications.6,7
With the development and gradual improvement of MR imaging technologies, alternative options to image CNS vessels have
become available and may be substitutes for DSA. MR imaging is
now considered a requirement in all patients with a suspected
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diagnosis of PCNSV. Noncontrast 3D-TOF-MRA sequences can
demonstrate vascular changes, such as stenosis, occlusions, or
fusiform dilation. However, in many patients, DSA is still performed, even if the brain 3D-TOF-MRA shows vascular abnormalities. Our aim was to compare the diagnostic concordance
between noncontrast intracranial 3D-TOF-MRA and DSA in patients with PCNSV.

MATERIALS AND METHODS
This study was conducted in accordance with Good Clinical Practices and the Declaration of Helsinki. Inclusion in the cohort required patient informed consent, and the cohort was approved by
the Paris-Cochin institutional review board (No. 12541).
The article was prepared in accordance with Strengthening the
Reporting of Observational Studies in Epidemiology8 and Standards for Reporting of Diagnostic Accuracy Studies (http://www.
stard-statement.org/) guidelines.

Patients
We created a cohort of patients with definite diagnoses of PCNSV
(COhort of patients with primary VAsculitis of the Central Nervous System [COVAC]) in 2010 in France using the well-established networks of the French Vasculitis Study Group, French
NeuroVascular Society, and National Society of Internal Medicine. This cohort was supported by an institutional grant from the
French Ministry of Health (COVAC, 2009 hospital project of clinical research [PHRC] 08017).
After the initial description of the first 52 enrolled patients,9
the cohort increased to 85 patients at the time of the present study.
As previously mentioned, patients were older than 18 years of
age at diagnosis and had evidence of cerebral vascular involvement on brain biopsy and/or CNS vessel imaging. They had all
been followed up for at least 6 months after diagnosis (unless they
died) and were thoroughly screened at the onset for any differential diagnosis. We excluded patients with other vasculopathies or
conditions potentially associated with secondary CNS vasculitis
(eg, systemic vasculitis, autoimmune disease, infection). RCVS
was excluded for each patient on the basis of the following criteria:
1) clinical presentation (no severe or thunderclap headaches at
presentation, unless a brain biopsy showed vasculitis), 2) persistence
of some vascular lesions as defined on MRA performed ⬎6 months
after the initial diagnostic work-up, and 3) clinical follow-up.
For the present study, we retrospectively selected in the COVAC
population patients who underwent baseline intracranial 3D-TOFMRA and DSA before treatment initiation and within a 2-week interval. We did not include patients with both procedures having negative findings and negative or absent biopsy findings.

Neuroimaging Analysis
For each patient, all imaging examinations, including source images, were gathered in a digital anonymous format and forwarded
for review by 2 neuroradiologists (with 14 [O.N.] and 6 [G.B.]
years of experience in stroke imaging) who were blinded to
clinical manifestations. Characteristics of each MR imaging unit
were also collected. Proximal, second divisions, and subsequent
branches of each cerebral artery and the vertebral artery, PICA,
anterior inferior cerebellar artery, superior cerebellar artery
(SCA), and basilar artery were analyzed with both procedures. For
DSA and 3D-TOF-MRA analysis, in line with previous works, we
differentiated large-, medium-, and small-sized vessels.11,12 Intracranial internal carotid and proximal anterior (A1), middle (M1),
and posterior (P1) cerebral arteries were considered large; second
divisions (A2, M2, P2) and subsequent branches (⬎A2, ⬎M2,
⬎P2) were considered medium- and small-sized vessels, respectively. The vertebral and basilar arteries were considered largesized vessels, whereas the PICA, anterior inferior cerebellar artery,
and SCA were considered medium-sized vessels. We thus divided
cerebral vasculature into 25 segments (left and right intracranial
internal carotid arteries, A1, A2, ⬎A2, M1, M2, ⬎M2, P1, P2,
⬎P2; vertebral artery; and PICA/anterior inferior cerebellar artery/SCA, and basilar artery). A vascular segment was considered
involved in case of stenosis, fusiform dilation, or occlusion.
We thus analyzed concordance of 1.5T/3T 3D-TOF-MRA and
DSA.

Statistical Analyses
Categoric variables are expressed as number (%), and quantitative variables, as median (range). Categoric variables were analyzed with the 2 test, and quantitative variables were analyzed
with the Wilcoxon rank sum test.
The Cohen  Concordance Index was used to analyze concordance between 3D-TOF-MRA and DSA in the global cerebral
vasculature and in each vascular territory. Interrater agreement in
identifying intracranial artery stenosis on DSA and 3D-TOFMRA was studied with the Cohen  Concordance Index. Any
discordance between readers was adjudicated by consensus. The
index values represent the following interpretations: poor ( ⬍
0), slight ( ⫽ 0 – 0.20), fair ( ⫽ 0.21– 0.40), moderate ( ⫽
0.41– 0.60), substantial ( ⫽ 0.61– 0.80), and almost perfect ( ⫽
0.81–1).
Using DSA as a criterion standard, we calculated the sensitivity, specificity, accuracy, and positive and negative predictive values of MRA on per-patient and per-segment analyses. Statistical
analyses were computed with JMP, Version 9.0.1, 2010 (SAS Institute, Cary, North Carolina), with P ⬍ .05 defining statistical
significance.

Study Variables and Deﬁnitions
For each patient, as previously described,9 we collected standard
demographic data, medical history, clinical symptoms at disease
onset, laboratory test parameters, CSF results (considered abnormal when the leukocyte count was ⬎5 cells/mL and/or the total
protein level was ⬎0.5 mg/mL), neuroimaging findings, and CNS
histology, when available. Transmural inflammation of the vessel
wall on a biopsy sample, with or without lymphocytic infiltrate,
granuloma, and necrosis, defined biopsy-proved PCNSV.10
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RESULTS
Among the 85 patients included in COVAC, 31 (from 12 different
centers) met the inclusion criteria and underwent both 3D-TOFMRA and DSA at baseline. The demographic data, clinical manifestations, and main laboratory test results of the 31 enrolled patients are shown in Table 1. The other 54 patients were not
included because they did not undergo both procedures before
treatment (n ⫽ 21) or because of a lack of digitalized images to

tive compared with included patients,
though the differences were not statistically significant. Excluded and enrolled patients did not differ in terms
of other demographic data, laboratory
tests, neuroimaging results, treatment,
and outcome.
Sixteen (52%) of the 31 patients analyzed in this study had a brain biopsy
that showed vasculitis features in 8 cases
(50%). The 23 patients without histologic proof of vasculitis had DSA-diagnosed PCNSV and did not show any
clinical or biologic signs compatible
with another vessel-related disease, including RCVS, during a median follow-up of 43 months (range, 14 –78
months).
a
Unless otherwise indicated, values are an absolute number (%) or median (range).
Brain MRIs with T1-weighted, T2weighted, fluid-attenuated inversion recovery, T1-weighted with gadolinium
injection, gradient-echo T2*-weighted,
and diffusion-weighted imaging with
apparent diffusion coefficient mapping
as well as 3D-TOF-MRA sequences were
obtained on 1.5T and 3T MR imaging
units in 20 and 11 patients, respectively.
Characteristics of each MR imaging unit
and sequence parameters are shown in
the On-line Table. Interrater concordance in identifying intracranial artery
lesions on DSA and 3D-TOF-MRA
was excellent ( ⫽ 0.93; 95% CI, 0.89 –
0.96; and  ⫽ 0.87; 95% CI, 0.79 – 0.92,
respectively).
Twenty-five (81%) patients had abnormal DSA findings, and 24 (77%) of
them also had abnormal 3D-TOF-MRA
findings (2 patients are presented in Figs
1 and 2). The patient with abnormal
DSA findings but normal 3D-TOFMRA findings had isolated small-vessel
involvement, demonstrated by brain biopsy. The 6 patients with normal DSA
findings (and normal 3D-TOF-MRA
findings) had biopsy-proved PCNSV.
In a per-segment analysis, medians
of 2 (range, 0 –18) and 3 (range, 0 –18)
abnormal segments were observed on
FIG 1. DSA (A) and 3D-TOF-MRA (C) with respective magniﬁcations (B and D) of a patient with
primary central nervous system vasculitis. A near-occlusive stenotic lesion of the proximal middle 3D-TOF-MRA and DSA (P ⫽ .03), recerebral artery segment extending to both superﬁcial branches with a pseudodilation of the spectively. 3D-TOF-MRA identified 116
bifurcation is shown. Arterial lumen irregularities are also observed in A2 segments of both of 141 (82.3%) abnormal segments as
anterior cerebral arteries.
observed on DSA. The other 25 falsenegative segments observed only on DSA but not on 3Dreview (n ⫽ 33). These excluded patients had more headaches,
TOF-MRA were small-sized vessels in 16 cases, mediumcognitive impairment, and loss of consciousness than those ensized vessels in 8 cases, and large-sized vessels in 1 case. Seven
rolled. They were more often in the biopsy-proved PCNSV group,
false-positive vascular segments were involved in MRA but not
and their DSA and 3D-TOF-MRA findings were often less posiTable 1: Characteristics at diagnosis of the 31 patients with primary central nervous system
vasculitisa
Unenrolled
Characteristics
Total (n = 31)
Patients (n = 54)
P Value
Demographic data
Age (yr)
42 (24–65)
46 (18–79)
.73
Male/female
16:15
28:26
.98
Clinical manifestations
Headaches
17 (55)
42 (78)
.03
Focal deﬁcits
26 (84)
43 (80)
.63
Seizures
9 (29)
22 (41)
.28
Cognitive impairment
7 (23)
26 (48)
.02
Loss of consciousness
3 (10)
19 (35)
.01
Psychiatric disorders
6 (19)
13 (24)
.61
C-reactive protein, (mg/L)
3 (0–47)
5 (1–95)
.13
Abnormal CSF
18/29 (62)
35/53 (66)
.13
6 (1–100)
8 (0–250)
.07
Leukocyte count (/mm3)
Protein concentration (mg/mL)
0.6 (0.2–4.1)
0.7 (0.1–2.8)
.19
Abnormal brain biopsy ﬁndings
8/16 (50)
18/26 (69)
.32
Abnormal DSA ﬁndings
25 (81)
26/41 (63)
.13
Abnormal MRA ﬁndings
24 (77)
25/44 (57)
.09

AJNR Am J Neuroradiol 38:1917–22

Oct 2017

www.ajnr.org

1919

was 0.87 (95% CI, 0.78 – 0.91). Detailed
 indices for each vascular segment according to the MR imaging unit are
shown in Table 2.
All  indices were ⬎0.50, even for
small-sized vessels. When we assessed
small-vessel involvement, 3T 3D-TOFMRA showed better results than 1.5T
3D-TOF-MRA.
The sensitivity, specificity, diagnostic accuracy, and positive and negative
predictive values of all MRAs, 1.5T
MRAs, and 3T MRAs, with DSA as the
criterion standard, are shown in Table 3.

DISCUSSION
Our results indicate excellent concordance between noncontrast 3D-TOFMRA and DSA in patients with PCNSV
during the initial imaging work-up. For
small-vessel involvement, 3T 3D-TOFMRA detected more distal vascular involvement than 1.5T units.
In patients with suspected PCNSV,
biopsy remains the best procedure to
yield a diagnosis. In patients without or
with negative biopsy findings, DSA is
still considered the criterion standard
for brain vessel imaging, but it is now
performed less frequently than 3DFIG 2. DSA (A) and 3D-TOF-MRA (C) with respective magniﬁcations (B and D) of a patient with TOF-MRA in many centers because of
primary central nervous system vasculitis. Subtle irregularities of the arterial lumen of the A2–A3 its more invasive nature. Typical DSA
segments of the left anterior cerebral artery are shown in a patient with otherwise near-occlusive findings of PCNSV include alternating
stenoses of left intracranial internal carotid artery extending to the initial portion of the left MCA.
areas of stenosis and dilation, referred to
as
beading,
which
can
be
smooth or irregular. These typically
Table 2: Concordance between 1.5T/3T MRA and DSA on cerebral
vascular segments in primary central nervous system vasculitis
occur bilaterally but can also include single vessels. Although DSA
1.5T MR (; 95% CI)
3T MR (; 95% CI)
lesion patterns (in PCNSV) have been described in detail,6,7,13 no
Intracranial internal
1
1
systematic comparison between 3D-TOF-MRA and DSA has
carotid artery
been performed in PCNSV. In atherosclerosis or other vasculitis
A1
0.90 (0.73–1)
0.90 (0.75–1)
such as Takayasu arteritis, an excellent concordance was observed
A2
0.83 (0.59–1)
0.83 (0.51–1)
between MRA and DSA.14-18 Herein, 3D-TOF-MRA was able to
⬎A2
0.57 (0.34–0.72)
0.86 (0.60–1)
M1
0.94 (0.81–1)
1
demonstrate vascular involvement in different vessels with an efM2
0.90 (0.76–1)
0.91 (0.82–1)
ficiency similar to that of DSA. However, DSA showed a larger
⬎M2
0.69 (0.41–0.97)
0.74 (0.42–1)
FOV compared with MRA and remains a better tool to give a
P1
1
1
precise and exhaustive cartography of vascular lesions, especially
P2
0.60 (0.20–0.98)
1
⬎P2
0.64 (0.18–1)
1
in the most distal vascular segments. Moreover, flow saturation
V4
0.66 (0.38–1)
0.86 (0.62–1)
lowers the detection of distal stenoses in 3D-TOF-MRA and thus
BA
0.83 (0.50–1)
1
may also explain the better ability of DSA to assess distal vascular
PICA/AICA/SCA
0.88 (0.63–1)
1
segments.19
Note:—BA indicates basilar artery.
As expected, compared with 1.5T units, 3T 3D-TOF MRA
showed better sensitivity and concordance with DSA. In smallon DSA: medium-sized vessels in 4 cases and small-sized vessized vessel involvement, a high degree of concordance was obsels in 3.
served between 3D-TOF-MRA and DSA only for 3T units. HowThere was a high degree of concordance between 3D-TOFever, isolated small-sized vessel PCNSV involves a subgroup of
MRA and DSA ( Index, 0.84; 95% CI, 0.79 – 0.89; P ⬍ .0001).
patients in whom DSA findings (and a fortiori 3D-TOF-MRA) are
Concordance between 1.5T 3D-TOF-MRA and DSA was 0.82
also mostly negative, and only biopsy can show vascular involve(95% CI, 0.75– 0.93), and between 3T 3D-TOF-MRA and DSA, it
ment in these patients.9,20-22 In our first description of the French
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Although the present study suggests
that demonstration of multifocal segmental stenosis of cerebral arteries on
3D-TOF-MRA may be sufficient to
strengthen the diagnostic suspicion of
PCNSV, DSA may also be necessary to
add precise lesional mapping in the distal vasculature and rule out mimics. Finally, we performed per-patient and
per-segment analyses. In the latter, we may have artificially increased the diagnostic performance of MRA because readers classified each segment as normal or pathologic, irrespective of the
number of focal stenoses.

Table 3: Diagnostic performance of 1.5T and 3T 3D-TOF-MRA in primary central nervous
system vasculitis compared with DSA
Sensitivity (%) Speciﬁcity (%)
Accuracy (%)
PPV NPV
Diagnosis per patient
96 (24/25)
100 (6/6)
96.77 (30/31)
100
85.7
Diagnosis per segment on
83.3 (116/141)
98.9 (627/634)
95.9 (743/775)
94.3 96.2
all MR units (n ⫽ 31)
1.5 MR units (n ⫽ 20)
81.5 (75/92)
98.5 (402/408)
95.4 (477/500) 92.6 95.9
3T MR units (n ⫽ 11)
83.7 (41/49)
99.6 (225/226)
96.7 (266/275) 97.6 96.6
Note:—PPV indicates positive predictive value; NPV, negative predictive value.

cohort, as well as in another large study by Salvarani et al,23 twothirds of the patients with biopsy-proved PCNSV had negative
DSA findings.9 In the present study, 6 of our 7 patients with isolated small-sized vessel vasculitis demonstrated by biopsy had
normal 3D-TOF-MRA and DSA findings. Hence, our results suggest that 3D-TOF-MRA could be performed as the first vascular
imaging for patients with suspected PCNSV. When findings are
negative, DSA could be the second imaging procedure, though
our results showed that most patients would have negative DSA
findings in this setting.
This study has limitations, including its retrospective design
and relatively small sample size. Moreover, because this was a
multicenter study, 3D-TOF-MRA was not performed with similar
parameters in each center. The heterogeneity of MR imaging devices used at different sites and the use of 1.5T or 3T MR imaging
are limitations because differences in acquisition parameters may
influence both image quality and diagnosis. However, the demonstration of a good concordance between 1.5/3T 3D-TOF-MRA
and DSA among manufacturers and MR imaging fields strengthens the conclusion that 3D-TOF-MRA can be used to demonstrate the involvement of multiple vessels in the working diagnosis
of PCNSV. Regarding the visibility of distal branches on 3D-TOFMRA, the use of a multislab technique may have led to misinterpretation and false-positives for distal stenoses. However, distal
stenoses observed on 3D-TOF-MRA were also observed on DSA,
reducing the probability of false-positivity.
The patients analyzed in this study may represent a subset of
those with PCNSV (selection bias) because we observed some
differences in excluded patients, limiting the generalizability of
our results. However, more cases of small-sized-vessel PCNSV
were apparent among excluded patients—that is, biopsy-proved
PCNSV with normal neurovascular imaging findings. Neuroradiologists who performed the neuroimaging analyses were aware
that all patients in the series had PCNSV, which might also have
introduced a bias in their interpretation of the images. Interpretation of multiple vascular narrowings or stenosis, including differentiation between PCNSV and distal intracranial atherosclerosis or RCVS, remains challenging. To minimize a false-positive
diagnosis of PCNSV, we definitely included patients in the French
PCNSV register after at least 6 months of follow-up to analyze their
clinical and radiologic evolutions under treatment. This inclusion
criteria retrospectively strengthened the confidence in the diagnosis.
Because RCVS is the main differential in diagnosis of PCNSV in the
case of multifocal segmental stenosis of cerebral arteries, a significant
limitation of this study is that no patients had initial high-resolution
black-blood contrast-enhanced 3D-T1WI of the intracranial arterial
wall. In addition, some studies have suggested that arterial wall imaging may enable differentiation between RCVS and PCNSV with
specific imaging patterns.24,25

CONCLUSIONS
The present study adds new insights to the diagnostic approach
for patients with suspected PCNSV. 3D-TOF-MRA showed excellent concordance with DSA in demonstrating multiple vascular
lesions. Higher performance was observed in distal vascular analysis with 3T 3D-TOF-MRA than with 1.5T units. Additionally, in
patients with negative 3D-TOF-MRA findings, particularly obtained on a 3T MR imaging unit, the DSA yield was low. Further
studies are required to determine whether 3T 3D-TOF-MRA can
replace DSA.
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ADULT BRAIN

In Vivo Imaging of Venous Side Cerebral Small-Vessel Disease
in Older Adults: An MRI Method at 7T
X C.E. Shaaban, X H.J. Aizenstein, X D.R. Jorgensen, X R.L. MacCloud, X N.A. Meckes, X K.I. Erickson, X N.W. Glynn, X J. Mettenburg,
X J. Guralnik, X A.B. Newman, X T.S. Ibrahim, X P.J. Laurienti, X A.N. Vallejo, and X C. Rosano, for the LIFE Study Group

ABSTRACT
BACKGROUND AND PURPOSE: Traditional neuroimaging markers of small-vessel disease focus on late-stage changes. We aimed to adapt a
method of venular assessment at 7T for use in older adults. We hypothesized that poorer venular morphologic characteristics would be related
to other small-vessel disease neuroimaging markers and a higher prevalence of small-vessel disease–Alzheimer disease risk factors.
MATERIALS AND METHODS: Venules were identiﬁed in periventricular ROIs on SWI and deﬁned as tortuous or straight. The tortuosity
ratio was deﬁned as total tortuous venular length divided by total straight venular length. White matter hyperintensity burden (visually
rated from 0 to 3) and the number of microbleeds (0, 1, ⬎1) were determined. Differences in tortuous and straight venular lengths were
evaluated. Relationships with demographic variables, allele producing the e4 type of apolipoprotein E (APOE4), growth factors, pulse
pressure, physical activity, and Modiﬁed Mini-Mental State Examination were assessed via Spearman correlations.
RESULTS: Participants had 42% more tortuous venular tissue than straight (median, 1.42; 95% CI, 1.13–1.62). APOE4 presence was associated
with a greater tortuosity ratio ( ⫽ 0.454, P ⫽ .001), and these results were robust to adjustment for confounders and multiple comparisons.
Associations of the tortuosity ratio with sex and vascular endothelial growth factor did not survive adjustment. Associations of the
tortuosity ratio with other variables of interest were not signiﬁcant.
CONCLUSIONS: Morphologic measures of venules at 7T could be useful biomarkers of the early stages of small-vessel disease and
Alzheimer disease. Longitudinal studies should examine the impact of apolipoprotein E and vascular endothelial growth factor on the risk
of venular damage.
ABBREVIATIONS: AD ⫽ Alzheimer disease; APOE4 ⫽ allele producing the e4 type of apolipoprotein E; BDNF ⫽ brain-derived neurotrophic factor; IQR ⫽
interquartile range; LIFE MRI ⫽ Lifestyle Interventions and Independence for Elders Magnetic Resonance Imaging study; 3MS ⫽ Modiﬁed Mini-Mental State Examination;
SVD ⫽ small-vessel disease; VEGF ⫽ vascular endothelial growth factor; WMH ⫽ white matter hyperintensities

erebral small-vessel disease (SVD) increases dementia risk1
and vulnerability to Alzheimer disease (AD) neuropathology.2 Neuroimaging methods investigating SVD have traditionally relied on WM hyperintensities (WMHs). However, WMH is a
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marker of late-stage SVD, reflecting advanced parenchymal damage, reduced CBF, and abnormalities of the small penetrating vessels.3 Thus, there is a need for radiologic markers that capture the
earlier stages of SVD relating directly to vessel health.
With aging and hypertension, arteries have a reduced ability to
absorb flow pulsatility, thus transmitting highly pulsatile flow to
the venules. Venular walls are well-equipped to handle low pulsatile and slow flow, but not highly pulsatile flow. Pulsatility-related
damage can induce venular morphologic changes such as collagenosis, leading to loss of elasticity and lumen narrowing/occlusion, which, in turn, promote ischemia. Both collagenosis and
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tortuosity lead to reduced CBF and increased upstream resistance,
exacerbating arterial pathology. Extravasation and inflammatory
response, including focal perivascular parenchymal infiltration,
can also occur, facilitated by the lack of tight junctions on the
venous-side circulation.4 Inflammatory cascades further damage
the vasculature, reduce CBF, and compromise the BBB. These
phenomena can become apparent as morphologic changes such
as tortuosity, collagenosis, and thicker basal lamina. Such changes
have been seen in vivo in AD5 and in postmortem studies, and
they appear more common with older age and in proximity to
regions with WMHs.6-8 Although the possibility has not been
tested directly, venular morphologic alterations are considered to
precede radiologically overt WMHs.
Ultra-high-field (7T) MR imaging has emerged as a noninvasive method to visualize venous microcirculation.9,10 Specifically,
SWI exploits the paramagnetic properties of deoxyhemoglobin to
visualize venules without a contrast agent. Methods to quantify
venules in multiple sclerosis,11 sickle cell anemia,12 CADASIL,7,13
and, recently, AD14 have been reported. However, venular characteristics in relation to cerebral SVD in aging are unknown.
Our primary aim was to demonstrate the feasibility of adapting published methods11,12 to study venular characteristics in
older adults. Our secondary aim was to evaluate the relationships
of venular characteristics with neuroimaging markers of SVD—
WMH and microbleeds—and variables relevant to SVD and AD.
We hypothesized that poorer venular morphologic characteristics
would be related to other SVD neuroimaging markers and a
higher prevalence of SVD-AD risk factors.

MATERIALS AND METHODS
Participants
The Lifestyle Interventions and Independence for Elders Magnetic Resonance Imaging study (LIFE MRI) is a neuroimaging
study within a randomized controlled trial, which demonstrated
that physical activity prevents major mobility disability in at-risk
community-dwelling older adults versus health education control
(hazard ratio, 0.82, P ⫽ .03).15 The study protocol was approved
by the University of Pittsburgh institutional review board. All
participants provided written informed consent. The present
study (n ⫽ 53) used images from the baseline visit.
The LIFE study design has been previously reported.16 The
On-line Table shows inclusion/exclusion criteria. Participants
were not screened for MR imaging on the basis of caffeine use due to
minimal reported average caffeine-related signal change of veins in
white matter (⫺2 ⫾ 1.2%).17 On-line Fig 1 shows participant flow.

Sample Characteristics
Age, race, and sex, self-reported by participants, were evaluated
because of their association with SVD and AD.18-22 Apolipoprotein E was genotyped by using TaqMan (TaqMan probe
C__904973_10; Applied Biosystems, Life Technologies, Foster
City, California) and pyrosequencing.23 The allele producing the
e4 type of apolipoprotein E (APOE4) is the strongest genetic risk
factor for late-onset AD.24 Pulse pressure (systolic blood pressure– diastolic blood pressure; average of 2-seated measurements)
and physical activity were assessed because of their associations
with AD25,26 and SVD.27,28 Physical activity was measured for 7
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days by using hip-worn accelerometry (GT3X; Actigraph, Pensacola, Florida) as minutes per day of moderate physical activity.
Finally, the Modified Mini-Mental State Examination (3MS)29
was included as a measure of global cognition.

Growth Factors
The angiogenic factors vascular endothelial growth factor (VEGF)30
and brain-derived neurotrophic factor (BDNF)31 were measured
via the Luminex system with kits (Human Cancer Panel and Neurodegenerative Disease Panel; EMD Millipore, Hercules, California). Fasting blood, collected by venipuncture, remained at room
temperature for 30 – 60 minutes to clot and was then centrifuged
at 1600 x g for 15 minutes at 4°C. Serum was aliquoted and immediately frozen at ⫺70°C or lower and stored until analysis.
Concentrations were determined with 2 sets of standard curves,
with final values calculated according to standardized procedures
we have validated.32

Potential Confounders
Self-reported antihypertensive medication use, which may affect pulse pressure, was recorded. Blood hemoglobin level was
measured because it may affect venular conspicuity on SWI.
We also recorded SWI voxel size, which varied among the
participants.

Outcome Variables
Venular Characteristics. Axial susceptibility-weighted MRIs were
obtained at the University of Pittsburgh MR Research Center by
using a Rapid Biomedical (Rimpar, Germany) 8-channel head
coil on a Siemens (Erlangen, Germany) 7T scanner (TR ⫽ 2000
ms, TE ⫽ 15 ms), acquired with 0.25 ⫻ 0.25 ⫻ 1.50 mm (n ⫽ 40),
0.23 ⫻ 0.23 ⫻ 3.00 mm voxels, interleave gap ⫽ 0.60 mm (n ⫽
12), or with 0.50 ⫻ 0.50 ⫻ 1.00 mm voxels (n ⫽ 5). When necessary, scans were resampled to 1.50-mm section thickness.
A 4 ⫻ 1 cm ROI was placed in each hemisphere, 1 section
below the uppermost section on which ventricular CSF was visible. To maintain consistency, we placed the ROI on the basis
of native-space landmarks, centered along the anteroposterior
length of the ventricle, and on the lateral wall of the ventricle
(On-line Fig 2). The ROI was chosen because it corresponds to
regions known to be vulnerable to SVD,5,13,14 is consistent with
published methods,11,12 and allows the greatest consistency in
vessel orientation, with a clear course perpendicular to the length
of the lateral ventricles. The minimum intensity projection was
applied over 3 sections (4.5 mm) to improve visualization.9
Three raters (C.E.S., D.R.J., N.A.M.) were trained and overseen by a certified neuroradiologist (J.M.) and the study Principal
Investigator (C.R.). First, published protocols were studied and
discussed among the raters, neuroradiologist, Principal Investigator, and coinvestigators (H.J.A., R.L.M.). Next, the same 5 MRIs
were rated by the raters, each blinded to the tracings of the other 2
raters. Last, each venular tracing was discussed among the raters
and with the neuroradiologist and Principal Investigator regarding the presence/absence of the venule and straight/tortuous
course. This discussion continued until the raters were proficient
in tracing and the results of their consensus were consistent with
the judgment of the neuroradiologist/Principal Investigator.

diameter may not have been accurate; thus, we did not quantify
diameter.
White Matter Hyperintensities. WMH was imaged with T2WI
(TR ⫽ 12,500 ms, TE ⫽ 55 ms, voxel size ⫽ 0.5 ⫻ 0.5 ⫻ 6.0 mm)
and MPRAGE (TR ⫽ 3430 ms, TE ⫽ 3.54 ms, voxel size ⫽ 0.7
mm3 isotropic) and was rated by a consensus of 2 raters (C.R.,
H.J.A.) with a 0 –3 modified Fazekas rating scale.34 Ratings consisted of the following: 0 ⫽ none: no punctate hyperintense areas
or periventricular rims; 1 ⫽ mild: few punctate hyperintense areas
and/or limited amount of hyperintense rims around the ventricular horns; 2 ⫽ moderate: multiple punctate hyperintense areas
and/or larger rims around the ventricular horns; or 3 ⫽ severe:
confluent subcortical hyperintense areas and/or rims all around
the ventricles, including the horns and sides. Only 4/53 had no
WMHs (WMH ⫽ 0), leaving 92% with at least mild WMHs; thus,
we combined 0 and 1 to create a “none/mild” category. Because
the distinction between periventricular and deep WMHs is not
consistently meaningful, we did not differentiate them.35

FIG 1. A sample consensus venular tracing on SWI at 7T across ROIs in
both hemispheres in the LIFE MRI study. Each rater traces the venules.
A different color (green, purple, orange) is assigned to each rater, and
the 3 sets of tracings are then overlaid. Inset in white is shown at larger
magniﬁcation at the bottom of the ﬁgure to illustrate: A, An example
of a venule that would not be included in the dataset because it was
traced by only 1 of the 3 raters (green). B, An example of a tortuous
venule. C, An example of a straight venule.

Tracing was done with OsiriX Imaging Software (http://www.
osirix-viewer.com).33 Criteria to identify a venule were the following: a linear structure of intensity darker than the surrounding
parenchyma; length, ⱖ3 mm; and coursing through the ROI for
ⱖ3 mm (to reduce interrater variability of inclusion for vessels
along the edge of the ROI). Most venules could be followed to
obvious deep veins, and the dark appearance and orientation axial
to the ventricles and deep within the white matter also helped to
identify the origin of the vessels as venous. Venules were traced
across their full length, even if they continued outside the ROI, to
avoid artificial truncation. After all venules were traced, the presence/absence of a venule was adjudicated by consensus among
raters. A venule was included only if ⱖ2 of the 3 raters had traced
it (Fig 1). Next, the venular course (straight/tortuous) was rated
during the consensus meeting. A vessel that ran free of inflection
points ⱖ30° for most of its total length (⬎60%) was defined
“straight”; otherwise the vessel was defined “tortuous.” The
length of each venule was computed as the median value of the
lengths measured by the raters tracing that venule. The number
and length of all consensus-traced venules were summed, and
total and average lengths (total length/venule number) were obtained for each participant.
Tortuous venules are present in areas with WMHs6; thus, we
evaluated tortuous and straight venules separately. The tortuosity
ratio was calculated as the total tortuous length divided by the
total straight length. Thus, a tortuosity ratio of ⬎1 indicates
greater tortuous venular length than straight length. Due to blood
oxygen level– dependent–related signal blooming, measures of

Microbleeds. We classified cerebral microbleeds on the basis of
Greenberg et al.36 Two trained raters (N.A.M., E.L.T.) characterized microbleeds under the supervision of a neuroradiologist
(J.M.). Microbleeds were defined as black or substantially hypointense on SWI, round or ovoid (confirmed on adjacent
sections), and at least half surrounded by brain parenchyma.
To take advantage of the ability of the 7T magnet to capture
quite small microbleeds, we did not use a minimum size criterion. Final ratings were based on consensus, with disagreements mediated by the neuroradiologist. We counted the total
number of microbleeds across all 64 sections of the axial SWI
and categorized totals as 0, 1, or ⬎1 microbleed.

Statistical Analysis
Descriptive statistics were calculated as counts and percentages,
means and SDs, or medians and interquartile ranges (IQRs). Differences were tested with t tests, Wilcoxon rank sum tests, or 2
tests, ␣ ⫽ .05. We also determined the median tortuosity ratio and
calculated the 95% CIs by using 10,000 bootstrapped samples.
We explored the relationships of the tortuosity ratio with
other neuroimaging markers of SVD, including WMH and microbleeds; nonmodifiable factors, including demographic variables (age, race, and sex), and APOE4; potentially modifiable factors, including growth factors (VEGF and BDNF), pulse pressure
(adjusted for antihypertensive medication use), and physical activity; 3MS; and hemoglobin, with Spearman correlations, ␣ ⫽
.10. Significant correlations with the tortuosity ratio were re-evaluated as partial correlations adjusted for hemoglobin and voxel
size. A false discovery rate of 0.10 was used to correct for multiple
comparisons.
Statistical analysis was performed in SAS, Version 9.437 and
SPSS version 22.38

RESULTS
MR imaging study participants were younger and less likely to be
non-Hispanic white than the non-MR imaging study participants
(Table 1). Of MR imaging study participants, 15/47 with APOE
data had at least 1 copy of the APOE4 allele. Thus, representation
AJNR Am J Neuroradiol 38:1923–28
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whether this finding was due to number
of venules or average length, we evaluated differences in those measures. The
total number of tortuous venules ranged
from 4 to 32, while total straight venules
ranged from 2 to 24. There were more
tortuous venules than straight ones. The
range of average tortuous length was
6.56 –10.93 mm, while the range of average straight length was 4.35–11.57 mm,
and these average lengths were not significantly different. Thus, the difference
in total tortuous and straight venular
lengths was driven by a greater number
of tortuous venules.
Correlations between neuroimaging
a
Signiﬁcant.
markers
of SVD and the tortuosity ratio
b
Available on n ⫽ 47 (MRI) and n ⫽ 135 (non-MRI).
c
were not significant. WMH correlated at
WMH: rated as 0 ⫽ none/mild, 1 ⫽ moderate, 2 ⫽ severe.
d
Available on n ⫽ 45 due to scan quality or motion; the remaining 24 were split nearly evenly between 1 and ⬎1.
 ⫽ ⫺0.125, P ⫽ .37, and microbleeds
e
Available on n ⫽ 47 (MRI) and n ⫽ 139 (non-MRI).
correlated at  ⫽ ⫺0.059, P ⫽ .70.
Among nonmodifiable variables asTable 2: Venular length measures in LIFE MRI (n ⴝ 53) for tortuous and straight venules
separately
sociated with AD and SVD, sex was asTortuous
Straight
P Valuea
sociated with the tortuosity ratio (Table
c
Total length of venules (mean) (SD) (mm)
156.87 (53.18)
111.41 (50.11)
⬍.001b
3). Males had a higher tortuosity ratio
No. of venules (mean) (SD)
18.09 (5.87)
13.11 (5.34)
⬍.001b
(median, 2.15; IQR, 0.98) than females
Average length of venules (mean) (SD) (mm)
8.64 (0.87)
8.30 (1.42)
.07
(median, 1.31; IQR, 0.71). Those with at
a
P values based on paired t tests comparing tortuous and straight venule characteristics.
b
least 1 copy of the APOE4 allele had a
Signiﬁcant.
c
Venule lengths: for each participant, venules were traced in 4-cm2 ROIs (1 in each hemisphere), their length was
higher tortuosity ratio (median, 2.15;
measured by 3 raters, and median length was computed for each vessel. Venules are characterized as straight or
IQR, 1.78) than those without it (metortuous. The total straight and tortuous venular length in millimeters is calculated for each participant.
dian, 1.21; IQR, 0.75). Associations with
Table 3: Spearman correlations of tortuosity ratio with variables
age and race were not significant (P ⬎ .10).
of interest to SVD and AD in LIFE MRI (n ⴝ 53)
Among modifiable factors potentially influencing venular

P Value
characteristics, a higher VEGF was associated with a lower tortuAge
⫺0.023
.87
osity ratio. There were no significant associations with BDNF,
Race
0.202
.15
a
pulse pressure (adjusted for antihypertensive use), physical activSex
⫺0.304
.03
ity, or 3MS score (P ⬎ .10). Results were similar when using a ratio
APOE4
0.454
.001a
Pulse pressureb
0.206
.14
of vessel counts instead of the ratio of total lengths.
VEGF
⫺0.236
.096a
The relationship of APOE4 with venular tortuosity, but not the
BDNF
0.227
.11
other
findings, remained significant after false discovery rate cora
Hemoglobin level
0.266
.07
rection
of the P value (P ⫽ .01). Further adjustment for hemogloPhysical activity—daily
⫺0.187
.20
moderate activity (min)
bin level and voxel size did not modify the association with
3MS
0.199
.15
APOE4.
Table 1: Study sample characteristics in the LIFE study at the Pittsburgh site
MRI Study
Non-MRI Study P
(n = 53)
(n = 163)
Value
Age (median) (IQR) (yr)
76.0 (5.8)
79.4 (9.0)
⬍.01a
Race, non-Hispanic white (No.) (%)
30 (56.6)
124 (76.1)
⬍.01a
Sex, female (No.) (%)
42 (79.2)
123 (75.5)
.57
15 (31.9)
27 (20.0)
.10
APOE4 allele presenceb (No.) (%)
VEGF (median) (IQR) (pg/mL)
414.61 (370.17)
–
BDNF (median) (IQR) (pg/mL)
19,780.30 (27,492.00)
–
Pulse pressure (median) (IQR)
53 (13)
57 (18)
.06
Physical activity—daily moderate activity
24.6 (31.6)
18.3 (22.7)
.05
(median) (IQR) (min)
3MS (median) (IQR)
93 (7)
92 (9)
.46
11 (20.8)
–
Severe WMH burdenc (No.) (%)
21 (39.6)
–
No microbleedsd (No.) (%)
Confounders
On antihypertensive medication (No.) (%)
39 (73.6)
119 (73.0)
.93
12.7 (1.2)
13.2 (2.0)
.22
Hemoglobin levele (median) (IQR) (g/dL)

a

Signiﬁcant.
Partial correlation of pulse pressure and tortuosity ratio adjusted for antihypertensive drug use.

DISCUSSION

of APOE4 was higher than the 14% estimate among controls
worldwide39 but did not differ significantly from non-MR imaging participants. No or mild WMHs were seen in 58.5% of participants, while 20.8% each had moderate and severe WMHs. Regarding microbleeds, 39.6% of the sample had 0, 20.8% had 1, and
24.5% had ⬎1.
The total length of tortuous vessels ranged from 26.25 to
246.36 mm, while the total straight length ranged from 16.72 to
217.65 mm. The overall length of tortuous venules was greater
than that of straight venules (Table 2). Total tortuous length was
42% greater than total straight length (median tortuosity ratio,
1.4; 95% bootstrapped CI, 1.13–1.62) (On-line Fig 3). To examine

We found that application of 7T SWI is feasible to image cerebral
venular characteristics in vivo in older adults. This method is a
novel way of visualizing an understudied component of the cerebral vasculature. Given associations of venular tortuosity with
SVD6 and AD40,41 as well as increases in microvascular changes
with age,8 venular tortuosity may serve as a marker of declining
cerebrovascular integrity. This method may afford earlier detection of SVD and has the advantage of characterizing venular morphology without contrast.
We also found that APOE4 was associated with a higher tortuosity ratio, and this association was robust to adjustment for
potential confounders and multiple comparisons. This result supports studies implicating APOE4 in reduced vascular integrity.

b

1926

Shaaban

Oct 2017

www.ajnr.org

The APOE4 protein can directly damage the vasculature.42 APOE
is associated with neuroimaging manifestations of SVD,43,44 and
there are indications that it is associated with microvascular
changes. Mice expressing transgenic human APOE4 have altered
basement membrane protein expression.45 In humans with AD,
APOE4 is associated with BBB disruption.46 APOE4 is associated
with both increased deposition and reduced clearance of ␤ amyloid.42 Clearly, APOE4 is central to the development of AD pathology, and our results suggest it could be implicated in venular
damage. It is possible that ␤ amyloid deposition induces venular
damage. An AD mouse model showed that as ␤ amyloid built up
in the arterioles beginning at 5 months of age, venular mural cells
were damaged by 7 months of age.41 However, it is also possible
that venular damage induces ␤ amyloid deposition. In this same
experimental model, further venular mural cell damage led to
increased arteriolar ␤ amyloid deposition and, most interesting,
induction of venular tortuosity.41 The temporality of venular
damage and ␤ amyloid deposition remains an open question. We
were unable to collect amyloid imaging. Hence, future multimodal neuroimaging studies need to evaluate the timing and relationship of ␤ amyloid burden and venular tortuosity.
Although our result is remarkably consistent with the proposed APOE4-mediated reduction of vascular integrity,42 our
study cannot clarify the underlying mechanisms. This limitation
notwithstanding, APOE4 being associated with venular tortuosity
indicates the potential for risk stratification as an intervention
strategy. Thus, other factors should be evaluated to offset APOE4related risk.
We found a nonsignificant association of the tortuosity ratio
with WMHs and microbleeds, which could be due to a lack of
sensitivity in our visual ratings or the small sample size. Future
larger studies should evaluate associations of the tortuosity ratio
with WMH volume, a more sensitive measure compared with
visual ratings. Alternatively, this lack of association may indicate
that the tortuosity ratio is capturing novel, early information regarding vascular integrity. Future work should examine the relationships of the tortuosity ratio with other SVD neuroimaging
markers and related cognitive and mobility impairment and clarify the temporal order of venular damage and other SVD neuroimaging manifestations. We predict that venular damage comes
before traditional neuroimaging markers of SVD.
Our study has several limitations. The sample was not selected
to have a particularly low or high SVD burden. Future studies
should compare venular tortuosity ratios in those 2 groups.
Larger samples will be needed to confirm associations with sex
and VEGF. The venular measures are also 2D and, therefore, do
not account for venules running out of the plane. However, this
bias is nondifferential across our sample. Finally, MR imaging
participants were younger and had a higher proportion of nonwhites, indicating that this sample may differ from that in the
general community-dwelling older adult population.
Despite these limitations, our study has notable strengths. We
applied ultra-high-field neuroimaging with a higher SNR than
typically used to visualize novel venular characteristics. This allows smaller sample sizes at ultra-high-fields than would be required at lower field strengths. Because this neuroimaging study
was also within a randomized controlled trial, these participants

were extremely well-characterized, allowing us to control for potential confounding factors.

CONCLUSIONS
SWI at 7T offers a noninvasive method to image markers of cerebral venular integrity and fills an important gap in knowledge.
Morphologic measures of venules at 7T could be useful biomarkers of the early stages of SVD and AD. Risk and protective factors,
especially those that are modifiable, for these pathophysiologic
changes should be evaluated. Future longitudinal multimodal
studies characterizing venular integrity at 7T are warranted.
For the full LIFE study investigator listing, see the On-line
Appendix.
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ORIGINAL RESEARCH

ADULT BRAIN

Basal Ganglia T1 Hyperintensity in Hereditary
Hemorrhagic Telangiectasia
X A. Parvinian, X V.N. Iyer, X B.S. Pannu, X D.R. Apala, X C.P. Wood, and X W. Brinjikji

ABSTRACT
BACKGROUND AND PURPOSE: The implications of basal ganglia T1 hyperintensity remain unclear in patients with hereditary
hemorrhagic telangiectasia. This study was performed to assess the prevalence of this imaging ﬁnding in a large cohort of patients
with hereditary hemorrhagic telangiectasia and to identify any association between this phenomenon and other disease
manifestations.
MATERIALS AND METHODS: In this retrospective study, we identiﬁed all patients at our institution diagnosed with deﬁnite hereditary
hemorrhagic telangiectasia from 2001 to 2017. Patients who did not undergo brain MR imaging were excluded. Patient demographics,
laboratory results, and hereditary hemorrhagic telangiectasia disease characteristics were noted. Basal ganglia hyperintensity was evaluated both qualitatively and quantitatively relative to the signal intensity in the ipsilateral thalami. Statistical analysis was performed with
commercially available software.
RESULTS: A total of 312 patients (41% men, 59% women; mean age, 51 ⫾ 18 years) with deﬁnite hereditary hemorrhagic telangiectasia
were identiﬁed. Basal ganglia T1 hyperintensity was present in 23.4% of patients and demonstrated a statistically signiﬁcant association with older age (P ⬍ .001), increased hepatic AVMs (P ⬍ .001), high cardiac output state (P ⬍ .001), hepatic failure (P ⫽ .01),
elevated peak serum alkaline phosphatase level (P ⫽ .03), and increased total bilirubin count (P ⫽ .03). There was no signiﬁcant
association with sex, hereditary hemorrhagic telangiectasia genetic mutation status, parkinsonism, or serum transaminase levels.
CONCLUSIONS: Basal ganglia T1 hyperintensity occurs in ⬎23% of patients with hereditary hemorrhagic telangiectasia and is associated
with hepatic vascular malformations, hepatic dysfunction, and elevated cardiac output. The presence of this ﬁnding on screening MR
imaging in patients with hereditary hemorrhagic telangiectasia should prompt further evaluation for visceral lesions causing arteriovenous
shunting.
ABBREVIATIONS: ALT ⫽ alanine aminotransferase; ALK1 ⫽ activin receptor-like kinase 1; AST ⫽ aspartate aminotransferase; ENG ⫽ endoglin; HHT ⫽ hereditary
hemorrhagic telangiectasia

H

ereditary hemorrhagic telangiectasia (HHT) is an autosomal
dominant vascular disorder characterized by arteriovenous malformations in multiple visceral and mucocutaneous vascular beds. The Curaçao diagnostic criteria include the
following: 1) the presence of spontaneous and recurrent epistaxis, 2) mucocutaneous telangiectasias, 3) visceral arteriovenous malformations, and 4) a first-degree relative diagnosed
with HHT using the same criteria.1 Patients who meet at least 3
criteria are given a definite diagnosis of HHT, while those
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meeting 2 criteria are diagnosed with possible or suspected
HHT; patients meeting ⬍2 criteria are considered unlikely to
have HHT. Siblings and children of affected patients have a
50% risk of inheriting the disorder.2
The most common clinical presentation of HHT is epistaxis
early in the second decade of life.2 In hospitalized patients, epistaxis and gastrointestinal hemorrhage occur in approximately
16% and 11% of patients, respectively, while congestive heart failure occurs in nearly 20% of patients.3 Visceral arteriovenous malformations predominantly involve the liver, lungs, and brain, and
their prevalence is related to the specific underlying mutation.4
Patients with mutations in the endoglin (ENG) gene (HHT-1)
more often have cerebral and pulmonary AVMs, while patients
with mutations in the activin receptor-like kinase 1 (ALK1) gene
(HHT-2) are more likely to have hepatic AVMs; the rare SMAD
family member 4 mutation is associated with juvenile colonic
AJNR Am J Neuroradiol 38:1929 –33
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earliest available scan was used to exclude gadolinium deposition as a cause
for the increased T1 signal. The clinical
record and relevant imaging were scrutinized to assess for potential confounders such as calcifications, toxins, hemorrhage, or ischemia.

Data Collection
The electronic medical record was reviewed to obtain patient demographics,
laboratory values, and disease characteristics. Demographic information included age and sex. Laboratory studies
disclosed the following values: total serum bilirubin, alkaline phosphatase, alFIG 1. Axial and sagittal T1-weighted MR images of the brain demonstrating placement of ovoid anine aminotransferase, and aspartate
ROIs on the basal ganglia (red) and ipsilateral thalamus (yellow).
aminotransferase, as well as cardiac output. HHT disease characteristics inpolyposis.5,6 The overall prevalence of cerebral AVMs is 10%,
cluded the presence of mucocutaneous telangiectasias, epistaxis,
with a higher prevalence in HHT-1 versus HHT-2 (13.4% versus
family history, and genetic mutation status. Data regarding liver
2.4%).7 Although clinically silent in nearly 45% of patients, AVMs
failure, dyskinesias, or clinical parkinsonism (tremor, bradykinemay cause substantial morbidity, depending on their location,
sia, rigidity, and postural instability) were also collected. Relevant
size, and the degree of arteriovenous shunting. Baseline brain MR
imaging was reviewed on the PACS to identify hepatic, pulmoimaging screening is recommended to minimize the risk of ponary, and cerebral arteriovenous malformations (dysplastic vastentially fatal complications from cerebral AVMs.8
cular arterial and venous communication without an intervening
Some patients with HHT demonstrate abnormally increased
capillary bed).
basal ganglia signal intensity on T1-weighted MR images of the
Patients were divided into 2 groups based on the presence or
brain.9-11 This finding has been attributed to intracranial deposiabsence of basal ganglia hyperintensity, and the groups were comtion of paramagnetic manganese in hepatic arteriovenous shuntpared with regard to the above-mentioned variables.
ing by hepatic AVMs.11 However, the incidence and implications
of this imaging finding remain unclear in the HHT population.
Statistical Analysis
Therefore, we conducted this study to assess the prevalence of
Statistical analysis was performed with commercially available
basal ganglia T1 hyperintensity in a large cohort of patients with
software (JMP 7; SAS Institute, Cary, North Carolina). ContinuHHT and to identify any association between this phenomenon
ous variables were compared using the Student t test. The 2 test
and other disease manifestations.
was used to compare categoric variables. P values ⬍ .05 were
considered statistically significant.

MATERIALS AND METHODS
Patient Population

RESULTS

This retrospective, single-institution study was approved by our
institutional review board with a waiver of written informed consent and was performed in compliance with the Health Insurance
Portability and Accountability Act. An initial patient list was generated by searching the institutional data base for all patients with
HHT between January 2001 and January 2017. Inclusion criteria
were the following: 1) patients with a definite diagnosis of HHT as
defined by the Curaçao criteria, and 2) patients who underwent
1.5T or 3T MR imaging with at least 1 noncontrast T1-weighted
scan. Patients without MR imaging of the brain were excluded
from the study cohort.

Patient Population and Imaging Analysis
A total of 312 patients (41% men, 59% women; mean age, 51 ⫾ 18
years) were included in the study cohort. A total of 73 patients had
qualitatively bright basal ganglia on imaging analysis, and 239
patients had normal-appearing basal ganglia. The mean basal
ganglia/thalamic ratio for the bright basal ganglia group versus
the normal basal ganglia group was 1.27 ⫾ 0.14 versus 1.07 ⫾ 0.07
on the right side (P ⬍ .001) and 1.26 ⫾ 0.13 versus 1.07 ⫾ 0.07 on
the left side (P ⬍ .001). Patient demographic and disease characteristics are summarized in Table 1. Representative cases are demonstrated in Figs 2 and 3.

Imaging Analysis

Variables Associated with Basal Ganglia Hyperintensity

Basal ganglia hyperintensity was qualitatively determined relative
to the signal intensity in the ipsilateral thalami. Quantitative measurements of signal intensity were obtained from 4- to 6-mm
ovoid ROIs manually placed on the bilateral lentiform nuclei and
thalami on axial or sagittal unenhanced T1-weighted images of
the brain (Fig 1). In patients who underwent multiple MRIs, the

The presence of basal ganglia T1 hyperintensity demonstrated a
statistically significant association with increased age (62 versus
48 years, P ⬍ .001), the presence of hepatic AVMs (49.3% versus
24.2%, P ⬍ .001), hepatic telangiectasias (23.3% versus 20.9%,
P ⬍ .001), nasal telangiectasias (8.2% versus 2.1%, P ⫽ .02), increased peak cardiac output (7.9 versus 6.1 L/min, P ⬍ .001),
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hepatic failure (5.4% versus 0.8%, P ⫽ .01), and elevated peak
serum alkaline phosphatase levels (148 versus 108 U/L, P ⫽ .03)
and elevated total bilirubin levels (0.88 versus 0.66, P ⫽ .03).
There was no significant association with sex (P ⫽ .62), genetic
mutation status (P ⫽ .07), parkinsonism (1.4% versus 1.3%,
P ⫽ .38), or peak serum levels of alanine aminotransferase
(ALT) (91 versus 53 U/L, P ⫽ .35) or aspartate aminotransferase (AST) (166 versus 51, P ⫽ .28). These findings are summarized in Table 2.

nial deposition of paramagnetic manganese in the presence of
hepatic AVMs is responsible for basal ganglia hyperintensity, a
phenomenon that has been described in other disease processes in which hepatic metabolism of manganese is impaired
or bypassed.12 Moreover, these findings are important because
they suggest that the degree of shunting required to produce
basal ganglia hyperintensity appears to be associated with hepatic dysfunction and increased cardiac output, both of which
may entail further metabolic derangements and a worse
prognosis.
DISCUSSION
The prevalence of basal ganglia hyperintensity in the present
In this study, basal ganglia T1 hyperintensity was present in
investigation was less than the rate described in a recent study of
⬎23% of patients with definite HHT. There was a statistically
139 patients (23% versus 38%); this prevalence may reflect the
significant association between this imaging finding and inlower overall rate of hepatic AVMs in our cohort (30% versus
creased patient age, hepatic vascular malformations, hepatic
45%).13 This could be due to a difference in the prevalence of ENG
dysfunction, and elevated cardiac output. There was no signifversus ALK1 mutations in each study population, with hepatic
icant association with sex, genetic mutation status, cerebral
AVMs and the high cardiac output state being much more comAVMs, or gross neuropsychiatric derangement. These findings
mon in those with the ALK1 mutation. Older age, higher cardiac
are in accordance with the prevailing hypothesis that intracraoutput, and increased prevalence of hepatic dysfunction in the
a
bright basal ganglia group merit further discussion. Hepatic vasTable 1: Patient demographic and disease characteristics
cular involvement in HHT results in shunting involving portal
Demographics/Disease
vein to hepatic vein, hepatic artery to portal vein, or hepatic artery
Characteristics
to hepatic vein. It is the hepatic artery– hepatic vein shunting that
Age (yr)
51 ⫾ 18
Sex
results in a high cardiac output state. A recent large nationwide
Male
129 (41%)
study of patients with HHT in the United States found that most
Female
183 (59%)
(⬃75%) patients with a high cardiac output state were older than
Mutation
60 years of years of age.3 Similarly, almost 60% of patients with
ENG
46 (14.7%)
cirrhosis were also older than 60 years of age in that study. Thus,
ALK1
32 (10.3%)
AVM
the finding of high cardiac output and liver dysfunction among
Cerebral
32 (10.3%)
older patients in our study in the bright basal ganglia group is not
Pulmonary
151 (48.4%)
a surprise.
Hepatic
94 (30.1%)
Predicting liver disease in HHT is an important topic because
Telangiectasia
substantial liver disease can often be present in otherwise asympHepatic
67 (21.4%)
Nasal
11 (3.5%)
tomatic patients. In a multivariate prediction model, Singh et al14
Liver failure
6 (1.9%)
reported that increasing age, female sex, higher alkaline phosphaParkinsonism
4 (1.3%)
tase levels, and lower hemoglobin levels were all predictive of
Serum laboratory values
clinically significant liver disease among patients with HHT. Our
Total bilirubin (mg/dL)
0.71 ⫾ 0.53
study confirms these findings, with older age and higher alkaline
ALP (U/L)
118.4 ⫾ 101
phosphatase levels being more common in the bright basal ganAST (U/L)
78.9 ⫾ 456
ALT (U/L)
62.2 ⫾ 202
glia group. Thus, it appears that bright basal ganglia occur more
Cardiac output (L/min)
6.6 ⫾ 2.1
frequently in the same group of patients previously shown to have
Note:—ALP indicates alkaline phosphatase; ALT, alanine aminotransferase.
higher rates of clinically significant HHT-related liver disease.
a
Data are means or No. (%).
These congruent findings further validate our study hypothesis and results.
Manganese deposition has been associated with neurotoxicity in certain atrisk populations. In a recent study of
workers with occupational exposure to
manganese, Shin et al15 found a doseresponse relationship between T1 signal
intensity and serum manganese levels
and further described an inverse relationship between signal and neurobehavioral performance, positing that signal intensity may predict performance
in workers exposed to the element. In
FIG 2. A representative patient with HHT and increased basal ganglia signal intensity on sagittal
T1-weighted MR imaging (A) with a concurrent hyperenhancing hepatic AVM on arterial phase the present study, increased basal ganglia signal intensity was not associated
abdominal CT (B).
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be appropriate to raise this possibility
and recommend additional imaging and
diagnostic studies to determine the presence of liver AVMs along with hepatic
dysfunction and a high cardiac output
state. Each of these entities worsens
prognosis in patients with HHT and
requires specific decisions with regard
to follow-up and treatment options.2
Most important, early detection of potentially consequential yet preclinical hepatic
vascular malformations may facilitate
timely intervention and ultimately lead to
improved patient outcomes.
FIG 3. Another representative patient with HHT and increased basal ganglia signal intensity on
axial T1-weighted MR imaging (A) with multiple hyperenhancing hepatic AVMs on coronal arterial
phase abdominal CT (B).
Table 2: Variables associated with BG hyperintensitya
BG Not Bright
(n = 239, 76.6%)
Age (mean) (yr)
48 ⫾ 17.9
Sex
Male
97 (40.6%)
Female
142 (59.4%)
Mean BG: thalamic intensity
Right
1.07 ⫾ 0.07
Left
1.07 ⫾ 0.07
Mutation
ENG
38 (15.9%)
ALK1
20 (8.4%)
AVM
Cerebral
28 (11.7%)
Pulmonary
120 (50.2%)
Hepatic
58 (24.2%)
Telangiectasia
Hepatic
50 (20.9%)
Nasal
5 (2.1%)
Liver failure
2 (0.8%)
Clinical parkinsonism
3 (1.3%)
Serum laboratory values (mean)
Total bilirubin (mg/dL)
0.66 ⫾ 0.40
ALP (U/L)
108 ⫾ 80.2
AST (U/L)
51.2 ⫾ 197
ALT (U/L)
52.7 ⫾ 139
Cardiac output (L/min)
6.1 ⫾ 1.8

BG Bright
(n = 73, 23.4%)
62 ⫾ 13.6

P Value
⬍.001
.62

32 (43.8%)
41 (56.2%)
1.27 ⫾ 0.14
1.26 ⫾ 0.13

⬍.001
⬍.001
.07

8 (11.0%)
12 (16.4%)
4 (5.5%)
31 (42.4%)
36 (49.3%)

.12
.03
⬍.001

17 (23.3%)
6 (8.2%)
4 (5.4%)
1 (1.4%)

⬍.001
.02
.01
.38

0.88 ⫾ 0.80
148 ⫾ 145
166 ⫾ 862
91.4 ⫾ 327
7.9 ⫾ 2.2

.03
.03
.28
.35
⬍.001

Note:—BG indicates basal ganglia; ALP, alkaline phosphatase; ALT, alanine aminotransferase.
a
Data are No. (%) unless otherwise indicated.

with gross neurologic disturbances, though subclinical neurologic dysfunction may have existed at the time of imaging. Given
the absence of overt neurologic manifestations, however, the association between basal ganglia T1 hyperintensity and liver dysfunction and elevated cardiac output highlights the importance of
screening MR imaging.
Current guidelines recommend Doppler sonography or CT
screening of adult patients with abnormal hepatic enzymes or
clinical features suggestive of hepatic vascular malformations (ie,
high output cardiac failure, liver failure, intestinal ischemia, or
hepatic encephalopathy).16 Our findings suggest that basal ganglia hyperintensity on screening brain MR imaging may be the
only evidence of a subclinical hepatic AVM. In this setting, it may
1932
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Limitations
Limitations of this study include its retrospective nature and the inherent
weaknesses of nonprospective studies as
well as the lack of formal neuropsychological assessment and lack of a corelation between basal ganglia deposits of
manganese and serum manganese levels. Additionally, data were obtained
during 2 decades from at least 15 different scanners and were therefore subject
to variations in MR imaging technology
and protocols and scan parameters; information pertaining to data obtained at
1.5T versus 3T was not available. The
strengths of our study include the use of
a well-characterized cohort of patients
with HHT from a high-volume HHT
center of excellence. In addition, each
scan was carefully reviewed by a core
group of experienced neuroradiologists
with considerable experience in the field
of HHT. Also, the availability of laboratory values and echocardiogram data
from the electronic medical record allowed excellent statistical correlations to
be made with increased basal ganglia T1
signal intensity.

CONCLUSIONS
Basal ganglia T1 hyperintensity due to manganese deposition occurs frequently in patients with HHT and was seen in ⬎23% of
this cohort. It was associated with older age and the presence of
hepatic vascular malformations, hepatic dysfunction, and a high
cardiac output state. The presence of this finding in patients with
definite HHT should prompt a thorough evaluation for visceral
AVMs and any associated systemic consequences.
Disclosures: Vivek Iyer—UNRELATED: Consultancy: Merck Pharmaceuticals, Comments: related to my work in chronic cough (site Principal Investigator for a phase 3
study); Royalties: Mayo Clinic Internal Medicine Board Review and Mayo Clinic
Interventional Cardiology Board Review, Comments: I have authored a few chapters
for these books and receive about US $100 a year in royalties.
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ORIGINAL RESEARCH

ADULT BRAIN

Analysis of White Matter Damage in Patients with Multiple
Sclerosis via a Novel In Vivo MR Method for Measuring Myelin,
Axons, and G-Ratio
X A. Hagiwara, X M. Hori, X K. Yokoyama, X M. Nakazawa, X R. Ueda, X M. Horita, X C. Andica, X O. Abe, and X S. Aoki

ABSTRACT
BACKGROUND AND PURPOSE: Myelin and axon volume fractions can now be estimated via MR imaging in vivo, as can the g-ratio, which
equals the ratio of the inner to the outer diameter of a nerve ﬁber. The purpose of this study was to evaluate WM damage in patients with
MS via this novel MR imaging technique.
MATERIALS AND METHODS: Twenty patients with relapsing-remitting MS with a combined total of 149 chronic plaques were analyzed.
Myelin volume fraction was calculated based on simultaneous tissue relaxometry. Intracellular and CSF compartment volume fractions
were quantiﬁed via neurite orientation dispersion and density imaging. Axon volume fraction and g-ratio were calculated by combining
these measurements. Myelin and axon volume fractions and g-ratio were measured in plaques, periplaque WM, and normal-appearing WM.
RESULTS: All metrics differed signiﬁcantly across the 3 groups (P ⬍ .001, except P ⫽ .027 for g-ratio between periplaque WM and
normal-appearing WM). Those in plaques differed most from those in normal-appearing WM. The percentage changes in plaque and
periplaque WM metrics relative to normal-appearing WM were signiﬁcantly larger in absolute value for myelin volume fraction than for
axon volume fraction and g-ratio (P ⬍ .001, except P ⫽ .033 in periplaque WM relative to normal-appearing WM for comparison between
myelin and axon volume fraction).
CONCLUSIONS: In this in vivo MR imaging study, the myelin of WM was more damaged than axons in plaques and periplaque WM of
patients with MS. Myelin and axon volume fractions and g-ratio may potentially be useful for evaluating WM damage in patients with MS.
ABBREVIATIONS: AVF ⫽ axon volume fraction; EDSS ⫽ Expanded Disability Status Scale; MVF ⫽ myelin volume fraction; NAWM ⫽ normal-appearing white

matter; NODDI ⫽ neurite orientation dispersion and density imaging; PD ⫽ proton density; PWM ⫽ periplaque white matter; Vic ⫽ volume fraction of the intracellular
compartment; Vec ⫽ volume fraction of the extracellular compartment; Viso ⫽ volume fraction of the CSF compartment

M

R imaging, particularly T2-weighted imaging, is used for
diagnosis and follow-up in patients with MS.1 Advanced
MR imaging modalities such as DTI, diffusional kurtosis imaging,

Received March 15, 2017; accepted after revision May 24.
From the Departments of Radiology (A.H., M. Hori., M.N., R.U., M. Horita, C.A., S.A.)
and Neurology (K.Y.), Juntendo University School of Medicine, Tokyo, Japan; Department of Radiology (A.H., O.A.), Graduate School of Medicine, University of
Tokyo, Tokyo, Japan; and Department of Radiological Sciences (R.U.), Graduate
School of Human Health Sciences, Tokyo Metropolitan University, Tokyo, Japan.
This work was supported by JSPS KAKENHI grant number 16K19852; grant number
JP16H06280, Grant-in-Aid for Scientiﬁc Research on Innovative Areas - Resource
and technical support platforms for promoting research “Advanced Bioimaging
Support”; the Japan Radiological Society and Bayer Yakuhin (KJ-08); the Impulsing
Paradigm Change through disruptive Technologies (ImPACT) Program of the Council for Science, Technology and Innovation (Cabinet Ofﬁce, Government of Japan);
and the program for Brain Mapping by Integrated Neurotechnologies for Disease
Studies (Brain/MINDS) from the Japan Agency for Medical Research and
Development, AMED.
Please address correspondence to Akifumi Hagiwara, MD, Department of Radiology, Juntendo University School of Medicine, 1-2-1, Hongo, Bunkyo-ku, Tokyo,
Japan, 113-8421; e-mail: a-hagiwara@juntendo.ac.jp
Indicates open access to non-subscribers at www.ajnr.org
http://dx.doi.org/10.3174/ajnr.A5312

1934

Hagiwara

Oct 2017

www.ajnr.org

q-space imaging, and MR spectroscopy have revealed abnormalities that were not apparent on conventional T2WI in the normalappearing white matter (NAWM)2,3 and periplaque white matter
(PWM)4,5 in the brains of patients with MS. A recently developed
quantification pulse sequence called QRAPMASTER (an acronym derived from “quantification of relaxation times and proton
density by multiecho acquisition of a saturation-recovery by using turbo spin-echo readout”) has enabled the rapid simultaneous
quantification of R1 and R2 relaxation rates and proton density
(PD) in approximately 5 minutes, and thus enabled the use of
these measurements in clinical practice.6,7 Myelin volume fraction (MVF) can also be estimated based on R1, R2, and PD measurements.8 The model hypothesizes 4 compartments in the
brain: the myelin partial volume (or MVF), the cellular partial
volume, the free water partial volume, and the excess parenchymal water partial volume. It assumes that the relaxation behavior
of each compartment contributes to the effective relaxation behavior of an acquisition voxel as a whole. In this model, the magnetization exchange rates between tissue compartments are

considered to be simulated by using Bloch estimation. MVF measured by this model has been validated by myelin staining of brain
sections derived from cadavers.9 We have previously reported
that MVF, excess parenchymal water partial volume, R1, R2, and
PD differed significantly across NAWM, PWM, and plaques.10 In
plaques, these parameters differed most from those in NAWM.
The percentage differences in MVF and excess parenchymal water
partial volume for plaques and PWM relative to NAWM differed
significantly from those of R1, R2, and PD. It was concluded that
MVF and excess parenchymal water partial volume are more sensitive to the MS disease process than R1, R2, and PD.
Neurite orientation dispersion and density imaging (NODDI) is
one of the recently developed advanced diffusion metrics that
assumes 3 compartments: a restricted intracellular compartment
(Vic), a hindered extracellular compartment (Vec), and CSF with
free diffusion (Viso).11 Vic is attributed to the density of “neurites” (ie, axons and dendrites). As opposed to DTI, which is sensitive to the partial volume averaging of fiber orientations,
NODDI incorporates the curving and fanning of fibers into the
model and is considered to be more robust for estimating the
volume of axons.12 Even though it was not explicitly designed for
handling the crossing of fibers, a preliminary study has also shown
the robustness of the NODDI model for crossing fibers.13
The g-ratio, which is the ratio of the inner (axon only) to the
outer diameter of a myelinated axon (axon plus myelin), is associated with speed of conduction.14 Larger axons and thicker myelin sheaths give rise to faster conduction of electrochemical information, but there is a trade-off between these because of the
limited space in the brain. G-ratio has a limited dynamic range in
healthy WM13 and depends on age15-17 and region.15,18 Stikov
et al12 developed a model that estimates “aggregate” g-ratio in a
voxel via MR imaging. This model assumes that the g-ratios of all
axons in a voxel are the same. Otherwise, the measured g-ratio
would be the value if all of the myelin and axons were redistributed in a voxel such that all axons had the same g-ratio. Combining MVF, Viso, and Vic enables the calculation of axon volume
fraction (AVF) and g-ratio. Notably, these measurements are specific to WM and not defined in GM.13 These novel MR imaging
methods in combination may differentiate between demyelination and axonal degeneration, whereas conventional T2WI or
FLAIR images cannot. Remyelinated lesions are known to have
thinner myelin sheaths and higher g-ratios than normal tissue.19
G-ratio may also be useful for the evaluation of treatment effects
in patients with MS.
The aim of the current study was to evaluate WM damage in
patients with MS via novel MR imaging methods for quantifying
MVF, AVF, and g-ratio.

MATERIALS AND METHODS
Study Participants
This prospective study recruited 24 patients with relapsing-remitting MS between April and July 2016. These patients were diagnosed according to standard criteria.1,20,21 Of these patients, 1 did
not have any plaques on brain MR imaging, the images of 1 were
degraded by motion artifacts, and 2 had extensive WM abnormalities and it was difficult to evaluate focal plaques correctly. Therefore, these 4 patients were excluded, and 20 patients (5 men and

15 women; mean age, 46.7 years; age range, 31– 67 years) were
included in the analysis. The median Expanded Disability Status
Scale (EDSS) score22 at imaging was 1.3 (range, 0 –7), and the
mean disease duration was 11.5 ⫾ 7.5 years. The institutional
review board of Juntendo University Hospital approved this
study, and written informed consent was obtained from all
participants.

MR Imaging
All MR imaging was performed on a 3T system (Discovery
MR750w; GE Healthcare, Milwaukee, Wisconsin) with a 24channel head coil. All patients underwent MR relaxometry and
diffusion-weighted, conventional T1-weighted, T2-weighted, and
FLAIR imaging.
MR relaxometry was performed with a 2D axial pulse sequence. This is a multisection, multiecho, multisaturation delay
saturation-recovery turbo spin-echo acquisition method in which
images are collected with different combinations of TEs and saturation delay times.6 In Juntendo University Hospital, combinations of 2 TEs and 4 delay times were used to generate a matrix of
8 complex images that were then used to quantify longitudinal R1
relaxation and transverse R2 relaxation rates and PD. The TEs
used were 16.9 and 84.5 ms, and the delay times were 146, 546,
1879, and 3879 ms. The TR was 4.0 seconds. The other parameters
used for MR relaxometry were as follows: FOV, 240 ⫻ 240 mm;
matrix, 320 ⫻ 320; echo-train length, 10; bandwidth, 31.25 kHz;
section thickness/gap, 4.0 mm/1.0 mm; sections, 30; and acquisition time, 7 minutes 12 seconds.
With the assumption that all the R1, R2, and PD values of
myelin partial volume (or MVF), excess parenchymal water partial volume, cellular partial volume, and free water partial volume
contribute to the effective R1, R2, and PD in each acquisition
voxel, a model was produced to estimate partial volumes of these
4 compartments as described by Warntjes et al.8 This was done by
running Bloch equations and optimizing model parameters in a
spatially normalized and averaged brain from a group of healthy
controls. Using this model, MVF maps were created from R1, R2,
and PD maps via SyMRI software (version 8.0; SyntheticMR,
Linköping, Sweden). Although the more commonly used method
(ie, quantitative magnetization transfer imaging) for estimating
MVF to be used for calculating g-ratio requires a scaling factor
to estimate MVF from measured macromolecular pool size
based on proportionality,12 we omitted this procedure because
the method we used directly estimates the volume fraction of
myelin in a voxel.8 The R1, R2, and PD maps were also used to
create synthetic T2WI with the following parameters: TR, 4500
ms; TE, 100 ms.
Conventional T1WI was obtained by using the following parameters: TR, 3294 ms; TE, 18 ms; TI, 908 ms; FOV, 240 ⫻ 216
mm; matrix, 352 ⫻ 256; echo-train length, 8; section thickness/
gap, 4.0/1.0 mm; number of sections, 30. T2WI was obtained by
using TR, 4500 ms; TE, 111 ms; FOV, 240 ⫻ 240 mm; matrix,
512 ⫻ 512; echo-train length, 24; bandwidth, 31.25 kHz; section
thickness/gap, 4.0 mm/1.0 mm; and number of sections, 30.
FLAIR images were obtained by using TR, 9000 ms; TE, 124 ms;
TI, 2472 ms; FOV, 240 ⫻ 240 mm; matrix, 320 ⫻ 224; echo-train
AJNR Am J Neuroradiol 38:1934 – 40
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tropic volume fraction (Viso). Extracting free diffusion compartment Viso,
remaining Vic plus extracellular volume
fraction Vec equals 1. The computational procedure for NODDI was accelerated by a convex optimization procedure that converts the nonlinear fitting
into a linear one.26
Maps of AVF and g-ratio were obtained as described by Stikov et al.12 Because transverse relaxation time T2 of
myelin water is approximately 10 ms27
and much shorter than the TE (88.2 ms
in this study) for acquiring sufficient diffusion sensitization, the signal of myelin
is negligible in the NODDI model, but
the volume of myelin is not. In other
words, the volume fractions estimated
by NODDI correspond to nonmyelinated tissue. Therefore, AVF is given by
the following equation:
AVF ⫽ 共1 ⫺ MVF兲共1 ⫺ Viso兲Vic.
G-ratio is calculated by using fiber volume fraction (FVF) and AVF:
FIG 1. Representative images from a patient with MS. Synthetic T2WI (A) and maps of myelin
volume fraction (B), axon volume fraction (C), and g-ratio (D) are shown. Two plaques are designated by arrows in these images. Even though myelin is severely damaged in these plaques (B,
5.53% and 7.23%), the degrees of axon damage are milder (C, 31.30% and 22.95%). Because myelin
is severely damaged in these plaques, corresponding g-ratios are close to 1.00 (D, 0.94 and 0.91).

length, 16; section thickness/gap, 4.0/1.0 mm; and number of sections, 30.
Single-shot echo-planar imaging was performed for DWI by
using 2 b-values (30 directions with b ⫽ 1000 seconds/mm2 and
60 directions with b ⫽ 2000 seconds/mm2). Non-DWI (b ⫽ 0
seconds/mm2) was also acquired. An array spatial sensitivity encoding technique (ASSET) with an acceleration factor of 2 was
used. Other parameters used for diffusion MR imaging were as
follows: TR, 5000 ms; TE, 88.2 ms; diffusion gradient pulse duration, 41.184 ms; diffusion gradient separation, 29.596 ms; FOV,
256 ⫻ 256 mm; matrix, 256 ⫻ 256; echo-train length, 128; bandwidth, 1953.12 kHz; section thickness/gap, 4.0 mm/1.0 mm; sections, 30; and acquisition time, 7 minutes 40 seconds.
For DWI, distortions caused by eddy currents and motion
effects were corrected by using affine whole-brain registration to
b ⫽ 0 images with consideration of through-plane distortion in
addition to in-plane distortion.23 Images were then denoised by
using multishell position-orientation adaptive smoothing based
on the propagation-separation approach.24,25 This algorithm
does not assume a specific model and can be used for any diffusion
model including NODDI. Instead of treating data from each shell
separately, we treated the 2-shell diffusion data simultaneously for
denoising to improve stability.25
We used the NODDI Matlab Toolbox5 (http://www.nitrc.org/
projects/noddi_toolbox) to fit the NODDI model to the acquired
and processed diffusion-weighted data to create maps of intracellular volume fraction (Vic), orientation dispersion index, and iso1936
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AVF/FVF ⫽ g 2 .
MVF is:
MVF ⫽ FVF ⫺ AVF.

Thus, g-ratio is calculated as follows:
g⫽

冑1/关1 ⫹ 共MVF/AVF兲兴.

These calculations were performed by using an in-house program
developed with Matlab (MathWorks, Natick, Massachusetts).
Linear transformation was performed to register the acquired
images.

Image Analysis
Synthetic T2WI and maps of MVF, AVF, and g-ratio (Fig 1) were
converted to DICOM files and analyzed by using OsiriX Imaging
Software, Version 7.5 (http://www.osirix-viewer.com). An experienced neuroradiologist (A.H.) used conventional and synthetic
MR images to confirm 150 plaques (defined as a WM area of more
than 5 mm in diameter in the supratentorial area with abnormally
high intensity on a T2WI). Of these, 1 plaque was new compared
with the MR imaging performed 2 months earlier. None of the
other lesions showed remarkable change compared with the MR
imaging performed at least 1 year earlier. These 149 plaques were
considered chronic and were used for ROI analysis. The mean
number of plaques in the 20 patients was 7.45 ⫾ 4.52. A.H. manually drew freehand ROIs on plaques, PWM, and NAWM on
synthetic T2WI. An ROI was placed to encircle a plaque, and up to
4 ROIs, approximately half the size of the ROI of that plaque, were
also placed on the PWM (defined as a normal-intensity WM area
closest to and surrounding a plaque) (Fig 2).4,5,10 The PWM ROIs
were placed approximately 90° from the adjacent ROI to form a

Table 1: Descriptive values of plaques, PWM, and NAWM
MVF (%)a
AVF (%)a
G-Ratio (%)a
Plaques
5.97 ⫾ 4.86
31.49 ⫾ 10.39
0.93 ⫾ 0.058
PWM
25.74 ⫾ 4.42
39.08 ⫾ 7.09
0.77 ⫾ 0.049
NAWM
30.96 ⫾ 3.74
44.10 ⫾ 7.56
0.76 ⫾ 0.051
Values are mean ⫾ SD. P ⬍ .001 for all metrics among each tissue type, except P ⫽
.027 for g-ratio between PWM and NAWM.

a

Table 2: Percentage changes of MVF, AVF, and g-ratio in plaques
and PWM relative to NAWM
MVF (%)a
AVF (%)a
G-Ratio (%)a
Plaques
80.78 ⫾ 15.27
27.18 ⫾ 25.27
23.81 ⫾ 11.52
PWM
16.19 ⫾ 14.82
9.31 ⫾ 22.05
2.17 ⫾ 8.24
a
Values are mean ⫾ SD. P ⬍ .001 for percentage changes of plaques and PWM
relative to NAWM for comparisons among all metrics, except P ⫽ .016 for percentage
change of plaques relative to NAWM when comparing between AVF and g-ratio, and
P ⫽ .033 for percentage change of PWM relative to NAWM when comparing between MVF and AVF.

and g-ratio). The signs of the percentage changes for MVF and
AVF were inverted for statistical analysis because these values
were higher overall in NAWM than in plaques and PWM. EDSS
and disease duration were correlated with MVF, AVF, and g-ratio
of NAWM averaged in each patient via the Spearman rank order
correlation coefficient. A 2-sided P value ⬍ .05 was considered
significant. All statistical analyses were performed with the software package R, version 3.2.1 (http://www.r-project.org/).

RESULTS

FIG 2. An example of ROI analysis in a patient with MS. The upper 2
images show the same synthetic T2WI without (A) and with (B) the
placement of ROIs. A ROI (white arrow) was drawn on a plaque, and 4
ROIs (arrowheads) were placed on periplaque white matter to encircle the plaque. The ROI of the plaque was copied and pasted onto the
contralateral normal-appearing white matter (black arrow). These
ROIs were then copied and pasted onto maps of myelin volume fraction, axon volume fraction, and g-ratio. A map of the corresponding
myelin volume fraction (C) is shown as an example.

box that surrounded the plaque. If a PWM ROI overlapped CSF,
GM, or other plaques, it was discarded; 206 PWM ROIs were
removed on this basis (ie, 390 PWM ROIs were used for analysis).
The ROI of the plaque was copied and pasted on the contralateral
NAWM. The mean ROI sizes were 45.17 ⫾ 30.19 mm2 for plaques
and 22.72 ⫾ 15.16 mm2 for PWM. All the ROIs made on synthetic
T2WI were copied and pasted onto the MVF, AVF, and g-ratio
maps for the same patient, and the mean value of each ROI was
recorded. To confirm the accuracy of ROI analyses, a second investigator (M. Horita) blinded to the patient information also
independently conducted the same measurements.

Statistical Analysis
Because not all data were normally distributed, we used the SteelDwass test for multiple comparisons to compare MVF, AVF, and
g-ratio values among plaques, PWM, and NAWM. The percentage changes of plaques or PWM relative to NAWM were also
calculated and compared among different metrics (ie, MVF, AVF,

The results of ROI analysis and comparisons among plaques, PWM,
and NAWM are shown in Table 1. MVF, AVF, and g-ratio all
differed significantly among plaques, PWM, and NAWM. MVF
and AVF were lower in plaques and PWM than in NAWM, with
plaques showing the lowest value (P ⬍ .001), and g-ratio was higher
in plaques and PWM than in NAWM, with plaques showing the
highest value (P ⬍ .001, except P ⫽ .027 for g-ratio between PWM
and NAWM).
The percentage changes of MVF, AVF, and g-ratio in plaques
and PWM relative to NAWM are shown in Table 2. Those of MVF
and AVF in plaques relative to NAWM differed significantly more
from zero than that of g-ratio, with that of MVF differing the
most from zero (P ⬍ .001, except P ⫽ .016 for comparison
between those of AVF and g-ratio). Those of MVF and AVF in
PWM relative to NAWM differed significantly more from zero
than that of g-ratio, with that of MVF differing the most from
zero (P ⬍ .001, except P ⫽ .033 for comparison between those
of MVF and AVF).
The interobserver reproducibility between the 2 observers (A.H.
and M. Horita) for the mean MVF values was measured. The interclass correlation coefficient for plaques was 0.84 (95% CI, 0.78 –
0.88), that for PWM was 0.94 (95% CI, 0.92– 0.96), and that for
NAWM was 0.89 (95% CI, 0.85– 0.92).
Significant correlations with EDSS and disease duration were
not found for MVF, AVF, and g-ratio of NAWM averaged in each
patient (EDSS versus MVF, P ⫽ .25; EDSS versus AVF, P ⫽ .87;
EDSS versus g-ratio, P ⫽ .80; disease duration versus MVF, P ⫽
.25; disease duration versus AVF, P ⫽ .26; disease duration versus
g-ratio, P ⫽ .22).
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DISCUSSION
The observation of lower MVF in plaques and PWM than in
NAWM, with plaques showing the lowest value, is consistent with
the results of our previous report.10 In this study, AVF of PWM
was also in between that of NAWM and plaques, with plaques
showing the lowest value. However, the percentage changes of
MVF for plaques and PWM relative to NAWM were higher than
those of AVF. This implies that myelin was more damaged than
axons in plaques and PWM. This corresponds to the results of
previous histologic studies showing that demyelination is the primary event in patients with MS, and axons are relatively preserved
in chronic plaques.28 Even though Wallerian degeneration is
known to cause axonal loss and contribute to secondary myelin
degradation in PWM,29,30 myelin loss may be the primary event
in PWM as well as in plaques.28 However, there is growing evidence that axonal damage is also a feature of MS that is associated
with long-term disability and functional deficits.31 For example,
the average percentage change of AVF in plaques relative to
NAWM in our study was 27.18%, lower than the value (68%)
reported by Bjartmar et al32 for histopathologic average axonal
loss in MS lesions. However, their study involved the spinal cords
of 5 paralyzed patients with MS with EDSS scores of ⱖ7.5,
whereas the median EDSS score of the patients in our study was
much lower (1.3), and the degrees of axonal damage in the patients in the 2 studies were presumably different. A greater number of patients would be required to stratify them according to
EDSS to investigate patterns of myelin and axonal damage according to disease progression. In the current study, neither EDSS
nor disease duration were significantly correlated with MVF,
AVF, or g-ratio in NAWM. Correlations between clinical indicators and MVF, AVF, and g-ratio should also be re-evaluated in a
larger study.
Our study is the first to report the g-ratio in the brains of a
number of patients with MS. The average g-ratio of 0.76 in
NAWM of patients with MS in this study is almost equal to the
value of 0.75 in a patient with MS measured via MR imaging
reported by Stikov et al.12 In the current study, the average g-ratio
of MS plaques was higher than that of NAWM (0.93 versus 0.76).
This is consistent with a histologic study that showed myelin is
thinner in plaques even after partial remyelination.17 Although
our result for the relationship of g-ratios between MS plaques and
NAWM corresponds to the aforementioned report by Stikov et
al,12 the reported average g-ratio for plaques was 0.80 in that
study, which is lower than that of the current study (0.93). This
difference in g-ratios may be related to variations in the disease
duration and differences in the methods used to measure g-ratio.
In the current study, g-ratios in various regions were averaged,
and the dependence of g-ratio on specific regions was not explored. Larger axons (eg, those in corticospinal tracts) are known
to have greater g-ratios than smaller axons.18,33
There are various approaches for estimating MVF in the brain.
Magnetization transfer imaging is one of these, and quantitative
magnetization transfer imaging has shown a strong correlation
with quantitative histology.34 MR studies evaluating g-ratio have
mostly been based on magnetization transfer imaging.12,15,18
However, quantitative magnetization transfer imaging requires
approximately 30 minutes for acquisition, and it is still unrealistic
1938
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for routine use in a clinical setting. Quantitative magnetization
transfer imaging first measures macromolecular pool size, and a
coefficient for regressing it to MVF should be determined in each
protocol.12 The model based on tissue relaxometry used in the
current study8 directly estimates MVF in a voxel and can be used
without determining a coefficient as is done by quantitative magnetization transfer imaging. Our report is the first to show g-ratios
calculated with MVF measured via simultaneous tissue relaxometry. Although MVF calculated based on this tissue relaxometry
has been validated in cadavers with no known brain diseases,9 the
methodology has not yet been histologically validated in brains
with MS. In plaques, expected histology is heterogeneous, including myelin debris, poor remyelination, and remyelination with
higher quality.35 The extent to which MVF is affected by myelin
debris may depend on the MR imaging technique used for
estimation.13
The myelin model used in our study considers magnetization
exchange rates between tissue compartments.8 However, it does
not explicitly incorporate a partial volume pool to account for
magnetization transfer effects, which were shown to create an
offset bias for steady-state approaches.36 Magnetization transfer
effects may result in small changes of our observed Carr-Purcell
Meiboom-Gill multiecho signal amplitudes, which will propagate
to the R2 estimations. In the model used in our study, however,
myelin is estimated from combinations of the measured R1, R2,
and PD values, and the effect of a potential offset in R2 is expected
to be small. The inclusion of magnetization transfer effects and
correction of a potential bias on our myelin water fraction measurements may be improvements in future works. Mossahebi et
al37 recently suggested a method to reduce the partial volume
effect by CSF on the estimation of magnetization transfer. CSF
partial volume is expected at the brain tissue interface with the
surrounding CSF and is accounted for in the model used in our
study by the incorporation of the free water partial volume
compartment.
In addition to calculating MVF, measures of R1, R2, and PD
acquired via simultaneous tissue relaxometry can also be used for
synthesizing various contrast-weighted images, including T1weighted, T2-weighted, FLAIR, double inversion recovery, or
phase-sensitive inversion recovery images.7,38-40 Thus, the need
to obtain these images separately can be eliminated. The clinical
usefulness of this specific tissue relaxometry with synthetic MR
imaging has been shown in studies of patients with MS.41,42
The current study had some limitations. First, the sample size
was small. Second, it did not include healthy controls. Third, only
chronic plaques were investigated, and acute plaques may yield
different results. Fourth, because the resolution of 2 techniques
used for simultaneous tissue relaxometry and NODDI were not
matched, there was a possibility of misregistration and partial
volume effects.

CONCLUSIONS
This in vivo MR imaging study showed myelin to be more damaged than axons in plaques and PWM of patients with MS. The
average g-ratio of NAWM was similar to a previously reported
value12 based on a single patient with MS, but that of plaques was
higher than the value reported in that prior study, which was

measured by methods other than those used in the current study.
MVF, AVF, and g-ratio have the potential to be useful for evaluating WM damage in patients with MS.
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ORIGINAL RESEARCH

ADULT BRAIN

Pre- and Postcontrast 3D Double Inversion Recovery Sequence
in Multiple Sclerosis: A Simple and Effective MR Imaging
Protocol
X P. Eichinger, X J.S. Kirschke, X M.-M. Hoshi, X C. Zimmer, X M. Mühlau, and X I. Riederer

ABSTRACT
BACKGROUND AND PURPOSE: The double inversion recovery sequence is known to be very sensitive and speciﬁc for MS-related
lesions. Our aim was to compare the sensitivity of pre- and postcontrast images of 3D double inversion recovery and conventional 3D
T1-weighted images for the detection of contrast-enhancing MS-related lesions in the brain to analyze whether double inversion recovery
could be as effective as T1WI.
MATERIALS AND METHODS: A postcontrast 3D double inversion recovery sequence was acquired in addition to the standard MR imaging
protocol at 3T, including pre- and postcontrast 3D T1WI sequences as well as precontrast double inversion recovery of 45 consecutive
patients with MS or clinically isolated syndrome between June and December 2013. Two neuroradiologists independently assessed
precontrast, postcontrast, and subtraction images of double inversion recovery as well as T1WI to count the number of contrast-enhancing
lesions. Afterward, a consensus reading was performed. Lin concordance was calculated between both radiologists, and differences in
lesion detectability were assessed with the Student t test. Additionally, the contrast-to-noise ratio was calculated.
RESULTS: Signiﬁcantly more contrast-enhancing lesions could be detected with double inversion recovery compared with T1WI (16%, 214
versus 185, P ⫽ .007). The concordance between both radiologists was almost perfect (c ⫽ 0.94 for T1WI and c ⫽ 0.98 for double
inversion recovery, respectively). The contrast-to-noise ratio was signiﬁcantly higher in double inversion recovery subtraction images
compared with T1-weighted subtraction images (double inversion recovery, 14.3 ⫾ 5.5; T1WI, 6.3 ⫾ 7.1; P ⬍ .001).
CONCLUSIONS: Pre- and postcontrast double inversion recovery enables better detection of contrast-enhancing lesions in MS in the
brain compared with T1WI and may be considered an alternative to the standard MR imaging protocol.
ABBREVIATIONS: DIR ⫽ double inversion recovery; GBCA ⫽ gadolinium-based contrast agent; CNR ⫽ contrast-to-noise ratio

S

ince the introduction of the double inversion recovery (DIR)
sequence in 1994 by Redpath and Smith,1,2 many studies have
investigated the usefulness of DIR for the detection of inflammatory lesions in the brain in multiple sclerosis. In this sequence, the
signals from both the CSF and normal white matter are suppressed simultaneously; thus, differentiation between gray matter
and white matter is facilitated. Additionally, inflammatory lesions
remain unsuppressed and appear hyperintense. The studies concluded that DIR is very sensitive and specific for MS lesions in the
brain,3-5 especially for intracortical lesions.6-8 One group could
also show that DIR provides the highest sensitivity in the detecReceived March 26, 2017; accepted after revision June 2.
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tion of MS lesions in the infratentorial region compared with
FLAIR and T2WI.4 A similar benefit was found for an adapted
DIR sequence in the spinal cord.9 Due to the high sensitivity and
specificity as well as the increasing availability of the DIR sequence, it
is more often included in routine MR imaging protocols.
The standard MR imaging protocol for the examination of
patients with MS commonly includes the intravenous administration of gadolinium-based contrast agents (GBCAs). The presence
of contrast-enhancing lesions is important for the diagnosis and
therapeutic strategies of MS and is listed in the revised McDonald
criteria from 201010 and the magnetic resonance imaging in multiple sclerosis consensus guidelines11 for the criteria of dissemination in time. Because the best sensitivity for enhancing lesions is
achieved about 5–10 minutes after injection of a GBCA,12 further
sequences, usually T2WI, are performed for bridging the waiting
time. However, these sequences should be carefully selected because the signal of contrast-enhancing lesions might be changed
in modified T2WI sequences such as FLAIR13,14 or DIR.15,16
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One group found that contrast-enhancing parts of tumors appear hypointense in postcontrast DIR.15 Furthermore, it has been
shown recently that there is an altered signal intensity of active
enhancing inflammatory MS lesions in postcontrast DIR of the
brain.16 This observation led to the recommendation to acquire
DIR sequences before GBCA administration.
Here, we test the hypothesis that the signal loss on DIR images
after GBCA administration can be used to detect active enhancing
lesions. In particular, the aim was to compare the sensitivity of
pre- and postcontrast images of 3D double inversion recovery and
conventional 3D T1WI for the detection of contrast-enhancing
MS-related lesions in the brain to analyze whether DIR could be as
effective as T1WI.

MATERIALS AND METHODS
Patients
Patients were enrolled in a prospective study design, and data
were analyzed retrospectively. In 45 consecutive patients between
June and December 2013 (24 women, mean age, 38 ⫾ 11 years;
range, 19 – 62 years) with MS (n ⫽ 38; 37 relapsing-remitting, 1
secondary-progressive; median Expanded Disability Status Scale
score, 1.7 ⫾ 1.7, range, 0 – 6.5) or clinically isolated syndrome
(n ⫽ 7), a DIR sequence was acquired after IV injection of a GBCA
in addition to the standard in-house MR imaging protocol. The
study was Health Insurance Portability and Accountability Act–
compliant. The study protocol was approved by the local ethics
committee, and written informed consent was obtained from all
participants. All patients were examined due to a new clinical
attack or for routine follow-up.

MR Imaging Acquisition
Scans were obtained on a 3T scanner (Achieva; Philips Healthcare, Best, the Netherlands) with a 16-channel array head coil.
Our standard MR imaging protocol for patients with or suspicious for MS has a precontrast 3D DIR sequence and 3D T1WI
sequences pre- and postcontrast (6 minutes after IV injection).
For this study, an additional 3D DIR sequence was acquired following the postcontrast T1WI sequence, 12 minutes after GBCA
injection. A GBCA (0.5 mmol/mL, gadoterate meglumine; Dotarem;
Guerbet, Aulnay-sous-Bois, France) was injected intravenously at a
concentration of 0.1 mmol/kg. MR imaging acquisition parameters
of the 3D DIR sequence were as follows: acquired voxel size, 1.2 ⫻
1.2 ⫻ 1.3 mm3; acquisition matrix, 208 ⫻ 208; FOV, 250; TR, 5500
ms; TE, 328 ms; TI, 2550 ms; TSE factor, 173; number of sections,
300; acquisition time, 6 minutes; plane, sagittal. The parameters for
the 3D T1WI sequence were the following: acquired voxel size, 1 ⫻
1 ⫻ 1 mm3; acquisition matrix, 240 ⫻ 240; FOV, 240 mm; TR, 9 ms;
TE, 4 ms; number of sections, 170; acquisition time, 5 minutes and 55
seconds; plane, sagittal. Additionally, T2WI and FLAIR sequences
were acquired routinely. The T2WI sequence had a spatial resolution
of 1.0 ⫻ 1.0 ⫻ 1.5 mm3, TR of 4000 ms, and a TE of 35 ms; the 3D
FLAIR sequence had a spatial resolution of 1.0 ⫻ 1.0 ⫻ 1.5 mm3, a
TR of 10,000 ms, a TE of 140 ms, and a TI of 2750 ms.

MR Imaging Analysis
Data were analyzed retrospectively. DIR and T1WI scans were
resliced and coregistered with SPM12 (http://www.fil.ion.
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ucl.ac.uk/spm/software/spm12) and subtracted by using a custom script written in Matlab (MathWorks, Natick, Massachusetts; R2015a, Version 8.5.0 197631). This script used the built-in
registration in SPM and reslice-algorithms to perform a rigid
body coregistration of the images with the precontrast image as
the reference file and the postcontrast image as the source file. The
coregistered images were subtracted (“precontrast-postcontrast”
for DIR and “postcontrast-precontrast” for T1WI) and analyzed
without further processing steps.
The sequences were reformatted with ITK-SNAP (www.
itksnap.org)17 in 1-mm axial sections. First, 2 neuroradiologists
with 2 and 5 years’ experience, respectively, assessed the images
regarding the appearance of contrast-enhancing lesions. In a second step, both readers, blinded to diagnoses and clinical symptoms, independently assessed the images regarding the number of
enhancing lesions by consulting precontrast, postcontrast, and
subtraction images of DIR and T1WI in pseudorandom order by
using ITK-SNAP. A contrast-enhancing lesion was defined as a
2-mm focal signal alteration in the brain tissue. A definite lesion
count was derived from an additional consensus reading by both
neuroradiologists by supplementary use of T2WI and FLAIR images. Additionally, lesions that were missed were classified with
regard to localization (cortical/juxtacortical, periventricular, deep
white matter, supra- or infratentorial).
Furthermore, the contrast-to-noise ratio (CNR) was calculated according to following formula:
CNR ⫽ (Slesion ⫺ Snonaffected surrounding tissue)/SDnonaffected surrounding tissue,

where Slesion and Snonaffected surrounding tissue represent the mean
signal in an ROI in the lesion and normal-appearing surrounding
brain tissue, respectively. SDnonaffected surrounding tissue is the SD of
the normal-appearing surrounding brain tissue. Calculation and
measurement of the mean values were performed with standard
tools of ITK-SNAP.17 The CNR was calculated in the largest lesion
of each patient that was visible in all sequences.

Statistical Analysis
Differences in lesion number were calculated with the Wilcoxon
signed rank test, and differences in the contrast-to-noise ratio
were analyzed with a 2-sided Student t test for paired samples. The
interobserver agreement was calculated with the Lin concordance
(concordance correlation coefficient) by using the service of
National Institute of Water and Atmospheric Research (http://
services.niwa.co.nz/services/statistical/concordance). Significant
differences were defined by P ⬍ .05 for the whole study.

RESULTS
In conformity with previous studies, active contrast-enhancing
lesions appeared hypointense on postcontrast DIR,15,16 and, consequently, hyperintense in subtraction images (precontrast minus
postcontrast, Fig 1). Contrary to T1-weighted subtraction images,
DIR subtraction images demonstrate only little or no contrast
enhancement of blood vessels; thus, differentiation between a
contrast-enhancing lesion and surrounding enhancing vessels
is more difficult in T1WI, and lesion-to-background contrast appears higher in DIR subtraction images (Fig 2).

FIG 1. A 32-year-old male patient with relapsing-remitting MS with several lesions, including 2
contrast-enhancing juxta-/intracortical lesions in the left frontal and right parietal areas. Upper
row (A–C): T1WI; lower row (D–F): DIR images with A and D being precontrast; B and E, postcontrast; and C and F, subtraction images. Enhancing lesions appear hypointense on postcontrast DIR
and are visible in subtraction images. Note the high contrast of the lesions in the DIR subtraction
image (F) compared with T1WI subtraction image (C).

detectable in DIR compared with 4 lesions per patient on conventional T1WI
(range: 0 – 42 [DIR], 0 –34 [T1WI];
mean: 4.8 ⫾ 9.9 [DIR], 4.1 ⫾ 8.9
[T1WI]). No lesion detected on T1WI
was missed on DIR.
Of the 29 lesions missed on T1WI, 15
lesions were located juxtacortically; 5,
periventricularly; 4, in the deep white
matter supratentorially; and 5, infratentorially (2 cortically and 3 in the white
matter). In Figs 2 and 3, examples of
small juxtacortical lesions that can easily
be missed in T1WI are shown.
In T1WI, 4 hyperintense signals in
the brain tissue had been counted as lesions, though they had been classified
as pulse artifacts after consulting the
other available sequences in the context of
the consensus reading (Fig 4). None of the
hyperintense signal alterations in the DIR
images were misdiagnosed.
The concordance between both radiologists was almost perfect, with slightly
higher concordance for the DIR images
(concordance correlation coefficient, c ⫽
0.94 for T1WI and c ⫽ 0.98 for DIR).

Contrast-to-Noise Ratio
The contrast-to-noise ratio was significantly higher for DIR subtraction images (14.3 ⫾ 5.5) compared with T1weighted subtraction images (6.3 ⫾
7.1), postcontrast T1WI (1.7 ⫾ 0.9), and
postcontrast DIR (0.2 ⫾ 0.5), respectively (P ⬍ .001).

DISCUSSION
In our study, we could show that preand postcontrast 3D DIR enables the detection of contrast-enhancing lesions in
MS in the brain with higher sensitivity
compared with pre- and postcontrast
3D T1WI. The total number of contrastenhancing lesions found on DIR was significantly higher than those found on
conventional T1WI, especially for small
lesions in juxtacortical/intracortical loFIG 2. A 32-year-old male patient with relapsing-remitting MS. Upper row (A–C): T1WI; lower row
(D–F): DIR images with A and D being precontrast; B and E, postcontrast; and C and F, subtraction calizations. Hence, our results suggest
images. Note the small juxtacortical lesion that is substantially more detectable in the DIR sub- that DIR is not only superior to conventraction image (F) compared with the T1WI subtraction image (C). Contrary to DIR subtraction (F), tional T2-weighted sequences with rein T1WI subtraction images (C), some contrast-enhancing vessels are visible near the lesion; thus,
differentiation between an active contrast-enhancing lesion and surrounding enhancing vessels is gard to detection of cortical and WM
difﬁcult.
lesions but may also constitute an alternative for T1-weighted contrast-enhanced
sequences.
Lesion Count
Several studies could show that the postcontrast fluid-attenuAltogether, 16% more contrast-enhancing lesions could be deated inversion recovery sequence was useful for the detection
tected in DIR images compared with T1WI (214 versus 185, P ⫽
of subtle enhancement due to blood-brain barrier dysfunc.007). On average, 5 contrast-enhancing lesions per patient were
AJNR Am J Neuroradiol 38:1941– 45
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tion.13,14,18 Because FLAIR and DIR differ only in an additional
inversion recovery pulse in DIR—for the suppression of normal
white matter—it is supposed that DIR is useful for the detection
of contrast enhancement of MS lesions as well.
In fact, because it was discussed in a previous study that a
single DIR sequence may be considered appropriate for MS monitoring,19 the approach presented in this study could contribute to

a minimally time-consuming MR imaging protocol, including the
acquisition of postgadolinium images, with only DIR pre- and
postcontrast (approximately a 12-minute protocol). On the other
hand, such short protocols could have limited sensitivity for treatment-associated complications such as progressive multifocal
leukoencephalopathy; therefore, further studies are necessary to
analyze the sensitivity of DIR regarding opportunistic diseases.
Furthermore, the T1WI sequence enables the quantification of brain atrophy
that might occur in advanced stages of
MS; however, this is actually not recommended in clinical routine because small
changes might contribute to strong errors with a sensitivity of 67% and a specificity of 80%.20 Still, because DIR sequences are more often included in
routine MR imaging protocols for the
assessment of MS, adding another DIR
sequence after administration of a GBCA
would be a notable time benefit if one decides to omit pre- and postcontrast T1WI.
We acknowledge limitations of our
study. Most important, postcontrast
DIR was always acquired after the acquisition of the T1WI sequence and thus
delayed (6 minutes). It is well-known
that the sensitivity of postcontrast images increases with the length of delay
after administration of GBCAs.12 ThereFIG 3. A 46-year-old female patient with relapsing-remitting MS. Upper row (A–C): T1WI; lower fore, this increase might contribute to a
row (D–F): DIR images with A and D being precontrast; B and E, postcontrast; and C and F, bias toward a higher lesion count and
subtraction images. Note that the small juxtacortical lesion is more detectable on the DIR sub- contrast in DIR. However, the study of
traction image (F) compared with the T1-weighted subtraction image (C).

FIG 4. Pulsation artifacts detected in T1WI postcontrast. Images of a 52-year-old male patient with relapsing-remitting MS. Upper row: A, 3
consecutive postcontrast T1-weighted images; lower row: B, T1-weighted precontrast image. C, DIR precontrast image. D, DIR postcontrast
image; E, T2WI; F, FLAIR. Note the small hyperintense signal alterations in the middle of the pons that are only visible on 3 consecutive
T1-weighted postcontrast images and not on the other images.
1944
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Uysal et al12 concluded that a delay of ⬎5 minutes leads to only a
minor additional benefit; they found no significant difference in
lesion numbers with T1WI after 5 or 10 minutes, comparable with
the timing of our study (6 and 12 minutes). A second limitation is
that subtraction images have motion artifacts; thus, interpretation could be difficult if not impossible, in particular with the
standard software of the main MR imaging vendors.

CONCLUSIONS
This study demonstrates that the DIR sequence, which has been
shown to improve the visibility of MS-typical lesions in the brain
compared with T2WI or FLAIR sequences, also enables detectability and visibility of MS-typical contrast-enhancing lesions in
pre- and postcontrast DIR images at least equal to the detection
with standard 3D T1WI in the brain. Further studies are necessary
to evaluate whether subtraction DIR could be an alternative to
T1WI or even reduce the protocol to only pre- and postcontrast
DIR.
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Dual-Energy CT in Enhancing Subdural Effusions that
Masquerade as Subdural Hematomas: Diagnosis with Virtual
High-Monochromatic (190-keV) Images
X U.K. Bodanapally, X D. Dreizin, X G. Issa, X K.L. Archer-Arroyo, X K. Sudini, and X T.R. Fleiter

ABSTRACT
BACKGROUND AND PURPOSE: Extravasation of iodinated contrast into subdural space following contrast-enhanced radiographic studies
results in hyperdense subdural effusions, which can be mistaken as acute subdural hematomas on follow-up noncontrast head CTs. Our aim was
to identify the factors associated with contrast-enhancing subdural effusion, characterize diffusion and washout kinetics of iodine in enhancing
subdural effusion, and assess the utility of dual-energy CT in differentiating enhancing subdural effusion from subdural hematoma.
MATERIALS AND METHODS: We retrospectively analyzed follow-up head dual-energy CT studies in 423 patients with polytrauma who
had undergone contrast-enhanced whole-body CT. Twenty-four patients with enhancing subdural effusion composed the study group,
and 24 randomly selected patients with subdural hematoma were enrolled in the comparison group. Postprocessing with syngo.via was
performed to determine the diffusion and washout kinetics of iodine. The sensitivity and speciﬁcity of dual-energy CT for the diagnosis
of enhancing subdural effusion were determined with 120-kV, virtual monochromatic energy (190-keV) and virtual noncontrast images.
RESULTS: Patients with enhancing subdural effusion were signiﬁcantly older (mean, 69 years; 95% CI, 60 –78 years; P ⬍ .001) and had a
higher incidence of intracranial hemorrhage (P ⫽ .001). Peak iodine concentration in enhancing subdural effusions was reached within the
ﬁrst 8 hours of contrast administration with a mean of 0.98 mg/mL (95% CI, 0.81–1.13 mg/mL), and complete washout was achieved at 38
hours. For the presence of a hyperdense subdural collection on 120-kV images with a loss of hyperattenuation on 190-keV and virtual
noncontrast images, when considered as a true-positive for enhancing subdural effusion, the sensitivity was 100% (95% CI, 85.75%–100%)
and the speciﬁcity was 91.67% (95% CI, 73%–99%).
CONCLUSIONS: Dual-energy CT has a high sensitivity and speciﬁcity in differentiating enhancing subdural effusion from subdural
hematoma. Hence, dual-energy CT has a potential to obviate follow-up studies.
ABBREVIATIONS: DECT ⫽ dual-energy CT; ESDE ⫽ enhancing subdural effusion; HU ⫽ Hounsﬁeld unit; SDH ⫽ subdural hematoma; SECT ⫽ single-energy CT;
VNC ⫽ virtual noncontrast

D

iffusion of contrast material into the subdural space following intravascular contrast administration can result in
hyperdense enhancing subdural effusions (ESDEs) on follow-up noncontrast head CTs.1,2 These effusions can be mistaken for subdural hematomas (SDHs).1,2 Three case reports
have previously described ESDEs, all following intra-arterial
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contrast administration during conventional angiography
with resolution documented on short-term follow-up CT
examinations.1,2
We have frequently observed ESDEs in our busy level 1 trauma
center, where patients usually undergo admission contrast-enhanced whole-body CT followed by serial noncontrast head CTs
for documented or suspected traumatic brain injury. Because
ESDEs can be mistaken for SDHs, lack of awareness of this entity
can potentially result in needless delays in instituting thromboprophylaxis and trigger unnecessary follow-up CT studies. Patients with polytrauma usually require thromboprophylaxis to
prevent deep vein thrombosis. A number of authors have posited
a mandatory 24- to 72-hour period of documented stability of
intracranial bleeds before beginning thromboprophylaxis.3-6
Hence, early discrimination of SDHs from ESDEs has important
clinical implications.

acquisition of follow-up noncontrast
DECT of the head within 72 hours of the
admission CT; 3) a radiology report describing a new SDH or hyperdense subdural collection on follow-up head CT;
and 4) patients 18 years of age or older.
Patients were excluded for the following
reasons: 1) There was an SDH on the admission CT; 2) the mechanism of injury
was penetrating rather than blunt trauma;
and 3) craniectomy, craniotomy, ventricular drain, or pressure-monitoring-device
placement was performed, violating the
integrity of the meninges.

Subjects
A search of our Radiology Information
System data base from the designated
time period yielded 423 patients with at
least 1 follow-up head CT performed
with DECT within 72 hours of the initial
FIG 1. Flowchart shows the patient-selection process. PTBI indicates penetrating traumatic brain study. At our institution, patients with
injury.
intracranial injuries, persistent altered
mental status, and on anticoagulation
On single-energy CT (SECT), the hyperattenuation caused by
without intracranial injuries tend to be evaluated by follow-up
hemorrhage and contrast medium is difficult to distinguish due to
head CT, at the discretion of the neurosurgery team. A radiology
overlapping Hounsfield units (HU).1,2,7,8 Present recommendaresident reviewed the head CT reports from this patient cohort for
tions for differentiating SDH from ESDE involve serial follow-up
specific data, which included type of intracranial bleed, age, sex,
imaging.1,2 ESDEs shows rapid washout of contrast, hence demechanism of injury, and list of interventional procedures. There
creasing hyperattenuation, while SDH retains hyperattenuation
were 121 patients with SDHs on the initial study or meningeal
from blood for 2–3 weeks.1,2,9 Dual-energy CT (DECT) can podisruption caused by either penetrating head injuries or intervententially obviate follow-up scans by differentiating iodine from
tional procedures performed before a follow-up head DECT was
hemorrhage.7,10,11 Iodine overlay maps and virtual noncontrast
obtained. These patients were excluded from the cohort. The
(VNC) images can discriminate contrast and hemorrhage with
mean age of the final cohort consisting of 302 patients was 47
a high degree of accuracy.11 If VNC images can be used to
years (95% CI, 45–50 years), with 211 men and 91 women. The
reliably identify hematoma, even in the presence of iodine,
reports identified 36 patients with new SDHs or hyperdense
differentiation between ESDEs and SDHs can be a simple and
subdural collections on the first follow-up study. All head CT
straightforward task. The utility of DECT in diagnosing ESDE
studies of these 36 patients were further reviewed by a radiolwas recently demonstrated in a case in which a subdural hyperogist (reviewer R1) with 8 years of experience to exclude padense collection that developed after endovascular treatment
tients with missed SDHs on initial CT as well as hyperdense
of an intracranial aneurysm was hyperdense on iodine-overlay
images and hypodense on VNC images.12 This evidence sugsubdural collections that failed to completely washout on subgests that DECT may play a vital role in providing an early
sequent studies.
definitive diagnosis without the need for follow-up CT studies
Hyperdense subdural collections that failed to show complete
to document resolution of ESDEs.
washout of contrast were considered enhancing SDHs. Enhancing
The purpose of this study was to identify the factors associated
SDHs show partial washout with clearance of the density contribwith ESDE, characterize the diffusion and washout kinetics of
uted by iodine and retain the density from blood on follow-up
iodine in ESDE, and assess the utility of DECT in differentiating
studies. Twelve such patients with SDHs were excluded from the
ESDE from SDH.
study group. The remaining 24 patients who had ESDEs on follow-up with subsequent washout of contrast constituted the
MATERIALS AND METHODS
study group. A 75-year-old woman with posttraumatic SAH
This retrospective study was Health Insurance Portability and Acdeveloped ESDE after infusion of 250 mL of contrast media
countability Act– compliant, and permission was obtained from
(iohexol, Omnipaque 240 and Omnipaque 300; GE Healthour institutional review board. Informed consent was waived. The
care, Piscataway, New Jersey) for cerebral angiography, but not
study was conducted at a high-volume level 1 trauma center. The
after whole-body CT with 100 mL of Omnipaque 300, and was
inclusion criteria were the following: 1) a history of blunt trauma
therefore excluded from the study. Figure 1 shows the patientwith acquisition of contrast-enhanced whole-body CT at the time
selection flowchart. An equal number of patients with SDH on
of admission between May 15, 2016, and November 10, 2016; 2)
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FIG 2. A 75-year-old woman who developed bilateral enhancing subdural effusion on a follow-up study obtained 11 hours after contrast
infusion. Axial 120-kV image shows hyperdense subdural effusions (arrowheads, A) and right frontal subarachnoid hemorrhage (curved arrow,
B). Iodine-overlay image shows contrast-stained subdural effusions (arrowheads). Virtual high-monochromatic (190-keV) (C) and virtual noncontrast (D) images show hypoattenuation (arrowheads) in the ﬂuid.

follow-up DECT were randomly selected from our data base as
a comparison group to measure the sensitivity and specificity
of DECT in diagnosing ESDE.

Reference Standard
The presence of ESDE was determined with initial and follow-up
images. Absence of SDH on the initial study, evolution of new
hyperdense subdural collection on first follow-up CT (Fig 2A and
On-line Fig 1A), and subsequent washout of hyperattenuation in
follow-up studies were used as evidence for ESDE.1,2,12

Imaging Technique and Contrast Medium Injection
Admission whole-body CT examinations were performed on a
DECT (Somatom Force; Siemens) or 64-channel SECT scanner
(Brilliance; Philips Healthcare, Best, the Netherlands). Wholebody CT involves a noncontrast head CT followed by contrastenhanced CT of the neck, chest, abdomen, and pelvis. The studies
were performed after injection of 100 mL of iodinated contrast
media (Omnipaque 350) with a split bolus, with 60 mL injected at
5 mL/s and 40 mL injected at 4 mL/s. The contrast injection was
followed by a 50-mL saline injection at 4 mL/s.
Follow-up head CT studies were performed with a DECT or
SECT scanner, depending on scanner availability. DECT images
were obtained with the x-ray tubes at 80 kV and Sn150 kV. “Sn”
denotes the use of additional tin filter that increases the mean
photon energy of the respective spectrum. Scan parameters were
as follows: rotation time, 0.5 seconds; pitch, 0.55. The reference
milliampere-second was 273 mAs for the Sn150-kV and 410 mAs
for the 80-kV tube. Original dual-energy datasets were reconstructed with an increment of 1 mm and section thicknesses of 1and 5-mm for the 120-kV-equivalent mixed DECT images with
an adaptive iterative reconstruction algorithm (ADMIRE, Siemens) with strength levels of 2 and 5, respectively. Automatic tube
current modulation (CARE Dose4D; Siemens) was used in all
patients. The mean CT dose index volume and dose-length product were 31.45 ⫾ 2.95 mGy and 609.62 ⫾ 76.79 mGy ⫻ cm,
respectively.

Image Analysis of DECT
For measuring the diffusion and washout kinetics of iodine into
the subdural effusions, all of the follow-up dual-energy datasets
1948
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for head CTs from each patient, performed within 72 hours of the
admission scan, were transferred to a postprocessing workstation
(syngo.via, version VB10B; Siemens) to quantify iodine in the
subdural space. If we included the first follow-up DECT data from
the 24 patients, there were 47 follow-up DECT datasets, which
were analyzed for evaluating iodine diffusion and washout kinetics. The maximum number of DECT studies from each patient
evaluated was 3. Many of the patients had a combination of DECT
and SECT follow-up studies. In such patients, DECT datasets
were used for evaluating iodine diffusion and washout kinetics,
while all the follow-up studies (both DECT and SECT) were used
to evaluate subsequent washout of hyperattenuation to confirm
the diagnosis of ESDE. A modified brain hemorrhage application
was used, with the bone beam-hardening box checked and
changes to the standard parameters in the syngo.via dual-energy
configuration of gray-scale (window level ⫽ 31; width ⫽ 54) and
dual-energy (window level ⫽ 28; width ⫽ 66), was made for the
color look-up table. Similarly, the material decomposition algorithm was modified into hemorrhage, 80/75 HU (80 kV/Sn150
kV); CSF, 16/5 HU (80 kV/Sn150 kV); and iodine, with the relative contrast medium adjusted to a value of 3.46.
Reviewer R1 performed postprocessing of the data. From
the original low- and high-kilovolt datasets, a VNC series and
functional and quantitative iodine series were derived. In the
functional images, the presence of iodine was indicated by blue
in a special color-coded look-up table, with intensity corresponding to the relative concentration of iodine (Fig 2B). The
software allows quantitative analysis of ROIs. After selection
on the iodine image, the software calculated the concentration
of iodine in milligrams/milliliter and the ROI size in square
millimeters.
This algorithm also calculates the attenuation (HU) values
from VNC and virtual 120-kV images and iodine-related attenuation. On each side of the cerebral convexities, 3 different ROIs of
0.2 cm2 were used at different image sections. To promote uniformity in the measurements, we used approximately the same
anatomic locations for the ROIs on sequential follow-up CT studies. The reviewer was blinded to the color-overlay images to prevent ROI placement over the maximum concentration of contrast
medium for measuring the respective values. From the different

FIG 3. A 55-year-old man with left cerebral convexity and right occipital acute subdural hematomas with enhancement of a left subdural
hematoma on a follow-up study obtained 6 hours after contrast infusion. Follow-up axial 120-kV (A) and iodine-overlay (B) images show
hyperdense and contrast-stained subdural hematomas, respectively (arrowheads). Virtual high-monochromatic (190-keV) (C) and virtual noncontrast (D) images show hyperattenuation corresponding to the hematoma over the occipital lobes and left temporal lobe (arrowheads) and
hypoattenuation corresponding to the enhancing component of hematoma over the left frontal lobe (curved arrow).

associations were determined by regression analysis. One-way analysis was used
to determine the iodine concentrations,
and contingency tables were used to determine sensitivity and specificity.  statistics were used to test interobserver reliability in assessing CT variables by the radiologists and to test the
agreement between nominal scores that were derived from the
density of subdural collections on 190-keV and VNC images.

Table 1: Comparison of DECT ﬁndings differentiating ESDE from SDH
Traditional Mixed High-Monochromatic
Diagnosis
(120-kV) Images
(190-keV) Images
VNC Images
ESDE
Hyperdense
Hypodense
Hypodense
SDH
Hyperdense
Hyperdense
Hyperdense

ROIs, the mean iodine concentration and VNC-, mixed 120-kV-,
and iodine-related attenuation were calculated. At the same time,
the maximum thickness of the effusion was measured.
Two experienced radiologists performed DECT image analysis, reviewer R2 with 8 years and reviewer R3 with 5 years of
experience. For each of the first follow-up studies performed on
the DECT, axial 120-kV (standard gray-scale), 190-keV (virtual
monochromatic energy), and VNC images created on a workstation were loaded onto a dedicated work list. Apart from the VNC
images, we used 190-keV images due to the theoretic ability to
achieve iodine removal because the energy used is far away from
the k-edge of iodine, thus greatly decreasing the iodine attenuation to negligible values. Blinded to the initial and follow-up head
CT findings, each radiologist reviewed the images, interpreting
the 120-kV and 190-keV images separately. The studies were assessed for the presence or absence of hyperdense (relative to CSF)
subdural collections on each set of images and were scored as
nominal variables. In the final step, the VNC images were given as
the third set, and reviewers were asked to score the density of
subdural collections in a similar fashion. The presence of a hyperdense subdural collection on 120-kV images with loss of hyperattenuation on 190-keV and VNC images is considered a true-positive for ESDE (Fig 2 and On-line Fig 1), while hyperattenuation
on all the 3 sets is considered SDH (Fig 3 and On-line Fig 2).
Discrepancies between the assessments of the 2 reviewers were
resolved by adjudication by another reviewer (R4 with 10 years of
experience). Criteria used to differentiate ESDE from SDH are
given in Table 1.

Statistical Analysis
Statistical analysis was performed by K.S., with statistical software
(JMP 12; SAS Institute, Cary, North Carolina). Differences between the ESDE group and those without were determined with
odds ratios and 2 and Wilcoxon tests. The strongest independent

Iodine-Overlay
Images
Positive
Positive/negative

RESULTS
Among the 24 patients with ESDE, there were 18 men and 6
women. The incidence of ESDE in patients with trauma with follow-up head CT was 8.2%. The mean age of the patients with
ESDE was 69 years (95% CI, 60 –78 years). Patients with ESDE
were significantly older than those without (P ⬍ .001), with an
incidence of 13% in patients older than 50 years of age. There were
12 patients with bilateral and 12 with unilateral ESDEs, with a
mean thickness of 4.2 mm (95% CI, 3.7– 4.8 mm). The ESDEs
mainly involved the frontal, parietal, and temporal lobes. None
of the patients had mass effect or midline shift.
Table 2 shows the differences in the CT findings between patients with ESDE and those without. There was a higher association of ESDE with intracranial hemorrhage (P ⫽ .001), specifically with subarachnoid hemorrhage (P ⫽ .002). There was no
association with cerebral contusions (P ⫽ 0.97) or CT evidence of
diffuse axonal injury (P ⫽ 0.33). None of the patients with ESDE
had epidural hematoma. According to stepwise logistic regression
analysis, age was the most reliable predictor of ESDE (P ⬍ .001),
followed by the presence of intracranial hemorrhage (P ⫽ .002).

Diffusion and Washout Kinetics of Iodine
All 24 patients had their first DECT follow-up from 4 to 24 hours
after whole-body CT (median, 7 hours; interquartile range, 4).
The peak concentration of iodine in ESDEs was reached in the
scans obtained within the first 8 hours of contrast administration,
with a mean of 0.98 mg/mL (95% CI, 0.81–1.13 mg/mL). The
mean value of iodine concentration was 0.71 (95% CI, 0.48 – 0.94
mg/mL) in the scans obtained between 8 and 16 hours, and 0.41
(95% CI, 0.16 – 0.67), between 16 and 38 hours, reflecting gradual
AJNR Am J Neuroradiol 38:1946 –52
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Table 2: CT ﬁndings in ESDE and the control groups
ESDE Group
Non-ESDE Group
Finding
(No.) (n = 24)
(No.) (n = 266)
SAH
16
94
Contusions
7
79
Diffuse axonal injury
2
11
Normal CT ﬁndings
4
136

Odds Ratio
(95% CI)
3.7 (1.52–8.97)
0.98 (0.39–2.46)
2.12 (0.44–10.2)
5.15 (1.7–15.5)

FIG 4. Time-concentration curve. Spline graph using penalized
B-spline shows iodine (milligrams/milliliter), attenuation (HU) related
to contrast media (CM), and mixed 120-kV (Mixed 0.5) images versus
hours (hrs) after contrast administration.

washout. Complete washout was observed after 38 hours (Fig 4).
The maximum concentration of iodine found in our group was
1.7 mg/mL on a study performed after 4.5 hours of contrast administration. None of the studies retained contrast beyond 38
hours. Iodine concentration and iodine-related attenuation had a
correlation coefficient of 0.99 (95% CI, 0.98 – 0.99). The regression coefficient indicated that for every additional 0.1 mg/mL of
iodine, the iodine-related attenuation increased by an average of
2.4 HU. The maximum attenuation reached in the subdural effusions was 67 HU (median, 35 HU; interquartile range, 16 HU) on
mixed 120-kV images. The mean density of the subdural effusions
as related to VNC images was found to be 19.98 HU (95% CI,
18.98 –20.98 HU), corresponding to baseline attenuation of subdural effusion. Figure 4 shows the time-concentration curves of
iodine with inclusion of attenuation related to contrast media and
overall attenuation on mixed 120-kV images.

Speciﬁcity of Virtual High-Monochromatic Energy
(190-keV) and VNC Images
All ESDEs were correctly interpreted as hyperdense subdural fluid
on mixed 120-kV images and hypodense fluid on 190-keV and
VNC images, because 190-keV and VNC images remove iodine.
Twenty-two of the 24 SDHs were correctly interpreted as hyperattenuated subdural collections on 120-kV, 190-keV, and VNC
images, and the remaining 2 studies were falsely interpreted as
ESDE. Both of these were enhancing SDHs. The presence of a
subdural collection on 120-kV images with loss of hyperattenuation on 190-keV images, when considered as true-positive for
ESDE, had a sensitivity of 100% (95% CI, 85.75%–100%) and
specificity of 91.67% (95% CI, 73%–99%). There was a perfect
agreement (⫽ 1) between 190-keV and VNC images with regard
to the nominal scores that were derived to define the density of the
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P Value
.002
.97
.33
.001

subdural collection. There was almost
perfect interobserver agreement between the 2 radiologists ( ⫽ 0.88; 95%
CI, 0.72–1).

DISCUSSION

We analyzed the factors associated with
ESDE and the ability of DECT to discriminate ESDE from SDH in patients with trauma after wholebody CT. According to our results, patients with ESDE were significantly older (P ⬍ .001) and tended to have intracranial
hemorrhage (P ⫽ .001). The results demonstrate that DECT can
differentiate ESDE from SDH with high sensitivity and specificity.
Hyperattenuation caused by hemorrhage and contrast medium is difficult to discriminate on SECT because effusions can
demonstrate varying densities.1,2,7,8 Some patients with ESDE
have very high densities (range, 97–200 HU) as opposed to blood
(range, 28 – 82 HU; mean, 54 HU), and some have lower densities
(35 HU), depending on the degree of iodine dilution in the effusion.1,2,8 If the attenuation exceeds the value expected for blood, it
can be assumed to have an iodine component, but this does not
exclude an underlying SDH because contrast is known to diffuse
into SDH (Fig 3 and On-line Fig 2).7,13 Similarly, iodine overlay
maps help in identifying contrast in subdural collections but do
not differentiate ESDEs from enhancing SDHs (Fig 3B).7,10
Hence, one has to rely on 190-keV or VNC images to identify a
hematoma even when mixed with iodine (Fig 3C, -D and On-line
Fig 2C, -D), to consistently differentiate enhancing SDH from
ESDE.
Virtual high-monochromatic (190-keV) and VNC image reconstruction relies on the same measurement of attenuation differences in an ROI using 2 different effective x-ray spectra of a
dual-energy scanner. The difference is that the percentage of the
attenuation contributed by iodine in each voxel is subtracted or
replaced in the VNC images but not in the virtual monochromatic
images. Instead the attenuation contribution of the detected material is projected for a given kiloelectron volt in monochromatic
images. However, the attenuation contribution of iodine is negligible at 190-keV and therefore should be comparable with the
VNC approach of iodine subtraction or virtual replacement. (Fig
2C, -D and On-line Fig 1C, -D).14,15 We have demonstrated that
high-monochromatic images can be used in place of VNC images
to identify ESDE after excluding iodine from the images. However, there were 2 SDHs that were falsely interpreted as ESDEs.
Both of these were enhancing SDHs with a large enhancing component and a smaller SDH component (Fig 3C, -D). The reviewers overlooked the hematoma component on both 190-keV and
VNC images and misinterpreted them. Hence, we recommend
radiologists considering an enhancing SDH before diagnosing
ESDE and carefully reviewing the 190-keV and VNC images for
possible underlying small SDHs.
The reported cases by Zamora and Lin1 and Rennert and
Hamer2 followed intra-arterial administration of contrast during
angiography with use of 260 mL of Imeron 300 (iopamidol;
Bracco, Milan, Italy) in 1 patient.1,2 Our patients differ from those
in these previous reports because the contrast was administered
intravenously at moderate doses (100 mL). Zamora and Lin did

not mention the amount of contrast administered in their 2 patients during cerebral angiography; however, we presume that the
contrast used was significantly higher than that of our patients.
The reports had 2 patients with a high attenuation of 97 and
200 HU in the effusion and 1 patient with an attenuation of 35
HU, respectively. However, none of our effusions reached the
high attenuation previously reported. The maximum attenuation reached in our subjects was 67 HU (median, 35 HU; Q3–
Q1, 16 HU). The differences may be due to the lower dose of
contrast used in our patients and also the intravenous route of
administration.
Rennert and Hamer2 proposed that the intra-arterial route of
administration was a predisposing factor contributing to ESDEs.
We believe that the route of contrast administration likely plays a
role along with the amount of contrast used because 1 of our
patients developed ESDE after intra-arterial administration of a
large dose of contrast (250 mL) during cerebral angiography, but
not after intravenous administration of a moderate contrast dose
(100 mL) during whole-body CT. Zamora and Lin1 proposed that
the presence of SAH increases dural endothelial permeability with
extravasation of contrast material by triggering a neuroinflammatory response, while Rennert and Hamer ascribed the increase in
permeability to osmotic disruption caused by hyperosmolar
contrast media. Our results suggest that diffusion of contrast
into the subdural space is unlikely to be solely related to the
inflammatory theory because this phenomenon is also seen in
patients without SAH and in patients without any demonstrable intracranial abnormalities. Furthermore, osmotic disruption may not be an essential element of ESDE development
because the capillaries of the dura are naturally fenestrated and
allow free passage of contrast media into the dural extracellular
space, depending on the hydrostatic pressure, producing
enhancement.16
On the basis of the results of our study, with age being the
strongest predictor, we propose an alternate theory: We postulate
that the pathophysiology of ESDE follows that of patients with
intracranial hypotension. According to the Monroe-Kellie rule,
intracranial volume is constant and is represented by the sum
volume of brain substance, CSF, and blood.17,18 Therefore, with
cerebral volume loss associated with advanced age, there will be a
compensatory increase in CSF and intracranial blood volume.
The increase in intracranial blood volume manifests in the form
of dural vasodilation, greater concentration of contrast in dural
vasculature, and subdural effusions.17-21 Dural venous engorgement causes leakage of intravascular, nonhemorrhagic fluid
across a hydrostatic pressure gradient into the subdural space,
carrying contrast with it because the dural vasculature lacks tight
junctions, thus not contributing to the blood-brain barrier.17
Similar to effusions in intracranial hypotension, enhancing effusions involve frontoparietal areas and are thin (4.2 mm; 95% CI,
3.7– 4.8 mm) without mass effect on the brain.20,22 The intrinsic
high density of this effusion (mean, 19.98 HU; 95% CI, 18.98 –
20.98 HU) on VNC images may be related to the concentration of
protein in the fluid, as is seen in subdural fluid in patients with
intracranial hypotension.20
Finally, we believe that these ESDEs do not represent traumatic subdural hygromas because hygromas tend to develop be-

tween 1 and 2 weeks after head injury rather than within the first
few days.13,23 Moreover, studies have demonstrated that contrast
does not influx into subdural hygromas.13

Limitations
Quantification of iodine in the subdural space is limited by
noise (eg, scatter). Increasing the radiation dose from our parameters achieved by setting off CARE Dose would have been
optimum, but it would have resulted in more radiation. The
use of the modified brain hemorrhage protocol in syngo.via in
our image analysis might have minimized the errors caused by
beam-hardening, the wrong kernel, or any other wrong scan
parameters.

CONCLUSIONS
DECT has high sensitivity and specificity in differentiating
ESDE from SDH with a potential to obviate follow-up studies.
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ORIGINAL RESEARCH

ADULT BRAIN

Assessment of Iron Deposition in the Brain in Frontotemporal
Dementia and Its Correlation with Behavioral Traits
X R. Sheelakumari, X C. Kesavadas, X T. Varghese, X R.M. Sreedharan, X B. Thomas, X J. Verghese, and X P.S. Mathuranath

ABSTRACT
BACKGROUND AND PURPOSE: Brain iron deposition has been implicated as a major culprit in the pathophysiology of neurodegeneration. However, the quantitative assessment of iron in behavioral variant frontotemporal dementia and primary progressive aphasia brains
has not been performed, to our knowledge. The aim of our study was to investigate the characteristic iron levels in the frontotemporal
dementia subtypes using susceptibility-weighted imaging and report its association with behavioral proﬁles.
MATERIALS AND METHODS: This prospective study included 46 patients with frontotemporal dementia (34 with behavioral variant
frontotemporal dementia and 12 with primary progressive aphasia) and 34 age-matched healthy controls. We performed behavioral and
neuropsychological assessment in all the subjects. The quantitative iron load was determined on SWI in the superior frontal gyrus and
temporal pole, precentral gyrus, basal ganglia, anterior cingulate, frontal white matter, head and body of the hippocampus, red nucleus,
substantia nigra, insula, and dentate nucleus. A linear regression analysis was performed to correlate iron content and behavioral scores in
patients.
RESULTS: The iron content of the bilateral superior frontal and temporal gyri, anterior cingulate, putamen, right hemispheric precentral
gyrus, insula, hippocampus, and red nucleus was higher in patients with behavioral variant frontotemporal dementia than in controls.
Patients with primary progressive aphasia had increased iron levels in the left superior temporal gyrus. In addition, right superior frontal
gyrus iron deposition discriminated behavioral variant frontotemporal dementia from primary progressive aphasia. A strong positive
association was found between apathy and iron content in the superior frontal gyrus and disinhibition and iron content in the putamen.
CONCLUSIONS: Quantitative assessment of iron deposition with SWI may serve as a new biomarker in the diagnostic work-up of
frontotemporal dementia and help distinguish frontotemporal dementia subtypes.
ABBREVIATIONS: ACE ⫽ Addenbrooke’s Cognitive Examination; AD ⫽ Alzheimer disease; ALS ⫽ amyotrophic lateral sclerosis; bvFTD ⫽ behavioral variant
frontotemporal dementia; FrSBe ⫽ Frontal System Behavioral Scale; FTD ⫽ frontotemporal dementia; PPA ⫽ primary progressive aphasia

F

rontotemporal dementia (FTD) is an early-onset dementia
characterized by changes in behavior, personality, and language abilities. The major clinical presentations are frontal or behavioral variant FTD (bvFTD) with personality and behavioral
changes, and the language variant known as primary progressive
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aphasia (PPA), with either prominent isolated expressive language deficits, progressive nonfluent aphasia, or prominent language comprehension and semantic deficits, semantic dementia.1
Because standard neuropsychological testing often fails to detect
the disease in its early stages and the behavioral changes predate
neuropsychological deficits,2 a major clinical challenge is to develop a biomarker for the early and accurate diagnosis of FTD.
Several neurodegenerative disorders such as Alzheimer disease
(AD),3 Parkinson disease,4 multiple sclerosis,5 amyotrophic lateral sclerosis (ALS),6,7 neuroferrinopathy, panthothenate-kinase2–associated neurodegeneration, and aceruloplasminemia8 have
been found to be associated with excessive iron accumulation.
Also, our previous study in ALS demonstrated abnormal brain
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iron deposition in the posterior bank of the motor cortex, and this
could be a potential biomarker for ALS.9 Recently, there has been
an increasing interest concerning in vivo quantitative estimation
of nonheme iron in the pathophysiology of AD.10,11 Postmortem
studies have indicated neurodegeneration with brain iron deposition in FTD-ALS12 and Pick disease.13 A recent study in postmortem brains suggested that iron-impaired homeostasis possibly plays a crucial role in the pathogenesis of frontotemporal lobar
degeneration.14
The neuropathologic basis of neurodegeneration in frontotemporal lobar degeneration is highly linked to different proteinopathies such as TAR DNA-binding protein 43 and fused in
sarcoma proteins,25,26 which have been found to be responsible
for the focal atrophy in frontotemporal and subcortical areas.17
De Reuck et al14 found a significantly higher iron load in fused in
sarcoma and TAR DNA– binding protein subgroups than in those
with -frontotemporal lobar degeneration. Although it is widely
accepted that the excessive iron accumulation contributes to neurodegeneration, it is not yet clear whether this is a primary or
secondary event of the disease process. Iron is an important element for normal brain function due to its critical role in oxidative
metabolism, DNA synthesis, and other enzymatic cellular processes. The metabolism of iron depends on the human hemochromatosis protein located on the cell membrane, which regulates
uptake of iron by modulating the binding affinity of the transferrin receptor for iron-loaded transferrin.18 Also the line of evidence indicates that the genetic variant of human hemochromatosis protein, namely H63D polymorphism in frontotemporal
lobar degeneration, can foster the increased iron deposition in the
basal ganglia regions.19 In light of these new findings, the search
for a biomarker capable of detecting cell death in anatomically
specific patterns could be useful, similar to FDG-PET imaging in
dementia, but at a lower cost and without any ionizing radiation
exposure.
In recent years, susceptibility-weighted imaging has been confirmed as a tool to quantify iron deposition in the brain, which
exploits magnetic susceptibility differences among tissues.20,21
SWI is a 3D gradient technique that uses both magnitude and
phase data, separately and together, to enhance the susceptibility
differences among tissues. SWI has been shown to be more sensitive to nonheme iron (ferritin) than other conventional techniques.22 The present study was conducted to unravel the regional
changes in the iron concentration in the brains of patients with
FTD. This in vivo measurement could potentially offer a good
diagnostic tool for identifying the disease and studying the underlying pathophysiologic mechanisms. The goal of the present study
was to quantify iron deposition in bvFTD and PPA in comparison
with age-matched controls using SWI and to correlate these findings with behavioral test measures.

tee. The patients were recruited from the Memory and Neurobehavioral Clinic at Sree Chitra Tirunal Institute for Medical
Sciences and Technology, a tertiary referral center in Trivandrum
City, Kerala, India. The initial clinical diagnosis of FTD was established by an experienced cognitive neurologist (P.S.M.) as per the
published FTD consensus criteria1 and was subsequently confirmed by neuropsychological and neuroimaging examinations.
All the patients with bvFTD met the recently published criteria by
Rascovsky et al,23 and those with PPA met Mesulam criteria.24
Further, the PPA variants were identified based on the guidelines
of an international group of PPA investigators.25 We excluded
patients with a history of cerebral ischemic infarction or hemorrhage, head trauma, alcohol abuse, cardiovascular and major psychiatric diseases, or a history of depressive illness and epilepsy or
other neurologic disorders. The age-matched controls with no
history of major neurologic or psychiatric illnesses and no contraindications for MR imaging were recruited from the local community and subjected to the same assessment as for FTD.
The cognitive assessment was performed with a neuropsychological battery that was validated for the local elderly population
as described previously.26 The test battery included the brief cognitive test of the Mini-Mental State Examination and the detailed
global cognitive test of the Addenbrooke’s Cognitive Examination
(ACE). Furthermore, patients underwent a behavioral assessment
test with the Frontal System Behavioral Scale (FrSBe), which investigates behaviors associated with frontal system damage such
as apathy, disinhibition, and executive dysfunction.

Image Acquisition
All images were acquired on a 1.5T whole-body scanner (Avanto;
Siemens, Erlangen, Germany) equipped with an 8-channel
phased array head coil. In all subjects, sagittal T1-weighted images
were acquired to locate the prescribed positions of the anterior/
posterior commissures. Conventional T1-weighted and T2weighted images were acquired with MR imaging sections aligned
parallel to the anterior/posterior commissure line to screen the
subjects for other cerebral anatomic abnormalities such as traumatic brain injury, old hemorrhagic infarcts, and so forth. SWI
imaging was performed with a 3D spoiled gradient recalled-echo
sequence with the following parameters: TR/TE, 49/40 ms; flip
angle, 20°; section thickness, 2.1 mm; number of sections, 56;
FOV, 250 ⫻ 203 mm; matrix size, 260 ⫻ 320. For the analysis, the
images were high-pass-filtered with a low spatial frequency kernel
and a central matrix size of 64 ⫻ 64. The resulting image is the
SWI filtered phase image. The filtered phase image served as an
indicator of phase variations and hence the concentration of iron.
The details of the measurement of iron in the order of micrograms
of iron/gram of tissue are described elsewhere.9,20,21 The 3D
FLASH volumetric scans were also acquired for the anatomic localization based on surface landmarks.

MATERIALS AND METHODS
Subjects

Image Analysis

A total of 46 patients with FTD (34 with bvFTD, 12 with PPA [7
with semantic dementia and 5 with progressive nonfluent aphasia]) and 34 controls were included in the study after we obtained
signed informed consent from the participants and their caregivers. The study had approval from the institutional ethics commit-

All the susceptibility-weighted images were examined by 2 certified and experienced neuroradiologists (C.K.) and (B.T.). The
high-pass-filtered images were analyzed with signal processing in
nuclear MR software (SPIN; MR Imaging Institute for Biomedical
Research, Detroit, Michigan). Both the SWI and phase images
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Table 1: Demographic, clinical, and behavioral data comparisona

b

Age (yr)
Sexc
FrSBe
Apathy
Disinhibition
Executive dysfunction
Neuropsychological test scores
MMSE
ACE

Controls
61.07 ⫾ 6.15
18/16

bvFTD
PPA
61.18 ⫾ 11.96 64.64 ⫾ 3.98
23/11
8/4

P Value
(Group Effect)
.55
.33

19.36 ⫾ 10.55 30.26 ⫾ 11.72 27.58 ⫾ 13.16
15.86 ⫾ 2.12 33.74 ⫾ 9.27
24 ⫾ 8.07
20.41 ⫾ 5.68 56.65 ⫾ 16.93
34 ⫾ 9.73

.003
⬍.001
⬍.001

28.66 ⫾ 1.11
92.45 ⫾ 7.03

⬍.001
⬍.001

18.9 ⫾ 7.71
53.29 ⫾ 24.9

22.82 ⫾ 5.51
55.9 ⫾ 20.59

a

Bonferroni post hoc tests compare differences between groups; both MMSE and ACE scores were absent in 8
patients with bvFTD and 2 with PPA.
Student t test
c 2
 test.
b

Table 2: Iron content (micrograms of iron/gram of tissue) of each region in bvFTD, PPA, and
the control group
Bonferroni-Corrected P Valuea
Region
Controls
bvFTD
PPA
LSFG
13.17 ⫾ 5.78 24.35 ⫾ 10.02 18.61 ⫾ 4.23
RSFG
12.55 ⫾ 5.51
25.36 ⫾ 9.82
18.45 ⫾ 5.11
LPCG
35.16 ⫾ 10.03 40.17 ⫾ 7.39
37.14 ⫾ 8.28
RPCG
33.46 ⫾ 14.29 41.74 ⫾ 7.1
39.2 ⫾ 12.11
LAC
17.21 ⫾ 7.71
21.31 ⫾ 5.72
18.57 ⫾ 4.21
RAC
16.72 ⫾ 5.7
22.15 ⫾ 6.1
17.97 ⫾ 3.79
LIN
12.44 ⫾ 5.4
15.91 ⫾ 7.09
15.33 ⫾ 5.33
RIN
11.86 ⫾ 5.59
16.55 ⫾ 7.83
14.14 ⫾ 2.78
LCAU
25.76 ⫾ 12.05 29.00 ⫾ 12.46 27.19 ⫾ 4.88
RCAU 24.96 ⫾ 13.46 31.43 ⫾ 13.79 25.87 ⫾ 7.32
LPUT
20.96 ⫾ 11.23 26.98 ⫾ 8.95
21.18 ⫾ 5.33
RPUT
20.61 ⫾ 9.5
27.84 ⫾ 8.12
21.13 ⫾ 6.49
LGP
27.58 ⫾ 10.25 30.66 ⫾ 9.08 28.39 ⫾ 7.58
RGP
26.65 ⫾ 7.27
32.3 ⫾ 11.51
28.11 ⫾ 8.68
LFWM 13.96 ⫾ 6.61
14.67 ⫾ 5.91
15.21 ⫾ 3.17
RFWM 13.65 ⫾ 5.98 17.08 ⫾ 6.77
13.30 ⫾ 4.64
LHP
12.28 ⫾ 7.60
15.64 ⫾ 7.07
15.58 ⫾ 4.09
RHP
11.95 ⫾ 6.6
17.01 ⫾ 8.82 14.89 ⫾ 4.21
LTP
13.72 ⫾ 5.44
21.90 ⫾ 8.69 19.67 ⫾ 5.16
RTP
13.25 ⫾ 5.9
23.41 ⫾ 8.71
18.77 ⫾ 4.35
LRN
27.29 ⫾ 11.07 30.39 ⫾ 10.99 27.90 ⫾ 7.99
RRN
24.21 ⫾ 9.13
31.58 ⫾ 12.66 24.69 ⫾ 9.05
LSN
26.78 ⫾ 11.63 30.90 ⫾ 9.90 28.05 ⫾ 10.64
RSN
26.64 ⫾ 12.49
31.0 ⫾ 11.25 27.85 ⫾ 11.09
LDN
20.71 ⫾ 8.84 23.26 ⫾ 7.86
21.41 ⫾ 7.47
RDN
19.93 ⫾ 6.5
24.03 ⫾ 8.41
20.47 ⫾ 3.96

bvFTD vs
Controls
⬍.001b
⬍.001b
.064
.012b
.034b
.001b
.074
.01b
.756
.13
.037b
.003b
.55
.053
1.00
.078
.156
.024b
⬍.001b
⬍.001b
.709
.02b
.365
.403
.633
.064

PPA vs
Controls
.123
.75
1.00
.416
1.00
1.00
.512
.883
1.00
1.00
1.00
.06
1.00
1.00
1.00
1.00
.493
.671
.041b
.07
1.00
1.00
1.00
1.00
1.00
1.00

bvFTD vs
PPA
.09
.03b
.914
1.00
.634
.092
1.00
.793
1.00
.609
.227
.066
1.00
.585
1.00
.217
1.000
1.00
1.00
.166
1.00
.177
1.00
1.00
1.00
.424

Note:—RTP indicates right temporal pole; LTP, left temporal pole; LIN, left insula; RIN, right insula; LCAU, left caudate;
RCAU, right caudate; RPUT, right putamen; LPUT, left putamen; LGP, left globus pallidus; RGP, right globus pallidus;
LFWM, left frontal white matter; RFWM, right frontal white matter; LHP, left head and body of the hippocampus; RHP,
right head and body of the hippocampus; LRN, left red nucleus; RRN, right red nucleus; RSN, right substantia nigra; LSN,
left substantia nigra; RSFG, right superior frontal gyrus; LSFG, left superior frontal gyrus; LDN, left dentate nucleus; RDN,
right dentate nucleus; RPCG, right precentral gyrus just anterior to central sulcus; LPCG, left precentral gyrus just
anterior to central sulcus; LAC, left gray matter abutting and posterior to the cingulate sulcus along with adjacent
medial frontal lobe; RAC, right gray matter abutting and posterior to the cingulate sulcus along with adjacent medial
frontal lobe.
a
Bonferroni post hoc tests compare differences among groups.
b
Signiﬁcant.

were used for the analysis. Initially, the brightness and contrast of
the images were adjusted and magnified 2 times to obtain the
anatomic landmark of each structure. Second, ROIs were determined and drawn manually on respective SWI sections with extreme care to minimize partial volume effects. The regions were
selected on the basis of known functions of different parts of the
brain and the published structural MR imaging studies that had

objectives comparable with those in our
study. Many of these studies have described significant GM volume loss in
the frontal, insular, anterior cingulate,
caudate, putaminal, thalamic, and temporal polar regions in bvFTD27-29 and
predominant temporal (temporal pole,
anterior hippocampus) and extratemporal (ventromedial prefrontal cortex,
insula, anterior cingulate, caudate) regions in PPA.28,30,31 Hence, the ROIs
were drawn on both hemispheres with
the help of e-anatomy of IMAIOS
(https://www.imaios.com/en/e-Anatomy/
Head-and-Neck/Brain-MRI-3D) and
included the following: the GM at the
precentral gyrus just anterior to central
sulcus, adjacent subcortical WM and
CSF in the central sulcus, the superior
frontal gyrus medial to superior frontal sulcus, temporal pole, insula, basal
ganglia regions (caudate), putamen,
globus pallidus, substantia nigra, red
nucleus, frontal WM, anterior cingulate defined by the gray matter abutting and posterior to the cingulate sulcus along with adjacent medial frontal
lobe, hippocampus including its head
and body, and, finally, the dentate nucleus (On-line Figure). Inferior and
middle frontotemporal regions were
avoided in the analysis specifically to
reduce the contribution of susceptibility artifacts of the skull base. Finally,
each ROI was copied to phase images
for measuring the mean phase values.
To ensure the consistency in measurement, phase values were measured independently by 2 observers (R.S. and
R.M.S.).
To compare data across patients, we
assumed that the CSF in each patient
contained zero iron.32 Hence, the iron
content in an ROI was directly proportional to the shift in phase between the
CSF and the particular ROI.

Statistical Analysis

Statistical analysis was performed with
the Statistical Package for the Social
Sciences 20.0 (IBM, Armonk, New
York). The age and sex distribution among subjects was compared with the Student t test and 2 test, respectively. The
interrater agreement between the 2 observers on iron measurement was calculated with  statistics. The comparison among
the mean values of neuropsychological scores, behavioral
scores, and iron in each ROI between groups was performed by
1-way ANOVA analysis with a post hoc Bonferroni procedure.
AJNR Am J Neuroradiol 38:1953–58
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All statistical tests were set at a significance of P ⬍ .05. Finally,
a linear regression analysis was performed to assess the correlation between iron content and behavioral scores.

RESULTS
Subject Characteristics
The demographic, neuropsychological, and behavioral data are
summarized in Table 1. The patients and controls were comparable on age (P ⫽ .5), and sex (P ⫽ .33). The patients with bvFTD
were significantly worse than those with PPA on FrSBe scores of
apathy, disinhibition, and executive dysfunction. Furthermore,
those with bvFTD and PPA demonstrated pathologic scores on
the ACE and MMSE compared with controls. The direct comparison between patient groups revealed significantly greater behavioral scores of disinhibition and executive dysfunction in bvFTD
compared with PPA.

Quantitative Measurement of Brain Iron Content in a
Patient with FTD
We observed a very good interrater agreement ( ⫽ 0.88) between
the 2 raters in the quantitative measurement of iron values.
The quantitative assessment of brain iron deposition (micrograms of iron/gram of tissue) in the various regions in patients
with FTD demonstrated significantly increased iron levels in bi-

lateral superior frontal gyrus (P ⬍ .001), bilateral temporal pole
(P ⬍ .001), bilateral anterior cingulate (P ⫽ .001 for the right and
P ⫽ .034 for the left), bilateral putamen (P ⫽ .003 for the right and
P ⫽ .037 for the left), right precentral gyrus just anterior to central
sulcus (P ⫽ .012), right insula (P ⫽ .01), right hippocampus (P ⫽
.024), and right red nucleus (P ⫽ .02) in patients with bvFTD
compared with controls (Table 2).
In patients with PPA, a significant iron level was noted in the
left temporal pole (P ⫽ .041) and a trend toward significance in
the right temporal pole (P ⫽ .073). A direct comparison between
those with bvFTD and PPA showed an increased iron deposition
in the right superior frontal gyrus (P ⫽ .03) in those with bvFTD
(Fig 1).

Relationship between Cortical Brain Iron Deposition and
Behavioral Scores
Linear regression analysis examining the relationship between
cortical iron deposition and FrSBe subscores found a significant
positive association between the iron content in the right superior
frontal gyrus and apathy scores (r2 ⫽ 0.36, P ⬍ .001) and the right
putamen and disinhibition scores (r2 ⫽ 0.25, P ⫽ .003) (Fig 2). No
association was found between the iron content of any of the
examined regions and executive dysfunction scores. The patients
with PPA did not show any correlation with iron content and any
of the behavioral scores.

DISCUSSION

FIG 1. Boxplot showing iron content in the superior frontal gyrus in
the direct comparison among patient groups. RSFG indicates right
superior frontal gyrus.

In this study, we quantified the extent of brain iron deposition in
the cortical and subcortical regions of patients with FTD in comparison with controls and correlated this with behavioral measures. To our knowledge, no other previous studies have performed a quantitative in vivo assessment of brain iron deposition
in patients with FTD.
Pathologic accumulation of brain iron is shown in various
neurodegenerative diseases including AD.33 A previous postmortem study with 7T MR imaging on the detection of microbleeds in
FTD demonstrated an iron overload in the basal ganglia.34 The
investigators also found a large number of microbleeds in the
frontal cerebral cortex with gradient-echo T2*-weighted MR imaging sections. Also, a recent postmortem study confirmed the
presence of iron in the deep gray nuclei in FTD brains.14 Activated
microglial cells and iron are known to accumulate at the neuro-

FIG 2. Correlation between iron concentration (micrograms of iron/gram of tissue) in the right superior frontal gyrus (RSFG) (A) and apathy, and
the right putamen (RPUT) (B) and disinhibition scores in patients with bvFTD.
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degenerative sites in AD and Parkinson disease.35 These microglial cells have been implicated in maintaining the iron homeostasis in the brain by scavenging excess iron.36 It has been reported
that chronic microglial activation in FTD can cause the expression
of progranulin and the production of proinflammatory mediators
by phosphor-–positive neurons, which may contribute to neuronal death and disease progression.37
Prior studies have proved the efficacy of SWI in the quantitative assessment of cerebral iron content in subjects with dementia.3,4,10 Wang et al10 identified increased iron content in the hippocampus, head of the caudate, lenticular nucleus, and thalamus
in those with amnestic mild cognitive impairment and AD compared with controls. Further, Zhou et al3 demonstrated that SWI
phase values of the bilateral hippocampus, globus pallidus, caudate, substantia nigra, and putamen were significantly different
between those with AD and controls, which had a higher correlation coefficient with MMSE scores. Recently, Wu et al4 suggested
that a quantitative assessment of iron in the substantia nigra and
globus pallidus with SWI may be useful for the early diagnosis and
evaluation of the degree of disease in Parkinson disease.
The strength of the present study is the quantitative assessment of brain iron deposition in the frontal, temporal, and basal
ganglia regions in FTD subtypes in comparison with controls
without dementia using SWI. We found significantly increased
levels of iron in the bilateral superior frontal gyrus, temporal pole,
anterior cingulate, and putamen along with the right hemispheric
insula, precentral gyrus, hippocampus, and red nucleus in patients with bvFTD compared with controls. The patients with
PPA only showed significant iron levels in the left temporal pole in
comparison with controls. A direct comparison revealed significant iron deposition in the right superior frontal gyrus in patients
with bvFTD.
Earlier studies proved significant GM and WM degeneration
in the frontoinsular-striatial-temporal regions in bvFTD27,38,39
and more severe temporal atrophy in PPA.39,40 Recently, De Reuck et al14 analyzed the postmortem brains of patients with neurodegenerative and cerebrovascular disease and observed the
most significant iron deposition in the claustrum, caudate, and
putamen and comparatively lesser significant deposition in the
globus pallidus, thalamus, and subthalamic nucleus in those with
FTD compared with controls. These findings support our observation of increased iron deposition in the basal ganglia regions.
Moreover, our volumetric results in the same patient group
showed characteristic atrophy patterns in the basal ganglia (R.S.
et al, unpublished data, 2016), which corroborate previous findings.41 Notably, a prior tractography analysis in the human brain
demonstrated well-established connections within the frontostriatal networks.42 The significant iron deposition in the red nucleus of those with bvFTD may be due to its strong functional
coherence with prefrontal, insular, temporal, parietal, thalamic,
and hypothalamic regions.43 In fact, the amount of iron deposition in the superior frontal gyrus and putamen correlated with the
behavioral manifestations, as measured by the FrSBe, which has
been implicated in the behavioral studies in FTD.44,45 The role of
the putamen in disinhibition may be due to its afferent connections to the medial, orbital, and dorsolateral prefrontal regions as
well as its link with the prefrontal and motor circuits.46 Therefore

the regional iron deposition, as measured by SWI, may be used as
a novel biomarker in the diagnosis of FTD subtypes.
This study has some limitations. Our sample size in PPA was
relatively small. Also, some of the subjects were unable to complete the neuropsychological tests due to a more advanced stage of
the disease. Although our patient group had characteristic symptomatology and conformed to the diagnostic criteria, pathologic
confirmation of FTD has not been established for all subjects.
Hence, future longitudinal studies on larger samples with neuropathologic data and higher resolution scanners (3T or 7T) could
help verify and consolidate our conclusions. Nevertheless, this
study provides insight into an angle for pursuing the search for
biomarkers in FTD.

CONCLUSIONS
The results of the study showed that SWI could be a potential
biomarker for measuring iron deposition in the FTD brain and
iron increases in the frontal and temporal regions of patients. The
study also demonstrated a significant correlation between regional iron content and behavioral profiles.
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Multicenter Experience with FRED Jr Flow Re-Direction
Endoluminal Device for Intracranial Aneurysms in Small
Arteries
X M.A. Möhlenbruch, X O. Kizilkilic, X M. Killer-Oberpfalzer, X F. Baltacioglu, X C. Islak, X M. Bendszus, X S. Cekirge, X I. Saatci, and
X N. Kocer

ABSTRACT
BACKGROUND AND PURPOSE: Flow diverters are emerging as an endovascular treatment alternative for proximally located intracranial aneurysms. However, treatment of aneurysms at and beyond the circle of Willis is not well-established. We assessed the
clinical safety and efﬁcacy of the Flow Re-Direction Endoluminal Device Jr (FRED Jr) dedicated to small-vessel diameters between 2.0
and 3.0 mm.
MATERIALS AND METHODS: This was a multicenter observational clinical study of 42 patients with 47 aneurysms treated by a ﬂowdirection technique with the FRED Jr. The primary end point for clinical safety was the absence of death, major or minor stroke, and TIA.
The primary end point for treatment efﬁcacy was complete and near-complete occlusion according to the O’Kelly-Marotta grading scale
at follow-up after 1, 6, and 12 months.
RESULTS: The FRED Jr deployment was technically successful in all cases. In 39/42 (93%) patients, the primary safety end point was
reached; in the 3 remaining patients, 1 disabling ischemic stroke, 1 minor stroke with complete recovery at discharge, and 1 TIA were
observed. Two asymptomatic, completely reversible side-branch occlusions occurred. Angiographic (DSA or ﬂat panel CT) and clinical
follow-up were available after 1 month in 41/47 (87%), 6 months in 27/47 (57%), and 12 months in 11/47 (23%) aneurysms. The primary efﬁcacy
end point was reached at 1 month in 27/41 (66%), at 6 months in 21/27 (78%), and at 12 months in 11/11 (100%) aneurysms.
CONCLUSIONS: Deployment of the FRED Jr is safe and effective in the treatment of intracranial aneurysms located in small vessels.
ABBREVIATIONS: ACA ⫽ anterior cerebral artery; AcomA ⫽ anterior communicating artery; FPCT ⫽ ﬂat panel CT; FRED Jr ⫽ Flow Re-Direction Endoluminal
Device Jr; OKM ⫽ O’Kelly-Marotta grading scale

T

he application of flow diversion with different flow-diverter
stents for the treatment of intracranial aneurysms has gained
increasing acceptance during the past several years.1 A braided
nitinol mesh with 30%– 40% metal-covered surface area is the
mainstay of the stent design. Expansion of the flow diverter at the
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Neuroradiology, Heidelberg University Hospital, Im Neuenheimer Feld 400, 69120
Heidelberg, Germany; e-mail: markus.moehlenbruch@med.uni-heidelberg.de
Indicates article with supplemental on-line appendix and tables.
http://dx.doi.org/10.3174/ajnr.A5332

aneurysm base notably decreases flow and subsequently induces
thrombosis. The blood, diverted from the aneurysm sac, continues to flow through the porous mesh of the flow diverter following
the pressure difference from the parent vessel to smaller
branches.2,3 Due to its singular design, a metal-covered inner
stent layer with low permeability and an outer, more porous and
stable stent scaffold, the Flow Re-Direction Endoluminal Device
(FRED; MicroVention, Tustin, California) may be superior to
other flow diverters, providing safer delivery and more effective
occlusion of the aneurysm.4-9 The FRED Jr (MicroVention) has a
similar dual-layer design and is the first flow diverter dedicated to
small vessels (ie, ⱕ3 mm). In the past, the flow diverter was not
widely used in the treatment of distal circulation aneurysms due
to their relatively superficial anatomy and good accessibility for
microsurgical clipping. Furthermore, the delivery of the device
into the relatively small-caliber vessels of the distal circulation was
considered technically difficult.10 However, clinical experience
with such potential complications has rarely been reported.11-16
Here, we report on our multicenter experience of the FRED Jr
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flow diverter endovascular treatment of aneurysms in small cerebral vessels and present the feasibility, safety, and effectiveness of
this treatment.

MATERIALS AND METHODS
Patient Selection
Local ethics committees approved this observational study, and
informed consent was obtained from all subjects before treatment
and chart review. The clinical and radiologic records of all consecutive subjects enrolled in a prospective registry of subjects
treated with the FRED Jr at 6 centers (On-line Appendix) between
October 2015 and December 2016 were reviewed retrospectively.
Two operators (M.A.M. and N.K.) gathered and analyzed the data
independently. Data collection included demographics; aneurysm features, including type, size, and location; vessel diameter
and angulation; details of the endovascular treatment; clinical
presentation; follow-up imaging; and clinical outcome. A multidisciplinary team (vascular neurosurgeons, interventional neuroradiologists) made treatment decisions on a case-by-case basis.
The only inclusion criterion for treatment with the FRED Jr was
an intracranial aneurysm located on a parent vessel with a 3-mm
diameter.

Antiplatelet Therapy
In 4 centers (Cerrahpasa Medical Faculty, Heidelberg University
Hospital, Marmara University School of Medicine, Paracelsus
Medical University), the standard antiplatelet therapy included
daily dual antiplatelet medication with 100 –300 mg of aspirin and
75 mg of clopidogrel (loading dose, 300 mg), starting no less than
5 days before the procedure and maintaining the therapy for a
minimum of 3– 6 months after the procedure. After 3– 6 months,
the patients were switched to aspirin only for a minimum of 6
months or for life. In 2 centers (Yüksek Ihtisas University, Koru
and Bayindir Hospital), a daily mono-antiplatelet medication was
initiated with prasugrel, 10 mg (loading dose 40 mg), for 6 months
and continued with aspirin thereafter. This regimen was also used
in the first 4 centers in case of clopidogrel nonresponse. Platelet
inhibition was tested with different methods, such as VerifyNow
(Accumetrics, San Diego, California) or light transmission aggregometry either 1 day or immediately before endovascular treatment. Concurrent with the procedure, a bolus of standard heparin
(70 –100 IU/kg) initiated anticoagulation, which was maintained
through intravenous administration to sustain an activated clotting
time of 250 –300 seconds or 2–2.5 times that of baseline.

FRED Jr
The FRED Jr flow diverter was designed to treat aneurysms located in small intracranial vessels. This stent comprises 2 integrated nitinol braided inner and outer layers. The inner layer is of
lower porosity, braided in a 36-wire format; and the outer stent
layer is of higher porosity, braided in a 16-wire format. This duallayer design encompasses approximately 90% of its total length,
with single-layer flares (part of the outer layer) at each end. These
flares, 4 at each end of the stent, are assembled with platinum
markers for radiopacity. Two interwoven tantalum wires integrate both layers and provide radiopaque visibility along the duallayer length of the stent. The FRED Jr is currently recommended
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for vessel diameters from 2.0 to 3.0 mm. Available FRED Jr sizes
are 2.5- and 3.0-mm diameters with working lengths (dual-layer
coverage) between 8 and 37 mm. The stainless steel delivery microwire has a radiopaque tip and is shortened to reside only within
the proximal portion of the FRED Jr device during deployment.
As long as the flared ends and a minimal portion of the proximal
working length remain within the 0.021-inch delivery microcatheter (Headway 21, MicroVention), the Fred Jr pusher allows
resheathing and the device can be repositioned to optimize the
position across the aneurysm neck. As soon as the total length of
the stent is released from the microcatheter, it fully expands to its
final deployed position.

Description of Technique
All patients were treated under general anesthesia via a transfemoral approach. Through a femoral sheath, a 6F– 8F guiding catheter
was advanced into the carotid or vertebral artery. Next, the target
vessel was analyzed via biplane angiography and 3D rotational
angiography. On the basis of the observed length of the aneurysm
neck, a flow diverter was chosen with the aim of ensuring arterial
wall coverage and an overlap of the inner mesh of at least 2 mm
beyond the proximal and distal margins of the aneurysm neck.
With a standard microguidewire, a Headway 21 microcatheter
was maneuvered beyond the aneurysm neck. Then the flow diverter was unsheathed under roadmap guidance. This was
achieved through slow withdrawal of the delivery microcatheter
while, at the same time, holding or gently pushing the delivery
wire to achieve complete expansion and wall apposition of the
flow diverter for 2–3 minutes. In cases of incomplete opening,
seen on 2D or 3D angiography, an in-stent percutaneous transluminal angioplasty with a balloon microcatheter was implemented. If additional aneurysm coiling was required to achieve
aneurysm occlusion, the initially used microcatheter was jailed
between the parent vessel wall and the flow diverter at its
deployment.

Evaluation of End Points
Safety. Clinical evaluation was performed by a board-certified
neuroradiologist, neurosurgeon, or neurologist immediately
postprocedure, at 2 hours after the procedure, on the following
day, and at discharge. Patient outcomes were assessed with the
modified Rankin Scale. The primary end point for clinical safety
was the absence of mortality, stroke (major or minor), and TIA.
Technical safety was assessed by the attending neurointerventionalist on conventional DSA and, in some cases, additionally with
3D-DSA and/or flat panel CT (FPCT). Technical safety features of
the flow diverter included navigation, radiopacity, deployment,
expansion, and vessel wall apposition.
Efﬁcacy. Treatment results were graded according to the
O’Kelly-Marotta (OKM) grading scale for assessment of cerebral
aneurysms treated by flow diversion.17 The initial occlusion grade
was composed of the initial degree of filling (A ⫽ total, B ⫽ subtotal, C ⫽ entry remnant, D ⫽ no filling) and the degree of stasis
(prolongation of stasis into 1 ⫽ arterial, 2 ⫽ capillary, 3 ⫽ venous
phase). On follow-up examinations, only the degree of filling was
rated with digital subtraction angiography or FPCT according to

FIG 1. Patient 6 with a bifurcation aneurysm of the middle cerebral artery (3D-DSA, A) and after implantation of a FRED Jr in the M1 and superior
MCA trunk (arterial FPCT, B). At 3-month follow-up, complete occlusion was observed (venous FPCT, C).

FIG 2. Patient 23 with an A2/A3 aneurysm of the anterior cerebral artery (A), and after deployment of a FRED Jr (B). At 6-month follow-up,
complete occlusion was observed (C).

the OKM scale for comparison with the immediate results. The
primary end point for treatment efficacy was complete and nearcomplete occlusion (ie, OKM C and D) at follow-up after 1, 6, and
12 months.

Statistics
Differences in variable distribution between groups were compared using Kruskal-Wallis tests for continuous variables and 2
tests for categoric variables. Significant results on univariate analysis were included in an ordered categoric regression model to
measure their combined effect. All statistical analysis was undertaken with SPSS, Version 22.0 (IBM, Armonk, New York).

RESULTS
Baseline Patient and Aneurysm Characteristics
Forty-two patients (26 female; median age, 53 years; age range,
15– 80 years) with 47 aneurysms were included. Demographics of

all enrolled patients and features of the treated aneurysms are
shown in the On-line Table 1. On-line Table 2 lists clinical details
and angiographic imaging features. Representative cases are presented in Figs 1–3.
Eighteen aneurysms originated from the middle cerebral artery; 13, from the anterior cerebral artery (ACA) distal to anterior
communicating artery (AcomA); 11, from the AcomA or A1/A2
junction of the ACA; 2, from the posterior cerebral artery; 1, from
the superior cerebellar artery; and 1, from the vertebral artery
at the V4 level. One was located at the tip of the terminal segment
of the ICA. We included 35 saccular aneurysms, 9 fusiform/
dissecting aneurysms, and 2 giant aneurysms (including 1 partially thrombosed aneurysm) and 1 blisterlike aneurysm. One aneurysm was symptomatic with a neurologic deficit, and 1 aneurysm was in the subacute stage after SAH.
The target lesion had been previously treated in 11 patients:
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FIG 3. Patient 35 with a partially thrombosed giant aneurysm originating from the posterior cerebellar artery (T2, A; 3D-DSA, B). After
deployment of a FRED Jr (arrowheads indicating the ﬂow-diverting working zone, arrow pointing to the tip of the delivery wire, bracket
showing the delivery wire markers where normally the proximal stent markers are compressed within the microcatheter, asterisk
indicating the tip of the microcatheter; C), the aneurysm ﬁlling is reduced (D). At 12-month follow-up, the aneurysm is almost completely
shrunken (TOF E; T2, F).

Five aneurysms had been coiled previously and developed a reperfusion. Two aneurysms were treated with flow diverters (the
superior cerebellar artery with the Pipeline Embolization Device,
Covidien, Irvine, California; and A2 with the Silk flow diverter,
Balt Extrusion, Montmorency, France), but the aneurysms did
not occlude during follow-up. Additionally, 4 aneurysms had regrowth after initial clipping.

Technical Results
The FRED Jr could always (all patients, all aneurysms) be successfully maneuvered to the target area and deployed across the aneurysm base to achieve complete coverage. However, in 2 cases
(AcomA and A1/A2 junction), a longer version of the FRED Jr
than initially chosen was implanted to ensure complete neck coverage. A single flow diverter was sufficient to treat the aneurysm in
all cases.
The median aneurysm diameter was 6 mm (range, 1.3–25.2
mm) with a median neck size of 4 mm (range, 1.3–14.5 mm). The
stented parent vessels had a median diameter of 2.4 mm (range,
1962

Möhlenbruch

Oct 2017

www.ajnr.org

1.4 –3.6 mm) proximally and 2.1 mm (range, 1.5–3.4 mm) distally. The median degree of angulation of the parent artery was 95°
(range, 10°–170°). In 1 case, concomitant coils were used to pack
the aneurysm because of its multilobulated morphology. In-stent
angioplasty after flow-diverter deployment was performed in 1
patient with a dissecting MCA aneurysm and distal stenosis of the
parent artery. In 2 cases, a mild (⬍50%) stenosis of the FRED Jr
after deployment was detected without the need for in-stent angioplasty. In 22/47 (47%) aneurysms, an immediate impact on the
degree of stasis (OKM grading scale) could be observed on angiography at the end of the endovascular procedure, and the angiographic degree of filling (OKM grading scale) was changed
immediately in 11/47 cases (23%).

Clinical Outcome and Procedure-Related Complications
The primary safety end point could be observed in 39/42 (93%)
treated patients. One major stroke occurred in a patient with
an atherosclerotic fusiform M1 aneurysm. After extubation,
the patient had a hemiparesis. Immediate DSA control showed

the stent in place with perfusion of all MCA branches. The MR
imaging control showed watershed infarctions. The patient
was discharged with an mRS 3 and recovered to mRS 2 at 3
months after treatment.
A minor stroke developed in a patient with an A1/A2 aneurysm. This patient woke up with a transient hemiparesis. Immediate MR imaging control showed an embolic shower in the ACA
territory. The patient was discharged with an mRS 1 and recovered to mRS 0 at 3 months after treatment. Another patient with
an MCA bifurcation aneurysm experienced transient ischemic
symptoms (slight hemiparesis) 2 hours after FRED Jr placement,
induced by an occlusion of the inferior MCA trunk on DSA. Complete resolution of symptoms was observed within 1 hour after
intravenous tirofiban injection, with complete reopening of the
trunk on control DSA.
Diminished flow in the adjacent vessels was detected within 30
minutes after deployment in a patient with a pericallosal aneurysm. After intravenous tirofiban injection, the flow changed to
normal within 10 minutes and the patient did not show any neurologic deficit after extubation. The same patient presented, after
normal findings on 3-month follow-up MR imaging, with multiple enhancing brain lesions at 6-month follow-up MR imaging.
The patient was never symptomatic, and after 1 month of steroids,
the enhancing lesions had disappeared completely. Another patient with a giant MCA aneurysm experienced an upper trunk
MCA occlusion immediately after deployment. After intravenous
tirofiban, the upper trunk reopened, and the patient was asymptomatic after extubation.
There was no statistically significant association between any
pretreatment patient or aneurysm characteristic and the occurrence of these procedure-related complications.

Follow-Up
Complete angiographic (DSA or FPCT) and clinical follow-up
was performed after a median of 1 month in 41/47 (87%) aneurysms, after a median of 6 months in 27/47 (57%) aneurysms, and after a median of 12 months in 11/47 (23%) aneurysms. Seventy-one percent of patients (30/42) had at least 1
DSA examination at follow-up. At 1-month follow-up, 6/41
(15%) aneurysms showed complete occlusion (OKM D), and
21/41 (51%) aneurysms, a near-complete occlusion (OKM C).
At 6-month follow-up, in 19/27 (70%) aneurysms, complete
occlusion was observed (OKM D) and near-complete aneurysm occlusion was seen in 2/27 (7%). A complete filling was
not detected in any of the followed aneurysms at 6 months. At
12-month follow-up, 8/11 (73%) aneurysms were still completely occluded (OKM D), while 3/11 (27%) aneurysms remained at near-complete occlusion (OKM C). Regardless of
the follow-up timing, the primary end point for efficacy was
reached in 32/41 (78%) aneurysms with any follow-up.
No cases of in-stent stenosis, in-stent thrombosis, or migration of the FRED Jr implant were observed on follow-up DSA or
FPCT. So far, no retreatment has been performed.
The performed 2 and Kruskal-Wallis H tests showed no statistically significant differences among the different occlusion
grades at 1, 6, or 12 months for any pretreatment patient or aneurysm characteristics.

DISCUSSION
In this clinical multicenter observational study, the FRED Jr device was assessed for the treatment of intracranial aneurysms in
small arteries. While conventional microsurgical clipping or coiling with possible ballooning or stent placement remains the treatment of choice, few studies in the past have investigated the use of
flow diverters in small vessels.11-16 This new generation of intracranial flow diverters dedicated to vessels of ⱕ3 mm may provide
a promising alternative for the safe and effective treatment of
these challenging aneurysms. In this series, all treated aneurysms
were completely covered by the flow diverter at postprocedural
follow-up. The primary end point for clinical safety (ie, absence of
mortality and stroke [major or minor] or transient ischemic attack) was achieved in 39/42 (93%) patients treated with the FRED
Jr device. These findings are comparable with those in previous
studies that focused on distal-circulation aneurysms treated with
various intracranial flow diverters (in most cases the Pipeline Embolization Device), with up to 17.6% transient neurologic deficits,
up to 10.7% permanent neurologic deficits, and no mortality.11-16

Procedural Success
In the present study, successful deployment of the FRED Jr device
could be achieved in all cases. In 2 cases, a longer version of the
FRED Jr was implanted because foreshortening of the initial
FRED Jr was too pronounced, especially at the base of the aneurysm. Insufficient opening (⬎50%) of the FRED Jr, which has
been reported for other available flow diverters in up to 10% of
cases, did not occur with the FRED Jr.18,19 Unsheathing and release of the FRED Jr was performed slowly for several minutes in
a controlled fashion by retracting the delivery microcatheter only,
to facilitate correct expansion and complete deployment of the
FRED Jr. The so-called push/pull technique was usually not required. Should incomplete opening occur, despite these precautions, a complete retrieval of the FRED Jr device should be performed by simply resheathing it into the delivery microcatheter.
In previous case series, delayed retraction of the flow diverter
occurred, but this was not found in our series.11,19 Furthermore,
on follow-up, no in-stent stenosis or changes in stent morphology
such as “fish mouth” (ie, inward crimping of 1 or both ends of
flow diverter) or “foreshortening” phenomena, which were described in a series by Kocer et al4 with the first version of FRED,
were observed.

Angiographic Outcome
Occlusion results for the FRED Jr during early follow-up were
promising. Immediately after FRED Jr deployment, a change in
the degree of contrast stasis inside the aneurysm was noted in
⬎47% of cases, similar to results of the “regular” FRED.5 After 6
months, complete aneurysm occlusion, defined as an OKM grade
of D, could be observed in 19/27 (70%) cases, which, on the Raymond and Roy scale, would correspond to grade I.20
Our efficacy rate was in line with the complete occlusion rate at
6 –12 months of 33%–79% seen in previous studies, which had
focused on distal circulation aneurysms with various intracranial
flow diverters (in most cases the Pipeline Embolization Device
was used).11-14,16
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Potential Advantages
Advantages of the recently introduced FRED Jr may include the
following: 1) enhanced outward stability of the stent toward
the wall of the parent vessel due to the design (dual-layer) of the
FRED Jr device and long sizes (available up to 41 mm), which
provide a scaffolding effect. Most important, a single device can be
used to achieve aneurysm occlusion in a single treatment session,
while previously, the treatment of fusiform or giant aneurysms
may have required telescoping implantation of ⬎1 flow diverter
or 2 sequential procedures (scaffolding stent followed by flowdiverter implantation). 2) The lower number of wires (16 wires in
the outer stent compared with 48 wires in the Silk or Pipeline
device, for example) may result in lower friction within the delivery microcatheter, allowing a smoother deployment of longer
stents. 3) Stent opening will be more reliable because radial force
vectors of the inner and outer stent will add up. This feature is
especially critical when deployment includes vessels with ⬎90°
angulation. 4) Laminar blood flow might be improved by the
dual-layer design and higher pore attenuation. Compared with
the 48 wires of the Pipeline and Silk, the FRED Jr device consists of
16 outer nitinol wires and 36 inner nitinol wires with 2 tantalum
integration wires. 5) The short inner stent will result in lower
vessel wall coverage in the longitudinal direction (shortest, 8 mm,
available on the market). The inner stent is designed to limit the
working layer to the neck of the aneurysm and to spare adjacent
branches, while maintaining the patency of these vessels. 6) The
delivery microcatheter, Headway 21, is the smallest available delivery system on the market, with an outer distal diameter of 2F
compared with Vaso 21 (Balt Extrusion) (outer distal diameter,
2.4F) for Silk, and Marksman (outer distal diameter, 2.8F) for
Pipeline. 7) The delivery wire always stays inside the flow diverter.
Therefore, the risk of vessel perforation, especially in small vessels,
might be lower.
The main differences of the FRED Jr compared with the FRED
are the following: 1) the dual-layer design of FRED Jr consisting of
16 ⫹ 36 wires instead of 16 ⫹ 48 wires for the FRED. This resulted
in a lower metal coverage of the vessel wall with the FRED Jr
(approximately 30% versus approximately 35%– 40% with
FRED). 2) The delivery wire system of the FRED Jr has no distal
tip. 3) For FRED Jr delivery, a 0.021-inch microcatheter is adequate, whereas the FRED requires a 0.027-inch microcatheter.

Clinical Outcome and Complications
Overall, the primary safety end point could not be achieved in 3
patients (7%). However, only 1 patient had resulting permanent
neurologic deficits (major stroke, 2%). The selected FRED Jr, in
this case with an atherosclerotic fusiform M1 aneurysm, seemed
too long and compromised the perfusion in 1 M2 branch. MR
imaging control showed watershed infarctions. The patient was
discharged with a hemiparesis and recovered to mRS 2 at 3
months after treatment. The minor stroke occurred in a patient
with an A1/A2 aneurysm. The immediate MR imaging control
showed an embolic shower in the ACA territory, which was probably because several attempts were needed to deploy the FRED Jr
in a satisfactory position. The remaining symptomatic patient
with a TIA had an occlusion of the lower MCA trunk, which is
probably related to the Coandă effect (see below). Asymptomatic
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thrombosis of covered side branches was detected within 30 minutes after deployment in a patient with a pericallosal aneurysm
and in another patient with a giant MCA bifurcation aneurysm.
After intravenous tirofiban injection, the thrombosis resolved
completely within 20 minutes. These 2 side-branch occlusions are
likely device-related, such as incomplete wall apposition with
emerging thrombus formation. However, the possibility of insufficient opening of the FRED Jr was ruled out by FPCT, and both
patients had a good response to antiplatelet therapy in prior tests.
Immediate thrombosis of a covered side branch can be explained by the Coandă effect, a phenomenon in which a jet flow
attaches itself to a nearby surface and remains attached even when
the surface curves away from the initial jet direction.21 The patient
with the pericallosal aneurysm presented at follow-up with multiple enhancing brain lesions, similar to those described by Cruz et
al,22 suggesting a foreign body reaction, potentially caused by
shedding of the hydrophilic coating. The patient never developed
any symptoms, and after 1 month of steroids, the enhancing lesions had disappeared.
Three of 5 complications occurred in patients with MCA aneurysms, which are known to pose a higher risk of thromboembolic complications.16,18

Limitations
We conducted a multicenter, retrospective, observational study;
therefore, there was inherent selection bias associated with it. The
overall number of patients was small, and no statistical significance was discovered in univariate or multivariate analyses, likely
owing to the lack of power. Moreover, the relatively recent adoption of FRED Jr in clinical use and the short follow-up period in
our study imply that the durability of the treatment and longterm consequences with FRED Jr remain to be determined. To the
best of our knowledge, however, this is the largest study of aneurysms located on small vessels treated with flow diverters, and our
data demonstrate that the FRED Jr is a safe and effective form of
treatment for aneurysms located on small arteries that are challenging for both conventional microsurgical and endovascular
techniques.

CONCLUSIONS
In this first observational study of the FRED Jr for the treatment of
distally located intracranial aneurysms, a high degree of safety and
a high rate of complete aneurysm occlusion were observed. Longterm durability and safety should be proved by larger series. Our
results support the notion that the use of intracranial micro-flow
diverters, such as reported herein, may increase the armamentarium of procedural techniques for the neurointerventionalist, especially for targeting distally located aneurysms in which parent
vessel diameters are ⱕ3 mm.
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INTERVENTIONAL

Clinical Impact of Flat Panel Volume CT Angiography in
Evaluating the Accurate Intraoperative Deployment
of Flow-Diverter Stents
X F. Clarençon, X F. Di Maria, X J. Gabrieli, X E. Shotar, X V. Degos, X A. Nouet, X A. Biondi, and X N.-A. Sourour

ABSTRACT
BACKGROUND AND PURPOSE: The deployment of ﬂow-diverter stents may be difﬁcult to analyse on regular DSA. The purpose of our
study was to investigate the clinical impact of stent-dedicated ﬂat panel volume CT angiography to evaluate intraoperatively the
satisfactory deployment of ﬂow-diverter stents.
MATERIALS AND METHODS: From January 2009 to April 2015, 83 consecutive patients (mean age, 51 years; 62 women) were treated in our
institution with ﬂow-diverter stents. Eighty-seven aneurysms (82 unruptured, 5 ruptured; 77 anterior, 10 posterior circulation) were treated in
these 83 patients (4 patients had 2 aneurysms, both treated by means of ﬂow-diverter stents). One patient was treated for a traumatic carotid
cavernous ﬁstula. In 80% of the cases (68/85) a ﬂat panel volume CT angiography was performed in the angiographic suite just after the
ﬂow-diverter stent deployment. Stent visualization was assessed by 2 independent reviewers. The clinical impact of stent malapposition was
evaluated.
RESULTS: Flow-diverter stent visualization was satisfactory in 73.5% of the cases. In 2 cases (2.9%) the ﬂat panel volume CT angiography
prompted the operator to perform an additional intrastent angioplasty for a condition that was previously underestimated. Four patients (4.7%)
experienced acute thromboembolic complications; 3 others had delayed thromboembolic complications. Only 1 of these patients had thromboembolic complications (acute or delayed) related to stent misdeployment, which was easily managed intraoperatively with no clinical
consequence.
CONCLUSIONS: Flat panel volume CT angiography is an interesting tool to depict ﬂow-diverter stent misdeployment and may encourage
the operator to perform intrastent angioplasty (2.9% of the cases in our experience) to reduce the risks of thromboembolic complications.
ABBREVIATIONS: FDS ⫽ ﬂow-diverter stent; FPV-CTA ⫽ ﬂat panel volume CT angiography

F

low-diverter stents (FDSs) have gained acceptance in recent
years for the treatment of intracranial aneurysms, especially
giant and large ones.1,2 This new-generation stent shifted the paradigm of treatment for intracranial aneurysms and now helps in treating intracranial aneurysms that were previously considered as challenging or even impossible to treat by endovascular means.3
However, one of the drawbacks for their use is their poor radiopacity.4 Indeed, despite the addition of radiopaque strands in the design
of these stents, their visibility remains poor, hampering the visualizaReceived March 18, 2017; accepted after revision June 9.
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France; Paris VI University (F.C., J.G., E.S., V.D.), Pierre et Marie Curie, Paris. France;
Department of Interventional Neuroradiology (F.D.M.), Foch Hospital, Suresnes,
France; and Department of Neuroradiology and Endovascular Therapy (A.B.),
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tion of their accurate deployment by the operator during the procedure. Flat panel volume CT angiography (FPV-CTA) is now increasingly used to evaluate the deployment of regular intracranial stents in
cases of stent-assisted coiling,5-7 and has shown its effectiveness to
depict kinking/misdeployment. However, the potential of this technique has been poorly reported for FDSs.
The purpose of our study was to evaluate the potential of the
FPV-CTA to display the accurate deployment of FDSs and to
evaluate the clinical impact of FDS misdeployment depicted by
this technique.

MATERIALS AND METHODS
Patient Demographics/Aneurysm Characteristics
All patient demographics and aneurysm characteristics are summarized in Table 1. From January 2009 to April 2015, 87 intracranial aneurysms (82 unruptured, 5 acutely ruptured; 77 anterior,
10 posterior circulation) were treated in 83 consecutive patients
(mean age, 51 ⫾ 12.1 years; age range, 20 –77 years; 62 women, 21
men), during 85 embolization procedures (4 patients had 2 aneu-

For patients who were resistant to
clopidogrel, clopidogrel was replaced by ticagrelor (90 mg, twice a day) for 6 months.
The patients were all treated with a
FDS (Pipeline Embolization Device [Covidien, Irvine, California] in 58 cases
[67%], Silk [Balt Extrusion, Montmorency, France] in 14 cases [16%],
NeuroEndoGraft [Stryker Neurovascular,
63 (90)
Kalamazoo, Michigan] in 10 cases [11.5%],
28 (40)
and FRED [MicroVention, Tustin, Cali17 (24)
fornia] in 5 cases [5.7%]). In 12/85 cases
6 (8.6)
(14%), 2 FDSs or more were used for the
4 (5.7)
4 (5.7)
treatment of the same aneurysm. On aver3 (4.3)
age, 1.15 ⫾ 0.4 FDSs were used per patient
1 (1.4)
(range, 1–3).
7 (10)
In 80% of the cases (68/85), an FPV3 (4.3)
CTA was performed in the angiographic
1 (1.4)
2 (2.9)
suite just after the stent(s) deployment.
1 (1.45)
The remaining 20% of cases corresponded
9.8 ⫾ 6.5
to the cases treated in our early experience
5.4 ⫾ 3
for which no FPV-CTA was performed or
3 (4.3)
to cases for which raw data were not avail13 (18.6)
2 (2.9)
able on the PACS. In 37% of the cases (21/
11 (15.7)
68), coils were already present in the aneuNote:—ACA indicates anterior cerebral artery; AChoA, anterior choroidal artery; AComA, anterior communicating
rysm sac (either in case of recanalized
artery; BA, basilar artery; CC, carotid cavernous; PCA, posterior cerebral artery; PComA, posterior communicating
coiled aneurysm or when the aneurysm
artery; SCA, superior cerebellar artery.
was coiled before the FPV-CTA). In 15/68
cases (22%), the delivery microcatheter
rysms, both treated by means of FDS; in 2 cases, 2 aneurysms were
was kept in place (ie, within the lumen of the FDS) during the FPVtreated with the same FDS). The mean maximum diameter of the
CTA acquisition (Fig 1). In one case, an FPV-CTA was performed
aneurysms was 9.2 ⫾ 6.5 mm; the mean neck size was 5.4 ⫾ 3 mm.
with a jailed microcatheter inside the aneurysm sac (Fig 2).
In 16 cases (18%), FDS was used for the treatment of a recurrence
All the patients explored by means of FPV-CTA had the same
in an aneurysm previously treated by coiling (n ⫽ 13; 14.9%), by
imaging protocol detailed below.
FDS (n ⫽ 1; 1.1%), or clipping (n ⫽ 2; 2.3%). In addition, 1
patient (Patient #43) was treated for a traumatic carotid cavernAcquisition Protocol
ous fistula.
All FPV-CTAs were performed by using the same protocol. Via
Table 1: Patient demographics and aneurysm characteristics
Overall
Demographics/Characteristics
Population
No. of patients
83
Age (mean ⫾ SD)
51 ⫾ 12
Female (no., %)
62 (75)
No. of aneurysms
87
Direct CC ﬁstula (no.)
1
No. of procedures
84
Aneurysm locations
Anterior circulation (no., %)
76 (87.4)
Paraclinoid ICA (no., %)
36 (41.4)
Cavernous ICA (no., %)
20 (23)
ACA/AComA (no., %)
7 (8)
ICA terminus (no., %)
4 (4.6)
AChoA/PComA (no., %)
4 (4.6)
MCA (no., %)
4 (4.6)
Petrous ICA (no., %)
1 (1.1)
Posterior circulation
11 (12.6)
Vertebral artery (no., %)
5 (5.7)
BA (no., %)
3 (3.4)
PCA (no., %)
2 (2.3)
SCA (no., %)
1 (1.1)
Aneurysm maximum diameter (mean ⫾ SD)
9.2 ⫾ 6.5
Aneurysm neck (mean ⫾ SD)
5.4 ⫾ 3
Acutely ruptured aneurysms (no., %)
5 (5.7)
Recanalized aneurysms (no., %)
16 (18.4)
Previously clipped (no., %)
2 (2.3)
Previously coiled (no., %)
14 (16.1)

Endovascular Treatment
All procedures were performed under general anesthesia. In all
except 1 case of blood-blister aneurysm, patients received dual
antiplatelet therapy (clopidogrel and aspirin) before the treatment, which was pursued for 3– 6 months after the procedure.
Aspirin was then pursued for a total of 1 year. In all except 1
case (blood-blister aneurysm treated in emergency), the sensitivity to clopidogrel as well as to aspirin was evaluated by using
the Multiplate aggregation test (Roche, Basel, Switzerland). In
most cases, full anticoagulation was performed during the
treatment, with an activated clotting time target between 2- to
3-fold the baseline. For the patient treated in emergency for the
blood-blister aneurysm, the antithrombotic protocol was as
follows: oral clopidogrel, 300 mg, 4 hours before the endovascular treatment, then continuous IV heparin (activated clotting time, 2- to 3-fold the baseline), and finally an IV bolus of
aspirin (250 mg) during the procedure. Then the dual antiplatelet therapy (clopidogrel, 75 mg and aspirin, 250 mg) was
pursued for 6 months and aspirin alone for an 6 additional
months.

Patients Who
Underwent FPV-CTA
68
51 ⫾ 12
51 (75)
70
1
70

the guiding catheter used for the stent deployment, we proceeded to an intra-arterial injection in the parent vessel of
iohexol, 300 mg I/mL, diluted at 20% with saline. All the FPVCTAs were performed in the same biplane angiographic suite
(Axiom Artis dBC [Siemens, Erlangen, Germany]); C-arm
FPV-CTA characteristics were as follow: 200° of rotation (from
100° left oblique projection to 100° right oblique projection); 1
image/0.4° (20s-1KDR protocol). Twenty mm3 of the 20% diluted contrast media were injected at 1 mL/s at the beginning of
the CT-rotational acquisition. Secondary reconstructions were
performed on a dedicated workstation (Artis Workplace; Siemens). For these reconstructions, a 512 ⫻ 512 matrix was used
with a volume of view as small as possible, adapted to the
length of the FDS. The voxel size was 0.14 mm. A batch of
about 500 images was obtained from this reconstruction, with
5-mm thick sections and no intersection gap.

Evaluation Criteria
All FPV-CTA acquisitions were independently reviewed by 2 observers (F.C. and F.D.M.) with 5 and 6 years, experience, respecAJNR Am J Neuroradiol 38:1966 –72
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FIG 1. A 51-year-old woman presenting a recurrence of a left unruptured PComA aneurysm previously clipped. A, DSA in working projection
showing the 5.2 ⫻ 5.0 mm recurrence with a 4.7 mm neck (arrowheads). B, Unsubtracted snapshot of the DSA in working projection displaying
the clip (white arrow). C, Unsubtracted snapshot during the deployment of the FDS (Pipeline Embolization Device) from the left M1 segment to
the carotid siphon. D and E, Snapshots from the FPV-CTA acquisition performed with 20% contrast media intra-arterial injection through the
guiding catheter; MIP reconstruction. Satisfactory deployment of the stent is seen. Note the presence of the clip from the previous treatment
(black arrows) and the microcatheter’s tip, left in the FDS lumen during the acquisition (white arrows). Note that neither the clip nor the
microcatheter’s tip hamper the FDS visualization. F and G, Final DSA in working projection after FDS deployment (F, early phase; G, late phase).
Stagnation of the contrast media within the aneurysm sac is seen at late phase (G). PComA indicates posterior communicating artery.

tively, in interventional neuroradiology. The FPV-CTA volumes
were analyzed on a dedicated workstation (Leonardo workstation) with the aid of thin section multiplanar reconstructions
(mainly in a plane perpendicular to the great axis of the parent
artery) and MIP (thickness, 5 mm) reconstructions. The following criteria were independently evaluated by both observers: quality of the FDS visualization (poor/fair/good); the rate of the FDS
visualized (not visualized/partial visualization/complete visualization); and the presence of misdeployment (kinking/misopening/twisted stent). In cases of stent misdeployment, the location
of the misdeployment was graded as follows: proximal, central, or
distal. Discrepancies between the 2 observers were settled in consensus. Finally, the presence of contrast media stagnation in the
aneurysm sac was evaluated in consensus.

Statistical Analysis
Interrater agreement was performed by means of a weighted 
test.
 index ⱕ0.40 was considered as poor agreement; between
0.41– 0.60 as moderate agreement; between 0.61– 0.80 as good
agreement; and from 0.81–1 as excellent agreement.8
Influence of the following factors on FDS visualization was
evaluated: age, sex, aneurysm location (ie, anterior/posterior circulation), aneurysm maximum diameter, aneurysm neck, presence of coils/clips, microcatheter in place within the FDS lumen,
and presence of contrast media stagnation in the aneurysm sac.
All statistical tests were performed by means of the STATA soft1968
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Oct 2017

www.ajnr.org

ware (Version 11; StataCorp, College Station, Texas). A P value
⬍.05 was considered as statistically significant.

Ethical Statement
Neither approval of the institutional review board nor patient
informed consent are required by the ethics committee of our
institution (Pitié-Salpêtrière Hospital) for retrospective analyses
of patient records and imaging data.

RESULTS
FDS Visualization
Data regarding FDS evaluation are summarized in Table 2.
Interrater agreement was fair (k ⫽ 0.38) for the stent visualization quality (poor/fair/good) on FPV-CTA, moderate (k ⫽
0.49) for the proportion of the stent visualized (partial/complete),
and moderate (k ⫽ 0.57) for the analysis of the deployment quality (satisfactory/misopening). The analysis in consensus showed a
satisfactory visualization of the FDS in 83.8% of the cases, a complete visualization of the FDS in 73.5% of the cases, and a
misopening of the FDS in 11.8% of the cases (Figs 3 and 4). Univariate analysis showed that only the aneurysm’s maximum diameter had an influence on stent visualization (P ⬍ .001). On the
contrary, age, sex, aneurysm location (ie, anterior/posterior circulation), presence of coils/clipping, stent type, and number of
stents had no influence on the visualization quality of the FDS
(Table 3). In addition, the presence of the microcatheter inside the
FDS during the acquisition (observed in 15/68 cases [22%]), the

cases (25%), the misopening was located
at the distal aspect of the FDS; in 3/8
cases (37.5%), it was located at the proximal aspect. In the remaining 3 cases
(37.5%) the misopening was observed in
the central aspect of the FDS.

Clinical Consequences of
Misdeployment Depicted
Seven (10.3%) intrastent angioplasties
were performed after FDS deployment.
In 5 cases (7.4%), the angioplasty was
performed because major misopening
was depicted on DSA before the FPVCTA was performed. In the remaining 2
cases (2.9%), the misopening that led
the operator to perform angioplasty was
only seen on FPV-CTA (Figs 3 and 4).
Interestingly, in both cases, the FDS
were NeuroEndoGrafts.

Complications
Overall thromboembolic complication
FIG 2. A 40-year-old woman treated for an incidental large right carotid ophthalmic aneurysm. A, rate was 9.4% (8/85); the symptomatic
Right ICA DSA in working projection showing the large paraclinoid aneurysm. B, Plain x-ray snap- thromboembolic complication rate was
shot in working projection after the deployment of the FDS (Pipeline Embolization Device) in the 7% (6/85). Thromboembolic complicaparent artery, with a microcatheter jailed in the aneurysm sac (arrow). C, FPV-CTA acquisition,
MIP reconstruction in sagittal view showing the satisfactory deployment of the FDS with the tions leading to neurologic sequelae
microcatheter jailed between the FDS and the wall of the parent artery (arrows). D, FPV-CTA, axial were recorded in 4.7% (4/85) of the
view. The jailed microcatheter is seen between the FDS and the wall of the parent artery (arrow). cases. Acute thromboembolic complicaE, Final control DSA in working projection after loose coiling of the sac. Satisfactory exclusion of
tions (ie, intraoperative or in the immethe sac is seen.
diate postoperative period) occurred in
Table 2: Interrater agreements and analysis in consensus for the
4.7%
of
the
cases
(4/85);
among
them, only 2 (2.3%) were responevaluation of FPV-CTAs
sible
for
neurologic
sequelae.
Only
1 (1.2%) thromboembolic
Interrater agreements
complication related to misopening or kinking of the FDS was
 ⫽ 0.38
Stent visualization quality
 ⫽ 0.49
Stent rate visualized
recorded. In this case, a clot formed inside the FDS, which was
 ⫽ 0.57
Misdeployment
misopened in its central aspect. This incomplete opening was obAnalysis in consensus
vious on DSA, and the clot resolved after intrastent angioplasty
Good visualization
83.8%
and IV injection of a bolus of abciximab. No clinical consequence
Fair/poor visualization
16.2%
was recorded in the latter patient. Three delayed (ⱖ 4 months)
Complete visualization
73.5%
Partial visualization
27%
ischemic complications were recorded. These 3 cases have been
Satisfactory opening
88.2%
previously reported.9 None of these delayed ischemic complicaMisdeployment
11.8%
tions were related to FDS misopening or kinking. Interestingly, in
1 case, a delayed stenosis located at the distal aspect of the FDS was
depicted after a thromboembolic event occurred, whereas no
presence of a jailed microcatheter (observed in 1/68 cases [1.5%]),
misopening was seen on the FPV-CTA performed
or the presence of contrast media stagnation (observed in 4/68
intraoperatively.9
cases [6%]) had no influence on visualization quality of the FDS
(Table 3). Multivariate analysis showed that both the presence of
DISCUSSION
coils inside the aneurysm sac and an intrasaccular contrast media
FDSs are a new tool in the armamentarium of the interventional
stagnation during the FPV-CTA decreased the visualization qualneuroradiologist that may help in treating intracranial aneurysms
ity of the FDS (P ⫽ .015 and .02, respectively).
previously considered as uncoilable or very challenging to treat
with regular techniques.10
FDS Misopening/Additional Angioplasty
Despite their potential for the treatment of difficult aneuMisopening was depicted on FPV-CTA in 11.8% (8/68) of the
rysms, one of the major limitations for their use is their poor
cases. In 2.9% (2/68) of the cases, the misopening was visible only
radiopacity. Indeed, to increase their pushability and conformon the FPV-CTA. On the contrary, no case of malapposition was
ability, the use of radiopaque components in the design of the FDS
seen only on plain x-ray and missed by the FPV-CTA. No malapposition was seen in the case with a jailed microcatheter. In 2/8
is limited because they dramatically increase their stiffness.11
AJNR Am J Neuroradiol 38:1966 –72

Oct 2017

www.ajnr.org

1969

FIG 3. A 52-year-old woman treated for an unruptured left carotid ophthalmic large-neck aneurysm. A, Left ICA DSA in working projection (A)
and 3D rotational angiography (B) showing the bi-lobed paraclinoid aneurysm with a large neck. Two overlapped FDSs (NeuroEndoGraft) were
deployed in the carotid siphon to cover the aneurysm neck. C, Unsubtracted plain x-ray in lateral projection; the satisfactory opening of the
distal FDS is demonstrated, but the proximal aspect of the proximal FDS is not clearly seen. D, FPV-CTA (sagittal view MIP reconstruction clearly
separates the 2 FDSs and conﬁrms an incomplete opening of the proximal aspect of the proximal FDS (arrow), which was subsequently treated
by intrastent balloon angioplasty (E). F and G, Plain x-ray snapshots (F, without and G, with contrast media injection) in lateral projection showing
a satisfactory opening of the FDS. H, One-year follow-up DSA in working projection showing the complete occlusion of the aneurysm.

FIG 4. A 30-year-old man treated for a traumatic left carotid cavernous ﬁstula, 1 month after a severe traumatic brain injury. A, Left ICA DSA in
lateral projection before stent placement. Note the ﬁlling of the ipsilateral cavernous sinus (arrows). Treatment with an FDS covering the ICA’s
arterial tear was chosen. One FDS (NeuroEndoGraft) was deployed in the carotid siphon to cover the arterial tear. B, Unsubtracted snapshot
after the stent deployment. No obvious malapposition of the stent is seen. C and D, FPV-CTA after the stent deployment in sagittal MIP
reconstruction (C) and thin section sagittal oblique reconstruction (D). This acquisition clearly shows a narrowing of the distal aspect of the FDS
(arrow) that prompted the operator to perform an intrastent balloon angioplasty. E and F, Postangioplasty FPV-CTA (E, sagittal view, MIP
reconstruction; F, thin-section sagittal oblique reconstruction) shows incomplete but satisfactory opening of the distal aspect of the FDS
(arrow). G, One-year follow-up DSA showing the complete cure of the traumatic ﬁstula.

FPV-CTA is a CT-like acquisition performed via a rotation of
the C-arm–mounted flat panel around the patient’s head that can
be easily performed in the angiographic suite. Since its early de1970
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velopment, it has shown its potential to depict intraprocedural
bleeding12 and also to provide accurate imaging of endovascular
implants.13,14 The potential of FPV-CTA has been shown for the

Table 3: Univariate and multivariate analyses

Variables
Age, yr (mean ⫾ SD)
Female (no., %)
Anterior location (no., %)
Acute rupture (no., %)
Recanalization/recurrence
Aneurysm max. diameter, mm (mean ⫾ SD)
Aneurysm neck, mm (mean ⫾ SD)
Stent type (PED; no., %)
No. of stents (mean ⫾ SD)
Additional coils (no., %)
Microcatheter in place (no., %)
Contrast media stagnation (no., %)

Poor/Fair FDS
Visualization
51.5 ⫾ 12.7
7 (64)
10 (90)
0 (0)
4 (36)
15.5 ⫾ 8.2
6.35 ⫾ 3.65
36 (63)
1.2 ⫾ 0.5
8 (73)
2 (18)
2 (18)

Good FDS
Visualization
51.5 ⫾ 12.3
44 (77)
51 (89)
3 (5)
7 (12)
8.7 ⫾ 5.2
5.1 ⫾ 2.2
8 (73)
1.1 ⫾ 0.3
14 (25)
11 (19)
2 (3.5)

Univariate
Analysis
(P Value)
.12
.45
1
1
.73
⬍.001a
.13
.73
.25
.004a
1
.12

Multivariate
Analysis
(P Value)
.7
.61
.94
.64
.34
.06
.795
.96
.92
.015a
.28
.02a

Note:—max indicates maximum; PED, Pipeline Embolization Device.
a
Statistically signiﬁcant difference.

accurate visualization of intracranial stents (laser-cut5,15,16 as well
as braided stents7). It helps to see precisely the struts of the stent
and may allow the depiction of a kinking, twisting, or stent
misopening. FPV-CTA protocols have been developed either
without injection5 or with diluted contrast material injection.17,18
The major advantage of protocols with contrast material injection
(IV or intra-arterial) is that they may help to depict intrastent
thrombus or endoleak (ie, contrast media filing between the FDS
and the inner wall of the parent artery) caused by incorrect apposition of the stent.
Only scant data are available in the literature on the potential
of FPV-CTA by intra-arterial4,7 or IV17 injection for the visualization of FDSs and its clinical impact. Such protocols have been
used to evaluate the accuracy of the FDS deployment intraoperatively4 and for follow-up imaging.4,17 The potential of the visualization of the accurate deployment of FDS appears of tremendous
importance owing to the fact that most intraoperative, postprocedure, or delayed complications, like thromboembolic events or
even stent occlusion, seem to be related to FDS kinking or misdeployment.19 In our series, we did not record any symptomatic
ischemic complication caused by kinking or misdeployment of
the FDS. The absence of such complications in our series may be
explained by the fact that we widely used FPV-CTA (80% of the
cases) to evaluate the FDS deployment and performed intrastent
angioplasty in case of inaccurate wall apposition of the FDS. In
addition, some cases of delayed aneurysm rupture have been
linked to endoleak caused by incomplete deployment of the FDS.
These endoleaks may lead to filling of the aneurysm with no exit
for the blood trapped in the aneurysm sac.20 No such complication occurred in our series. Consequently, we think that FPVCTA should be systematically performed after FDS deployment
because it may reduce the complication rate observed with these
devices, one of the main drawbacks for their use.
To the best of our knowledge, we present the largest series of
patients treated by FDS who underwent intraoperative FPV-CTA,
and the only one for which an interrater agreement was evaluated
and for which risk factors for poor/fair FDS visualization were
assessed. This protocol provides, in a single acquisition, information on stent deployment, intrastent thrombosis, or stenosis and
helps to see precisely which side arteries are covered by the FDS.
We chose intra-arterial rather than an IV contrast media injection

for the FPV-CTA acquisition to reduce the risk of poor opacification of the parent artery because of nonproper acquisition time.
In addition, a 20% contrast material dilution (20% contrast media/80% saline) was chosen to avoid bright opacification of the
parent vessel that would have hampered the visualization of the
FDS.
In our series, satisfactory visualization of the FDS was reached
in 83.8% of the cases; complete FDS visualization was observed in
73.5% of the cases. Interrater agreement was poor for stent visualization quality (k ⫽ 0.38) and moderate for the rate of FDS
visualization (k ⫽ 0.49). However, the depiction of misopening
was more reproducible (k ⫽ 0.57). Malapposition of the FDS was
observed in 11.8% of the cases, which prompted the operator to
perform an intrastent angioplasty in 7.4% of the cases (2.9% on
the basis of FPV-CTA alone). In the series by Kizilkilic et al,4
FPV-CTA results led to additional maneuvers (intrastent angioplasty or telescopic stent deployment) in 13% of the cases.
The only factors that were found by the multivariate analysis
to be reducing the FDS visualization were the presence of coils and
the presence of contrast media stagnation (P ⫽ .015 and .02, respectively). Consequently, we recommend performing the FPVCTA acquisition before additional coiling when coils are needed
(especially for large and giant aneurysms). To avoid contrast media stagnation in the aneurysm sac (frequently seen in giant and
large aneurysms) that may hamper the FDS visualization, we recommend rinsing the parent artery with saline through the guiding
catheter before performing the FPV-CTA. However, this rinsing
may sometimes be insufficient when major intrasaccular stagnation is obtained after the FDS deployment. Interestingly, FPVCTA acquisitions with the microcatheter inside the FDS lumen
did not reduce the visualization quality. In addition, in the only
case in which a jailed microcatheter was present in our series, no
malapposition was observed. However, the presence of a jailed
microcatheter may hamper the FDS deployment, especially in
cases of the parent artery presenting huge curves.

Limitations of the Study
Our study presents some limitations. First, this is a monocenter
retrospective study. Second, the population involved was a middle-sized one (n ⫽ 83). However, the relatively low volume of the
population involved could be explained by the fact that the indiAJNR Am J Neuroradiol 38:1966 –72
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cations for FDS treatment are still nowadays limited because of a
significant increased complication risk compared with regular endovascular techniques.21 Second, no metallic artifact reduction
algorithm was used in our series. These algorithms may be very
useful when coils or clipping are already present before the stent
deployment (recanalized aneurysms).6,14,22 However, our results
reflect the regular clinical practice because these algorithms are
only available in few centers with angiographic suites optimized
to clinical research. Finally, the proportion of FDS brands used for
the treatment of the patients was not evenly distributed. Indeed,
in most cases, a Pipeline Embolization Device was used (58/85;
68%). This heterogeneity made the comparison between the different FDSs for the quality of the deployment impossible.

CONCLUSIONS
FPV-CTA is a useful tool to depict FDS misdeployment/misopening, which may be not visible on plain x-ray. In 2.9% of the cases,
the results of the FPV-CTA prompted investigators to perform
intrastent angioplasty to avoid acute or delayed thromboembolic
complication. We thus recommend performing FPV-CTA systematically after stent deployment in patients treated with FDS.
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Packing Density Necessary to Reach a High Complete
Occlusion Rate in Circumferential Unruptured Intracranial
Aneurysms Treated with Stent-Assisted Coil Embolization
X R.T. Tosello, X U.C. Batista, X B.J.A. Pereira, and X R.L. Piske

ABSTRACT
BACKGROUND AND PURPOSE: This study is a homogeneous series of circumferential unruptured intracranial aneurysms with large necks
treated with stent-assisted coil embolization. Our purpose was to demonstrate which value of packing density is required to produce a
durable occlusion.
MATERIALS AND METHODS: We retrospectively evaluated all patients with unruptured intracranial aneurysms who were treated with
stent-assisted coil embolization having late angiographic control between 2004 and 2014, in a single large cerebrovascular referral center.
To calculate the packing density, aneurysm volume, and coil volume, we used an on-line system.
RESULTS: In 49 circumferential unruptured intracranial aneurysms treated with stent-assisted coil embolization, 38.7% (n ⫽ 19) had
complete occlusion in the immediate control. Of those with incomplete occlusion, 80% (n ⫽ 24) progressed to complete occlusion in the
late angiographic follow-up. At late angiographic control, 87.7% (n ⫽ 43) of aneurysms were completely occluded. All aneurysms with a
packing density of ⱖ19% were completely occluded. Packing density was the only statistically signiﬁcant predictor of complete occlusion.
None of the aneurysms with complete occlusion at immediate control or at late angiographic control had recurrence.
CONCLUSIONS: In circumferential aneurysms treated with stent-assisted coil embolization, packing density is the main predictor of
complete occlusion. In this type of aneurysm, a packing density of ⱖ19% was enough to reach complete occlusion; knowing this is
important to avoid higher packing densities that have more risk.
ABBREVIATIONS: PD ⫽ packing density; SACE ⫽ stent-assisted coil embolization; UIA ⫽ unruptured intracranial aneurysm

U

nruptured intracranial aneurysms (UIAs) are present in 3%
of the adult population and are increasingly detected due to
more frequent use of noninvasive angiographic diagnostic
imaging.1-3
Endovascular coiling for the treatment of intracranial aneurysms was first introduced into clinical use in 1990, and since
then, the greatest concern has been the high recanalization rate,
recently estimated to be approximately 20%.4,5 This occurs more
often in large-neck aneurysms,6 which are currently treated with
stent-assisted coil embolization (SACE).
In unassisted coil embolization, higher packing density (PD)
rates are correlated with lower recanalization rates.7-10 It is likely
that in SACE treatment, the packing density necessary to reach a
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stable complete occlusion is lower, but there is no homogeneous
study to confirm that possibility, to our knowledge.
The purpose of this study was to demonstrate which value of
PD is likely to produce durable occlusion in a homogeneous series
of circumferential, large-neck UIAs treated with SACE in a single
cerebrovascular referral center.

MATERIALS AND METHODS
The study protocol was approved by a local institutional review
board. This is a single-center retrospective review of our data bank
from February 2004 to June 2014. Clinical and image records were
independently reviewed by a member of the research team who
did not participate in the treatment of any of the included patients. The patient demographics, treatment details and effects,
results of follow-up, and complications were recorded.
All patients were treated under general anesthesia, and stentassisted coiling was performed on a biplane Integris Allura
FD20/30 angiographic system (Philips Healthcare, Best, the Netherlands). Regular techniques were used, including prior use of
dual antiplatelet therapy.
AJNR Am J Neuroradiol 38:1973–77
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Table 1: Relationship between the location and number of the
aneurysms
Location
No.
%
Middle cerebral artery
11
22.4%
Anterior communicating artery
9
18.4%
Basilar artery
5
10.2%
Posterior communicating artery
5
10.2%
Bifurcation of the internal carotid artery
5
10.2%
Internal carotid artery
3
6.1%
Pericallosal artery
2
4.1%
Others
9
18.4%
Total
49
100%

From the 310 aneurysms in 271 patients treated with SACE, we
selected 49 unruptured circumferential wide-neck aneurysms,
not previously treated in 47 patients, with 3D reconstruction angiography before treatment and at least 1 late angiographic control. The mean time from the operation until the first follow-up
was 7.0 months. Wide-neck aneurysms were defined as having at
least 1 of the following criteria: neck size ⱖ 4 mm, dome-to-neck
ratio ⬍ 1.5, or a cylindric neck.
To calculate the packing density, volume of aneurysms, and
volume of coils, we used an on-line system available at www.
angiocalc.com. This calculation was based on the shape and size of
the aneurysm and on the type and size of the coils. All aneurysms
treated with coils that did not have calculations based on this site
were excluded.
Of the 47 patients, 15 were men, and 32, women. The mean age
was 56.7 years. Of the 49 aneurysms, 32 had wide necks (⬎4 mm),
42 had unfavorable dome-to-neck ratios (⬍1.5 mm), 26 had wide
necks and unfavorable dome-to-neck ratios, and 2 had cylindric
necks.
The relationship between the location and number of aneurysms is shown in Table 1.
Aneurysm obliteration rates on the immediate control and
first follow-up angiograms were classified as complete (100%);
any opacity in the neck or sac of the aneurysm was considered
incomplete obliteration.
In the late angiographic control, we evaluated the rate of progression from incomplete to complete occlusion and whether
there was recurrence of an aneurysm with initial complete occlusion. We compared these data with the location of the aneurysm,
the volume of the aneurysm and coils, the PD, and the type of
stent used.
We used 4 types of stents: the Neuroform stent (Stryker Neurovascular, Kalamazoo, Michigan) in 35 procedures, the LEO
stent (Balt Extrusion, Montmorency, France) in 16 procedures,
the Enterprise stent (Codman & Shurtleff, Raynham, Massachusetts) in 2 procedures, and the Solitaire stent (Solitaire AB neurovascular remodeling device; Covidien, Irvine, California) in 1
procedure.

Statistical Analysis
Statistical analysis was performed by using R statistical and computing software, Version 3.2.2 (http://www.r-project.org/). For
the relationships between volume and packing and volume and
incomplete occlusion, the Pearson correlation coefficient was calculated. To obtain the relationship among age, sex, aneurysm
volume, packing density, and volume of coils and complete oc1974
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clusion at 6-month follow-up, we used logistic regression. We also
calculated the corresponding 95% confidence interval to verify
the existence of the relationship. The relationships between a high
percentage of PD and complete occlusion and between large aneurysms and incomplete occlusion were assessed with logistic regression analysis. P values ⬍ .05 indicated a significant difference.

RESULTS
In the immediate control, complete occlusion occurred in 38.7%
of aneurysms (n ⫽ 19), and incomplete occlusion, in 61.2% aneurysms (n ⫽ 30). However, of those who had incomplete occlusion, 80% (n ⫽ 24) progressed to complete occlusion and the
remaining 20% (n ⫽ 6) had incomplete occlusion (Fig 1). At the
late angiographic control, 43 aneurysms (87.7%) had complete
occlusion. There was no aneurysm recurrence in the first follow-up for those aneurysms that were completely occluded in the
immediate control.
The mean volume of the 49 aneurysms was 175.2 mm3 (median, 329.7 mm3; range, 4.2– 4849.9 mm3). The mean coil volume
was 38.5 mm3 (median, 54.7 mm3; range, 1.5–396.3 mm3), and
the average PD was 37.9% (median, 28.6%; range, 2.8%–54.9%).
Above 19% of PD, all aneurysms were completely occluded,
independent of their volume (Fig 2).
According to Fig 2, the aneurysms were subdivided into 2
groups on the basis of volume: A, ⬍179.6 mm3 (n ⫽ 37); B,
⬎179.6 mm3. In group A, all aneurysms except 1 had complete
occlusion, independent of their PD. The only aneurysm incompletely occluded in this group was one in which we could not
deploy a necessary second coil due to the impossibility of recatheterizing the aneurysm sac after the first coil. In group B, complete
occlusion was reached for all aneurysms with a PD of ⬎19%.
Aneurysms of ⬎179.59 mm3 had a larger diameter, between 7.0
and 7.8 mm.
The statistically significant correlation coefficient (P ⬍ .05)
between aneurysm volume and PD was ⫺0.42 (95% CI, ⫺0.62 to
⫺0.15; P ⫽ .003), and the correlation between aneurysm volume
and incomplete aneurysm occlusion was ⫺0.44 (95% CI, 0.18 –
0.64; P ⫽ .002). The correlation coefficient between coil volume
and PD was 0.26 (95% CI, ⫺0.50 to 0.02; P ⫽ .071), which is not
statistically significant. Large volumes of coils are used in large
aneurysms, which tend to have lower PD.
A multivariate analysis with predictive factors of complete aneurysm obliteration, including age, aneurysm volume, PD, and
volume of coils, showed that the only statistically significant predictive factor was PD (Table 2).
Procedure-related complications occurred in 3 patients
(6.4%, 3/47). In 2 patients (4.1%, 2/49), there was thrombosis of
the stent after its release; one was treated with an intravenous
infusion of a loading dose of abciximab (ReoPro), and the other,
with an intra-arterial injection of tirofiban (Aggrastat) and
mechanical thrombolysis, with full opening of the parent vessel. Both had a transient deficit and full recovery in 3 and 4
days, respectively. One patient (2.1%, 1/47) had an asymptomatic vertebral artery dissection, and a stent was placed at the site
of dissection. There was no neurologic deficit in any of the 3
patients at discharge.

FIG 1. A 62-year-old man presenting with a small, incidental aneurysm of the anterior communicating artery. A 3D rotational angiogram (A) was
obtained before the embolization. Measurements were made of the neck (blue line), diameter parallel to the neck (green line), height (red line),
and largest diameter (yellow line). Projection work after a right internal carotid contrast injection (B) shows the relation of the anterior
communicating artery aneurysm to the anterior cerebral arteries. Final control after simultaneous contrast injections in the internal carotid
artery. C and D, Residual neck ﬂow (white arrow) after stent-assisted coil embolization (stent, white arrows; coils, black arrow). Six-month
angiographic controls (E and F) show the evolution to complete occlusion (black and white arrows).

DISCUSSION

FIG 2. Results of the Pearson test, demonstrating that above 19% packing density, all aneurysms
had complete occlusion. Regarding the volume, aneurysms above 179.6 mm3 had a higher rate of
incomplete occlusion when the packing density was below 19%. If ⬎1 aneurysm is overlapping,
note the following symbols: ✧, 2 aneurysms, ✯, 3 aneurysms, ✡, 4 aneurysms.

Stent-assisted coil treatment for largeneck aneurysms has shown a higher rate
of evolution to complete occlusion in
the follow-up and a lower rate of late aneurysm recanalization compared with
nonstented aneurysms.6,8,11-14 The mechanisms involved are hemodynamic modification of the inflow angle to the sac,
the presence of more metal on the neck,
and the scaffold provided by the stent
and coils favoring better endothelialization.6,15-17 It is thought that the main predictor of immediate and late complete occlusion and the absence of aneurysm
recurrence is the PD.8,11,12,18-22
However, we supposed that to achieve
a higher PD, it is necessary to place several
coils inside the aneurysm, increasing the
treatment time, the risk of thromboembolic and hemorrhagic complications,
and the cost of the procedure.
Gallas et al23 found that 26% of aneurysms had an incomplete occlusion
among 1036 aneurysms treated with coils.
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Table 2: Multivariate analysis of predictive factors for complete
occlusion
Relative Risk
95% CI
P Value
Sex
0.933
0.254–6.045
.929
Age
0.746
0.089–2.345
.684
Volume of the aneurysm
1.001
1.000–1.002
.079
0.876
0.657–0.955
.012
Packing densitya
Volume of the coils
1.005
0.998–1.011
.123
a

Signiﬁcance level is .05.

Raymond and Roy7 reported that incomplete occlusion in the
immediate control of aneurysms treated with coils is a risk factor
for aneurysm recanalization. Piotin et al11 reported that aneurysms treated with SACE had lower recanalization rates than nonstented aneurysms. Lawson et al22 identified PD as a predictor of
complete occlusion in aneurysms treated with SACE.
Chalouhi et al8,13 found an adequate PD of 12%–22% for
complete occlusion of aneurysms in angiographic follow-up tests
in 290 aneurysms treated with SACE, but the aneurysm recurrence rate was not reported.
Unlike others, our study considered only circumferential saccular UIAs, homogenizing the group to find the PD required for a
high complete aneurysm occlusion rate, with low rates of recurrence and complications during the procedure.
Our study presented a rate of 38.7% (n ⫽ 19) with complete
occlusion and 61.2% (n ⫽ 30) with incomplete occlusion in the
immediate control. Of those in the latter group, 80% (n ⫽ 24)
progressed to complete occlusion in the late angiographic
follow-up.
PD is the main predictor of complete occlusion and aneurysm
recurrence. Our study found all aneurysms with PD ⱖ19% with
initial incomplete occlusion evolved to complete occlusion in the
late angiographic follow-ups, with a statistically significant relationship between the variable PD and the first follow-up, in agreement with the study of Chalouhi et al.8 Aneurysms with low PD
(⬍19%) tended to not evolve to complete occlusion. None of the
aneurysms that were completely occluded had recurrence, emphasizing the relevance of the flow-remodeling theory in the use
of stents.6,15-17
However, aneurysms with smaller (⬍100 mm3) and moderate
(100 –1150.3 mm3) volumes had high rates of complete occlusion
(96% and 85%, respectively), compared with aneurysms with
greater volume (⬎1150.3 mm3), demonstrating that smaller aneurysm volume can reach a better PD value with higher complete
occlusion rates than those of large aneurysms, as described in the
literature.5,6,9,11,12,18,24 There was no statistically significant relation between the volume and packing density of an aneurysm: The
P value was .079 (statistical significance, P ⬍ .05), probably due to
the low number of aneurysms.
Sluzewski et al9 reported that all aneurysms with packing densities of ⬎24% and a volume of ⬍600 mm3, treated with coil
embolization, had complete occlusion. We found that all aneurysms with packing densities of ⱖ19% independent of their volume had complete occlusion. This finding shows that stents help
neck endothelization, requiring fewer coils to reach complete
occlusion.17
No patient with complete occlusion in our study needed retreatment, and our complication rate was 6%. All patients were
discharged without neurologic deficits and none died.
1976
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A limitation of our study is its retrospective, no randomization
design in a single center with a small sample due to the inclusion
of only circumferential UIAs. Another limitation is the use of a
variety of regular stents and coils.
Today with the advancement of technology, new stents with
lower porosity or double layers (eg, LVIS Blue, Lvis, Lvis Jr;
MicroVention, Tustin, California) may produce different results,
needing specific studies.

CONCLUSIONS
This study shows that the SACE technique has high rates of evolution from incomplete-to-complete occlusion of aneurysms,
without recurrence. The PD is the main predictor for complete
aneurysm occlusion. All aneurysms with PD of ⱖ19% achieved
complete occlusion. For small aneurysms, the rate of complete
occlusion was higher than in large aneurysms because it is difficult
to achieve an optimal packing density in large aneurysms. The PD
needed to occlude large-neck aneurysms treated with stents is
lower than in those without stents.
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The Use and Utility of Aspiration Thrombectomy in Acute
Ischemic Stroke: A Systematic Review and Meta-Analysis
X D. Wei, X J.R. Mascitelli, X D.A. Nistal, X C.P. Kellner, X J.T. Fiﬁ, X J.D. Mocco, and X R.A. De Leacy

ABSTRACT
BACKGROUND: Thrombectomy trials are often speciﬁcally interpreted as evidence for the effectiveness of stent retrievers. The effectiveness of other thrombectomy techniques such as aspiration thrombectomy should be validated through further investigation and
review.
PURPOSE: To evaluate published treatment times and clinical outcomes in patients treated with aspiration thrombectomy or ADAPT (A
Direct Aspiration, First Pass Technique) for acute ischemic stroke.
DATA SOURCES: A systematic literature review was performed following Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA) guidelines. MEDLINE, Scopus, and the Cochrane trial register were searched on November 8, 2016.
STUDY SELECTION: Twenty studies (n ⫽ 1523 patients) were included in this review and meta-analysis. One of these studies was
prospective, and the rest were retrospective.
DATA ANALYSIS: Meta-analysis was performed by using a random effects model. Data and publication bias were visualized with forest
plots and funnel plots.
DATA SYNTHESIS: Five studies investigated aspiration thrombectomy only, and 16 studies investigated ADAPT. Of the 16 studies on
ADAPT, the rate of successful recanalization (TICI 2b/3) was 89.3% (95% CI, 85.4%–92.3%). The proportion of patients with good clinical
outcome (90-day mRS ⱕ2) was 52.7% (95% CI, 48.0%–57.4%).
LIMITATIONS: Studies on ADAPT were retrospective, and there was heterogeneity between studies for successful recanalization (P ⬍
.001) and good clinical outcome (P ⬍ .001). There was evidence of publication bias for recanalization rates (P ⫽ .01), but not for clinical
outcomes (P ⫽ .42).
CONCLUSIONS: ADAPT and aspiration thrombectomy are effective approaches to thrombectomy, with high recanalization rates and
excellent clinical outcomes reported in the literature. Aspiration thrombectomy is a promising neurointervention, but large prospective
randomized studies are needed to validate its utility.
ABBREVIATION: ADAPT ⫽ A Direct Aspiration, First Pass Technique

E

ndovascular therapy has recently been shown to be an effective
intervention and is now the standard of care for acute ischemic
stroke.1-5 Broadly, there are 2 categories of techniques in endo-
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vascular treatment for stroke: 1) stent-based thrombectomy using
retrievable stents with or without aspiration catheter and 2) aspiration thrombectomy using aspiration catheter alone. A Direct
Aspiration, First Pass Technique (ADAPT) describes using aspiration thrombectomy as the first-line treatment with the possibility of adjuvant treatment if recanalization is not initially achieved.
ADAPT is a commonly used thrombectomy technique among
neurointerventionalists, but its effectiveness relative to stentbased thrombectomy has not been established.
Five randomized controlled clinical trials in 2015 (MR
CLEAN, ESCAPE, REVASCAT, SWIFT PRIME, and EXTEND
IA) demonstrated that thrombectomy is superior to intravenous alteplase for stroke caused by large vessel occlusions.1-5

Thrombectomy was specifically limited to stent retrievers in
some protocols and was the first-line treatment for most patients in these trials. These trials are often specifically interpreted as evidence for the effectiveness of stent retrievers. The
effectiveness of other thrombectomy techniques such as aspiration thrombectomy should be validated through further investigation and review.
In this systematic review, we evaluated the effectiveness of aspiration alone and ADAPT and reviewed their advantages and
disadvantages relative to stent-based thrombectomy. We also
compared treatment times and clinical outcomes for patients
treated with aspiration thrombectomy alone and patients who
required further treatment with stent retriever.

patients who received only aspiration under the ADAPT paradigm and “asp only” patients who were restricted to aspiration
thrombectomy by treatment protocol. Patients treated with
only aspiration under the ADAPT paradigm often achieved
recanalization during initial passes with aspiration thrombectomy and did not require subsequent passes with stent retrievers. In contrast, “ADAPT-asp ⫹ adjuvant” patients often were
not able to achieve recanalization with initial attempts at aspiration thrombectomy, and “asp only” patients continued with
aspiration thrombectomy despite unsuccessful initial passes
with aspiration thrombectomy. Patients who received only aspiration under the ADAPT paradigm might therefore represent less complicated cases, and we categorized them separately
from patients restricted to an aspiration-only protocol.

METHODS
Literature Search and Study Categorization

Data Extraction

This review was conducted in accordance with PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines.6 A systematic review was performed on November 8, 2016 by using MEDLINE, Scopus, and the Cochrane trial
register data bases. The search term was “(aspiration OR suction)
AND stroke AND (thrombectomy OR endovascular OR neurointervention).” Duplicates were removed from records identified
in the data base search. Articles were then screened based on title
and abstract. The remaining papers underwent full-text review.
Inclusion criteria were 1) the study must contain at least 20 patients treated with ADAPT or aspiration thrombectomy for acute
ischemic stroke; 2) the study must include either a measure of
treatment time or a measure of clinical outcome for patients
treated with aspiration thrombectomy; and 3) the study must be
written in English.
Aspiration thrombectomy and ADAPT are inconsistently defined in the literature. Terminology for aspiration thrombectomy
includes thromboaspiration; forced arterial suction thrombectomy, or FAST; modified Penumbra System (Penumbra, Alameda, California); manual aspiration thrombectomy, or MAT;
and ADAPT.7-10 Manual aspiration thrombectomy has variably
been used to refer to stent-based thrombectomy under aspiration
and to aspiration thrombectomy itself.9 ADAPT has a similar semantic fluidity, with some studies by using ADAPT and aspiration thrombectomy interchangeably. ADAPT has also been called
sequential endovascular thrombectomy approach, or SETA;
switching strategy for mechanical thrombectomy; and first-line
aspiration.11
In this review, we define ADAPT as using aspiration thrombectomy on the first pass with the option of subsequent adjuvant
treatment if recanalization is not achieved.12 We chose to define
ADAPT in this way because allowing neurointerventionalists to
switch to other thrombectomy methods after initial attempts at
aspiration thrombectomy is a more clinically pragmatic approach.11 Furthermore, the ADAPT acronym explicitly specifies
direct aspiration as a first pass and does not limit subsequent
passes to aspiration.12
In contrast to “ADAPT” studies, we define “asp only” studies as ones that limit neurointervention to aspiration thrombectomy regardless of the initial ability to achieve recanalization. We make a distinction between “ADAPT-asp only”

Demographic information, baseline characteristics, treatment,
and clinical outcomes were extracted from studies that met the
inclusion criteria. Demographic information included number of
patients, age, and sex. Baseline characteristics include NIHSS at
hospital admission and location of the occlusion. Treatment
includes devices used, the proportion of patients who received
IV-tPA before thrombectomy, onset-to-puncture times, puncture-to-recanalization times, proportion of patients treated with
aspiration thrombectomy alone, and proportion of patients
treated with stent retriever after attempt with aspiration thrombectomy (ADAPT). Clinical outcomes include TICI 2b/3 recanalization rate, rate of symptomatic intracerebral hemorrhage, rate
of embolic occlusion in new territories, 90-day mRS, and 90-day
mortality.

Statistical Analysis
Recanalization rates and clinical outcomes were assessed by metaanalysis. Cochran Q test and I2 test were used to detect heterogeneity.
Significant heterogeneity was defined as either a Cochran Q greater
than the 2 critical value at 10% level of significance or an I2 value
greater than 50%. A random effects model was used for meta-analysis. All statistical analyses were performed by using the R language for
statistical programming (http://www.r-project.org/).

RESULTS
Study Selection
The data base search yielded 708 studies from MEDLINE
(270), Scopus (402), and Cochrane (36). Study selection is
summarized in the flow diagram (Fig 1). Among these studies,
the THRACE trial and the THERAPY trial were randomized
controlled clinical trials with at least 20 patients treated with
aspiration thrombectomy.13,14 The THRACE trial compared
thrombectomy after intravenous alteplase with intravenous alteplase alone. Of 141 patients treated with thrombectomy, 23
(16%) were patients treated with aspiration.14 Outcome data
specific to these 23 patients was not available, and this study
was not included in this review. The THERAPY trial investigated whether aspiration thrombectomy after intravenous alteplase is superior to intravenous alteplase alone. The trial was
terminated because of the loss of equipoise from the publication of MR CLEAN and the establishment of endovascular
AJNR Am J Neuroradiol 38:1978 – 83
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therapy with intravenous alteplase as the standard of care.13
The results of the trial are therefore underpowered, but are
included in this meta-analysis. Ultimately, 20 studies comprising 1523 patients were selected for review (Table 1, On-line
Tables 1 and 2).7-13,15-27 Nineteen of these studies were retro-

spective, and 1 was prospective. Treatment times and clinical
outcomes are summarized in Table 1.
Of the 20 studies included in this review, 5 followed an
aspiration-only approach to treatment and 16 used an ADAPT
paradigm. One study included both an aspiration-only group and
an ADAPT group.11 Four of the ADAPT
studies included descriptive statistics for
the subgroup of patients who were only
treated with aspiration and the subgroup of patients with subsequent passes
of adjuvant treatment after initial passes
with aspiration thrombectomy (On-line
Tables 3 and 4).18,21,23,26

ADAPT Meta-Analysis and Study
Heterogeneity
A meta-analysis of 16 ADAPT studies was
performed for rates of successful recanalization (TICI 2b/3) and good clinical outcome (90-day mRS ⱕ2). The TICI 2b/3
recanalization rate was 89.3% (95% CI,
85.4%–92.3%) (Fig 2). Among patients
treated with ADAPT, 52.7% (95% CI,
48.0%–57.4%) had a good clinical outcome (Fig 3). Cochran Q test and I2 test
suggest significant heterogeneity between
studies for successful recanalization (Q ⫽
54.5; df ⫽ 15; I2 ⫽ 72.5%; P ⬍ .001) and
good clinical outcome (Q ⫽ 27.8; df ⫽ 12;
I2 ⫽ 56.8%; P ⬍ .001). Tests for funnel
plot asymmetry found evidence of publication bias for recanalization rates (P ⫽
.01), but not for clinical outcomes (P ⫽
.42) (On-line Figs 1 and 2).
FIG 1. PRISMA ﬂow diagram on study inclusion.
Table 1: Treatment times and clinical outcomes by study
No. of
OTP
Study
Treatment Patients (min)
Mocco et al,13 2016
Asp only
50
227
Asp only
32
234
Park et al,10 2016
Asp only
32
281
Eom et al,7 2014
Asp only
20
276
Hwang et al,8 2013
Asp only
61
292
Kang et al,11 2013 (period 1)
ADAPT
45
224
Delgado Almandoz et al,15
2016
Hungerford et al,16 2016
ADAPT
154
454
ADAPT
30
189
Kabbasch et al,18 2016
ADAPT
25
236
Kim et al,20 2016
ADAPT
54
179
Kowoll et al,21 2016
ADAPT
124
247
Lapergue et al,22 2016
ADAPT
76
295
Mascitelli et al,27 2016
ADAPT
152
227
Romano et al,23 2016
ADAPT
191
468
Vargas et al,26 2016
ADAPT
112
267
Jankowitz et al,17 2015
ADAPT
70
238
Kim et al,9 2015
ADAPT
98
507
Turk et al,24 2014a
ADAPT
64
NA
Turk et al,25 2014b
ADAPT
37
342
Turk et al,12 2014c
ADAPT
74
233
Kang et al,11 2013 (period 2)
ADAPT
22
318
Kang et al,19 2011

PTR
(min)
NA
33
76
63
60
50

Final TICI
2b/3 (%)
70 (30/43)
84
88
65
74
89

90-Day
mRS ≤2 (%)
38
78
NA
45
49
56

90-Day
Mortality (%)
12
3
25
0
NA
18

Asp
Only (%)
NA
NA
NA
NA
NA
NA

Asp +
Adjuvant (%)
NA
NA
NA
NA
NA
NA

40
26
53
41
45
NA
58
37
70
34
37
NA
28
68
40

95
90
72
93
82
92
76
94
86
91
95
95
97
85
82

53
43
84
NA
53
NA
51
54
46
60
39
47
NA
68
46

10
20
0
NA
23
NA
8
15
31
3
19
NA
NA
NA
14

81
70
81
56
55
58
63
76
59
91
78
NA
76
NA
82

19
30
19
44
45
42
29
23
41
9
22
NA
24
NA
18

Note:—Asp indicates aspiration; NA, not available; OTP, onset-to-puncture; PTR, puncture-to-recanalization.
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FIG 2. Forest plot of TICI 2b/3 recanalization rates by study.

FIG 3. Forest plot of good outcomes (90-day mRS ⱕ90) by study.

DISCUSSION
Endovascular treatment of acute ischemic stroke with large vessel
occlusion more than doubles the odds of a good clinical outcome
compared with medical treatment alone and is now considered
the standard of care.28 Aspiration thrombectomy is a form of
endovascular treatment that may have advantages over stent retrievers with respect to puncture-to-recanalization times, recanalization rates, cost-effectiveness, and clinical outcomes.15,18,29 In
this literature review, we categorized studies involving treatment
with aspiration thrombectomy into 3 categories: 1) patients
treated under an aspiration-only paradigm, 2) patients treated
under ADAPT who only received aspiration thrombectomy, and
3) patients treated under ADAPT.

Ninety-day mortality was 12% for aspiration thrombectomy and 23.9% for
medical treatment (P ⫽ .18). In the perprotocol population, good clinical outcome as measured by ordinal mRS had a
2.2 odds ratio (P ⫽ .05) in favor of aspiration thrombectomy.13 An earlier retrospective study by Eom et al7 similarly
found aspiration thrombectomy superior to intra-arterial fibrinolysis. Aspiration thrombectomy had faster procedure times as well as higher rates of
recanalization and good clinical outcomes in this study on basilar artery
occlusions.
In another retrospective study,
Hwang et al8 found that aspiration
thrombectomy for distal internal carotid occlusion strokes had superior recanalization rates and clinical outcomes
compared with mechanical clot disruption. Patients treated with aspiration
thrombectomy had a TICI 2b/3 recanalization rate of 64.7% (11/17) compared
with 16.7% (1/6) for mechanical clot
disruption (P ⫽ .04). Aspiration thrombectomy was also more likely to lead to
good clinical outcome, with 45% (9/20)
of patients having a 90-day mRS ⱕ2
compared with 16% (3/19) for mechanical clot disruption (P ⫽ .05). Park et al10
evaluated the effectiveness of aspiration
thrombectomy for more distally located large vessel occlusions.
Aspiration thrombectomy successfully recanalized 84% (27/32)
of patients with M2 occlusions, resulting in a good clinical outcome (90-day mRS ⱕ2) for 78% (25/32) of patients.
Kang et al11 compared the aspiration-only paradigm with the
ADAPT paradigm in a period-to-period analysis. There was a
trend toward superior TICI 2b/3 recanalization rates for ADAPT
over aspiration-only (P ⫽ .10), which became significant for difficult cases requiring at least 3 passes (P ⫽ .03). Overall, the aspiration-only paradigm may have superior clinical outcomes compared with intravenous medical management, intra-arterial
fibrinolysis, and mechanical clot disruption. Aspiration only,
however, may be inferior to the ADAPT paradigm.8,11,13

Aspiration Thrombectomy
Comparatively few studies assess aspiration thrombectomy without adjuvant therapy, and 5 studies were included in this review.
The THERAPY trial was a randomized controlled clinical trial
comparing aspiration thrombectomy after intravenous alteplase
to medical treatment with alteplase alone. Aspiration thrombectomy with the Penumbra System was the procedure specified
in the study protocol; however, 13% of patients were nonetheless
treated with a stent retriever. A Penumbra 3D separator was also
used in 25% of patients. Although the trial was underpowered
because of early termination from loss of equipoise, trends were
seen in superior clinical outcomes for aspiration thrombectomy.

ADAPT–Aspiration Only
Among the 16 studies included in this review that used ADAPT, 4
provided descriptive statistics for the subgroup that received only
aspiration thrombectomy. Patients who received only aspiration
under the ADAPT paradigm had shorter puncture-to-recanalization times than patients who were also treated with stent retriever
or other adjuvant therapies.18,21,23,26 This is expected because
ADAPT calls for aspiration as a first attempt, so patients successfully treated with aspiration would have fewer passes and shorter
treatment times than patients who had subsequent passes. The
potential advantages of ADAPT may be especially realized in paAJNR Am J Neuroradiol 38:1978 – 83
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tients who are recanalized early through aspiration thrombectomy. In patients treated under ADAPT, 56%–91% were treated
by aspiration alone.9,21

ADAPT
Comparisons of puncture-to-recanalization times, recanalization
rates, and clinical outcomes between ADAPT and stent-based
thrombectomy have been inconclusive and have had conflicting
results.15,20,22,29 Kim et al20 found that ADAPT has longer puncture-to-recanalization times than stent-based thrombectomy for
M2 occlusions. Turk et al29 reported the opposite and found faster
treatment times for ADAPT, whereas Lapergue et al22 did not
report a significant difference in treatment times despite patients
treated under ADAPT having more passes overall. Both Turk
et al29 and Lapergue et al22 reported higher recanalization rates for
ADAPT; however, this did not translate to a significant difference
in 90-day clinical outcome. In contrast, Delgado Almandoz et al15
reported no difference in treatment times despite more passes and
no difference in recanalization, but found an advantage for
ADAPT in clinical outcomes.
A meta-analysis of 16 studies was performed to assess rates of
recanalization and good clinical outcome for ADAPT. The TICI
2b/3 recanalization rate was 89.3% (95% CI, 85.4%–92.3%) and
the rate of 90-day mRS ⱕ2 was 52.7% (95% CI, 48.0%–57.4%).
Goyal et al28 conducted a patient-level meta-analysis of MR
CLEAN, ESCAPE, REVASCAT, SWIFT PRIME, and EXTEND
IA. These 5 randomized clinical trials used predominantly stentbased thrombectomy for first-line neurointervention and had an
overall recanalization rate of 70.5% (402/570) and good clinical
outcome rate of 46.0% (291/633) (On-line Table 5). Although
recanalization and good clinical outcome rates were lower for the
stent retriever meta-analysis than the lower bound of the 95% CI
for this ADAPT meta-analysis, different inclusion criteria between studies and significant heterogeneity in the ADAPT metaanalysis limit interpretation of the relative utility of these thrombectomy techniques.
ADAPT has furthermore been reported to result in fewer complications with intracerebral hemorrhage, fewer cases of subarachnoid hemorrhage, and shorter length-of-stay in an intensive
care unit.15,29 These advantages have not been consistently found
to be significant in the literature, and there does not appear to be
a consensus on whether ADAPT offers any clinical advantages to
stent-based thrombectomy with respect to complications.22,29
Unlike stent-based thrombectomy, however, patients with subcortical infarctions treated with ADAPT do not demonstrate an
increase in hemorrhage, which may be because of aspiration
thrombectomy having less of a shearing effect on vascular endothelium.16 Aspiration thrombectomy may therefore have a role in
expanding inclusion criteria for endovascular stroke treatment.

Factors Affecting Success of Aspiration Thrombectomy
Choice of aspiration catheter may affect success with aspiration
thrombectomy. As new aspiration catheters are introduced and
neurointerventionalists become more experienced, success rates
with aspiration thrombectomy are expected to improve.29 It is
worth noting that treatment with aspiration alone does not necessarily translate to use of a single device. Jankowitz et al17 re1982
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ported that a single aspiration catheter was able to achieve recanalization in 41% of patients, and an additional catheter was
necessary in 18% of patients. Nonetheless, aspiration thrombectomy is more cost-effective and requires fewer resources than
stent-based thrombectomy.29
The techniques used in aspiration thrombectomy and characteristics of large vessel occlusion may factor into relative success
with aspiration thrombectomy and stent-based thrombectomy.
Aspiration thrombectomy is particularly challenging with tortuosity, and a stent retriever may be the preferred method of treatment when the occlusion is located immediately distal to a severe
acute angulation.20 Young age of the patient, however, has been
found to be associated with successful revascularization when using aspiration thrombectomy.27 In Mascitelli et al,27 average age
of the patient in cases with successful aspiration thrombectomy
was 66.5 years, and average age of the patient in cases of aspiration
failure was 74.1 years (P ⫽ .03).
Clot composition may influence the ease of thrombectomy,
and it is possible certain types of clots are more amenable to different treatment modalities. Kang et al11 found that the ADAPT
paradigm of switching to a stent retriever after initial failure with
aspiration thrombectomy led to greater rates of recanalization
than continued attempts with aspiration thrombectomy. Conversely, Kim et al30 used aspiration thrombectomy to successfully
revascularize 83.3% of patients who were recalcitrant to initial
passes with a stent retriever. Aspiration thrombectomy and stentbased thrombectomy may have unique roles in acute stroke neurointervention, and future studies may identify factors that predict favorable response to each endovascular treatment.

Limitations and Future Directions
Limitations of this study include heterogeneity in the studies that
met inclusion criteria for meta-analyses as well as evidence of
publication bias for recanalization rate. Furthermore, most of the
studies included in this review used ADAPT as the treatment protocol. There is a paucity of literature directly comparing aspiration thrombectomy with stent-based thrombectomy. Nearly all
studies, including all studies assessing ADAPT, were retrospective. The COMPASS trial and ASTER trial are 2 randomized
controlled trials designed to assess the potential noninferiority of
ADAPT compared with stent-based thrombectomy. One of
these trials (ASTER) has finished recruitment and the other
(COMPASS) is ongoing. The results from these trials will hopefully address a gap in the literature on the effectiveness of the
ADAPT approach.

CONCLUSIONS
This systematic review confirms that ADAPT and aspiration
thrombectomy are effective approaches to thrombectomy for
acute ischemic stroke. Meta-analysis found ADAPT is associated
with 89.3% of patients achieving TICI 2b/3 recanalization and
52.7% having a 90-day mRS ⱕ2. A limitation of this review is that
there are few studies investigating aspiration thrombectomy without adjuvant therapy, and only retrospective studies of ADAPT
were available for meta-analysis. Furthermore, the ADAPT metaanalyses have significant heterogeneity with evidence of publication bias in recanalization rates, which may limit interpretation of

these results. Prospective studies are necessary to directly assess
the utility of aspiration thrombectomy and ADAPT.
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Endovascular Treatment of Dural Arteriovenous Fistulas of the
Transverse and Sigmoid Sinuses Using Transarterial BalloonAssisted Embolization Combined with Transvenous Balloon
Protection of the Venous Sinus
X E. Piechowiak, X F. Zibold, X T. Dobrocky, X P.J. Mosimann, X D. Bervini, X A. Raabe, X J. Gralla, and X P. Mordasini

ABSTRACT
BACKGROUND AND PURPOSE: Combined transarterial balloon-assisted endovascular embolization with double-lumen balloon microcatheters and concomitant transvenous balloon protection was described as a promising treatment technique for dural arteriovenous
ﬁstulae of the transverse and sigmoid sinus. The purpose of this study was to evaluate the technical efﬁcacy and safety of this combined
treatment technique.
MATERIALS AND METHODS: Nine consecutive patients presenting with dural arteriovenous ﬁstulas of the transverse and sigmoid sinuses
underwent combined transarterial and transvenous balloon-assisted endovascular embolization. Prospectively collected data were reviewed to assess the technical success rate, complication rate, and clinical outcome.
RESULTS: Six patients presented with clinically symptomatic Borden type I, and 3 patients, with Borden type II dural arteriovenous ﬁstulas
of the transverse and sigmoid sinuses (3 men, 6 women; mean age, 50.4 years). Transarterial embolization was performed with a doublelumen balloon with Onyx and concomitant transvenous sinus protection with a dedicated venous remodeling balloon. Complete angiographic occlusion at the latest follow-up (mean, 4.8 months) was achieved in 6 patients, and near-complete occlusion, in 2 patients. Clinical
cure or remission of symptoms was obtained in 6 and 2 patients, respectively. One patient with a residual ﬁstula underwent further
treatment in which the dural arteriovenous ﬁstula was cured by sinus occlusion. Complete occlusion of the dural arteriovenous ﬁstula was
visible on the follow-up angiography after ﬁnal treatment in 8 patients. One patient refused follow-up angiography but was free of
symptoms. There were no immediate or delayed postinterventional complications.
CONCLUSIONS: Transarterial balloon-assisted embolization of dural arteriovenous ﬁstulas of the transverse and sigmoid sinuses with
combined transvenous balloon protection is safe and offers a high rate of complete dural arteriovenous ﬁstula occlusion and remission of
clinical symptoms.
ABBREVIATION: dAVF ⫽ dural arteriovenous ﬁstula

D

uring the past few decades, endovascular embolization has
become the first-line treatment for a wide range of dural
arteriovenous fistulas (dAVFs). Several transarterial and transvenous endovascular approaches have been advocated. Preliminary studies on the use of double-lumen balloon microcatheters
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for transarterial embolization of dAVFs with Onyx (Covidien,
Irvine, California) have shown encouraging results. These studies
have reported high occlusion rates, reduction of reflux into the
feeding artery, a reduced quantity of injected Onyx and peri-interventional time, and low complication rates.1-9 In addition,
transvenous balloon-assisted sinus protection during transarterial embolization has been reported to be another useful adjunct
to the endovascular treatment of dAVFs.10-12 Transvenous balloon protection of the recipient sinus has mainly been associated
with a reduction in inadvertent occlusion of the lumen of a functioning sinus, preservation of venous patency, facilitation of occlusion of abnormal arteriovenous connections within the sinus
wall and separate venous channels, and increased penetration of
embolic material by retrograde reflux into other dural feeders of
the fistula network. Techniques aiming to preserve the underlying
sinus may have lower complication rates than sinus-occluding

embolization techniques, in which the recipient venous sinus has
to be sacrificed.13 Therefore, transarterial balloon-assisted embolization with a concomitant transvenous balloon protection technique theoretically has the advantages of both techniques combined; this combination leads to increased occlusion and reduced
complication rates.
The purpose of this study was to report the angiographic and
clinical outcomes of patients with dAVFs of the transverse and sigmoid sinuses treated with a combined approach of transarterial balloon-assisted endovascular embolization and double-lumen balloon
microcatheters with concomitant transvenous balloon protection.

MATERIALS AND METHODS
Between August 2015 and September 2016, nine consecutive patients presented at our institution with symptomatic dAVFs of the
transverse and sigmoid sinuses and were treated by combined
transarterial and transvenous balloon-assisted endovascular embolization. Clinical and angiographic data were collected in a clinical data base and retrospectively analyzed.
Clinical data, including age, sex, clinical presentation, and
clinical follow-up, were recorded. Angiographic data, including
location and type of fistula (according to the Borden and Cognard
classifications); feeding arteries; the angiographic outcome immediately after the treatment and during the follow-up angiography (at 3– 6 months); and treatment-related data on arterial
access, embolic agent, and technical and other related complications, were collected. Clinical deterioration, stroke, intracranial
hemorrhage, and cranial nerve palsy were considered treatmentrelated complications. A technical complication was defined as
any technical problem with the material used or any medical
problem occurring during the intervention, including vessel perforation, inadvertent embolization of nontarget vessels, and failure to complete the treatment.
In patients who had Borden type I dAVFs, endovascular treatment was offered after reaching interdisciplinary consensus if intolerable clinical symptoms were present and if patients were actively asking for treatment.

Angiographic and Clinical Analysis
The imaging material was analyzed in detail by 2 experienced
neuroradiologists (E.P. and P.M., with 8 and 12 years of experience, respectively), one of whom had no involvement in the treatment. Angiographic outcome was descriptively defined as complete occlusion if no residual fistula was visible; as near-complete
occlusion with minimal residual fistula, if there was a 90%–99%
occlusion rate; and as residual fistula, if an occlusion rate of ⬍90%
was achieved. To determine the clinical course, we asked patients
before and immediately after the treatment, as well as during the
follow-up examination (3– 6 months), about the subjective improvement or deterioration of their symptoms, especially the intensity of the tinnitus. The outcome was categorized as better,
equal to, and worse than before treatment. Clinical cure was defined as complete absence of previous symptoms.

Endovascular Technique
All endovascular interventions were performed by the same
trained neuroradiologists (P.M., J.G.) with the patient under gen-

eral anesthesia using a biplane neuroangiography suite (Artis zee;
Siemens, Erlangen, Germany). After puncture of the left femoral
vein and right femoral artery, an 8F guiding catheter was placed in
the internal jugular vein and the external carotid artery on the side
of the fistula (Guider Softip; Boston Scientific, Fremont, California). Transarterial navigation into the most promising arterial
feeder was performed with a double-lumen dimethyl-sulfoxide–
resistant balloon microcatheter (4 ⫻ 10 mm, Scepter C;
MicroVention, Tustin, California) over a 0.014-inch microwire
(SilverSpeed-14; Covidien). A distal position at the site of the
fistula or close to the fistula could be achieved in all cases. Nimodipine (2 mg) was added to the continuous flushing line (1000 mL
of saline) to facilitate distal navigation and to avoid or minimize
mechanically induced vasospasm. Subsequently, via the transvenous route, a dedicated compliant dimethyl-sulfoxide–resistant venous remodeling balloon (8 ⫻ 80 mm, Copernic RC; Balt
Extrusion, Montmorency, France) was navigated into the affected
sinus covering the site of the fistula. After carefully inflating the
transarterial double-lumen balloon, we performed microcatheter
embolization with Onyx-18 and/or Onyx-20 under the roadmap
technique (Fig 1). Simultaneously, the venous balloon was repeatedly temporarily inflated during transarterial Onyx injection for a
maximum of 2–5 minutes. Inflation pressure was manually
adapted to prevent Onyx migration into the main sinus lumen
and to simultaneously achieve better penetration into the fistulous connections within and around the sinus wall (Fig 1).
After termination of the liquid embolic injection, the transarterial and transvenous balloons were deflated and retrieved without any complications. A 4-vessel diagnostic angiography was
performed at the end of every procedure to check for complete
occlusion or residual fistula (Figs 2 and 3). Technical and procedural details are summarized in the On-line Table.

RESULTS
Six patients presented with clinically symptomatic Borden type I;
and 3, patients with Borden type II dAVFs of the transverse and
sigmoid sinuses (3 cases of Cognard type I; 3 cases of Cognard
type IIa; 1 case of Cognard type IIb; 2 cases of Cognard type IIa ⫹
b).14,15 Of these 9 patients, 3 were men and 6 were women. The
mean age was 50.4 years (range, 24 – 66 years). Clinical symptoms
at presentation were intolerable tinnitus in all 9 patients and additional headache in 3 patients. No patient had experienced
dAVF-related hemorrhage. One patient (No. 7) presented with
persistent intolerable tinnitus after 3 previous unsuccessful attempts at transarterial embolization, with residual fistula, while
the other 8 patients presented with a newly diagnosed dAVF. Patient clinical characteristics are summarized in the On-line Table.
Overall, complete angiographic occlusion was achieved in 6
patients, and near-complete angiographic occlusion with minimal residual fistula, in 2 of the 9 patients after 1 embolization
(88.9%), leading to clinical cure or remission of symptoms. In
Borden type I fistulas with residual shunt, no transformation to a
higher grade was noted postintervention, and all Borden type II
fistulas with residual shunts were downgraded to Borden type I
fistulas. Of the 6 patients with near-complete occlusion and minimal residual fistulas immediately after treatment, 5 patients
showed complete clinical cure during follow-up of whom 4 paAJNR Am J Neuroradiol 38:1984 – 89
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FIG 1. Demonstration of the technique combining transarterial balloon-assisted embolization and transvenous balloon protection in the
endovascular treatment of dAVFs of the transverse and sigmoid sinuses. Onyx injection during inﬂation of the balloons with Onyx penetration
throughout the feeding arteries and total occlusion of the ﬁstula.

tients showed a proven spontaneous complete occlusion of the
fistula during follow-up imaging (1 patient with a residual fistula
and residual tinnitus had a second treatment session, and the
fistula was cured by sinus occlusion; 1 patient refused to undergo
any follow-up imaging due to clinical cure). Eight patients underwent a single endovascular treatment session. Routine clinical or angiographic follow-up or both were performed after 2– 6 months, and
records were available for 8 of the 9 patients (mean follow-up, 4.8
months). Two patients refused to undergo the 6-month follow-up
angiography due to clinical cure. There were no immediate or delayed permanent postinterventional complications.
Transarterial navigation of the balloon microcatheter to the
target position in a main feeder close to the fistula point where
Onyx injection was intended to start was possible in all 9 patients;
this target was the middle meningeal artery. Embolization was
performed from a single arterial feeder, and it was possible to
place the venous remodeling balloon within the affected sinus
segment in all patients. There were no technical difficulties or
complications associated with balloon placement, inflation, deflation, or retrieval.
In 1 patient (No. 6) diagnosed with a Borden type II fistula,
embolic material migrated into the proximal vein of Labbé despite venous balloon protection, most likely through a parallel
dural channel not protected by the balloon. Consequently, the
intervention was stopped prematurely to prevent further propagation of embolic material. No impairment of patency of the vein
of Labbé was noted, and it was still contributing to the drainage of
brain parenchyma. The patient had an uneventful clinical course,
1986
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with no improvement of his initial intolerable tinnitus. Follow-up
angiography demonstrated the residual Borden type I dAVF at the
level of the distal sigmoid sinus. Progressive occlusion of the
transverse and proximal sigmoid sinuses at the level of the previously embolized portion of the dAVF and at the level of the jugular bulb was noted. Because the distal sigmoid sinus was exclusively draining the fistula without any contribution of the cerebral
veins, the residual dAVF was treated secondarily by transvenous
sinus occlusion with coils and Onyx. Complete occlusion of the
dAVF and complete remission of the tinnitus were achieved.
Therefore, after the final treatment, all patients were free of symptoms, and 8 of 9 had an angiographic occlusion of the dAVF (1
patient with a minimal residual fistula refused to undergo any
follow-up imaging).

DISCUSSION
In our small series of patients with dAVFs, we achieved complete
occlusion or reduction of flow to a minimal residual fistula in
88.9% of the cases after 1 embolization attempt, with complete improvement of the initial symptoms during follow-up. One patient
with a residual fistula was treated again, which led to occlusion of the
parent sinus followed by clinical cure. There were no immediate or
delayed permanent postinterventional complications.
During the past few decades, endovascular embolization with
liquid embolic material, particles, or coils has become the firstline treatment for a wide range of dAVFs. Several transarterial and
transvenous endovascular approaches have been advocated. Recent technical improvements include the introduction of dimeth-

The introduction of dimethyl-sulfoxide– compatible double-lumen balloon
microcatheters for transarterial embolization of dAVFs with Onyx has shown
encouraging results in preliminary studies, with high occlusion and low complication rates.1-9,16 In the largest study
available, Kim et al5 compared the results
of transarterial Onyx embolization for
dAVFs using a double-lumen balloon
with those obtained by using a nonballoon microcatheter. The use of a doublelumen balloon microcatheter led to an
increased immediate complete occlusion
rate, decreased procedure time, decreased Onyx injection time, and a decrease in the number of feeders requiring
embolization compared with the group
treated with a nonballoon microcatheter.
The main advantages of double-lumen
balloon-assisted embolization are immediate control of the antegrade flow of the
embolic material without the need for
proximal plug formation, more effective
distal penetration into the fistula and
possibly into the distal portion of other
arterial feeders, and the prevention of reflux into adjacent arteries.5 The larger
profile and greater stiffness of the balloon
microcatheter compared with dedicated
low-profile embolization microcatheters
mean that a satisfactory distal injection
position may not be reachable due to
small vessel caliber or tortuosity.3 In our
series, delivery of the balloon microcatheter was possible through the middle
meningeal artery in all cases; this artery
usually has a rather straight course, facilitating microcatheterization. The potenFIG 2. A 51-year-old man (patient 7) after 3 unsuccessful endovascular treatment attempts 10 tial risk of vessel rupture as a result of
years ago showing a progressive Borden I ﬁstula on the right. A, Time-of-ﬂight angiography. B, overinflation of the balloon2 can be
Right external carotid artery angiogram shows feeding arteries from the middle meningeal
artery, occipital artery (black arrow), meningohypophyseal trunk (not visible), posterior auricular avoided by carefully inflating the balloon
artery, artery of the falx cerebelli (not visible), subarcuate artery, and vertebral artery (not under fluoroscopic control.
visible). C, Right external carotid artery angiogram after positioning of the venous balloon in the
Transvenous balloon protection durright transverse and sigmoid sinuses (8 ⫻ 80 mm, Copernic RC; white arrow). Middle meningeal
ing
transarterial embolization was first
artery (black arrow). D, Fluoroscopic image depicting the inﬂated venous balloon (black arrow),
the arterial double-lumen balloon microcatheter in the middle meningeal artery, partially hidden proposed by Shi et al8 with a small combehind Onyx (4 ⫻ 10 mm, Scepter C; white arrow), and the cast of Onyx-18. E, Right external
pliant balloon originally designed for ancarotid artery angiogram after embolization of the ﬁstula with complete occlusion. F, Fluoroeurysm remodeling. The introduction of
scopic image shows Onyx-18 distribution after complete occlusion of the dural ﬁstula.
a large dedicated dimethyl-sulfoxide–reyl-sulfoxide– compatible double-lumen balloon microcatheters
sistant single-lumen compliant balloon catheter for transvenous
for transarterial embolization and dedicated especially designed
sinus occlusion (8 ⫻ 80 mm, Copernic RC) has facilitated this
venous balloons for transvenous sinus protection. Combining the
adjunctive technique and paved the way for its wider use. The
advantages of transarterial balloon-assisted embolization with
advantages of transvenous balloon protection during simultanetransvenous balloon protection seems to be a promising treatous transarterial embolization include the prevention of inadverment strategy. Formerly, use of the technique had only been retent occlusion of the lumen of a functioning sinus required for
ported in small case series as part of different endovascular treatcerebral venous drainage and propagation of embolic material
ment approaches for dAVFs.2,8,13
into adjacent cortical or deep cerebral veins. Ertl et al13 recently
AJNR Am J Neuroradiol 38:1984 – 89
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FIG 3. A 24-year-old woman (patient 1) with a Borden II ﬁstula on the left. A, Baseline left external carotid artery angiogram with feeding arteries
from the middle meningeal artery (black arrow), occipital artery, and meningohypophyseal trunk (not visible). Transverse sinus (white arrow);
sigmoid sinus (black arrowhead). B, Fluoroscopic image showing an inﬂated venous balloon (8 ⫻ 80 mm Copernic RC; black arrow) and arterial
double-lumen balloon catheter in the middle meningeal artery (4 ⫻ 10 mm, Scepter C; white arrow). C, Left external carotid artery angiogram
(2-month follow-up) after embolization of the ﬁstula showing complete occlusion. D, Fluoroscopic image depicting Onyx-18 distribution after
complete occlusion of the dural ﬁstula.

conducted a retrospective comparison of sinus-preserving and
sinus-occluding endovascular treatment techniques for low- and
intermediate-grade dAVFs involving the transverse and sigmoid
sinuses (Cognard type I–IIb). A higher rate of permanent fistula
occlusion was achievable with sinus-occluding techniques than
with the sinus-preserving technique (93% versus 71%), but this
came at the cost of a higher complication rate (33% versus 0%).
These results are in accordance with our findings using a combined transarterial and transvenous approach for sinus-preserving dAVF embolization, showing no permanent complications
and a high rate of remission of clinical symptoms with a single
treatment session. Two-thirds of our patient population pre1988
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sented with a low-grade dAVF with a known benign natural history and thus relative and no vital treatment indication, despite
the disturbing tinnitus. Every treatment attempt should aim for
the lowest risk of complications and the most favorable benefitrisk ratio.
Despite a small residual shunt in 5 patients, after the embolization session, all patients experienced remission of clinical symptoms with spontaneous complete occlusion in 4 patients during
follow-up and subsequently complete clinical cure (1 patient refused the follow-up angiography due to clinical cure). Furthermore, transvenous balloon placement in the sinus was helpful to
understand the vascular anatomy of the fistula network and its

venous drainage during embolization. Parallel venous channels as
recipients for the arterial shunt into the transverse/sigmoid sinus
and multiple arteriovenous connections within the dural wall and
not the sinus itself can be observed.17-19 These venous recipient
structures may be obscured and not distinctly identified during
angiography and transarterial embolization. The use of transvenous balloon protection with inflation of the balloon within the
main sinus lumen, covering the entire length of the diseased sinus,
facilitates the identification and occlusion of these abnormal arteriovenous connections within the sinus wall and separates venous channels by enabling increased penetration of embolic material by retrograde reflux into other dural feeders of the fistula
network. At the same time, the technique allows sinus patency
control and provides continuous injection of liquid embolic material, minimizing the risk of leakage into the sinus.8,10-12
Although no permanent clinical complications occurred in
our series, inadvertent propagation of Onyx into the proximal
vein of Labbé was noted despite balloon inflation inside the main
sinus lumen in 1 patient (No. 6), most probably the result of
retrograde leakage of liquid embolic material along a parallel
channel. This finding emphasizes the necessity of monitoring and
adjusting balloon pressure appropriately and carefully observing
the Onyx penetration along the dural sinus. An inflation time of
2–5 minutes has been used with temporary deflation of the balloon during cessation of Onyx injection to avoid venous infarction due to prolonged transvenous balloon occlusion, especially
in the dominant sinus or in those cases involving normal cortical
veins.11
The limitations of our study include its retrospective nature,
the small sample size, and, for some patients, the short follow-up
period. However, the results were obtained in consecutive patients with a defined pathology who were treated with a standardized endovascular approach.

CONCLUSIONS
In our small series of patients with dAVFs of the transverse and
sigmoid sinuses, we found no relevant adverse events and a high
cure rate with a technique combining transarterial balloon-assisted embolization and transvenous balloon protection. Longterm follow-up and larger patient series are necessary to further
assess its efficacy and durability.
Disclosures: Jan Gralla—UNRELATED: Consultancy: Medtronic and Penumbra, Comments: Global Principal Investigator of STAR and SWIFT-DIRECT (Medtronic), Clinical
Events Committee member of the ProMISe Study (Penumbra)*; Grants/Grants
Pending: Swiss National Foundation, Comments: research grant for MRI in stroke*.
*Money paid to the institution.
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Anatomic Location of Tumor Predicts the Accuracy of Motor
Function Localization in Diffuse Lower-Grade Gliomas
Involving the Hand Knob Area
X S. Fang, X J. Liang, X T. Qian, X Y. Wang, X X. Liu, X X. Fan, X S. Li, X Y. Wang, and X T. Jiang

ABSTRACT
BACKGROUND AND PURPOSE: The accuracy of preoperative blood oxygen level– dependent fMRI remains controversial. This study
assessed the association between the anatomic location of a tumor and the accuracy of fMRI-based motor function mapping in diffuse
lower-grade gliomas.
MATERIALS AND METHODS: Thirty-ﬁve patients with lower-grade gliomas involving motor areas underwent preoperative blood oxygen
level– dependent fMRI scans with grasping tasks and received intraoperative direct cortical stimulation. Patients were classiﬁed into an
overlapping group and a nonoverlapping group, depending on the extent to which blood oxygen level– dependent fMRI and direct cortical
stimulation results concurred. Tumor location was quantitatively measured, including the shortest distance from the tumor to the hand
knob and the deviation distance of the midpoint of the hand knob in the lesion hemisphere relative to the midline compared with the
normal contralateral hemisphere.
RESULTS: A 4-mm shortest distance from the tumor to the hand knob value was identiﬁed as optimal for differentiating the
overlapping and nonoverlapping group with the receiver operating characteristic curve (sensitivity, 84.6%; speciﬁcity, 77.8%). The
shortest distances from the tumor to the hand knob of ⱕ4 mm were associated with inaccurate fMRI-based localizations of
the hand motor cortex. The shortest distances from the tumor to the hand knob were larger (P ⫽ .002), and the deviation distances
for the midpoint of the hand knob in the lesion hemisphere were smaller (P ⫽ .003) in the overlapping group than in the nonoverlapping group.
CONCLUSIONS: This study suggests that the shortest distance from the tumor to the hand knob and the deviation distance for the
midpoint of the hand knob on the lesion hemisphere are predictive of the accuracy of blood oxygen level– dependent fMRI results. Smaller
shortest distances from the tumor to the hand knob and larger deviation distances for the midpoint of hand knob on the lesion
hemisphere are associated with less accuracy of motor cortex localization with blood oxygen level– dependent fMRI. Preoperative fMRI
data for surgical planning should be used cautiously when the shortest distance from the tumor to the hand knob is ⱕ4 mm, especially for
lower-grade gliomas anterior to the central sulcus.
ABBREVIATIONS: BOLD ⫽ blood oxygen level– dependent; DCS ⫽ direct cortical stimulation; DD ⫽ deviation distance for the midpoint of the hand knob on the
lesion hemisphere; D-min ⫽ the shortest distance from the tumor to the hand knob

T

he sensorimotor area is divided by a central sulcus. Because
the anterior structure is responsible for motor function, brain
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tumors in this area cause transient motor function deficits and
even permanent paralysis.1 It is crucial to identify the motor
cortex accurately, especially areas relevant to hand movement.
Previous studies have investigated various ways of localizing
the motor cortex. The hypothesis that the hand knob (hand
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motor cortex), whose shape resembles the Greek letter ⍀ the in
axial plane, represents the hand motor cortex is well-recognized.2 However, due to morphologic deviations, tumor infiltration, and edema, hand knobs cannot be localized through
typical structural landmarks.3-5 Hence, a novel method is
needed to localize the motor cortex to achieve higher accuracy
and reliability.
Blood oxygen level– dependent (BOLD) fMRI is a reliable preoperative method for mapping functional regions of the brain
that allows assessment of the function of cortical and subcortical
regions.6 BOLD fMRI helps neurosurgeons determine surgical
strategy before an operation.7,8 Recently, fMRI was applied to
help guide intraoperative direct cortical stimulation (DCS),
the criterion standard for mapping the functional cortex.9,10
Motor cortical mapping was considered more accurate compared with language mapping via BOLD fMRI.11-15 However,
inaccurate localizations may sometimes misguide the process
of motor functional preservation.11,16,17 In individual cases,
BOLD fMRI identified the motor cortex on the posterior central gyrus18 or failed to localize the motor cortex.19 Here, we
investigated the factors that affect the accuracy of motor area
localization with BOLD fMRI.
Previous studies have suggested that inaccurate BOLD fMRI
results are associated with certain tumor locations, neurovascular
uncoupling, and functional reorganization.3,20-23 That tumor locations affect BOLD fMRI signals has been verified.21,24 Unfortunately, how tumor locations impact BOLD fMRI accuracy has not
been quantified, to our knowledge. Tumors localized posterior to
the central sulcus may not invade the precentral gyrus because of
the barrier formed by the central sulcus and the ascending branch
of the cingulate sulcus.25 It is unclear whether tumor location
(anterior or posterior to the central sulcus) influences the accuracy of BOLD fMRI mapping.
This study investigated the association of tumor locations with
the accuracy of BOLD fMRI–based localization using quantitatively assessed radiographic characteristics. Two parameters
were assessed, namely the shortest distance from tumor to the
hand knob (D-min) and the deviation distance for the midpoint of the hand knob on the lesion hemisphere (DD). We
hypothesized the following: 1) Smaller D-min and larger DD
would be associated with relatively poor BOLD fMRI accuracy,
and 2) tumors anterior to the hand knob would notably decrease BOLD fMRI accuracy.

MATERIALS AND METHODS
Patients
Thirty-five patients with lower-grade gliomas whose tumor involved motor areas were enrolled in this retrospective study. All
patients underwent preoperative fMRI evaluations and awake
craniotomy with intraoperative brain mapping between January
2014 and February 2016 at the Glioma Therapy Center at Beijing
Tiantan Hospital. The criteria for inclusion were the following:
1) age older than 18 years, 2) no history of surgical treatment or
radiation therapy, 3) no preoperative paralysis, 4) no contraindications to MR imaging, 5) distance from the tumor to the
hand knob area of ⬍20 mm, and 6) pathologically confirmed
diffuse lower-grade gliomas. Subjects were subdivided into

group A (the glioma was located anterior to the central sulcus)
or group P (the glioma was located posterior to the central
sulcus). We recruited 16 healthy subjects as the control group.
This study was approved by the ethics committee of the Beijing
Tiantan Hospital. Informed consent was obtained from all participants included in this study.

Anatomic Images: fMRI
MR imaging was performed with a Magnetom Prisma 3T scanner
(Siemens, Erlangen, Germany). Anatomic images of each lesion
were collected with T1 magnetization prepared rapid acquisition
of gradient echo (TR, 2300 ms; TE, 2.3 ms; flip angle, 8°; FOV,
240 ⫻ 240 mm2; voxel size, 1.0 ⫻ 1.0 ⫻ 1.0 mm3; sections, 192;
section thickness, 1 mm) and T2-weighted imaging (TR, 5000 ms;
TE, 105 ms; flip angle, 150°; FOV, 240 ⫻ 240 mm2; voxel size,
0.5 ⫻ 0.5 ⫻ 3 mm3; sections, 33; section thickness, 3 mm).
Each subject received training for grasping before BOLD fMRI
scans within 3 days of the scan. During the fMRI scan, subjects
performed a motor task 4 times (twice with the ipsilateral hand
and twice with the contralateral hand). The subjects grasped
their hands at 1 Hz for 30 seconds, then rested for 30 seconds,
and repeated this sequence 3 times during each scan. Before
each scan, the magnetic field required 8 seconds to stabilize
(On-line Fig 1). The subject relaxed for 20 seconds before each
scan. The echo-planar imaging sequence collected the fMRI
data (TR, 2000 ms; TE, 30 ms; flip angle, 90°; FOV, 240 ⫻ 240
mm2; voxel size, 3.0 ⫻ 3.0 ⫻ 3.0 mm3; sections, 30; section
thickness, 3 mm).

DCS during Awake Craniotomy
Within 3 days after BOLD fMRI scans, all patients underwent
awake craniotomy and intraoperative brain mapping with DCS to
identify the hand motor cortex by one of the authors, who has
considerable experience in awake craniotomy. The procedure was
similar to that in previously published reports.16,26 We used an
Ojemann Cortical Stimulator (Integra Life, Plainsboro, New
Jersey) to stimulate the cortical and subcortical structures 3
times (intensity, 2– 6 mA; frequency, 60 Hz; square wave and
duration, 1 ms). We recorded unconscious hand movements
during stimulation as positive controls. If at least 2 of the 3
stimulations induced hand movement, we labeled that position as a positive hand motor area, which should be protected
during tumor removal. Each positive site was recorded by intraoperative photographs. Patients were anesthetized again after brain mapping and tumor resection. During DCS, no seizures occurred.

BOLD fMRI Data Processing
All BOLD fMRI data were processed with SPM8 software (http://
www.fil.ion.ucl.ac.uk/spm/). The processing sequence was as follows: 1) realignment, 2) section timing, 3) smoothing, and 4)
coregistering individual T1 images. In the smoothing step, a
Gaussian kernel was used with a full width at the half maximum of
6 mm. The BOLD data were analyzed with a general linear model
(family-wise error, P ⬍ .05). Up to 300 voxels were selected from
the BOLD fMRI results to represent the hand motor area.
AJNR Am J Neuroradiol 38:1990 –97
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FIG 1. The mathematic model used to quantify the anatomic characteristics (the original magniﬁcation of the smaller pictures was ⫻200%). A, Representation of the calculation of D-min. Points
A and B represent the ends of the hand knob. Point C represents the midpoint of the hand knob
on the lesion hemisphere. Point D is a point on the tumor boundary that is closest to the Point C.
D-min is shown as the gold line. B, The WAN model was used to calculate the DD. The dotted blue
line indicates the midline of the brain. Points H and I are the midpoints of the hand knobs on the
healthy and lesion hemispheres, respectively. Point H⬘ is the point that mirrors H on the basis of
the midline of the brain (dotted blue line). The pink line represents the DD.

hand knob end point coordinates (ie,
points A and B). Subsequently, the point
nearest on the tumor boundary (point
D) to the midpoint of the hand knob
(point C) was identified. Finally, D-min
was calculated according to the coordinates of points C and D (calculative
details are in the On-line Appendix,
Part 1).
A mathematic model called WAN
was generated to calculate the DD (Fig
1B). In the model, the coordinates of the
midpoint in the healthy hemisphere
(point H) and the midpoint in the lesioned hemisphere (point I) were calculated on the basis of both of their hand
knob end point coordinates. The midline (blue dotted line) was calculated on
the basis of points E and F, which were
located on either side of the falx cerebri
intersection. In addition, the midpoint
(point H⬘) that mirrored point H was
calculated on the basis of the line EF. Finally, the DD was calculated according
to the coordinates of point H⬘ and point
I (calculative details are in the On-line
Appendix, Part 2).

DCS Results and Overlap Index
Calculation
To characterize the region of positive
stimulation by DCS, a global region of
5-mm diameter was defined on the basis
of each positive site. This region was
manually drawn by 2 neuroradiologists
independently according to intraoperative photographs (Fig 2A). If their selecFIG 2. Example of the DCS-positive site and D-min (patient No. 9). A, The hand motor area is tions varied from each other by ⬎5%,
identiﬁed by intraoperative brain mapping. The marker 3 represents thumb buckling when stim- another neuroradiologist with 20 years
ulated in this region. B, Points A and B represent the ends of the hand knob. The midpoint of
of experience made the final decision rethe hand knob (point C) in the lesion hemisphere is shown (midpoint of line AB). In this case, the
shortest distance from the tumor to the hand knob is zero. The blue region is the tumor, the garding the region location.
orange line is the central sulcus (with the ⍀ sign), and the red region is blood oxygen level—
The number of overlapping voxels
dependent functional MR imaging results.
between BOLD fMRI results and DCS
regions was calculated via Matlab 2014a
Anatomic Structure Data Analysis
(MathWorks, Natick, Massachusetts). The overlap index was calTwo parameters were established for this study. The first, D-min,
culated via the formula (in this study, the total voxels of BOLD ⫽
represented the shortest distance from the tumor to the midpoint
300):
between both ends of the hand knob. The other, DD, represented
the distance deviation between the hand knob midpoint in the
Number of Overlapping Voxels
Overlap Index ⫽
⫻ 100%.
lesion hemisphere and the equivalent hand knob midpoint in the
Total Voxels of BOLD
healthy, contralateral hemisphere.
MRIcron (http://www.mccauslandcenter.sc.edu/mricro/mricron)
The nonoverlap phenomenon was defined as the overlap inwas used to define the reference plane. In the axial plane, the
dex equal to zero (Fig 3). In contrast, the overlap phenomenon
reference plane was defined as the point where both sides of the
was defined as the overlap index greater than zero (Fig 4).
hand knob were completely visible. Both D-min and DD were
calculated at the reference plane.
Statistical Analysis
D-min (Fig 1A), the midpoint of the hand knob (point C) in
A 2 test was performed for the distribution of several attributes
the lesioned hemisphere, was calculated on the basis of both of the
(including sex, age, lesion hemisphere, World Health Organiza1992
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tion grade, and preoperative epilepsy
history). A Student t test was used to analyze the differences in D-min and DD
between the 2 patient groups. All results
are presented as mean ⫾ SD. The receiver operating characteristic curve was
generated with GraphPad Prism 6.0c
software (GraphPad Software, San Diego, California). The level of significance was .05 (2-tailed) for each statistical test.

RESULTS
Patients

FIG 3. An example of the nonoverlapping phenomenon (patient No. 9). There was no region
overlapping between the BOLD fMRI and DCS results. The red region is the BOLD fMRI results.
The yellow region is the DCS results.

Thirty-five patients met our inclusion
criteria (Table 1). Eighteen of them were
older than 40 years of age. All were righthanded. Fourteen patients (40%) had a
preoperative seizure history. Twenty-six
(74.3%) had grade II gliomas, and the
others had grade III gliomas. There were
no statistical differences in general characteristics with respect to overlapping or
nonoverlapping phenomena.
In terms of anatomic characteristics
(Table 2), 20 gliomas were anterior to
the hand knob and 15 gliomas were posterior to it (Fig 5). The mean tumor volume was 50.76 ⫾ 25.12 mm3, the mean
D-min was 7.50 ⫾ 5.28 mm, and the
mean DD was 9.38 ⫾ 1.36 mm.
There were 16 subjects (1 women, 15
men) in the control group. Their mean
age was 25.6 ⫾ 1.0 years, and only 2 patients were right-handed.

Association between D-min and
Motor Area Localization
The mean D-min for the nonoverlapping group was smaller than that for the
overlapping group (3.02 ⫾ 0.88 mm
versus 9.07 ⫾ 1.01 mm, respectively;
P ⫽ .002, t test; Fig 6A). The receiver
operating characteristic curve analysis
indicated that 4 mm was the optimal
cutoff value (84.6% sensitivity; 77.8%
specificity; area under the curve, 0.844)
to predict nonoverlapping phenomena
(Fig 6B).

Overlap Index between BOLD fMRI
and DCS Results

FIG 4. An example of the overlapping phenomenon (patient No. 16). There were some overlapping regions between the BOLD fMRI and DCS results. The red region is the BOLD fMRI results.
The yellow region is the DCS results.

In group A, a significant difference in
the overlap index was identified between the D-min ⱕ4-mm group and
the D-min ⬎4-mm group (17.2% ⫾
7.5% versus 59.1% ⫾ 10.5%, respectively; P ⫽ .005, On-line Fig 2B). Con-
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versely, no difference was found between the D-min ⱕ4-mm
group and the D-min ⬎4-mm group in group P (33.5% ⫾
22.5% versus 56.6% ⫾ 9.4%, respectively; P ⫽ .275, On-line
Fig 2C).

Table 1: General characteristics for the patient group
Characteristics
Value (%)
Sex
Male
26 (74.3)
Female
9 (25.7)
Age
40 years or older
18 (51.4)
Younger than 40 years
17 (48.6)
Handedness
Left
0 (0)
Right
35 (100)
Lesion hemisphere
Left
21 (60)
Right
14 (40)
Preoperative seizure history
Seizure
14 (40)
No seizure
21 (60)
WHO pathologic grade
II
26 (74.3)
III
9 (25.7)
Overlapping results
Overlapping
26 (74.3)
Nonoverlapping
9 (25.7)
Intraoperative seizure
Yes
0 (0)
No
35 (100)

P Value
.19

.71

–

Hand Knob Deviation and Nonoverlapping Phenomena
In the WAN model, we evaluated the symmetry of the bilateral
hand knob in patient and control groups by measuring the DD.
The DD of the patient group was significantly larger than that of
the control group (9.38 ⫾ 1.36 mm versus 4.16 ⫾ 0.74 mm; P ⫽
.015, t test; On-line Fig 3).
The DD for the patient group was larger in the nonoverlapping
group than in the overlapping group (17.59 ⫾ 4.00 mm versus
7.06 ⫾ 0.71 mm, respectively; P ⫽ .003, t test; On-line Fig 4A). In
group A, a statistical difference in DD was found between the
overlapping group and the nonoverlapping group (nonoverlapping group, 20.88 ⫾ 5.45 mm; overlapping group, 6.30 ⫾
0.90 mm; P ⫽ .001, t test; On-line Fig 4B), whereas no significant difference existed in group P (overlapping group, 7.95 ⫾
1.12 mm; nonoverlapping group, 10.99 ⫾ 3.21 mm, respectively; P ⫽ .280, t test; On-line Fig 4).

.43

DISCUSSION

Identifying the hand motor cortex accurately is crucial when planning surgery for gliomas involving the functional motor cortex.
At present, BOLD fMRI is the prevalent noninvasive preoperative
method used to localize the motor cortex. However, the accuracy
.39
of BOLD fMRI remains contested. Previous studies have concluded that unreliable BOLD fMRI results are associated with
–
neurovascular uncoupling, particular tumor locations, tumor
grades, cooperation of patients, task selection, and functional reorganization.9,27-30 Although the BOLD fMRI signals are affected
–
by tumor locations,21,24 the impact of tumor location on BOLD
fMRI accuracy has not been quantified. Thus, in our study, we
Note:—WHO indicates World Health Organization.
investigated how tumor location affected BOLD fMRI accuracy
via some locational characteristics such as D-min and DD.
Table 2: Anatomic characteristics of the patient group
On the basis of the regression model, the calculated voxel valCharacteristics
Value
ues
were positively related to the degree of activation. A previous
Tumor volume (mean) (mm3)
50.76 ⫾ 25.12
31
study
considered the top 2% of the highly activated voxels as the
D-min (mean) (mm)
7.50 ⫾ 5.28
functional
area. Similarly, we allowed a maximum of 300 voxels
DD (mean) (mm)
9.38 ⫾ 1.36
Tumor location
from the BOLD fMRI results, to exclude a large number of irrelAnterior to hand knob (group A) (No.)
20 (57.1%)
evant voxels.
Posterior to hand knob (group P) (No.)
15 (42.9%)
BOLD fMRI takes advantage of variations in blood hemoglobin levels to identify the relevant functional cortex.32 The mechanism relies on
neurovascular coupling. When neurons
are activated, the oxygen-hemoglobin
level increases rapidly and remains high
until activation ceases in relevant areas.
Coincidentally, the oxygen-hemoglobin
exhibits a type of diamagnetism that acts
as an endogenous contrast medium,
thus revealing relevant activated areas.33
Due to limitations of BOLD fMRI,34
false-negative results may appear in the
presence of neurovascular uncoupling.
Thus, the actual functional area may not
be displayed completely, and the BOLD
fMRI results may be unreliable.28,35,36
Alterations in hemodynamics and the
microenvironment are the primary reaFIG 5. An example of tumor and hand knob locations. A, The tumor was anterior to the hand
21,33,37
First, gliomas impair cereknob. B, The tumor was posterior to the hand knob. The orange line is the central sulcus, and the sons.
blue region is the hand knob. Points A and B represent both ends of the hand knob.
bral vascular reactions and reduce CBV
1994
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the larger DD in the nonoverlapping
group than in the overlapping group.
Hence, we believe that distortion and
movement of hand knobs may decrease
the accuracy of BOLD fMRI results.
We found that the accuracy of BOLD
fMRI results was associated with glioma
location. The structure of the primary
motor cortex is unique. The cingulate
sulcus and the central sulcus constitute
an obstruction that divides the precentral and posterior central gyri completely.25 A prior study showed that the
pre- and postcentral sulci were only
FIG 6. The relationship between D-min and the nonoverlapping phenomena of BOLD fMRI and a linked by the paracentral lobule, which
comparison with DCS results. A, The boxplot shows that D-min is signiﬁcantly different between
42
the overlapping and nonoverlapping groups (t test). The middle line in each box is the mean value; was responsible for foot movement.
the horizontal boundaries of the boxes are the ﬁrst and third quartiles. The topmost line is the Because of its special structure, it is easmaximum value, and the bottommost line is the minimum value. B, Receiver operating characier for gliomas to invade the precentral
teristic curves are used to assess whether the BOLD fMRI and DCS results overlap. The results for
sensitivity are plotted against 1-speciﬁcity to compare BOLD fMRI versus DCS. The gray line is the gyrus from anterior areas. In contrast, it
reference line. The red point represents the optimal point for which the best cutoff value was 4 is difficult for gliomas that grow on the
mm, with a sensitivity of 84.6% and a speciﬁcity of 77.8%. AUC indicates area under the curve.
posterior central gyrus to invade the precentral gyrus directly. Hence, we hyand CBF.21,34 This process raises the level of deoxygenated hemopothesized that gliomas that grow anterior to the central sulcus
globin that is paramagnetic and reduces BOLD signals.22 Second,
compared with those growing posterior to it would influence the
gliomas change the microenvironment of surrounding tisBOLD fMRI accuracy more. To test our theory, we divided pasues.33,38 Abnormal astrocyte proliferation decreases potassium
tients into group A or P. We found significant differences in both
reabsorption, which reduces the oxygen supply and elevates deD-min and DD in group A, but not in group P. This finding
oxygenated hemoglobin levels.39 Previous studies illustrated that
corresponded with our hypothesis. Thus, we concluded that angliomas induce neurovascular uncoupling.35,36 Furthermore, the
terior gliomas influenced the BOLD fMRI accuracy more obvihigher-grade gliomas are associated with a greater probability of
ously than posterior gliomas. The limited number of samples in
neurovascular uncoupling.15,17,21,22 Our results demonstrated
our study made it difficult to verify this finding. In the future, we
that if D-min were ⱕ4 mm, nonoverlapping phenomena ocwill recruit more patients to verify our hypothesis.
curred more frequently than when D-min was ⬎4 mm. We specBesides neurovascular uncoupling and tumor locations, there
ulate that this outcome is due to neurovascular uncoupling. A
are other factors that may cause the inaccuracy of BOLD fMRI
previous study verified that gliomas caused a decline in BOLD
mapping, including task selection, the cooperation of patients,
fMRI activation by neurovascular uncoupling when the glioma
and cognitive status.12,33 Grasping is one of the traditional
was near the primary motor cortex.40 Our results were consistent
tasks used to identify the motor cortex and has been used in
with this theory to some extent. However, another study sugmany previous studies.16,43,44 Poor cooperation and impaired
gested that the distance between the tumor and primary motor
cognitive status of the patient could reduce the quality of
cortex was no more likely than tumor type in influencing BOLD
BOLD fMRI.33,45 To reduce the above influences, we enrolled
fMRI activation.41 This finding may be because all patients in that
patients without preoperative paralysis, and each patient was
study had glioblastomas rather than lower-grade gliomas. On the
trained to achieve good performance in hand grasping before
basis of previous studies,15,17,21,22 we believe that the degree of
the BOLD fMRI scans.
neurovascular uncoupling in our patients was not greater than
that in patients with glioblastomas. Hence, we believe that D-min
CONCLUSIONS
significantly affects BOLD fMRI accuracy in lower-grade gliomas.
This study suggests that D-min and DD are predictive of the accuracy
Distortion and movement of hand knobs may decrease the
of BOLD fMRI results. A smaller D-min and larger DD are associated
accuracy of BOLD fMRI results. Hand knobs will be moved and
with less accuracy of motor area localization with BOLD fMRI. One
become distorted when gliomas grow and invade surrounding
should be cautious in the use of preoperative fMRI data for surgical
structures.3-5 By comparing DD, we found that hand knobs
planning when D-min is smaller than 4 mm, especially for a lowermoved more obviously in the patient group than in the control
grade glioma located anterior to the central sulcus.
group. Hand knob distortion decreased the number of true-positive voxels in relevant regions. However, the number of positive
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6. Majos A, Tybor K, Stefańczyk L, et al. Cortical mapping by functional magnetic resonance imaging in patients with brain tumors.
Eur Radiol 2005;15:1148 –58 CrossRef Medline
7. Talacchi A, Turazzi S, Locatelli F, et al. Surgical treatment of highgrade gliomas in motor areas: the impact of different supportive
technologies—a 171-patient series. J Neurooncol 2010;100:417–26
CrossRef Medline
8. Spena G, D’Agata F, Panciani PP, et al. Supratentorial gliomas in
eloquent areas: which parameters can predict functional outcome
and extent of resection? PLoS One 2013;8:e80916 CrossRef Medline
9. Pirotte B, Voordecker P, Neugroschl C, et al. Combination of functional magnetic resonance imaging-guided neuronavigation and
intraoperative cortical brain mapping improves targeting of motor
cortex stimulation in neuropathic pain. Neurosurgery 2008;62:941–56
Medline
10. De Witt Hamer PC, Robles SG, Zwinderman AH, et al. Impact of
intraoperative stimulation brain mapping on glioma surgery
outcome: a meta-analysis. J Clin Oncol 2012;30:2559 – 65 CrossRef
Medline
11. Bartos R, Jech R, Vymazal J, et al. Validity of primary motor area
localization with fMRI versus electric cortical stimulation: a comparative study. Acta Neurochir (Wien) 2009;151:1071– 80 CrossRef
Medline
12. Trinh VT, Fahim DK, Maldaun MV, et al. Impact of preoperative
functional magnetic resonance imaging during awake craniotomy
procedures for intraoperative guidance and complication avoidance. Stereotact Funct Neurosurg 2014;92:315–22 CrossRef Medline
13. Ille S, Sollmann N, Hauck T, et al. Impairment of preoperative language mapping by lesion location: a functional magnetic resonance
imaging, navigated transcranial magnetic stimulation, and direct
cortical stimulation study. J Neurosurg 2015;123:314 –24 CrossRef
Medline
14. Ille S, Sollmann N, Hauck T, et al. Combined noninvasive language
mapping by navigated transcranial magnetic stimulation and functional MRI and its comparison with direct cortical stimulation.
J Neurosurg 2015;123:212–25 CrossRef Medline
15. Holodny AI, Schulder M, Liu WC, et al. The effect of brain tumors on
BOLD functional MR imaging activation in the adjacent motor
cortex: implications for image-guided neurosurgery. AJNR Am J
Neuroradiol 2000;21:1415–22 Medline
16. Lehéricy S, Duffau H, Cornu P, et al. Correspondence between functional magnetic resonance imaging somatotopy and individual
brain anatomy of the central region: comparison with intraoperative stimulation in patients with brain tumors. J Neurosurg 2000;92:
589 –98 CrossRef Medline
17. Holodny AI, Schulder M, Liu WC, et al. Decreased BOLD functional
MR activation of the motor and sensory cortices adjacent to a glio1996

Fang

Oct 2017

www.ajnr.org

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

blastoma multiforme: implications for image-guided neurosurgery. AJNR Am J Neuroradiol 1999;20:609 –12 Medline
Due-Tonnessen P, Rasmussen I, Berntsen EM, et al. Identifying the
central sulcus in patients with intra-axial lesions: a multicenter
study comparing conventional presurgical MRI to topographical
analysis and BOLD-fMRI. J Comput Assist Tomogr 2014;38:1– 8
CrossRef Medline
Zhang D, Fox MD, Leuthardt EC, et al. Preoperative sensorimotor
mapping in brain tumor patients using spontaneous fluctuations in
neuronal activity imaged with functional magnetic resonance
imaging: initial experience. Neurosurgery 2009;65:226 –36 Medline
Vassal M, Charroud C, Deverdun J, et al. Recovery of functional
connectivity of the sensorimotor network after surgery for diffuse
low-grade gliomas involving the supplementary motor area. J Neurosurg 2017;126:1181–90 CrossRef Medline
Hou BL, Bradbury M, Peck KK, et al. Effect of brain tumor neovasculature defined by rCBV on BOLD fMRI activation volume in the primary
motor cortex. Neuroimage 2006;32:489 –97 CrossRef Medline
Fujiwara N, Sakatani K, Katayama Y, et al. Evoked-cerebral blood
oxygenation changes in false-negative activations in BOLD contrast functional MRI of patients with brain tumors. Neuroimage
2004;21:1464 –71 CrossRef Medline
Agarwal S, Sair HI, Yahyavi-Firouz-Abadi N, et al. Neurovascular
uncoupling in resting state fMRI demonstrated in patients with
primary brain gliomas. J Magn Reson Imaging 2016;43:620 –26
CrossRef Medline
Wang L, Chen D, Olson J, et al. Re-examine tumor-induced alterations
in hemodynamic responses of BOLD fMRI: implications in presurgical brain mapping. Acta Radiol 2012;53:802–11 CrossRef Medline
Shah KB, Hayman LA, Chavali LS, et al. Glial tumors in Brodmann
area 6: spread pattern and relationships to motor areas. Radiographics 2015;35:793– 803 CrossRef Medline
Duffau H, Capelle L, Denvil D, et al. Usefulness of intraoperative
electrical subcortical mapping during surgery for low-grade gliomas located within eloquent brain regions: functional results in a
consecutive series of 103 patients. J Neurosurg 2003;98:764 –78
CrossRef Medline
Picht T, Wachter D, Mularski S, et al. Functional magnetic resonance
imaging and cortical mapping in motor cortex tumor surgery: complementary methods. Zentralbl Neurochir 2008;69:1– 6 CrossRef Medline
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Flat Panel Angiography in the Cross-Sectional Imaging of the
Temporal Bone: Assessment of Image Quality and Radiation
Dose Compared with a 64-Section Multisection CT Scanner
X G. Conte, X E. Scola, X S. Calloni, X R. Brambilla, X M. Campoleoni, X L. Lombardi, X F. Di Berardino, X D. Zanetti, X L.M. Gaini,
X F. Triulzi, and X C. Sina

ABSTRACT
BACKGROUND AND PURPOSE: Cross-sectional imaging of the temporal bone is challenging because of the complexity and small
dimensions of the anatomic structures. We evaluated the role of ﬂat panel angiography in the cross-sectional imaging of the temporal
bone by comparing its image quality and radiation dose with a 64-section multisection CT scanner.
MATERIALS AND METHODS: We retrospectively collected 29 multisection CT and 29 ﬂat panel angiography images of normal wholehead temporal bones. Image quality was assessed by 2 neuroradiologists, who rated the visualization of 30 anatomic structures with a
3-point ordinal scale. The radiation dose was assessed with an anthropomorphic phantom.
RESULTS: Flat panel angiography showed better image quality than multisection CT in depicting the anterior and posterior crura of the
stapes, the footplate of the stapes, the stapedius muscle, and the anterior ligament of the malleus (P ⬍ .05). In contrast, multisection CT
showed better image quality than ﬂat panel angiography in assessing the tympanic membrane, the bone marrow of the malleus and incus,
the tendon of the tensor tympani, the interscalar septum, and the modiolus of the cochlea (P ⬍ .05). Flat panel angiography had a
signiﬁcantly higher overall image quality rating than multisection CT (P ⫽ .035). A reduction of the effective dose of approximately 40% was
demonstrated for ﬂat panel angiography compared with multisection CT.
CONCLUSIONS: Flat panel angiography shows strengths and weaknesses compared with multisection CT. It is more susceptible to
artifacts, but due to the higher spatial resolution, it shows equal or higher image quality in assessing some bony structures of diagnostic
interest. The lower radiation dose is an additional advantage of ﬂat panel angiography.
ABBREVIATIONS: FPA ⫽ ﬂat panel angiography; FPCT ⫽ ﬂat panel CT; HT ⫽ equivalent dose; MSCT ⫽ multisection CT; TLD ⫽ thermoluminescent dosimeter

C

ross-sectional imaging of the temporal bone is challenging
because of the complexity and small dimensions of the anatomic structures. Multisection CT (MSCT) represents the technique of choice for the study of the temporal bones. It is noninvasive and provides a high spatial resolution (⬃0.4 mm in-plane
and ⬃0.5 mm in section thickness) that allows radiologists to
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visualize most of the anatomic structures and detect pathologic
changes.1 On occasion, however, more invasive examinations,
such as an exploratory operation, may be required to achieve a
diagnosis or to clarify the pathologic processes depicted by
MSCT.2
Flat panel CT (FPCT) has recently provided an alternative
method with ultra-high isotropic spatial resolution (⬃150 ⫻
150 ⫻ 150 m3).3,4 Some studies have investigated the image
quality of FPCT in the delineation of postmortem normal temporal bone anatomy: FPCT showed higher image quality compared
with MSCT when isolated temporal specimens were scanned but
showed similar image quality in cadaveric whole-head specimens.1,2,3,5 The diagnostic value of FPCT has been reported to be
high in the assessment of conductive hearing loss.6
All these studies have been using prototype scanners or dedicated scanners to perform FPCT of the temporal bone. Radiologic
assessment of the fine bony structures of the ear can also be performed with angiographic systems equipped with flat panel detectors, but the use of this technique is still uncommon. Recently, flat

panel angiography (FPA) was used in the cross-sectional imaging
assessment of cochlear implants and metallic prostheses after
middle ear reconstructive surgery because it is less susceptible to
metallic artifacts.7-9 However, the image quality of FPA of the
normal temporal bone has not yet been investigated in patients
during clinical practice, and radiation exposure has not been assessed so far, to our knowledge. It was our expectation that FPA
could provide better image quality at lower radiation exposure
compared with MSCT.
The purpose of our study was to test the value of FPA in the
cross-sectional imaging of the temporal bone in a cohort of patients during clinical practice by comparing its image quality and
radiation dose with those in 64-section MSCT.

MATERIALS AND METHODS
Patients
The use of FPA in our department began in January 2015 for the
postoperative assessment of patients with cochlear implants,7 after its radiation exposure was tested on a phantom. Thereafter, the
use of FPA was extended to other clinical indications on the basis
of its proved image quality. FPA and MSCT were randomly
performed. FPA was always preferred to MSCT because of the
results of the phantom dose experiments (see the “Radiation
Dose Assessment” paragraph in the “Results” section) but was
performed whenever the unit was available, the latter being
largely dedicated to endovascular procedures. Otherwise MSCT
was performed.
For this study, from January 2015, we collected 29 consecutive
MSCT scans and 29 consecutive FPA scans of normal temporal
bones, obtained in our department. Temporal bones were defined
as normal according to the following criteria: 1) no pathologic
findings on MSCT or FPA, and 2) no history of otologic disorders
on the imaged side as evidenced by the patient’s medical record.
Each examination was performed to investigate or rule out suspected abnormalities in the contralateral temporal bone, including cholesteatoma, otosclerosis, middle and inner ear congenital
malformations, and complications of otitis.
This retrospective study received review board approval; patient informed consent was waived.

MSCT and FPA Protocols
MSCT examinations were performed with a 64-section CT scanner (Optima CT660; GE Healthcare, Milwaukee, Wisconsin). The
MSCT scan included both temporal bones, with the following
scan parameters: current, 200 mA; voltage, 120 kV; pitch, 0.531:1;
rotation time, 1 second; section collimation, 0.625 mm; FOV, 22
cm2; matrix, 512 ⫻ 512; scan length, 105 mm. The scan time was
5.63 seconds. The CT dose index volume was 62.1 mGy, and the
dose-length was 652 mGy ⫻ cm. The images were reconstructed
from the raw data with a 512 ⫻ 512 matrix and a 10-cm FOV,
leading to a 0.195 ⫻ 0.195 mm pixel size in the plane of acquisition. A bone sharpening filter (Bone Plus; GE Healthcare) was
used.
FPA was performed with an angiographic system (Allura Xper
FD20; Philips Healthcare, Best, the Netherlands), including a digital flat panel detector, 30 ⫻ 40 cm with a source-to-image-receptor distance of 120 cm. The FPA scan included both temporal

bones of the patient’s head, with the following scan parameters:
current, 260 mA; voltage, 80 kV; FOV, 20 ⫻ 15 cm2; voxel size,
0.14 ⫻ 0.14 ⫻ 0.14 mm3; scan height, 150 mm. By rotating 240°
(from 60° to 300°) passing through the posterior part of the head
and avoiding the anterior part, the pivoting C-arm of the angiography unit acquires a volume dataset of up to 622 projections,
with a scan time of 25 seconds. The dose-area product was 10,650
mGy ⫻ cm2, and the air kerma was 121 mGy. Each temporal
bone was reprocessed separately into a small FOV. Postprocessing of this volume dataset was performed with reconstruction software (Allura 3D-RA 6.3.0/XperCt 3.1.0; Philips
Healthcare), offering all the possibilities of standard 3D-postprocessing such as multiplanar reformations, curved reformations, volume-rendering technique, shaded surface display
technique, and MIP. Depending on the number of additional
procedures running, the average reconstruction time was approximately 10 minutes.

Assessment of Image Quality
Two neuroradiologists with ⬎3 years of experience in otoradiology independently evaluated each examination separately on a
PACS viewer. The readers were permitted to scroll through the
image sections, change the CT window level and width, perform
MPR and MIP of the volume data, and zoom in and out in any
order.
First, the radiologists defined each scan as adequate or inadequate according to the presence of artifacts, including head movements. Thirty anatomic structures were identified, listed in Online Table 1. For each of the structures, the investigators rated the
quality of visualization with an ordinal scale as follows: Zero indicated that the anatomic structure could not be identified; 1, the
anatomic structure could be identified but was not well-delineated from the surrounding structures; and 2, the anatomic structure could be identified and was well-delineated from the surrounding structures. For each examination, the summed score
represented the overall image quality, ranging from 0 to 60 points
(maximum, 2 points ⫻ 30 structures). The 2 readers’ average
scores (continuous variables) were used to compare differences
between MSCT and FPA.
Furthermore, each reader placed a circular ROI (approximately 50 mm2) in the inner portion of the external acoustic canal, avoiding surrounding bony structures and the tympanic
membrane. The signal was defined as the mean CT attenuation
value within the ROI, and the noise, as the SD of the CT attenuation values within the ROI. The signal-to-noise ratio was calculated. The 2 readers’ average signal, noise, and SNR were used to
compare MSCT and FPA.
Nominal variables were represented as relative percentages,
and continuous variables were represented as the mean ⫾ SD. A
2 test for nominal data and a Mann-Whitney test for continuous
data were used to compare MSCT and FPA. The KolmogorovSmirnov test was used to test the normality of the continuous
variables, and an unpaired Student t test or Mann-Whitney test
was used to compare the 2 groups, as appropriate. The Spearman
rank correlation coefficient was used to assess the degree of correlation between SNR and the summed score for each group. To
analyze the interobserver agreement, we dichotomized into 2
AJNR Am J Neuroradiol 38:1998 –2002
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groups (“visualized” ⫽ 1; and “not visualized” ⫽ 0). The observers’ sensitivity in detecting each anatomic structure was calculated, and interobserver agreement was expressed as a percentage
of agreement. The  statistic, which estimates the proportion of
interobserver agreement above that expected by chance, was computed for each anatomic structure. Differences were considered
statistically significant with P ⬍ .05. The statistical analysis was
performed with SPSS 20 statistical software (IBM, Armonk,
New York).

Radiation Dose Assessment
We used an anthropomorphic Rando Alderson phantom (Rando
Alderson Research Laboratories, Long Island, City, New York) for
radiation dose assessment. The phantom represented an average
male and was composed of a human skeleton embedded in tissueequivalent material. A thermoluminescent dosimeter (TLD) (GR200 Thermoluminescent Detector; 360RAD, Beijing, China) consisting of LiF, Mg, Cu, and P materials (https://www.thermofisher.com/
order/catalog/product/SCP18815) with an intrinsic dose detector
limit of approximately 1 microsievert (Sv) was used. The TLDs
were inserted into the Rando phantom at sites corresponding to organs or tissues (listed in On-line Table 2) of interest in the head and
neck region.10 In addition, we placed TLDs outside on the phantom
orbits to estimate the dose on the eye lenses. Four TLDs were placed
at each site to obtain the average, the SD, and the variation coefficient.
For each technique (MSCT and FPA), 3 scans were obtained to provide a more reliable measure of radiation in the dosimeters, minimizing the changes related to the phantom positioning.
Estimation percentages of irradiated tissue were retrieved
from the literature and used to calculate the equivalent dose (HT)
to a tissue or organ in Sv.10,11 Effective dose (E), expressed in
Sv, was calculated with the following equation: E ⫽ ⌺wT ⫻ HT,
where E is the product of the tissue-weighting factor (wT), which
represents the relative contribution of that organ or tissue to the
overall risk, and the HT. The whole body was found by the summation of the weighted equivalent doses to all tissues or organs
exposed. The International Commission on Radiologic Protection 103/2007 tissue-weighting factors were used to calculate E.12

RESULTS
Image Quality Assessment
All 29 MSCT and FPA scans were considered adequate by both
readers. In particular, no FPA scan showed excessive head movement, necessitating the repetition of the examination. The MSCT
and FPA groups did not differ in age (49.0 ⫾ 6.9 versus 46.8 ⫾
12.5 years; P ⫽ .466), sex (female/male: 19:10 versus 18:11; P ⫽
.785), or side (right/left: 16:13 versus 15:14; P ⫽ .792). MSCT had
higher signal (938.4 ⫾ 21.0 versus 767.0 ⫾ 86.8; P ⬍ .001), lower
noise (61.5 ⫾ 14.4 versus 236.2 ⫾ 44.0; P ⬍ .001), and higher SNR
(16.39 ⫾ 3.8 versus 3.5 ⫾ 1.1; P ⬍ .001) compared with FPA.
MSCT showed better image quality than FPA in assessing the
tympanic membrane, bone marrow of the malleus and incus, tendon of tensor tympani, interscalar septum and modiolus of the
cochlea (all statistics, P ⬍ .05; On-line Table 1 and On-line Fig 1).
FPA showed better image quality than MSCT in assessing the
anterior and posterior crura of the stapes (On-line Fig 2), footplate of the stapes (On-line Fig 2), incudostapedial joint (On-line
2000
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Table 1: Equivalent doses (HT) for each organ of interest
Sites
FPA
Bone marrow
2.4
Esophagus
0.15
Thyroid
1.48
Skin
0.33
Bone surface
6.05
Salivary glands
32.44
Brain
21.33
Lymphatic nodes
0.69
Muscle
0.69
Extrathoracic region
12.93
Oral mucosa
15.71
Pituitary
24.31
Eyes
5.09
Eye lens
1.77

MSCT
3.24
0.37
3.74
2.09
6.89
57.26
32.71
1.15
1.15
26.6
25.21
45.84
51.15
45.9

Table 2: Tissue-weighting factors and effective doses of FPA and
MSCT for each organ
Tissue-Weighting
Factors (ICRP
Sites
103 Version)
FPA
MSCT
Bone marrow
0.12
0.29
0.39
Esophagus
0.04
0.01
0.01
Thyroid
0.04
0.06
0.15
Skin
0.01
0.00
0.02
Bone surface
0.01
0.06
0.07
Salivary glands
0.01
0.32
0.57
Brain
0.01
0.21
0.33
Lymphatic nodes
Muscle
0.12
0.28
0.5
Extrathoracic region
Oral mucosa
Mean dose on remainder organsa
Effective dose (mSv)
1.23
2.04
Note:—ICRP indicates International Commission on Radiological Protection.
a
Remainder organs are: adrenals, extrathoracic region, gall bladder, heart, kidneys,
lymphatic nodes, muscle, oral mucosa, pancreas, prostate or uterus/cervix, small
intestine, spleen, thymus. For remainder organs a tissue-weighting factor of 0.05 is
assigned according to the IRCP 103 version. The effective dose for the extrathoracic
region and the oral mucosa, respectively, corresponds to the mean dose on remainder organs.

Fig 3), and stapedius muscle and anterior ligament of the malleus
(all statistics, P ⬍ .05; On-line Table 1). No significant difference
in terms of image quality was found between MSCT and FPA in
the assessment of the remaining anatomic structures (On-line
Table 1). FPA had a significantly higher overall image quality
(summed score) than MSCT (P ⫽ .035; On-line Table 1). Data on
the observer sensitivity and interobserver agreement are summarized
in On-line Table 3. The summed score of FPA correlated with the
SNR (R ⫽ 0.44, P ⫽ .02), while no correlation was found between the
summed scores of MSCT and SNR (R ⫽ 0.21, P ⫽ .26).

Radiation Dose Assessment
Doses of the TLD sites are reported in On-line Table 2 and represented in On-line Fig 4; equivalent doses and effective doses for
each organ are reported in Tables 1 and 2, respectively.

DISCUSSION
Image Quality Assessment
Our study demonstrates that FPA provides higher image quality
in the cross-sectional imaging of the temporal bone compared
with a 64-section MSCT scanner. To the best of our knowledge,

no previous studies have assessed the image quality of FPA in
delineating normal temporal bone anatomy.
The image quality of FPCT prototypes or dedicated FPCT
scanners has already been assessed in isolated temporal bone
specimens, resulting in better image quality compared with
MSCT.1,3,13 However, these results are not clinically useful because FPCT prototypes are not available for clinical use in
humans; the use of dedicated FPCT scanners in isolated temporal bone specimens does not represent the real clinical setting. Whole-head specimens absorb more low-energy photons,
and radiation penetration is lower because the mass between
the radiation source and the detector is greater.
A previous study showed that a dedicated FPCT scanner did
not provide improvement in image quality in scanning wholehead temporal bone specimens compared with MSCT.1 Our results are partially in agreement with these results. Although the
overall image quality of FPA was better than MSCT, FPA improved the visualization of some structures (ie, stapes, stapedius
muscle, anterior malleus ligament, chorda tympani), but it
showed a limited value in the visualization of other structures (ie,
modiolus, the interscalar septum of the cochlea, the tympanic
membrane, bone marrow of the malleus and incus). Some technical aspects are pertinent to understanding these heterogeneous
results.
The high isotropic spatial resolution of FPA (0.14 ⫻ 0.14 ⫻
0.14 mm) provided more detailed cross-sectional images and allowed us to obtain multiplanar reformations with the same spatial
resolution as in the original plane. In contrast, MSCT had a lower
spatial resolution (0.64-mm thickness and 0.2 ⫻ 0.2 mm in-plane
resolution), and the anisotropic voxel shape led to a loss of detail
in the MPR images. The higher spatial resolution of FPA was
particularly useful for the depiction of small bone structures such
as the stapes and its components but was less useful for the visualization of larger bone structures, such as the malleus and incus,
which were well-visualized by MSCT.
FPA had different technical disadvantages compared with
MSCT, including a longer acquisition time, more susceptibility to
artifacts, and lower contrast resolution and SNR. The longer acquisition time of FPA (25 versus 5.6 seconds) can render the scanning more susceptible to motion artifacts. Beam-hardening and
scattering artifacts were evident in FPA, creating bright streaks in
the image. Beam-hardening occurs in high-attenuation tissue,
such as the temporal bone, where low-energy photons are more
easily absorbed and high-energy photons pass through.14 Thus,
beam transmission does not follow the simple exponential decay
seen with a monochromatic x-ray. FPA cannot use the same algorithms that MSCT adopts to correct for beam-hardening because
they require that the complete object (ie, the temporal bone) fit
into the FOV; FPA uses a small FOV (20 ⫻ 25 cm) and does not
completely compute the temporal bone.15
Scattering artifacts are due to the deviation of some photons
when they pass through the whole-head tissues. The diverted photons impact the wrong detector (ie, not the detector parallel to the
x-ray source), and tissue density information is distorted.1 In
FPA, unlike MSCT, scatter intensities may severely impair image
quality because the entire volume, as opposed to a few planes in
MSCT, contributes to the scattered radiation.4 Beam-hardening

and scattering artifacts explain why FPA visualized small bone
structures surrounded by soft-tissue (ie, the modiolus and interscalar septum of the cochlea) or small soft-tissue structures surrounded by bony structures (ie, bone marrow of the malleus and
incus) less optimally than MSCT. In addition, scattering artifacts
were responsible for the low contrast resolution of FPA, which did
not attain improved depiction of small soft-tissue structures immersed in air space (ie, suspensory ligaments, tendons of the tensor tympani and tympanic membrane) compared with MSCT, as
one could expect. The high susceptibility to artifacts explains the
higher image noise and the lower signal and SNR measured in the
FPA images. We demonstrated that when artifacts decreased and
SNR increased, the overall image quality of FPA improved.
Considering our results, it is important to define when the use
of FPA is preferable to MSCT for the cross-sectional imaging of
the temporal bone. FPA is recommended only in patients with
high compliance to avoid head motion artifacts due to the longer
acquisition time. We always preferred FPA in the assessment of
the middle and inner ear because it shows equal or better image
quality than MSCT in depicting almost all bony structures of diagnostic interest. Although FPA could fail in the assessment of the
modiolus and the interscalar septum because of motion, beamhardening, and scattering artifacts, we also recommend FPA for
the assessment of suspected cochlear malformations in pediatric
patients. In fact, beam-hardening and scattering artifacts are usually less evident in pediatric patients due to their smaller head
volume. In uncooperative pediatric patients, we perform FPA
with the patient under sedation in the same session with the MR
imaging study, if planned, to avoid 2 separate sedations. Otherwise MSCT with low-dose protocol is preferred. FPA is highly
recommended in the assessment of cochlear implants and metallic prostheses after middle ear reconstructive surgery, as previously reported in the literature.7-9 Regarding the cross-sectional
imaging of the outer ear, we use FPA for the assessment of the
bony external auditory canal, as in cases of suspected external
auditory canal atresia or osteoma, which may be associated with
middle ear malformations. In contrast, we do not use FPA for the
assessment of pathologies that can involve the soft tissues of the
periauricular region, such as malignant otitis externa because of
the low contrast resolution of FPA.

Radiation Dose Assessment
According to our results, the lower radiation dose is the main
advantage of FPA in the assessment of the temporal bone. Compared with MSCT, FPA showed a reduction of the effective dose of
up to 40% (1.23 versus 2.04 mSv). We observed that the equivalent dose of FPA decreased approximately 76% for the lenses of
the eye and 40% for the thyroid, which are the most radiosensitive
tissues in the head and neck region.
To the best of our knowledge, no previous studies have compared radiation doses between FPCT or FPA and MSCT in the
assessment of the temporal bone. In the literature, similar data
were only reported for FPCT in the assessment of the maxillofacial
region, reflecting the widespread use of FPCT in dental radiology.10,16-19 In previous studies considering radiation exposure of
FPCT and MSCT in the assessment of the temporal bone, the dose
AJNR Am J Neuroradiol 38:1998 –2002
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was provided by the manufacturers2 or recorded from the scanner
console.13
The lower equivalent dose of FPA is due to 3 main reasons: The
first is related to the scan parameters because the dose change is
approximately proportional to the square of the tube voltage (kilovolt) and proportional to the current (milliampere).20 Thus, the
lower tube voltage of FPA determines a reduction of the dose
though its current is higher. Second, FPA has a smaller FOV than
MSCT, allowing a further reduction in exposure as well as scanning of the whole mastoid area together with the middle and inner
ears, which may be essential for some diagnoses.13 Third, the
semicircular trajectory of our x-ray source, posterior to the head,
explains the conspicuous reduction in radiation dose to the lenses
of the eyes and the thyroid. Regions situated in the primary beam
of the x-ray source receive a higher dose than regions far from the
source.
Some limitations of our study must be acknowledged. We did
not perform a within-subject analysis, with each patient undergoing both examinations, for ethical reasons; however, this limitation was overcome by enrolling a large number of subjects. We do
not know whether our results will be completely reproducible
with other angiography systems because of the different technology and reconstruction algorithms provided by various manufacturers. Our image quality assessment was focused on the delineation of the normal ear anatomy, so we do not know if the
described improvements of FPA can improve the diagnosis of
pathologic processes. Finally, we did not compare the FPA system
and FPCT scanner, so we do not know if the latter remains the first
choice for the temporal bone assessment.

CONCLUSIONS

4.
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7.

8.

9.

10.

11.

12.

13.

14.

FPA can be adopted for the cross-sectional imaging of the temporal bone, showing strengths and weaknesses compared with
MSCT. FPA can fail in depicting structures, as discussed in this
article, because of motion, beam-hardening, and scattering artifacts that impair the contrast resolution. However, due to its
higher spatial resolution, FPA showed equal or higher image quality than MSCT in assessing bony structures of considerable diagnostic interest for radiologists. The lower radiation dose is an
additional advantage of FPA, showing a reduction of the effective
dose of up to 40% compared with MSCT.
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Measurement for Detection of Incomplete Partition Type II
Anomalies on MR Imaging
X K.L. Reinshagen, X H.D. Curtin, X A.M. Quesnel, and X A.F. Juliano

ABSTRACT
BACKGROUND AND PURPOSE: Incomplete partition type II of the cochlea, commonly coexisting with an enlarged vestibular aqueduct, can be
a challenging diagnosis on MR imaging due to the presence of a dysplastic spiral lamina– basilar membrane neural complex, which can resemble
the normal interscalar septum. The purpose of this study was to determine a reproducible, quantitative cochlear measurement to assess
incomplete partition type II anomalies in patients with enlarged vestibular aqueducts using normal-hearing ears as a control population.
MATERIALS AND METHODS: Retrospective analysis of 27 patients with enlarged vestibular aqueducts (54 ears) and 28 patients (33 ears)
with normal audiographic ﬁndings who underwent MR imaging was performed. Using reformatted images from a cisternographic 3D MR
imaging produced in a plane parallel to the lateral semicircular canal, we measured the distance (distance X) between the osseous spiral
lamina-basilar membrane complex of the upper basal turn and the ﬁrst linear signal void anterior to the basilar membrane.
RESULTS: The means of distance X in patients with normal hearing and prospectively diagnosed incomplete partition type II were,
respectively, 0.93 ⫾ 0.075 mm (range, 0.8 –1.1 mm) and 1.55 ⫾ 0.25 mm (range, 1–2.1 mm; P ⬍ .001). Using 3 SDs above the mean of patients
with normal hearing (1.2 mm) as a cutoff for normal, we diagnosed 21/27 patients as having abnormal cochleas; 4/21 were diagnosed
retrospectively. This ﬁnding indicated that almost 20% of patients were underdiagnosed. Interobserver agreement with 1.2 mm as a cutoff
between normal and abnormal produced a  score of 0.715 (good).
CONCLUSIONS: Incomplete partition type II anomalies on MR imaging can be subtle. A reproducible distance X of ⱖ1.2 mm is considered
abnormal and may help to prospectively diagnose incomplete partition type II anomalies.
ABBREVIATIONS: DRIVE ⫽ driven equilibrium; EVA ⫽ enlarged vestibular aqueduct; IP-II ⫽ incomplete partition type II

I

ncomplete partition type II (IP-II, scala communis) is one of
many congenital malformations associated with sensorineural
hearing loss. IP-II has been characterized as a cochlea with a normal proximal basilar turn and a deficient interscalar septum between the upper turns.1,2 In combination with an enlarged vestibular aqueduct (EVA), this anomaly was first described by Carlo
Mondini3 and is frequently referred to as the “Mondini” deformity. Correlation among CT, MR imaging, and histopathology in
this entity has indicated that a band of low signal on MR imaging
extending from the lateral modiolus to the lateral wall of the cochlea (closest to the middle ear) near the upper middle turn corresponds to a band of tissue representing the dysplastic osseous

Received January 31, 2017; accepted after revision June 1.
From the Departments of Radiology (K.L.R., H.D.C., A.F.J.) and Otolaryngology (A.M.Q.),
Massachusetts Eye and Ear, Harvard Medical School, Boston, Massachusetts.
Please address correspondence to Katherine L. Reinshagen, MD, Department of
Radiology, Massachusetts Eye and Ear, 243 Charles St, Boston, MA 02114; e-mail:
katherine_reinshagen@meei.harvard.edu
http://dx.doi.org/10.3174/ajnr.A5335

spiral lamina– basilar membrane neural complex. This dysplastic
structure contains neurosensory elements, including the dendritic processes of the spiral ganglion neurons and a dysplastic
organ of Corti on top of the basilar membrane of the middle
turn.4 The dysplastic osseous spiral lamina– basilar membrane
neural complex has an MR imaging appearance that can mimic
that of the interscalar septum. Thus, the IP-II anomaly may be
under-recognized on MR imaging.
The presence of an EVA can sometimes herald an underlying
IP-II anomaly. Radiologically, IP-II is most often diagnosed in
conjunction with EVA, possibly because of limitations in the radiologic diagnosis of IP-II based on current methods and because
the EVA draws the radiologist’s attention to a subtle cochlear
anomaly. In a recent study using high-resolution CT and 1.5T MR
imaging, 92% (54/59) of ears were found to have IP-II with an
EVA and 8% (5/59) of ears had an isolated IP-II anomaly.5 In
contrast, on histologic examination of human temporal bone
specimens, 91% (20/22) of ears with IP-II were found to have no
associated EVA, suggesting that isolated IP-II cochlear anomalies
may be radiologically underdiagnosed.6
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FIG 1. Axial 3D cisternographic (DRIVE) fast-recovery TSE MR imaging of the right temporal bone in a patient with normal hearing. A, Reformatted images parallel to the lateral semicircular canal (LSC) are created. Once created, the lateral semicircular canal is seen in its entirety on a single
reformatted image. B, The osseous spiral lamina– basilar membrane complex of the upper basal turn (OSL-BM) and the ﬁrst T2-hypointense
linear band (arrow), in this case representing the interscalar septum, are demonstrated. C, A caliper is then placed to measure the distance
between the OSL-BM and the linear band (distance X).

FIG 2. Axial 3D cisternographic (DRIVE) fast-recovery TSE MR image of the right temporal bone in a patient with a prospectively diagnosed IP-II
anomaly. A, Reformatted images parallel to the lateral semicircular canal (LSC) are created. Once created, the lateral semicircular canal is seen
in its entirety on a single reformatted image. Note the enlarged vestibular aqueduct. B, The osseous spiral lamina– basilar membrane complex of
the upper basal turn (OSL-BM) and the ﬁrst T2-hypointense linear band (arrow), in this case representing a band of dysplastic osseous spiral
lamina– basilar membrane neural complex, are demonstrated. C, A caliper is then placed to measure the distance between the OSL-BM and the
linear band (distance X).

Because the morphologic diagnosis of IP-II can be challenging
on MR imaging, our study aimed to determine a quantitative,
reproducible measurement technique on MR imaging that would
aid in the diagnosis of IP-II. A secondary aim of the study was to
determine the prevalence of prospectively underdiagnosed cases
of IP-II in patients with enlarged vestibular aqueducts. We hypothesized that because of the partial absence of the interscalar
septum in IP-II, the measured distance X would be larger in IP-II
than in normal-hearing ears and, when used retrospectively,
would help identify missed cases of IP-II.

MATERIALS AND METHODS
Following institutional review board approval, we conducted a
retrospective analysis of high-resolution 1.5 and 3T MR imaging
temporal bone studies performed between 2005 and 2015 at the
Massachusetts Eye and Ear. Patients who underwent a high-resolution 3D heavily T2-weighted cisternographic sequence (axial T2
3D driven equilibrium [DRIVE], Philips Healthcare, Best, the
Netherlands; axial CISS, Siemens, Erlangen, Germany) and had a
radiologic diagnosis of an enlarged vestibular aqueduct were selected. A separate, consecutively chosen, control group with normal audiographic findings, discussed in the following paragraph,
was included in the study. The imaging acquisition parameters for
the 3T T2-DRIVE were set as follows: TR, 1700 ms; TE, 190 ms;
NEX, 3; spacing, 0.5 mm; matrix, 412 ⫻ 337; scan time, 4 minutes
37 seconds. The imaging acquisition parameters for the CISS sequence were set as follows: TR, 12.25 ms; TE, 5.90 ms; NEX, 1;
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matrix, 230 ⫻ 1024. An 8-channel head coil was used. Patients
younger than 5 years were sedated by the anesthesia team.
Twenty-seven patients with enlarged vestibular aqueducts
who underwent MR imaging were found in the PACS. Twenty-six
of the 27 patients underwent MR imaging for assessment of sensorineural hearing loss. One patient did not have a history of
sensorineural hearing loss or an audiogram in the electronic medical record but, rather, was being imaged to assess a possible temporal bone lesion. Thirty-three ears in 28 additional consecutive
patients referred by otologists and having undergone MR imaging
for unilateral hearing loss, vertigo, or dizziness were used as a
healthy control dataset. The asymptomatic, contralateral normal
ear in these patients with unilateral hearing loss was used. The
healthy control set of patients had audiograms that confirmed
normal hearing in the ears used in the dataset.
Reformatted images of the cochlea were created with the MPR
tool at the radiologist’s viewer (SYNAPSE 3D; Fujifilm Medical
Systems, Tokyo, Japan) in a plane parallel to the lateral semicircular canal, a reproducible landmark (Figs 1A and 2A). This plane
is perpendicular to the distal limb of the first and second turns of
the cochlea. Two observers (K.L.R. and A.F.J.) independently
measured the perpendicular distance from the osseous spiral lamina– basilar membrane complex in the upper basal turn (closest to
the middle ear) to the point at which the first linear signal void
distal (anterior) to the osseous spiral lamina– basilar membrane
complex contacts the lateral cochlear wall on magnified images.

For the purpose of this study, this is referred to as distance X. In
healthy patients, the distal signal void is the interscalar septum; in
patients with abnormal findings, it is presumed to be the dysplastic osseous spiral lamina– basilar membrane neural complex. Examples of these measurements are provided (Figs 1B, -C, and 2B,
-C). When available, CT images in a reformatted plane parallel to
the lateral semicircular canal were reviewed in the setting of discordant findings.
Statistical analysis was performed with GraphPad Prism software (GraphPad Software, San Diego, California). P values were
calculated with an unpaired t test to compare the mean and SDs
between patients with prospectively diagnosed cochlear anomalies and normal-hearing ears. The  interobserver score was calculated on the basis of the observed agreements regarding
whether a cochlea was abnormal or normal.

RESULTS
The 33 normal-hearing ears in 28 patients were studied (mean age,
16.7 years; range, 6 months to 32 years; Table). Patients with normal
hearing had distance X measurements ranging from 0.8 to 1.1 mm
and a mean distance X measurement of 0.93 ⫾ 0.075 mm. With these
patients as a normal reference, a cutoff of 1.2 mm was used to define
the lower limit of abnormal because this was ⬎3 SDs (greater than
the 99.7th percentile) above the mean of healthy patients.
The 27 patients with enlarged vestibular aqueducts had a mean
age of 24.9 years (range, 5 months to 65 years; Table). Prospectively, 17 of the 27 patients (63%) were diagnosed with EVA and
Patient demographics

Total No. of patients
Mean patient age (yr)
SD of patient age (yr)
P value

Normal-Hearing
Ears
28 (33 ears studied)
16.7
11.0

Patients with
EVA
27 (54 ears studied)
24.9
21.5
.08

IP-II anomalies. These patients were diagnosed prospectively on
the basis of the classic imaging qualitative morphologic abnormalities seen in IP-II primarily on CT, but also applied to MR
imaging, including the presence of a flattened interscalar ridge
(anchor point) between the upper basal and upper middle turns
and the cystlike undersegmented appearance of the cochlea.1,6
The mean distance X measurement when there was a cochlear
abnormality identified prospectively was 1.55 ⫾ 0.25 mm (range,
1–2.1 mm). One patient who was thought to have a bilateral
IP-II anomaly prospectively had a distance X measurement of
⬍1.2 mm in 1 ear, which was included in this cohort. The mean
distance X measurement among these patients with cochlear
malformations was statistically different from that of patients
with normal hearing, P ⬍ .001. Figure 3 demonstrates the
mean distance X measurements, along with the range of values
within 2 SDs above and below the mean, in patients with prospectively diagnosed IP-II anomalies and those with normalhearing ears.
Ten of the 27 patients with enlarged vestibular aqueducts were
not prospectively diagnosed with IP-II anomalies; however, 4 of
these 10 had abnormal distance X measurements of ⱖ1.2 mm.
Therefore, 4/21 (19%) patients found to have abnormal cochleas
were identified retrospectively. Three of these 4 patients also underwent CT. In 1 patient, expected flattening of the interscalar
ridge (anchor point) between the upper basal and upper middle
turns was not seen; however, the modiolus of the abnormal cochlea appeared deficient. The other 2 patients had subtle findings
of flattening of the interscalar ridge (anchor point), a deficient
modiolus, and absence of the lateral interscalar septum. Figure 4A
demonstrates the typical CT findings of IP-II from 1 of the 3
patients who subsequently underwent CT. The corresponding
MR imaging demonstrates subtle morphologic features and has a
widened distance X (Fig 4B).
Interobserver agreement to determine abnormal and normal
cochleas based on the 1.2-mm cutoff was good with a calculated 
score of 0.715.

DISCUSSION

FIG 3. Graph demonstrating the mean distance X measurements ⫾ 2 SDs in patients with prospectively diagnosed IP-II anomalies and individuals with normal hearing.

In patients with a congenital cause
of sensorineural hearing loss, an IP-II anomaly of the cochlea is one of the most frequently detected imaging findings. Qualitative appearances of the cochlea on
CT have been described in IP-II, including a consistent loss of the interscalar septum and flattening of the interscalar ridge (anchor point) between
the upper basal and upper middle
turns of the cochlea.6 This flattened
interscalar ridge may be less apparent on
MR imaging because assessment of the
bony contour is less optimal. Because
more pediatric patients are now undergoing MR imaging for assessment of
sensorineural hearing loss, scrutiny of
the internal segmentation of the cochlea
is important to avoid missing a diagnosis
of IP-II.
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FIG 4. Axial CT and MR images of 1 of the 4 patients who was found,
in retrospect, to have abnormal distance X measurements on MR
imaging. A, On CT, the typical ﬁndings of IP-II including ﬂattening of
the interscalar ridge (anchor point) between the upper basal and upper middle turns (arrow) are demonstrated and conﬁrm the presence
of an IP-II anomaly. B, Corresponding MR image, on which distance X
is found to be greater than 1.2 mm.

The heavily T2-weighted cisternographic sequence is routinely used in temporal bone imaging and can be performed
across MR imaging vendor platforms at both 1.5- and 3T field
strengths. On a heavily T2-weighted cisternographic sequence,
the basilar membrane of the distal first turn of the cochlea is
visible as a hypointense line extending from the modiolus to the
lateral wall of the cochlea. Just distal (anterior) to this line, the
interscalar septum is normally visible. In IP-II, this segment of
the interscalar septum is absent. However, in IP-II, there is a thin
T2-hypointense band extending from the lateral modiolus to the
lateral wall of the cochlea in the same approximate location, having an appearance similar to that of a slightly malpositioned interscalar septum. On histology, this band corresponds to the dysplastic osseous spiral lamina– basilar membrane neural complex
of the second turn and contains neurosensory elements, including
a dysplastic organ of Corti on top of a dysplastic basilar membrane.4 We hypothesized that a quantitative measurement between the basilar membrane of the upper basal turn of the cochlea
and the first T2-hypointense band (distance X) on MR imaging
would help differentiate a normal cochlea with an interscalar septum from the IP-II anomaly with the dysplastic osseous spiral
lamina– basilar membrane neural complex.
To create a reproducible standardized measurement technique, we identified a plane parallel to the lateral semicircular
canal and used axial reconstructions along this plane for measurements. This plane is perpendicular to the distal limb of the first
and second turns of the cochlea and can be readily produced at the
viewer side with integrated multiplanar reformat tools within
most PACS. Distance X measurements in patients with normal
hearing had a narrow range from 0.8 to 1.1 mm between the
basilar membrane of the upper basal turn and the first low T2
signal band. In the healthy patient, this band represents the anterolateral interscalar septum. The mean distance X measurement
was 0.94 ⫾ 0.075 mm. Of note, none of the patients with normal
hearing had a distance X measurement exceeding 1.1 mm. Despite
the large range in patient age of the normal-hearing ears, the distance X measurement stayed within a relatively small size range,
consistent with the development of the cochlea being complete in
the embryologic stage.7 Distance X measurements in individuals
with normal hearing were statistically different from those in patients believed to have IP-II anomalies based on morphologic,
qualitative assessment (mean, 1.55 ⫾ 0.25 mm). Prospectively, 1
patient who was thought to have only an EVA on MR imaging and
2006
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a suspected bilateral IP-II anomaly prospectively using CT morphology had a distance X measurement of ⬍1.2 mm by both
observers (1 and 1.1 mm) in 1 ear. This was considered to be a
false-negative, suggesting that measurement criteria should be applied as an adjunct to morphologic criteria. We believe that this
false-negative was due to motion degradation on the scan, affecting image quality.
We believed those patients with distance X measurements
above 1.2 mm, 3 SDs above the mean, or a measurement greater
than the 99.7th percentile to have abnormal cochleas. This
method was shown to have good interobserver reliability. With a
normal upper limit of 1.2 mm, 78% (21/27) of patients with enlarged vestibular aqueducts had a coexistent cochlear anomaly.
This finding was similar to that in other reported studies that have
shown EVAs in the presence of cochlear anomalies as high as
76%.8 Our study confirms that the EVA has a high association
with additional cochlear anomalies.
Retrospective analysis demonstrated that some patients with
enlarged vestibular aqueducts might be underdiagnosed with regard to a coexistent cochlear anomaly. Almost one-fifth (4/21) of
the patients with EVAs and abnormal cochleas by measurement
were found retrospectively. We attribute the presence of a neural band in the lateral cochlea extending to the upper middle
turn as a potential reason for the underdiagnosis because the
dysplastic osseous spiral lamina– basilar membrane neural
complex may be mistaken for a slightly malpositioned or even
normally located interscalar septum, thus making this diagnosis more challenging.

Limitations
The major limitation of this study is that only patients with enlarged vestibular aqueducts were assessed. While EVA is commonly associated with cochleovestibular anomalies, cochleovestibular anomalies can also be isolated findings, and these were not
assessed. Because a secondary aim of this study was to find underdiagnosed cochlear anomalies, searching our data base for cochlear anomalies alone would be insufficient. Because coexistent
cochlear anomalies have been reported in as many as 76% of EVA
anomalies,8 we decided to focus our attention on this subgroup of
patients with hearing loss.
Another limitation of this study is the relatively small sample
size. The number of patients with enlarged vestibular aqueducts
on MR imaging was relatively rare in our study population. Most
of our cases of EVA had been discovered on CT with no further
MR imaging performed. Further studies with larger sample sizes
may be helpful to confirm our findings.
Theoretically, severe endolymphatic hydrops can displace the
osseous spiral lamina– basilar membrane complex toward the
scala tympani. However, this phenomenon has only been recognized in the apical turn in severe cases of endolymphatic hydrops
in human temporal bone specimens and has not been described in
the basal turn.9

CONCLUSIONS
The IP-II anomaly is a subtle MR imaging finding. In IP-II, a band
of tissue, which histologically represents a combination of dysplastic neural tissue, basilar membrane, and the osseous spiral

lamina, can have an appearance similar to that of an interscalar
septum on heavily T2-weighted cisternographic sequences. With
a standardized plane parallel to the lateral semicircular canal, a
measurement from the basilar membrane of the upper basal turn
of the cochlea (closest to the middle ear) to the first T2-hypointense band (distance X) of ⬎1.2 mm should be considered abnormal. Knowledge of the presence of the dysplastic osseous spiral
membrane– basilar membrane neural complex and use of a quantitative measurement may help to prospectively reduce missed
cochlear anomalies, particularly with an enlarged vestibular
aqueduct.
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Localizing the L5 Vertebra Using Nerve Morphology on MRI: An
Accurate and Reliable Technique
X M.E. Peckham, X T.A. Hutchins, X S.E. Stilwill, X M.K. Mills, X B.J. Morrissey, X E.A.R. Joiner, X R.K. Sanders, X G.J. Stoddard, and
X L.M. Shah

ABSTRACT
BACKGROUND AND PURPOSE: Multiple methods have been used to determine the lumbar vertebral level on MR imaging, particularly
when full spine imaging is unavailable. Because postmortem studies show 95% accuracy of numbering the lumbar vertebral bodies by
counting the lumbar nerve roots, attention to lumbar nerve morphology on axial MR imaging can provide numbering clues. We sought to
determine whether the L5 vertebra could be accurately localized by using nerve morphology on MR imaging.
MATERIALS AND METHODS: One hundred eight cases with full spine MR imaging were numbered from the C2 vertebral body to the
sacrum with note of thoracolumbar and lumbosacral transitional states. The origin level of the L5 nerve and iliolumbar ligament were
documented in all cases. The reference standard of numbering by full spine imaging was compared with the nerve morphology numbering
method. Five blinded raters evaluated all lumbar MRIs with nerve morphology technique twice. Prevalence and bias-adjusted  were used
to measure interrater and intrarater reliability.
RESULTS: The L5 nerve arose from the 24th presacral vertebra (L5) in 106/108 cases. The percentage of perfect agreement with the
reference standard was 98.1% (95% CI, 93.5%–99.8%), which was preserved in transitional and numeric variation states. The iliolumbar
ligament localization method showed 83.3% (95% CI, 74.9%– 89.8%) perfect agreement with the reference standard. Inter- and intrarater
reliability when using the nerve morphology method was strong.
CONCLUSIONS: The exiting L5 nerve can allow accurate localization of the corresponding vertebrae, which is essential for preprocedure
planning in cases where full spine imaging is not available. This neuroanatomic method displays higher agreement with the reference
standard compared with previously described methods, with strong inter- and intrarater reliability.
ABBREVIATIONS: LSTV ⫽ lumbosacral transitional vertebrae; PABAK ⫽ prevalence-adjusted bias-adjusted ; PSV ⫽ presacral vertebrae; VNV ⫽ vertebral numeric
variation

A

ccurate and reliable spine numbering is important for the
diagnosis of pathology and preprocedure planning. This can
be challenging in patients with vertebral numeric variation
(VNV) or lumbosacral transitional vertebrae (LSTV), particularly
when full spine imaging is unavailable. VNV refers to the variation of the total number of presacral vertebrae (PSV). Approximately 89% of the population have 24 PSV (5 lumbar-type verte-

Received March 10, 2017; accepted after revision May 23.
From the Neuroradiology Division (M.E.P., T.A.H., G.J.S., L.M.S.) and Musculoskeletal
Division (S.E.S., M.K.M., R.K.S.), Departments of Radiology and Imaging Sciences
(B.J.M., E.A.R.J.), University of Utah Health Sciences Center, Salt Lake City, Utah.
Paper previously presented at the American Society of Spine Radiology Annual
Symposium, February 23–26, 2017; San Diego, California. (Awarded 1st place in the
Mentor Award category.)
Please address correspondence to Miriam E. Peckham, MD, Neuroradiology Division, Departments of Radiology and Imaging Sciences, University of Utah Health
Sciences Center, 30 North, 1900 East, #1A071, Salt Lake City, UT 84132; e-mail:
Miriam.Peckham@hsc.utah.edu; @Miriam_Peckham
http://dx.doi.org/10.3174/ajnr.A5311

2008

Peckham

Oct 2017

www.ajnr.org

brae), 8% have 25 PSV (6 lumbar-type vertebrae), and 3% have 23
PSV (4 lumbar-type vertebrae).1 LSTV are congenital spinal
anomalies in which an elongated transverse process of the last
lumbar vertebra fuses with the “first” sacral segment to varying
degrees.2 The morphologic variation of LSTV can range from
partial/complete L5 sacralization to partial/complete S1 lumbarization.3,4 The prevalence of LSTV in the population varies
throughout the literature because of differences in definition
and diagnostic modalities.1,4-6 LSTV can also vary with sex,
with lumbarization of S1 seen more commonly in women and
sacralization found to be more common in men.3 A person can
have VNV without LSTV, or conversely, one can have LSTV
without VNV.1 Approximately 5% of subjects have been found
to have both.1
Multiple anatomic landmarks have been used to determine the
lumbar vertebral level in cases without full spine imaging. A leading method of localizing the iliolumbar ligament, most frequently
arising from L5, has been found less accurate in the setting of

LSTV and VNV.7-11 Other landmarks, including the level of the
conus, right renal artery, superior mesenteric artery, aortic bifurcation, and iliac crest height, are also less accurate.9,12-14 Choosing the appropriate level for surgical or interventional procedures
is essential and relies on accurately and reliably numbering the
spine in patients with “normal” anatomy as well as those with
variant or transitional anatomy.4,15 This is especially important in
patients with LSTV and/or VNV undergoing surgical planning, as
up to 32% of neurosurgeons have reported an event of wronglevel spinal surgery occurring at least once in their careers.16 LSTV
can also create challenges for approach in interventional pain procedures and can increase the risk of iatrogenic vascular injury.17
Multiple imaging modalities have been used to evaluate LSTV
and VNV, with MR imaging found to be most reliable.18 Anteroposterior radiographs have demonstrated high intermodality
agreement with MR imaging.19 Studies show that one can accurately number the vertebrae by counting down from C2 to the
sacrum on sagittal MR imaging by using a cross-referencing
tool.1,8,19,20 Although most counting methods have focused on
the ossified structures, 1 postmortem study numbered the vertebrae by dorsal spinal nerve morphology and found up to 95%
probability that the lower spinal nerves correspond to their respective spinal segment.21 We hypothesized that nerve morphology on lumbar spine MR imaging would aid in L5 vertebra localization, particularly when full spine imaging was not available. We
aimed 1) to determine whether MR imaging morphologic features of the lumbar nerves could be used to distinguish the lower
lumbar levels and 2) to apply these characteristics in localizing the
L5 vertebra.

MATERIALS AND METHODS
This retrospective study, performed over 7 months, was approved
by the institutional review board and investigators were compliant with the Health Insurance Portability and Accountability Act.

Patients
We searched our picture archiving and communication system
for patients aged 18 years and older who had MR imaging of the
full spine and radiographic imaging (CT or radiographs) of the
thoracolumbar and lumbosacral junctions within the last 4 years
(2013–2016). Patients without these studies were excluded. Patients with congenital vertebral segmentation anomalies were also
excluded because of the possibility of associated nerve anomalies.
The indications for most of these studies were back pain and metastatic disease, and patients were included if the osseous structures and nerves could be delineated.

Vertebral Body Count
Two investigators, a neuroradiology faculty member (L.M.S.)
with more than 10 years’ experience in spine imaging and a neuroradiology fellow (M.E.P.), reviewed each case and documented
the total number of presacral vertebrae by counting down from
C2 to the sacrum on MR imaging. Radiographic images of the
thoracic and lumbar spine were reviewed to document rib count
as well as evaluate transitional anatomy at the thoracolumbar and
lumbosacral junctions. O’Driscoll staging22 and the Castellvi
method23 were used to classify the lumbosacral anatomy. The

FIG 1. Graphic demonstrating our method for vertebral body
numbering. When counting down from C2, patients with only 4
lumbar-type vertebral bodies (sacralized L5) have 23 PSV (A), patients with 5 lumbar-type vertebral bodies have 24 PSV (B), and
patients with 6 lumbar-type vertebral bodies (lumbarized S1) have
25 PSV (C).

level of the iliolumbar ligament and L5 nerve were also documented in all cases.
Vertebral numbering was performed as follows: the first 7 vertebrae were considered cervical, and the next 12 vertebrae were
considered to be thoracic even in cases with an anomalous number of ribs.1 In the cases with 13 rib-bearing vertebrae, we considered it “lumbar thoracization” with L1 having supranumery ribs.
After T12, the vertebrae were counted as lumbar-type, extending
to the level of the lumbosacral junction. Based on morphology
and laterality per the Castellvi classification,23 if the lower lumbar
transverse processes had either unilateral or bilateral nonfused
articulations with the sacrum (partial L5 sacralization), they were
classified as either Castellvi 1 or 2. If the transverse processes were
either unilaterally or bilaterally fused to the sacrum (complete L5
sacralization), the LSTV were classified as either Castellvi 3 or 4.
The total number of PSV was the sum of cervical, thoracic, and
lumbar segments. The 24th vertebra was considered L5 in all
cases, even in those with VNV or LSTV (Fig 1). In LSTV cases, a
patient with partial L5 sacralization (unilateral or bilateral assimilation joints without osseous fusion) was considered to have 24
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FIG 3. Consecutive cranial to caudal axial T2-weighted MR images
demonstrate L4 and L5 nerve root anatomy. The L4 nerve root splits
proximally into tibial and peroneal branches (solid arrows). The peroneal branch extends caudally and joins with the L5 nerve root
(dashed arrow) along its anterolateral aspect at the level of the lateral
sacrum.

ner patients, in whom the psoas muscle obscured the exiting L4
nerve (Fig 4).
FIG 2. Schematic demonstrating the divisions of the lumbosacral
plexus. The L4 nerve divides soon after exiting the neural foramen
into peroneal (black) (A) and tibial (B) components, with the peroneal
component joining the lateral ﬁbers of L5 (gray) (C). The L4 nerve also
contributes to both the femoral (D) and obturator (E) nerves. L5 is the
only lumbar nerve that does not have a proximal division. Branches of
L4 –S2 make up the common peroneal nerve (F), and branches of
L4 –S3 make up the tibial nerve (G), which together comprise components of the sciatic nerve (not illustrated). The MRI morphology of the
L4 peroneal component and L5 nerve are of special importance for
localization; thus, they are shaded in this ﬁgure.

PSV, whereas a patient with complete L5 sacralization (unilateral
or bilateral assimilation joints with osseous fusion) was considered to have 23 PSV. By the same Castellvi classification method,
in those patients with lumbarization of S1, the patient was considered to have 24 PSV when S1 was partially lumbarized and 25
PSV if S1 was completely lumbarized.1,23

Interrater and Intrarater Reliability
Five blinded raters of various stages of training, including 2 residents (2nd year and 4th year), 1 junior faculty member (1 year
postfellowship), and 2 senior faculty members (5 and 7 years postfellowship) from both neuroradiology and musculoskeletal radiology subspecialties reviewed all 108 MR imaging lumbar spines
in random order on 2 occasions, separated by 2 months. Before
reviewing the cases, the raters were given a brief tutorial on lumbosacral plexus anatomy, MR imaging nerve appearance, and the
method of nerve morphology numbering. Each rater was asked to
localize the L5 nerve on lumbar spine MR imaging and determine
normal (5 lumbar-type vertebral bodies) or LSTV anatomy (ie,
lumbarized S1 or sacralized L5) by using the nerve morphology
method and lumbosacral osseous anatomy. No other imaging was
provided. Those results were compared with the reference standard as determined by full spine MR imaging.

L5 Nerve Localization
The L5 nerve was identified by using 3 anatomic characteristics.
First, L5 is typically the only lumbar nerve that does not split
proximally and was identified on MR imaging by its nonsplitting
course (Fig 2). Second, the insertion of the L4 peroneal branch
along the lateral aspect of the L5 nerve, commonly seen at the level
of the sacrum in patients with normal anatomy, was a helpful
characteristic (Fig 3). Finally, the caliber of nerves along the sacrum aided in localization; specifically, the nonsplitting L5 nerve
was approximately twice the caliber of the L4 peroneal branch at
the level of the sacrum. This sign was particularly helpful in thin2010
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Statistical Analyses
Patient sample size was determined by the rate of variant anatomy
in the population with more than 100 patients chosen to achieve a
95% CI. Descriptive statistics were calculated for PSV. To verify
the reliability of the nerve morphology method for denoting L5,
we determined at which spinal level the L5 nerve exited and expressed this as a percentage agreement with the reference standard
labeling. Although the  coefficient is more widely familiar, it has
an anomaly when data are clumped into 1 cell of the cross-tabulation table between raters. Therefore, the more relevant and ap-

FIG 4. Axial T2-weighted MR images at the level of the sacrum with corresponding graphics demonstrating how the caliber of the nerve roots
along the sacrum can be used to identify the number of lumbar vertebral segments. In patients with 4 lumbar segments, the L4 nerve root is seen
splitting over the lateral sacrum (A, arrows). In patients with 5 lumbar segments, the peroneal branch of L4 joins the L5 nerve root, which is twice
the caliber of L4 (B, arrows). In patients with more than 5 lumbar segments, 2 nerves of similar caliber will be seen along the lateral sacral wing,
representing L5 laterally and S1 medially (C, arrows).

propriate prevalence-adjusted bias-adjusted , or PABAK, was
used to measure interrater and intrarater reliability, which gives
the true proportion of agreement beyond chance agreement regardless of unbalanced data patterns.24 Although a formula for
computing the PABAK interreliability for more than 2 raters simultaneously is not available, using the mean PABAK and range
of confidence limits provides a reasonable approximation of the
interrater reliability of the 5 raters simultaneously. Statistical
analyses were performed by using commercial statistical analysis
software (STATA Statistical Software: Release 14; StataCorp, College Station, Texas).

RESULTS
One hundred eight patients were randomly selected from this
data base inquiry (60 females). The combined subject group
ranged in age from 18 –90 years (mean, 51.9 years ⫾ 16.9). The
female patients ranged in age from 18 –90 (mean, 50.1 years),
and the male patients ranged in age from 29 – 87 (mean, 54.1
years).

Vertebral Body Count
Sixteen of 108 patients had VNV (14.8%), 7 of whom had 23 PSV
(6.5%) and 9 of whom had 25 PSV (8.3%). Ninety-two patients
had 24 PSV (86%). Thirty of 108 patients had LSTV (29.7%) with
24 of these patients having Castellvi type 1 or 2 and 6 having
Castellvi type 3a or 3b. None of the patients had Castellvi type 4.
Nine of 16 patients with VNV also had LSTV.
Twelve patients had hypoplastic ribs at T12, 8 of whom also
had LSTV. In addition, 6 patients had 13 rib-bearing vertebral

bodies, and none of these patients had LSTV. One patient had
only 11 rib-bearing thoracic vertebrae and 6 non–rib-bearing
bodies (total of 24 PSV) with partial sacralization of L5. One patient had bilateral cervical ribs at C7.

L5 Nerve Localization
The L5 nerve was identified in all patients and arose from the 24th
PSV (L5) in 106/108 cases. The percentage of perfect agreement
with the reference standard was 98.1% (95% CI, 93.5%–99.8%).
This agreement was preserved in cases with LSTV and VNV. In
the 2 cases that were incongruous with the reference standard, the
L5 nerve arose from a lumbarized S1 vertebra, and in both of these
cases, there was variant thoracolumbar anatomy with supranumery ribs at L1. The percentage of perfect agreement with the reference standard when using the iliolumbar ligament localization
method was 83.3% (95% CI, 74.9%– 89.8%), accurately identifying the level L5 in 90/108 cases. In the cases of nonagreement,
either the iliolumbar ligament did not arise from the 24th PSV,
arose from 2 different levels, accessory ligaments were present, or
the ligaments were difficult to identify.

Interrater and Intrarater Reliability
Computing PABAK for all possible pairs of comparisons of interrater reliability yielded a range of 0.83– 0.96. The average PABAK
was excellent at 0.89 (Table 1). The interrater reliability between
each rater, and the reference standard are reported in Table 2. The
intrarater reliability comparing a rater’s scores on 2 separate occasions is reported in Table 3.
AJNR Am J Neuroradiol 38:2008 –14
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Table 1: PABAK interrater reliability coefﬁcients between each
pair of raters with 95% CIa
Rater
2
3
4
5
1
0.91 (0.83–0.99) 0.96 (0.91–1.0) 0.91 (0.83–0.99) 0.89 (0.80–0.98)
2
0.94 (0.88–1.0) 0.85 (0.75–0.95) 0.83 (0.73–0.94)
3
0.91 (0.83–0.99) 0.85 (0.75–0.95)
4
0.83 (0.73–0.94)
a
Interrater reliabilities between each pair of raters ranged from 0.83– 0.96. The average coefﬁcient was 0.89. The smallest 95% CI lower limit was 0.73, and the largest
upper limit was 1.0. Although a formula for computing the PABAK interreliability for
more than 2 raters simultaneously is not available, using this mean and range of
conﬁdence limits provides a reasonable approximation of the interrater reliability of
the 5 raters simultaneously (PABAK, 0.89; 95% CI, 0.73–1.0).

Table 2: Interrater reliability between each rater and the
reference standard
Rater
PABAK Coefﬁcient (95% CI)
1
0.91 (0.83–0.99)
2
0.81 (0.70–0.92)
3
0.87 (0.78–0.96)
4
0.85 (0.75–0.95)
5
0.94 (0.88–1.0)
Table 3: Intrarater reliability comparing each rater’s scoring on 2
separate occasions
Rater
PABAK Coefﬁcient (95% CI)
1
0.92 (0.85–0.99)
2
0.85 (0.75–0.95)
3
0.91 (0.83–0.99)
4
0.89 (0.80–0.98)
5
0.78 (0.65–0.89)

DISCUSSION
Developing an accurate and reliable method for numbering the
lumbar vertebrae when complete spine imaging is not available
has been difficult, especially in patients with LSTV and VNV. We
found that the neuroanatomic MR imaging features of the exiting
L5 nerve can allow accurate localization of the L5 vertebra.
Embryologically, the neural structures arise from the ectoderm, whereas the osseous scaffold arises from the mesoderm.
The notochord is central to the development of the spine, acting
as a frame for organization of the mesodermal cells from which
eventually arises the vertebral column. Signal from the notochord
and neural tube during the sixth week leads to chondrification
and ultimately ossification.25,26 The cervical spinal segments
demonstrate morphologic stability with a fixed number of 7
vertebrae, whereas the thoracic and lumbar segments can
vary.27-29 An association of transitional thoracolumbar junction anatomy with concomitant LSTV has been noted.7 Although the osseous structures show variation in up to 16% of
the population, the neural structures have been shown to have
less variability.1,6,21,25,26
The L5 nerve can be localized on MR imaging by using the
morphologic features of the lumbosacral plexus. First, L5 is typically the only lumbar nerve without proximal branching. The
L1–L4 nerves all split proximally just after exiting the neural foramen. The “normal” L4 nerve contributes to the femoral and
obturator nerves. A posterior fascicle of L4 joins the lateral surface
of L5 proximally, eventually making up the lateral/peroneal part
of the sciatic nerve. This L4 contribution to the peroneal component of the sciatic nerve is small (Fig 2). Along with L4, the L5–S2
nerves contribute to the common peroneal and tibial components
2012
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of the sciatic nerve. One can follow the first “nonsplitting” nerve
to determine the level of the L5 vertebral body. For example, if the
first nonsplitting nerve is tracked back to the first sacral body, it
supports the patient only having 4 lumbar-type vertebrae with
sacralization of L5 (23 PSV) (Fig 1A). If the first nonsplitting
nerve is tracked back to a vertebral body 2 levels above the first
sacral body, it supports the patient having more than 5 lumbartype vertebrae (lumbarization of S1, 25 PSV) (Fig 1C). Second, the
L4 peroneal branch inserts along the lateral aspect of the L5 nerve,
commonly at the level of the sacrum in patients with nonvariant
anatomy. Third, the caliber of nerves along the sacrum can aid
with localization; that is, the nonsplitting L5 nerve is approximately twice the size of the L4 peroneal branch at the level of the
sacrum. Differences in nerve caliber along the sacrum can be useful for localization in patients with a paucity of abdominal fat
where the psoas muscle obscures L4 and when there are confounding adjacent small vascular structures. In patients with 23
PSV, the larger caliber L5 nerve arises from the first sacralized
foramen, and the L4 nerve divides along the lateral sacrum (Fig
4A). In patients with 24 PSV, both the peroneal branch of L4 and
the L5 nerve are present along the lateral sacrum, with L5 approximately twice the caliber of the L4 peroneal branch (Fig 4B). In
patients with 25 PSV, the nerves coursing along the sacrum will be
of similar caliber as they represent the L5 and S1 nerve roots (Fig
4C). Given that the nerves can vary in size such that L5 may not be
equal in size to S1 in all cases but slightly smaller, caliber should
not be used in isolation of the other morphologic characteristics.
Assessment of nerve morphology can be challenging in patients with severe neural foraminal narrowing and facet disease,
which obscure evaluation of the proximal nerves, and when there
is pathology deforming the nerve (eg, peripheral nerve sheath
tumors or chronic inflammatory demyelinating polyneuropathy). Patients with congenital vertebral segmentation anomalies
(eg, hemivertebrae) also present a numbering challenge because
there may be concomitant variant lumbosacral plexus anatomy
(ie, duplicated nerves). An additional potential pitfall includes
when the patient’s L4 peroneal branch is borderline in caliber, not
distinctly ⬍50% the size of L5 along the lateral sacrum. In these
cases, one should follow the nerves proximally to determine
whether 1 of the nerves divides; otherwise, additional studies (eg,
CT chest and abdomen) may be helpful for vertebral body counting. This nerve morphology method works best with sequential
axial images so that the nerves can be tracked to the exiting neural
foramen. Different types of conjoined nerve roots may pose another numbering challenge, albeit less common.30 As is advocated
by most radiologists, the imaging report should state how the
vertebral bodies were numbered and if there is transitional or
variant anatomy to avoid confusion for the referring clinician.
The 2 cases where the nerve morphology method was discordant with the reference standard demonstrated nerves with L5
morphology arising from a lumbarized S1 in patients with 25
PSV. The L5 nerves split proximally, which made them more consistent with L4 morphology. In both cases, there was “lumbar
thoracization” with 13 rib-bearing vertebrae without LSTV. Although the 4 other patients with 13 rib-bearing vertebrae followed
the expected nerve morphology, we highlight the importance of
being aware of altered lumbosacral nerve distribution in the set-

ting of transitional thoracolumbar anatomy. We posit that in patients with transitional thoracolumbar anatomy and 25 PSV, the
L5 nerve assumes “the role of the L4 nerve,” providing the peroneal component of the forming sciatic nerve trunk, whereas the
sciatic nerve trunk is made up predominantly by the S1 nerve
root.31
Alternatively, there may be “thoracic lumbarization” in which
there are 11 rib-bearing vertebral bodies and 6 non–rib-bearing
bodies. In this situation, the L4 nerve may contribute the peroneal
component, and the L5 nerve may contribute the tibial component to the forming sciatic nerve at 1 spinal level higher than in
normal anatomy. This may not be revealing in the nerve morphology, as in our 1 patient with 11 rib-bearing vertebrae and 6
non–rib-bearing vertebrae (total of 24 PSV). A low number of the
population have thoracolumbar transitional anatomy, reflecting
why this nerve morphology technique works the majority of the
time (95% by postmortem studies). Although using nerve morphology is not a perfect technique, it does enable lumbar spine
numbering to be rapidly deduced on MR imaging and quickly
provides clues for when further evaluation with vertebral counting is warranted.
The nerve method is based on the morphologic characteristics
of the exiting spinal nerves; however, some studies suggest that
there are some variations in the “physiologic” nerve. Intraoperative electrophysiologic monitoring of evoked electromyography
in patients with 24 PSV compared with 25 PSV showed that the
“L6” nerve was equivalent to the S1 nerve root not only morphologically, but also physiologically as it innervated the biceps femoris.32 Seyfert33 used the cremasteric reflex in 50 male patients
and correlated it to spine imaging. He found that the lumbosacral
dermatome lies more ventrally in patients with a cranial displacement of the thoracolumbar or lumbosacral vertebral transition,
which may reflect the variant plexus position. Kim et al34 performed selective nerve root blocks by using electrical stimulation
in patients having transitional vertebrae with lumbosacral radiculopathy. They found that the distribution of motor and sensory
symptoms caused by the lumbarized S1 (L6) nerve root stimulation was similar to that of the S1 nerve root stimulation in the
normal configuration, whereas the distribution of motor and sensory symptoms caused by the sacralized L4 nerve root stimulation
was similar to that of L5 nerve root stimulation in the normal
configuration.
The high interrater reliability and overall strong intrarater reliability of this method shows that it can be realistically implemented across subspecialties and is reproducible in the hands of
users. Familiarity of the lumbosacral plexus anatomy is easily attained by the practicing radiologist and facilitates application of
this neuroanatomic method of spine numbering. There is variability in how practitioners number the spine, without taking into
account LSTV and VNV. We believe this nerve method will provide consistency in reporting between readers. Using nerve morphology can also aid in anatomic localization for symptoms that
follow specific nerve distributions. This can be useful both in diagnostic studies and interventional spine procedures and is especially helpful in patients with variant anatomy. Localizing the L5
nerve is the key for preprocedural planning and typically only the
osseous structures are used as preprocedural/procedural assess-

ment modalities (eg, radiographs and fluoroscopy). Identifying
the L5 nerve and determining the corresponding vertebral level
will allow appropriate localization during procedures.

CONCLUSIONS
The level of the exiting L5 nerve can allow accurate localization of
the corresponding vertebrae, particularly when full spine imaging
is not available. This neuroanatomic method displays higher
agreement with the reference standard compared with previously
described methods. The strong inter- and intrarater reliability
illustrates that this method can provide consistency in reporting
between readers and is essential for accuracy in preprocedure
planning.
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Test-Retest and Interreader Reproducibility of Semiautomated
Atlas-Based Analysis of Diffusion Tensor Imaging Data in Acute
Cervical Spine Trauma in Adult Patients
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ABSTRACT
BACKGROUND AND PURPOSE: DTI is a tool for microstructural spinal cord injury evaluation. This study evaluated the reproducibility of
a semiautomated segmentation algorithm of spinal cord DTI.
MATERIALS AND METHODS: Forty-two consecutive patients undergoing acute trauma cervical spine MR imaging underwent 2 axial DTI
scans in addition to their clinical scan. The datasets were put through a semiautomated probabilistic segmentation algorithm that selected
white matter, gray matter, and 24 individual white matter tracts. Regional and white matter tract volume, fractional anisotropy, and mean
diffusivity values were calculated. Two readers performed the nonautomated steps to evaluate interreader reproducibility. The coefﬁcient of variation and intraclass correlation coefﬁcient were used to assess test-retest and interreader reproducibility.
RESULTS: Of 42 patients, 30 had useable data. Test-retest reproducibility of fractional anisotropy was high for white matter as a whole
(coefﬁcient of variation, 3.8%; intraclass correlation coefﬁcient, 0.93). Test-retest coefﬁcient-of-variation ranged from 8.0%–18.2% and
intraclass correlation coefﬁcients from 0.47– 0.80 across individual white matter tracts. Mean diffusivity metrics also had high test-retest
reproducibility (white matter: coefﬁcient-of-variation, 5.6%; intraclass correlation coefﬁcient, 0.86) with coefﬁcients of variation from
11.6%–18.3% and intraclass correlation coefﬁcients from 0.57– 0.74 across individual tracts, with better agreement for larger tracts. The
coefﬁcients of variation of fractional anisotropy and mean diffusivity both had signiﬁcant negative relationships with white matter volume
(26%–27% decrease for each doubling of white matter volume, P ⬍ .01).
CONCLUSIONS: DTI spinal cord segmentation is reproducible in the setting of acute spine trauma, speciﬁcally for larger white matter
tracts and total white or gray matter.
ABBREVIATIONS: CV ⫽ coefﬁcient of variation; ICC ⫽ intraclass correlation coefﬁcient; FA ⫽ fractional anisotropy; MD ⫽ mean diffusivity

D

TI is a technique that provides microstructural evaluation
not afforded by conventional MR imaging techniques.1 In
various disease states, DTI has been extensively investigated in
brain applications and can detect abnormalities in otherwise normal-appearing brain regions2,3 and is able to predict outcomes.4
Early DTI use shows promise in detecting spinal cord abnormalities associated with spinal cord injury,5,6 demyelinating diseases,7
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spondylotic myelopathy,8 HIV myelopathy,9 and various inflammatory and vascular myelopathies.10 In acute spinal cord trauma,
DTI has shown value in assessing microstructural injury, differentiating between hemorrhagic and nonhemorrhagic contusions,
and strong correlation with clinical injury scores.5
Similar to brain DTI, tract-based white matter analysis of the
spinal cord may offer additional insight into white matter characteristics in both healthy and diseased states.11-13 Current methods
of evaluating spine DTI data, however, are either purely qualitative assessments or labor-intensive hand-drawn ROIs that may be
prone to reader-related variability/imprecision and poor reproducibility. In brain DTI, completely automated methods are
available to reliably parcel the brain,14 with application to clinical
care.15 Recently, a set of tools has been released as part of the
Indicates open access to non-subscribers at www.ajnr.org
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“Spinal Cord Toolbox” that can allow for spinal cord registration,
segmentation, and parcellation.16 The Spinal Cord Toolbox (https://
www.nitrc.org/projects/sct/) has been applied to flaccid myelitis on
T2-weighted imaging,17 functional imaging of the spine,18 and T2*,
DTI, and inhomogeneous magnetization transfer sequences in
healthy patients at a range of ages.19 To date, evaluation of the reproducibility of spinal cord segmentation and analysis algorithms such
as the Spinal Cord Toolbox when using DTI sequences has been
lacking. In addition, the reproducibility of DTI in the setting of acute
spinal cord trauma has yet to be evaluated. Determination of these
characteristics is particularly important in the setting of trauma evaluation, where the presence of factors such as pain or cognitive dysfunction from associated injuries, medication effect, susceptibility
artifact from metallic fusion hardware, or the presence of external
lines may impact image acquisition and interpretation.
In this study, we evaluated the test-retest reproducibility of a
semiautomated atlas-based technique for extracting tract-specific
and level-specific diffusion metrics in patients with acute cervical
spine trauma. Furthermore, we also assessed the influence of
reader-induced variability on the parcellation process.

tended from the foramen magnum to the C7–T1 vertebral body
level in the craniocaudal direction. The sagittal STIR sequence
had the following parameters: TR, 3700 ms; TE, 47 ms; field of
view, 220 ⫻ 220 mm; TI, 230 ms; section thickness, 3 mm; inplane resolution, 1 ⫻ 0.7 mm; parallel imaging acceleration, 2; 2
averages; and bandwidth, 252 Hz/pixel. The axial DTI scans were
performed at the beginning and end of the MR imaging scan.
Before performance of the final DTI scan, the scanner table was
removed from the MR imaging scanner, with removal of the detachable coils, and the patient was repositioned in craniocaudal
and right-to-left directions. The coils were subsequently placed
again and the table reintroduced into the scanner. Localizers were
repeated and the DTI scan field of view was repositioned for the
second scan. Patients were not removed from the scanner table or
room because of concern for patient safety relating to injuries that
would limit patient mobility and function and could potentially
result in additional patient discomfort and/or injury. In this setting, we felt that patient repositioning and relocalization would be
sufficient for reproducibility assessment.

Analysis Pipeline

MATERIALS AND METHODS
Subjects
After institutional review board approval (Harborview Medical
Center), 42 consecutive patients presenting with acute cervical
spinal trauma were prospectively recruited through an institutional
review board–approved waiver of consent and scanned by using an
imaging protocol that included 2 separate axial DTI acquisitions.
Inclusion criteria were: 1) clinical concern for cervical spinal cord
injury, 2) undergoing MR imaging of the cervical spine within 72
hours of initial injury, and 3) adult patient ⱖ18 years of age. The
exclusion criteria were: 1) spine surgery or hardware for treatment of
spinal injury within the scanning field, 2) pregnancy, and 3) known
spinal cord disease or previous injury that would affect DTI metrics.

MR Imaging Acquisition
MR imaging scanning was performed on a 3T Trio scanner (Siemens, Erlangen, Germany). The scanning protocol included 2D
sagittal T1 FLAIR, T2, STIR, axial T2, and 2-axial DTI acquisitions. For the current study, axial DTI and sagittal STIR sequences
were used in processing and analysis, and thus, the parameters are
listed. Axial DTI sequences are single-shot echo-planar acquisitions with reduced field of view in the anteroposterior dimension
and 10 directions of diffusion, which were acquired during the
same scan session with the following parameters: TR, 2600 ms;
TE, 90 ms; 0.85 ⫻ 0.85 mm in-plane resolution; 200 mm ⫻ 100
mm field of view; section thickness, 5 mm; 0 intersection gap; 6
averages; bandwidth, 1766 Hz/pixel; and generalized autocalibrating partially parallel acquisition, 2. For each acquisition, images were acquired with spherically distributed b-vectors at a bvalue of 750 seconds/mm2, along with 6 interspersed minimally
weighted B0 volumes. A total of 22–28 sections were acquired for
the DTI scan with 11–14 cm of coverage in the foot-to-head direction depending on needed coverage, with a scan time of 3 minutes 30 seconds to 4 minutes 28 seconds. The advanced shim
mode and dynamic field correction options were activated to reduce B0 and eddy current distortions, respectively. Axial DTI ex2016
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An image analysis pipeline was constructed, which takes an axial
DTI dataset and a sagittal STIR image as input and gives vertebral
level-specific DTI metrics in total gray matter and white matter,
regional white matter (dorsal, lateral, and ventral), and within 30
labeled white matter tracts (see On-line Tables 1–3 for individual
white matter tracts analyzed). The core of the parcellation procedure is a coordinate transformation that maps the subject-space
spinal image onto a labeled template. This transformation is the
concatenation of a section-wise spine-straightening transformation, then an affine transformation, and then a final nonlinear
warp. This warp is a symmetric normalization transformation20
as implemented in Advanced Normalization Tools (http://stnava.
github.io/ANTs/)21 by using mutual information as the cost function. The template used is the MNI-poly-AMU template with labeled probabilistic ROIs. This template was created by labeling,
co-registering and averaging high-quality T2 images from 16
healthy patients. A complete description of the template is available in Fonov et al22 and in the Spinal Cord Toolbox on-line documentation (https://sourceforge.net/p/spinalcordtoolbox/wiki/MNIPoly-AMU/).
The full parcellation pipeline includes the following steps
(summarized in Fig 1), with command-line utilities in single
quotes: 1) Diffusion datasets were corrected for motion and eddy
current–induced distortions by using ‘sct_dmri_moco’. 2) The
tensor was calculated by using FSL’s ‘dtifit’ (http://fsl.fmrib.ox.
ac.uk/fsl/fsl-4.1.9/fdt/fdt_dtifit.html) by using weighted least
squares fitting. 3) A spinal cord–stripping routine (‘sct_propseg’)
was then run separately on both the STIR image and the mean
DWI. This routine models the spinal cord surface as a tubular
mesh, which is deformed until it matches the edges of the spinal
cord. 4) At this point, manual intervention is required to identify
the vertebral levels, which is done on the STIR image by placing
single-point 3D ROIs, performed by a reader blinded to clinical
information and other imaging findings. 5) After step 3 is finished, the vertebral levels are mapped onto the diffusion images by
crossmodal registration of the STIR to the mean DWI by using

FIG 1. Atlas-based parcellation pipeline of DTI of the cervical spinal cord.

‘sct_register_multimodal’. After determining the STIR-to-mean
DWI transformation, the same transformation was applied to the
3 manually defined point ROIs, yielding mean DWI with labeled
vertebral levels. 6) The MNI-poly-AMU spinal cord atlas22 was then
registered to the diffusion dataset with ‘sct_warp_template’. This
utility finds the subject-to-template composite transformation described above, then applies the reverse transformation to the template, thereby mapping the atlas ROIs into individual subject space.
Registration and white matter– gray matter segmentation at the level
of spinal cord injury is shown in On-line Fig 1. 7) Spine and tractlevel fractional anisotropy (FA) and mean diffusivity (MD) values
were obtained with ‘sct_extract_metrics’ by using the default maximum-likelihood method, which is a Bayesian parameter estimation method that has been shown to yield more accurate values
than a simple weighted average.23 Further documentation on
these utilities and a description of their default parameters is available on the Spinal Cord Toolbox Web site (https://sourceforge.net/p/
spinalcordtoolbox/wiki/tools/). The processing pipeline was coded
by using makefiles and run through ‘make,’ following the approach described by Askren et al.24 The pipeline was run on a
Debian 7 workstation, with FSL version 2.0.9 (http://www.fmrib.
ox.ac.uk/fsl), and Spinal Cord Toolbox version 2.2.
To evaluate the influence of manual intervention, a second
reader, a neuroradiologist with 6 years’ experience interpreting
spine MR imaging, independently repeated step 4 (the only step
requiring manual intervention) while also blinded to clinical information and other imaging findings.
In 8 cases, the fully automated spinal cord–stripping routine
failed to produce a satisfactory mask because of poor initial estimates of the center of the spinal cord. In these cases, 3 single-point
ROIs were placed within the spinal cord to seed the propagating
segmentation.

Statistical Analysis
Pairs of measurements from each reader or each acquisition were
compared to assess test-retest and interreader reproducibility of
region volume, FA, and MD. Reproducibility was assessed visually
by using Bland-Altman plots. Test-retest and interreader reproducibility were also summarized by using the within-paired standard deviation, the coefficient of variation (CV) (calculated as
[100% ⫻ the within-paired standard deviation]/mean) and the
intraclass correlation coefficient (ICC). Qualitative interpretation
of ICC values are as follows: 0 –.20 ⫽ poor; 0.21– 0.40 ⫽ fair;
0.41– 0.60 ⫽ moderate; 0.61– 0.80 ⫽ good; and 0.81–1 ⫽ excellent.8 For test-retest reproducibility, these metrics were calculated
separately for each reader, and then the metrics from the readers
were averaged. Similarly, for interreader reproducibility, these
metrics were calculated separately for each acquisition, and then
the metrics from the acquisitions were averaged. Standard errors
of these metrics were calculated by using the nonparametric bootstrap, where patients were resampled to account for dependence
between vertebral levels of the same patient.25 These standard
errors were multiplied by 2 to represent the approximate 95% CI
and presented as metric (2⫻ standard error) to show the precision
of the metric estimates. A generalized estimating equations loglinear model was used to estimate the linear trend between CV
and white matter volume. All statistical calculations were conducted with the statistical computing language R (version 3.1.1;
http://www.r-project.org/). Throughout, 2-sided t tests were
used, with statistical significance defined as P ⬍ .05.

RESULTS
Patient Data
Of the 42 patients recruited, 12 had insufficient image quality
because of motion (n ⫽ 9), susceptibility from metal artifact (n ⫽ 2),
AJNR Am J Neuroradiol 38:2015–20
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FIG 2. A, Bland-Altman plots of scan and re-test measurements of FA. The dashed line indicates the mean difference between measurements,
and the dotted lines indicate the limits of agreement. Each reader’s measurements are shown separately. B, Bland-Altman plots of scan and
re-test measurements of MD. The dashed line indicates the mean difference between measurements, and the dotted lines indicate the limits
of agreement. Each reader’s measurements are shown separately.

or coverage (n ⫽ 1) and were excluded. Among the 30 remaining
patients, 9 (30%) were woman, with ages ranging from 18 –91
years (median, 41 years). At the time of imaging, 6 patients had an
acute spinal cord contusion, 1 had moderate degenerative stenosis,
and the remaining patients had no evidence of spinal cord injury or
appreciable abnormality on conventional MR imaging or diffusion
trace maps. Both readers could extract DTI metrics from 174 cervical
levels (mean, 5.8 ⫾ 1.1 per subject) from both scans.
These 174 levels were segmented into up to 30 white matter
tracts. However, the left and right lateral reticulospinal, medial
reticulospinal, and medial longitudinal fasciculus tracts could not
be segmented on ⬎95% of levels because of small size relative to
the imaging resolution and were excluded, leaving 24 of 30 tracts
available for analysis (On-line Fig 2). Among the 24 remaining
tracts, the following tracts could not be segmented on some levels
(reported by number not segmentable on the left/right sides out
of 174 total levels): fasciculus cuneatus (1/0), fasciculus gracilis
(1/0), rubrospinal (3/1), spino-olivary (0/1), tectospinal (33/35),
lateral vestibulospinal (64/69), ventrolateral reticulospinal (67/
72), ventral corticospinal (74/73), and ventral reticulospinal (85/
88) tracts. After excluding these tract levels, of the original 4176
potential tract segments (174 ⫻ 24), there were 3509 total white
matter tract segments per level available for analysis.

Test-Retest Reproducibility
White matter volume and the volume of individual white matter
tracts had test-retest CVs of 7.7% and 13.2%, respectively (Online Table 1). The volume of the ventral reticulospinal tract had
the highest CV of 36.9%, but this was also the smallest tract assessed (mean volume, 5 ⫾ 3 mm3).
The test-retest reproducibility of FA metrics was high for the
white matter as a whole (CV, 3.8%; ICC, 0.93) and, to a lesser
2018
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FIG 3. CV of FA (left panel) and MD (right panel), calculated per
test-retest pair, versus the white matter volume. The generalized estimating equations– based estimate of mean CV is shown by the bold
curve. CV increased with decreasing white matter tract volume for
both FA (P ⫽ .008) and MD (P ⬍ .001).

extent, among all individual white matter tracts as a group (CV,
10.8%; ICC, 0.81) (On-line Table 2, Fig 2A). Across the individual
white matter tracts, the test-retest CV ranged from 8.0% (fasciculus
cuneatus) to 18.2% (ventral reticulospinal tract), and the test-retest
ICC ranged from 0.47 (ventral reticulospinal tract) to 0.80 (lateral
corticospinal tract). As noted, the ventral reticulospinal tract was the
smallest tract on average, and in general, reproducibility improved
with increasing white matter volume of the analyzed tract (Fig 3). The
test-retest CV of FA decreased by 26.6% (95% CI, 22.6%–30.3%; P ⫽
.008) for each doubling of white matter volume.
Similarly, the test-retest reproducibility of MD metrics was
high for the white matter as a whole (CV, 5.6%; ICC, 0.86) and for
the individual white matter tracts (CV, 14.5%; ICC, 0.75) (Online Table 3, Fig 2B), though the CV estimates (P ⬍ .001 and P ⫽
.035) and ICC estimates (P ⬍ .001 and P ⬍ .001) of MD over the

white matter and individual tracts were statistically significantly
lower than those for FA. For each tract, the test-retest CV ranged
from 11.6% (fasciculus cuneatus) to 18.3% (ventral reticulospinal
tract), and the test-retest ICC ranged from 0.57 (ventral reticulospinal tract) to 0.74 (spino-olivary tract). As with FA, the MD of the
ventral reticulospinal tract had the lowest reproducibility among the
tracts assessed, likely because of its small size. Similar to FA, the testretest CV of MD decreased by 25.5% (95% CI, 23.9%–27.1%; P ⬍
.001) for each doubling of white matter volume (Fig 3).

Interreader Reproducibility
Interreader reproducibility of FA metrics was generally numerically
higher than the corresponding test-retest reproducibility estimates
(On-line Table 2), with the interreader CV ⬍10% and ICC ⬎0.80 for
all individual tracts except the ventral reticulospinal tract (CV,
13.0%; ICC, 0.73) and ventral corticospinal tract (CV, 11.2%; ICC,
0.76). Interreader reproducibility of MD metrics was also numerically higher than the corresponding test-retest reproducibility estimates (On-line Table 3), though the interreader reproducibility of
MD of the whole white matter and individual tracts as a group were
statistically significantly lower than those for FA (P ⬍ .01 for all comparisons). The interreader CV and ICC of MD were ⬍15% and
⬎0.70, respectively, for all individual white matter tracts except for
the rubrospinal tract (CV, 16.9%; ICC, 0.65).

DISCUSSION
We report the first study to evaluate the test-retest and interreader
reproducibility of semiautomated atlas-based segmentation of
DTI of the cervical spinal cord in patients with acute trauma.
Atlas-based parcellation of spinal cord DTI data shows good to
excellent test-retest reproducibility for volume of gray matter,
white matter (total), and individual tracts. Test-retest reproducibility for FA and MD for individual white matter tracts ranged
from moderate to good, whereas the test-retest reproducibility
was good to excellent for total white matter, gray matter, and
white matter regions (ventral, lateral, and dorsal white matter
stations). Cervical spinal cord tract-specific diffusion metrics are
especially reproducible within the larger, major white matter
tracts, with a lower degree of reproducibility in smaller white matter tracts. This is likely a product of in-plane image resolution, and
with higher resolution acquisitions, DTI metrics of smaller white
matter tracts of interest would likely be more reproducible and
analyzable. Estimates of test-retest variability can be used for sample size planning in future longitudinal studies that use spinal
cord DTI to measure outcomes. The manual step of identifying
the vertebral levels and repeated cord segmentation introduces
only limited variability in the extracted metrics of moderately
sized and larger parcels, as shown by overall good to excellent
interreader agreement.
A few prior studies have investigated the reproducibility of
DTI of the spinal cord mainly by using manual ROI evaluation.
In an analysis of 40 healthy control patients, Brander et al26 used
whole cord and right, left, and posterior manual ROIs as well as
tractography-based analysis for quantitative DTI metric assessments. There was excellent and good intrareader and good interreader agreement for whole cord FA and ADC values, respectively, when using ICC. There was excellent intrareader

agreement for tractography-based analysis for all metrics. In 10
pediatric patients with chronic spinal cord injury, Mulcahey et al6
assessed the scan-rescan reproducibility of DTI metrics in pediatric patients with chronic spinal cord injury by using whole cord
manual ROIs drawn at each level of the cervical spinal cord. The
ICC ranged from 0.50 – 0.89 for FA depending on the cervical
spinal cord level, MD ranged from 0.80 – 0.95, axial diffusivity
ranged from 0.82– 0.94, and radial diffusivity ranged from 0.82–
0.94. Smith et al27 evaluated the scan-rescan and interreader reproducibility of DTI in 9 health volunteers, with manual ROIs
placed over the right and left side of the spinal cord and over the
dorsal columns. There was no significant difference between
readers or between scans for each ROI placement. The normalized
Bland-Altman difference for interreader assessment was 1.89%–
2.06% and for test-retest evaluation was 2.38 – 4.54%. These studies showed interreader, intrareader, and scan-rescan reproducibility of spinal cord DTI by using manual ROI assessment in
healthy volunteers and patients with chronic spinal cord injury,
similar to our results that show reproducibility of DTI metrics by
using semiautomated segmentation in the setting of acute trauma.
Our study is the first to evaluate spine DTI reproducibility in
patients with acute cervical spine trauma in a clinical setting. This
study indicates that the use of spine DTI in clinical patients with
acute cervical spine trauma is feasible and reproducible. Although
only 30 of 42 DTI cases had 2 sets of useable DTI data, 4 of the 9
cases discarded because of motion artifact degrading 1 of the DTI
acquisitions had a useable first DTI scan. Thus, in clinical use for
spinal cord assessment, 34 of 42 cases (80%) would have been
adequate. The spine DTI reproducibility studies cited above relied
on manual ROIs that are more labor intensive and cumbersome
and do not provide tract-specific information compared with atlas-based segmentation evaluation algorithms. Frequently, the
ROIs used were whole cord, which provides limited data on disease impact on white matter specifically, especially considering
the variations in DTI metrics between white and gray matter as
well as the potential microstructural differences in disease influence between these tissues. Cheran et al5 previously established
the value of DTI of the spine in acute trauma by using whole cord
ROIs (gray and white matter included), with correlation of DTI
values to clinical scores. The current study uses a segmentation
algorithm that provides tract-specific metrics that can confer increased specificity with respect to clinical injury scores compared
with whole-cord ROIs.
Establishing the reproducibility of DTI of the spine in a clinical
environment has the potential to further its use in disease states in
which it has shown promise. DTI can detect spinal cord abnormalities in multiple sclerosis,7 neuromyelitis optica,10 HIV myelopathy,9 and spondylotic myelopathy8 when conventional MR
imaging appears normal and could potentially better guide treatment. In addition, DTI provides quantitative microstructural
data that may show improved association with clinical presentation compared with conventional imaging, and its inclusion may
be able to better predict outcomes.28
This investigation has some limitations. First, 12 of 42 patients
had to be excluded for unusable image sets. Imaging patients with
acute spine trauma is challenging because motion artifact can be
significant, and complete compliance cannot be guaranteed. ExAJNR Am J Neuroradiol 38:2015–20
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tended scan sessions can introduce significant discomfort, and
repeating motion-corrupted scans was not feasible. Furthermore,
having 1 corrupted run (out of 2) was enough to disqualify a
patient from this analysis. A second limitation is that patients
were not removed from the table or room between DTI scans. To
attenuate this limitation, patients had the coils removed and were
repositioned on the table and relocalized, with subsequent repositioning of the axial DTI field of view. Considering significant
patient injuries and limited patient mobility and function, we felt
this was an adequate step for reproducibility while keeping subject
safety in mind. The DTI sequences were not cardiac-gated for
control of spinal cord motion because of the time cost and lack of
clinical feasibility in this population; cardiac gating could double
scan time in some cases in a population that often requires immediate medical care and is motion-prone.

8.

9.

10.

11.

12.

CONCLUSIONS

13.

This work is an initial step toward using automated parcellation of
spinal cord DTI in acute traumatic cervical spinal cord injury. The
established test-retest and interreader reproducibility of these
measures may inform the development of future studies focused
on DTI as an imaging biomarker in diagnostic and therapeutic
interventions in this patient population.
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Yield of Image-Guided Needle Biopsy for Infectious Discitis:
A Systematic Review and Meta-Analysis
X A.L. McNamara, X E.C. Dickerson, X D.M. Gomez-Hassan, X S.K. Cinti, and X A. Srinivasan

ABSTRACT
BACKGROUND: Image-guided biopsy is routinely conducted in patients with suspected discitis, though the sensitivity reported in the
literature ranges widely.
PURPOSE: We applied a systematic review and meta-analysis to estimate the yield of image-guided biopsy for infectious discitis.
DATA SOURCES: We performed a literature search of 4 data bases: PubMed, Cochrane CENTRAL Register of Controlled Trials, Embase.com, and Scopus from data base inception to March 2016.
STUDY SELECTION: A screen of 1814 articles identiﬁed 88 potentially relevant articles. Data were extracted for 33 articles, which were
eligible if they were peer-reviewed publications of patients with clinical suspicion of discitis who underwent image-guided biopsy.
DATA ANALYSIS: Patients with positive cultures out of total image-guided biopsy procedures were pooled to estimate yield with 95%
conﬁdence intervals. Hypothesis testing was performed with an inverse variance method after logit transformation.
DATA SYNTHESIS: Image-guided biopsy has a yield of approximately 48% (793/1763), which is signiﬁcantly lower than the open surgical
biopsy yield of 76% (152/201; P ⬍ .01). Biopsy in patients with prior antibiotic exposure had a yield of 32% (106/346), which was not
signiﬁcantly different from the yield of 43% (336/813; P ⫽ .08) in patients without prior antibiotic exposure.
LIMITATIONS: The conclusions of this meta-analysis are primarily limited by the heterogeneity of the included studies.
CONCLUSIONS: Image-guided biopsy has a moderate yield for the diagnosis of infectious discitis, which is signiﬁcantly lower than the
yield of open surgical biopsy. This yield is not signiﬁcantly affected by prior antibiotic use.

D

iscitis (also referred to as vertebral osteomyelitis, spondylitis,
or spondylodiscitis) is an infectious process of the disc space
and/or associated vertebral body. The reported incidence ranges
between 4 –24 per million per year1 and has been increasing over
recent years because of intravenous drug use, immunocompromised hosts, and the increasing use of spinal instrumentation and surgery.2 The infection can be classified as granulomatous (tuberculosis and other mycobacterial pathogens) or
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pyogenic1; the most common pyogenic infectious agent is
Staphylococcus aureus.3
Clinical presentation of discitis involves the insidious onset of
constant back pain with neurologic deficits in one-third of cases.2
Diagnosis is often delayed because of the nonspecific symptoms
and results in prolonged morbidity and poorer clinical outcomes
including prolonged neurologic deficits.2 Treatment generally
consists of antibiotics for 6 – 8 weeks, with surgical debridement
necessary in cases of compression of neurologic structures or failure of antibiotic therapy.4
The diagnosis of discitis can be made based on a combination
of clinical signs, laboratory tests, and imaging. Clinical signs include elevated white blood cell count, persistent low back pain,
and laboratory tests including elevated C-reactive protein and
erythrocyte sedimentation rate as well as positive blood cultures.1,2 The clinical standard imaging technique is contrast-enhanced MR imaging, particularly early in the disease process.1,2,5
MR imaging has a high sensitivity (96%) and specificity (92%) for
discitis.6 Typical MR imaging findings include an increase in fluid
AJNR Am J Neuroradiol 38:2021–27
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though this meta-analysis did not consider cases of discitis with prior surgical
intervention (a common and clinically
important indication for image-guided
biopsy), did not assess many subgroups,
and evaluated only 358 abstracts as opposed to the 1814 abstracts we identified
as potentially relevant. In our study, the
studies were compared in a meta-analysis of sensitivity, as well as the following
subgroup analyses: open surgical versus
image-guided biopsy, prior antibiotic
exposure, type of image guidance, biopsy technique, pathogen detected, and
pathogen detection technique (polymerase chain reaction versus culture).

MATERIALS AND METHODS
Protocol and Registration
A review protocol was designed according to PRISMA guidelines and
registered with the PROSPERO register (ID CRD42016039121).

Eligibility Criteria
Eligible studies were peer-reviewed
journal articles containing empiric data
on the yield of image-guided biopsy in
discitis. The inclusion criteria were as
follows: a) peer-reviewed journal publication on human patients; b) patients
FIG 1. PubMed search structure and search ﬂow diagram. Mh indicates Medical Subject Heading;
were clinically suspected of having infectiab, Title and Abstract; TP, true-positive; FN, false-negative.
tious discitis before biopsy; c) biopsy
signal on T2-weighted sequences and postcontrast enhancement
samples were obtained via CT- or fluoroscopic-guided procedure;
of the disc, vertebral bodies, or the surrounding soft tissues.7
and d) reported data necessary to extract true-positive and falseWhen clinical findings are suggestive of discitis, but blood culnegative biopsy culture results.
tures are negative, microbiologic confirmation through direct biopsy is a frequently used subsequent diagnostic strategy.3 MicroSearch
biologic diagnosis allows for confirmation of the diagnosis of
An experienced reference librarian assisted with designing the
infectious discitis as well as identification of the microorganism to
search strategy. The search strategy was designed with syntailor antibiotic therapy. The reported sensitivity of biopsy has
onyms identified through index searching with MeSH. The
ranged widely within the literature between 31% and 91%.8-9
following electronic data bases were searched: PubMed, Cochrane
Lower sensitivity has been associated with antibiotic use and perCENTRAL Register of Controlled Trials, Embase.com, and Scocutaneous rather than surgical biopsy.10-14 Current Infectious
pus. The search was open to articles from data base inception to
Diseases Society of America guidelines recommend percutaneous
March 3, 2016 and was not restricted to the English language. An
biopsy in cases of suspected discitis without positive blood culexample of the search structure used in PubMed is illustrated in
tures and treating empirically in cases of positive blood cultures.3
Fig 1.
In cases of negative percutaneous biopsy, Infectious Diseases
Society of America guidelines recommend repeating the imStudy Selection
age-guided biopsy or proceeding to surgical biopsy to improve
The title/abstract screening was completed independently by
sensitivity.3
2 reviewers with DistillerSR (Evidence Partners, Cambridge,
Given the broad range of reported sensitivity in the literature,
United Kingdom). Disagreements were resolved by consensus
the current study aimed to evaluate the literature with regard to
discussion between the 2 reviewers. Non-English literature was
the yield of image-guided biopsy in suspected cases of discitis. We
translated with Google Translate (Google, Mountain View, Caliperformed a systematic review of image-guided biopsy in susfornia). The full-text articles of relevant references were acquired
pected cases of discitis. We identified 1 other systematic review
and independently reviewed for inclusion. Disagreements were
and meta-analysis on this topic, performed by Pupaibool et al,15
which found the sensitivity of CT-guided biopsy to be 52.2%,
resolved by consensus discussion by the 2 reviewers.
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Study characteristics
Author
Spira et al21
Agarwal et al5
Brinjikji et al22
Kim et al23
Chang et al18
Garg et al24
Choi et al19
Tachibana et al25
Gras et al26
Aagaard et al27
Kim et al28
Gasbarrini et al29
Cebrián Parra et al30
Heyer et al31
Nam et al32
Marschall et al13
Shibayama et al33
de Lucas et al34
Yang et al12
Michel et al35
Colmenero et al36
Ben Taarit et al37
Nolla et al17
Pertuiset et al39
Jiménez-Mejías et al11
Vinicoff et al40
Fouquet et al41
Bateman et al42
Al Soub et al43
Cotty et al44
Ernst45
Seignon et al46
Duquennoy et al47

Year
2016
2016
2015
2015
2015
2014
2014
2014
2014
2013
2013
2012
2012
2012
2011
2011
2010
2009
2008
2006
2004
2002
2002
1999
1999
1998
1996
1995
1994
1988
1984
1980
1979

Reference
Standarda
MRI
Mixed
MRI
NR
Histopathology
Mixed
MRI
NR
MRI
Mixed
Mixed
MRI
MRI
Histopathology
Mixed
MRI
NR
Mixed
Histopathology
MRI
Mixed
Mixed
Mixed
Mixed
Mixed
NR
NR
Mixed
Mixed
NR
NR
NR
NR

Image
Guidance
CT
Mixed
Mixed
NR
CT
CT
Mixed
NR
CT
NR
Fluoroscopy
CT
NR
CT
Mixed
Mixed
Fluoroscopy
CT
CT
CT
Mixed
Mixed
CT
Fluoroscopy
NR
CT
NR
NR
CT
Fluoroscopy
Fluoroscopy
NR
NR

Biopsy
Type
Core
Core
NR
NR
Core
Core
NR
NR
NR
NR
Core
Core
NR
Core
NR
NR
FNA
FNA
Core
Core
Core
NR
NR
NR
NR
Core
Core
NR
NR
Core
NR
FNA
FNA

Pathogens
Mixed
Mixed
Mixed
Pyogenic
Mixed
Mixed
Mixed
Pyogenic
Pyogenic
Pyogenic
Mixed
Mixed
Mixed
Mixed
Mixed
Pyogenic
Pyogenic
Mixed
Mixed
Mixed
Tuberculosis/mycobacterial
Pyogenic
Pyogenic
Tuberculosis/mycobacterial
Pyogenic
Pyogenic
Mixed
NR
Mixed
Mixed
Pyogenic
Mixed
Mixed

Prior
Antibiotics
NR
Mixed
Mixed
None
Mixed
Mixed
Mixed
NR
None
NR
None
None
NR
Mixed
Mixed
Mixed
NR
Mixed
NR
None
NR
NR
Mixed
NR
NR
NR
NR
Mixed
NR
Mixed
NR
NR
NR

TP
10
30
38
38
29
16
12
11
7
59
51
12
10
10
28
40
32
11
20
15
11
12
25
11
4
38
4
12
52
19
36
16
16

FN
24
94
39
52
26
68
32
17
6
77
83
14
14
20
28
87
28
1
26
17
7
13
16
10
2
12
2
6
31
9
25
4
14

FP

TN

4

29

1

Total
Patients
34
124
77
90
88
84
45
28
13
136
134
26
24
30
56
127
60
12
46
32
18
25
41
21
6
50
6
18
83
28
61
20
30

Note:—FN indicates false-negative; FNA, ﬁne needle aspiration; FP, false-positive; NR, not recorded in original study; TN, true-negative; TP, true-positive.
a
All studies used clinical characteristics in addition to the reference standards listed.

Data Collection Process
Data were collected from the full text of the eligible studies by 1
reviewer. Extracted data included the publication year and number of patients, true-positives, true-negatives, false-positives, and
false-negatives. Where possible, values were also recorded for the
following factors potentially contributing to study heterogeneity:
biopsy performed with a large-bore cutting or core needle versus
fine needle aspiration, use of CT or fluoroscopic guidance for
biopsy, antibiotic use before biopsy, type of pathogen responsible
for discitis (pyogenic versus mycobacterial pathogen), and use of
surgical biopsy when reported in the same paper. In cases of overlapping patient sets between separate publications, the most recent series was selected and included in the systematic review and
meta-analysis.

Risk of Bias in Individual Studies
The risk of bias of each study was assessed by using the Quality
Assessment of Diagnostic Accuracy Studies 2, or QUADAS-2, tool
independently by 2 authors with disagreements resolved by discussion. QUADAS-2 is a tool composed of 4 domains: patient
selection, index test, reference standard, and flow and timing.
These domains are assessed in terms of risk of bias, and the first
3 domains are also assessed in terms of concerns regarding
applicability.16

Statistical Analysis
Statistical analysis was performed in R 3.3.0 (http://www.rproject.org/) by using the “metaprop” and “forest” functions of

the “meta” package,17 which generated confidence intervals of the
proportion of true-positives (yield) as well as hypothesis testing
with an inverse variance method after logit transformation. Results reported in this paper represent random-effects models of
meta-analysis. Estimates of yield were produced with 95% confidence intervals. Values of P ⬍ .05 were regarded as significant.

RESULTS
Study Selection
The search results are shown in Fig 1. The literature search identified 1814 articles. An initial screen of the titles and abstracts
identified 88 potentially relevant articles. Eighty-six of the relevant articles were obtainable, and 2 articles were unobtainable
through our institution’s resources or interlibrary loan. The 86
full-text relevant articles were reviewed for eligibility, and 33 articles satisfied all of the inclusion criteria. Reasons for exclusion of
the 53 references are included in Fig 1. Data were extracted for 33
articles found to be eligible for inclusion in the systematic review
and meta-analysis.

Study Characteristics
The individual study characteristics are presented in the Table. In
total, there were 1763 image-guided biopsies with attempted culture for inclusion within the systematic review. The reference test
for the diagnosis of discitis was established by a variety of methods
across the studies: as an adjunct to clinical characteristics (which
was used in all included studies); 13/33 (39%) used a mix of CT
AJNR Am J Neuroradiol 38:2021–27
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FIG 2. Forest plot of overall yield of image-guided biopsy.

and MR imaging; 8/33 (24%) used MR imaging; 3/33 (9%) used
histopathology; and 9/33 (27%) did not clearly define the specific
imaging or other diagnostic tests. Few studies confirmed the use
of coaxial guidance (8/33 [24%]), whereas most did not report
specifically on coaxial versus noncoaxial technique.

Quality and Applicability Assessment
The QUADAS-2 results of each individual study is represented in
On-line Fig 1. The assessment showed that most studies had a low
risk of bias with regard to flow and timing, index test, and patient
selection, as shown in On-line Fig 2. Studies that required or included a positive biopsy culture, the index test, as a criterion for
the diagnosis of discitis were considered to have a high risk of bias
with respect to the reference standard. Studies that did not thoroughly describe the factors contributing to the diagnosis of discitis were considered to have an uncertain risk of bias regarding the
reference standard. With regard to the selection of patients, studies that excluded postoperative discitis or patients with epidural
abscesses were considered to have a high risk of bias. Studies that
did not fully describe the methods of patient selection were considered to have an uncertain risk of bias with regard to patient
selection.

Meta-Analysis
Yield was calculated by using the true-positive data and falsenegative data from each study. All but 2 studies did not report data
for true-negatives and false-positives.18,19 In each of those studies,
false-positive results were classified based on the growth of common contaminants without concurrent growth in blood cultures.
2024

McNamara

Oct 2017

www.ajnr.org

The pooled yield of the 33 studies included in the meta-analysis was 48%
(793/1763 patients; 95% CI, 0.43– 0.54
[Fig 2]). There were multiple sources of
heterogeneity within the studies, including surgical biopsy, antibiotic exposure,
CT or fluoroscopic guidance, large-bore
and/or cutting needle biopsy versus fine
needle aspiration, pyogenic versus mycobacterium tuberculosis, and polymerase chain reaction versus culture.
Eight studies included data from
open surgical biopsy specimens, and the
yield within this subgroup was significantly higher than image guided biopsy
at 76% (152/201; 95% CI, 0.65– 0.85;
P ⬍ .01 [Fig 3]).
Twelve studies included patients with
confirmed antibiotic exposure before
image-guided biopsy, and 17 studies included patients with confirmed absence
of antibiotic exposure before imageguided biopsy. Image-guided biopsy in
patients without prior antibiotic exposure produced a higher yield at 43%
(336/813; 95% CI, 0.37– 0.48; P ⫽ .08)
compared with 32% (106/346; 95% CI,
0.22– 0.43) in the group with prior antibiotic exposure, though this was not statistically significant (On-line Fig 3).
Fourteen studies specified the number of biopsies performed
under CT guidance, and 6 studies specified the number of biopsies performed under fluoroscopic guidance. All other studies either did not break down results by method or did not specify the
method of image guidance. Fluoroscopic guidance was associated
with a higher yield at 55% (158/316; 95% CI 0.40 – 0.69) compared with CT guidance at 44% (275/693; 95% CI, 0.36 – 0.53; P ⫽
.22), though this was not statistically significant (On-line Fig 4).
Seventeen studies specified the use of cutting or core needle
biopsy (large bore) or fine needle aspiration, with 13 studies using
large-bore biopsy and 4 studies using fine needle aspiration. Fine
needle aspiration was associated with a significantly higher yield
at 60% (98/167; 95% CI, 0.45– 0.73) compared with large-bore
needle biopsy at 41% (304/821; 95% CI, 0.33– 0.49; P ⫽ .03 [Online Fig 5]).
Seventeen studies reported data specific for pyogenic pathogen
detection, and 7 studies reported data specific for mycobacterium
tuberculosis detection. Image-guided biopsy had a significantly
higher yield in the detection of mycobacterium tuberculosis at
71% (97/132; 95% CI, 0.54 – 0.84) compared with detection of
pyogenic organisms at 48% (331/738; 95% CI, 0.41– 0.56; P ⫽ .02
[On-line Fig 6]).
Two studies reported results for polymerase chain reaction
detection of pathogen. There was no significant difference between the yield of polymerase chain reaction at 50% (30/60; 95%
CI, 0.38 – 0.63) and culture at 48% (793/1763; 95% CI, 0.43– 0.54;
P ⫽ .46 [On-line Fig 7]).

to provide antibiotics before obtaining a
positive culture result is a complex clinical decision that must weigh diagnostic
certainty and decisive antibiotic selection against the benefits of early therapy.
Although this meta-analysis suggests
fluoroscopy-guided biopsy had a higher
yield of 55% compared with 44% for
CT-guided biopsy, this difference did
not reach statistical significance. The
reasons for this are not clear. Intuitively,
CT should provide better identification
of the exact biopsy location compared
with fluoroscopy. Most of the studies
did not provide information regarding
the location of biopsy (central versus peripheral) in all of the patients. This result
may reflect the heterogeneity of confounding factors in the source studies
(changing use of CT versus fluoroscopic
guidance, etc). Alternatively, fluoroscopically guided biopsies may have had
the needle placed more centrally than
CT-guided biopsies; this could have
provided more reassurance to the fluoroscopic operators that the needle was
indeed within the disc compared with
the CT operators, who may have
stopped when the needle entered the peripheral disc because they were certain
of the needle position.
There were several other sources of
heterogeneity within the studies, suggesting other predictors of yield. Fine
needle aspiration was associated with a
higher yield of 60% compared with
large-bore needle biopsy at 41%. This is
also counterintuitive, though fine neeFIG 3. Forest plot of subgroup analysis of the yield of image-guided biopsy versus open surgical
dle aspiration may be used more frebiopsy.
quently in cases of abscesses, which may
yield a sample more likely to grow in culDISCUSSION
ture. There were many studies that examined the detection of
At most institutions, image-guided biopsy is routinely conducted
mycobacterium tuberculosis through culture, which was associin patients with suspected discitis because it is considered imporated with a higher yield of 71%, compared with the detection of
tant to identify the target microorganism before appropriate therpyogenic organisms with a yield of 48%. Lastly, there was no sigapy can be administered. We undertook this meta-analysis to esnificant difference in the yield of polymerase chain reaction at
timate the yield of image-guided biopsy and to better understand
50% compared with culture, but this may be as a result of only a
the factors that influence the yield of image-guided biopsy.
small number of cases with polymerase chain reaction (n ⫽ 60)
Our comprehensive meta-analysis demonstrates that image
being assessed.
guided biopsy has a moderate yield of 48% (95% CI, 0.43– 0.54)
Most (31/33) of the examined studies considered all positive
for the diagnosis of infectious discitis, providing a more useful
culture results from image-guided biopsies to be true-positives,
assessment of this diagnostic tool than the broad range of 31% to
essentially ignoring the possibility of false-positive results caused
91% that has been reported in the literature.8,9 This yield is lower
by factors such as surface or laboratory contamination. Two asthan open surgical biopsy (yield of 76%), consistent with other
sessed studies acknowledged false-positive biopsy results. This asreports in the literature.11,12 Prior antibiotic treatment causes a
sumption reflects the difficulty of demonstrating the responsible
decrease in the yield of image-guided biopsy (43% without prior
microorganism through reference diagnostic tests aside from diantibiotics versus 32% with prior antibiotic exposure), though
rect biopsy, but may reflect a substantial error in research assessthis effect was statistically insignificant in this study. The decision
AJNR Am J Neuroradiol 38:2021–27
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ments of the performance of image-guided biopsy and many
other scenarios of ongoing infectious disease research.
There is 1 other meta-analysis on the yield of image-guided
biopsy in discitis, performed by Pupaibool et al,15 which demonstrated a yield of 52.2%. We performed this meta-analysis because
the study by Pupaibool et al15 had several limitations. Pupaibool
et al15 excluded all studies of nonspontaneous discitis and included data from only 5 studies. Because spinal instrumentation
and surgery are major contributors to cases of discitis and a high
proportion of requests for image-guided biopsies involve patients
post-instrumentation, we felt it was important to include these
studies in our review and have evaluated the data from a much
larger cohort of studies (n ⫽ 33).20 In addition, our study provides further diagnostic information through the subgroup analyses on the sources of heterogeneity, including open surgical biopsy, antibiotic therapy, and CT versus fluoroscopic guidance.
From a methodology standpoint, our search strategy identified a
higher number of potentially applicable abstracts (1814 versus
358).
There are some limitations to our analysis. Like all meta-analyses, the conclusions of this meta-analysis are primarily limited by
the heterogeneity of the included studies. Specifically, the studies
varied in the extent to which they described their methods, including coaxial needle, prior antibiotic exposure, first or repeat
biopsy, number of samples collected, and prior imaging studies.
The methodology of the meta-analysis itself was limited by the
inability to obtain 2 potentially relevant references for full-text
review.

CONCLUSIONS
This study indicates that image-guided biopsy in suspected discitis has a yield for detection of the infectious organism of 48%,
toward the lower end of the frequently reported range of 31%–
91%.3,8 Open surgical biopsy has a higher yield at 76%, and antibiotic treatment had an insignificant effect on the yield.
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Pertuiset E, Beaudreuil J, Lioté F, et al. Spinal tuberculosis in adults.
A study of 103 cases in a developed country, 1980 –1994. Medicine
1999;78:309 –20 CrossRef Medline
Vinicoff P, Gutschik E, Hansen S, et al. CT-guided biopsy in spondylodiscitis. [Article in Danish] Ugeskr Laeger 1998;160:5931–34
Medline
Fouquet B, Goupille P, Gobert F, et al. Infectious discitis diagnostic
contribution of laboratory tests and percutaneous discovertebral
biopsy. Rev Rhum Engl Ed 1996;63:24 –29 Medline
Bateman JL, Pevzner MM. Spinal osteomyelitis: a review of 10 years’
experience. Orthopedics 1995;18:561– 65 Medline
Al Soub H, Uwaydah AK, Hussain AH. Vertebral osteomyelitis in
Qatar. Br J Clin Pract 1994;48:130 –32 Medline
Cotty PH, Fouquet B, Pleskof L, et al. Vertebral osteomyelitis: value
of percutaneous biopsy: 30 cases. J Neuroradiol 1988;15:13–21
Ernst H. Der diagnostische wer der wirbel-korperpunktion bei der
spondylitis. Orthopadie 1984;34:443– 47
Seignon B, Weilbacher H, Thorel J, et al. Spinal puncture in the bacteriological diagnosis of bacterial spondylitis. Experience in the
rheumatology departments of Reims, Clermont-Ferrand and
Rouen. [Article in French] Rev Rhum Mal Osteoartic 1980;47:45– 47
Medline
Duquennoy A, Delcambre B, Duquesnoy B, et al. Value of disk puncture in the diagnosis of infectious spondylodiskitis. Apropos of 48
punctures. [Article in French] Rev Rhum Mal Osteoartic 1979;46:
615–17 Medline

AJNR Am J Neuroradiol 38:2021–27

Oct 2017

www.ajnr.org

2027

BRIEF/TECHNICAL REPORT

SPINE

[18F]-Sodium Fluoride PET MR–Based Localization and
Quantiﬁcation of Bone Turnover as a Biomarker for Facet
Joint–Induced Disability
X N.W. Jenkins, X J.F. Talbott, X V. Shah, X P. Pandit, X Y. Seo, X W.P. Dillon, and X S. Majumdar

ABSTRACT
SUMMARY: Our aim was to prospectively evaluate the relationship between low back pain–related disability and quantitative measures
from [18F]-sodium ﬂuoride ([18F]-NaF) MR imaging. Six patients with facetogenic low back pain underwent dynamic [18F]-NaF PET/MR
imaging. PET metrics were correlated with clinical measures and MR imaging grading of lumbar facet arthropathy. A signiﬁcant positive
correlation was observed between maximum facet joint uptake rate and clinical disability (P ⬍ .05). These data suggest that dynamic
[18F]-NaF PET may serve as a useful biomarker for facetogenic disability.
ABBREVIATIONS: FJ ⫽ facet joint; IPAQ ⫽ International Physical Activity Questionnaire; max ⫽ maximum; min ⫽ minimum; mL/ccm/min ⫽ milliliters/cubic
centimeter/minute; ODI ⫽ Oswestry Disability Index; SUV ⫽ standard uptake value

C

linical assessment for facetogenic low back pain is often hampered by overlapping and nonspecific symptoms and physical examination findings.1 Conventional imaging techniques limited to evaluation of structural changes in the spine may identify
morphologic abnormalities in asymptomatic spinal structures
that are indistinguishable from degenerative structural alterations
that produce severe pain and disability.2 Objective and quantitative biomarkers that are more specific for active generators of low
back pain would greatly aid in the effective, targeted treatment of
patients with low back pain.
[18F]-sodium fluoride ([18F]-NaF) is a positron-emission tomography radiotracer, which is chemically absorbed into hydroxyapatite in the bone matrix by osteoblasts and can noninvasively detect osteoblastic activity. [18F]-NaF has been increasingly
used for evaluating bone diseases, particularly for identification of
bone metastases and primary tumors.3-5 The utility of [18F]-NaF
PET for evaluating degenerative disease of the lumbar spine remains largely unexplored.6

The goal of this prospective pilot study was to examine the
potential correlation between facetogenic low back pain measures
of disability with quantitative and semiquantitative [18F]-NaF
PET/MR imaging measures of bone turnover and structural MR
imaging changes in lumbar facet joints.

MATERIALS AND METHODS
Patient Population
This prospective feasibility study recruited patients after obtaining human study institutional review board approval and complying with Health Insurance Portability and Accountability Act
regulations. Patients served as internal controls with diseased and
healthy subregions. Patients with a history of suspected lower
lumbar facetogenic syndrome were recruited from UCSF Radiology Spine Clinic. Written informed consent was acquired before
entry into the study. The study began in November 2014 and
concluded in August 2015.
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Inclusion criteria were as follows: 1) at least 18 years of age with
the capacity for informed consent, 2) a reported history of axial
nonradicular low back pain, and 3) recommended by the spine
interventional radiologists. Exclusion criteria were as follows: 1) a
history of fracture or tumor of the spine, including osteoblastic
metastases, 2) women who were pregnant or breastfeeding, 3)
contraindications to MR imaging or administration of tracer or
contrast, and 4) prior lumbar surgery or instrumentation.
Immediately before PET/MR imaging, subjects completed
questionnaires measuring pain (numeric rating scale, from 0 to 10
with 0 equal to no pain and 10, the most severe intensity of pain),

quality of life (Oswestry Disability Index Low Back Pain Disability
Questionnaire [ODI]), and activity (International Physical Activity Questionnaire [IPAQ]).7,8

PET/MR Protocol and Image Review
A 3T Signa PET/MR imaging scanner (GE Healthcare, Milwaukee, Wisconsin) was used for a simultaneous PET and MR image
acquisition. Dynamic PET was initiated as 0.08 mCi/Kg of [18F]NaF (mean dose, 4.6 ⫾ 0.8 mCi) injected intravenously.

Acquisition Parameters
Clinical MR imaging sequences included the following: sagittal T1
(TR/TE ⫽ 510/8.6 ms), sagittal T2 fat-saturated (TR/TE ⫽ 4208/
86.2 ms), axial T2 fast recovery fast spin-echo with and without fat
saturation (TR/TE ⫽ 750/9.2 ms), axial T1 fast spin-echo (TR/
TE ⫽ 575/8.9 ms), and axial T1 fast spin-echo postgadolinium
(TR/TE ⫽ 562/8.6 ms) imaging. The MR imaging attenuation
correction for the lumbar spine region was calculated with the
accepted standard 2-point Dixon method.9 Sixty minutes of dynamic PET data were acquired across 3 temporal phases (phase
1 ⫽ 12 frames of 10 seconds each, phase 2 ⫽ 4 frames of 30
seconds each, phase 3 ⫽ 14 frames of 4 minutes each). PET reconstruction included postprocessing to correct for decay, attenuation, scatter, and dead time.

Proﬁle of patients with facetogenic low back pain
Proﬁle
No. of patients
Age (mean) (range) (yr)
Sex (M/F)
ODI score (mean) (SD)
Pain score (mean) (SD)
IPAQ (mean)
Vigorous MET (SD)
Moderate MET (SD)
Walking MET (SD)
Categoric score (SD)

Two board-certified neuroradiologists with 3 (J.F.T.) and ⬎30
(W.P.D.) years’ postfellowship experience were blinded to the
clinical data and interpreted clinical MR imaging sequences on a
reprocessing workstation. Facet synovitis was graded as previously described by Czervionke and Fenton (On-line Fig 1).10

Data Analysis
Quantitative and semiquantitative PET analysis included all facet
joints from the L1–L2 to L5–S1 levels. Volumes of interest were
selected using anatomic T2 MR images. A spheric VOI (7.5-mm
diameter) was constructed around the center of each facet joint. A
5-mm-diameter VOI was placed in the right iliac crest in the central marrow cavity as a reference region. All PET analysis was
performed with PMOD licensed software (PMOD Technologies,
Zurich, Switzerland). This software facilitates model-based analysis of dynamic PET data. PMOD allows only validated kinetic
models that have been extensively studied, and the output of the
results is highly reproducible.

Standard Uptake Value Calculations and Kinetic Data
Placement of facet joint (FJ) VOIs is shown in On-line Fig 2A. A
cylindric VOI covering 2 axial sections was placed on the abdominal aorta, and the partial volume correction coefficient was
calculated. Maximum standard uptake value (SUVmax) and
SUVmean values (Equation 1) for each subsite were calculated using the 60-minute time point.
The 3-compartment model used for kinetic modeling is shown
in On-line Fig 2B. In Equation 2, Ci represents the bone tissue
activity concentration and is the sum of Ce (extravascular compartment) and Ct (target tissue bound compartment); Cp is the
concentration of tracer in the blood; V is the effective distribution

1728 (1721)
1872 (2310)
2376 (1454)
0.8 (1.09)

Note:—MET indicates metabolic equivalent task.

volume of the tracer.11 A 3-compartment irreversible linear
model was used for the Patlak linear model.11 The 2-tissue irreversible compartment model was used to calculate the regionspecific influx rate constants (in minute⫺1) for [18F]-NaF.12 Uptake was normalized by using the iliac crest as the reference
region. The tracer influx rate from the blood pool to the bone
matrix was calculated with Equation 2 for Ki_Patlak. Ki_Patlak represents the rate at which [18F]-NaF leaves the arterial blood pool
and irreversibly binds to a subsite bone matrix. The kinetic analysis was performed by using PMOD. For each subject, FJs with
maximum uptake were identified, henceforth referred to as FJmax.
Radioactivity Concentration

MR Imaging Facet Joint Grading

6
68 (45–80)
5:1
18 (5.5)
5.2 (1.5)

1)

SUV ⫽

冏kBq
冏
mL

Decay-Corrected Amount of
Injected Tracer 兩kBq兩
⫻ Lean Body Mass (g).

Equation 2 is the Patlak graphical kinetic model:
2)

兰 T0 C p共t兲dt
C i共T兲
⫽ K PL
⫹ Intercept.
C p共T兲
C p共T兲

Statistical Analyses
The statistical significance of the correlations between PET/MR
imaging and clinical disability metrics was tested with the Pearson
correlation. A 2-samples t test was used (P ⬍ .05) to assess the
significance of differences in the Ki_Patlak influx rate between the
mean FJmax and mean FJminimum (min) Ki_Patlak and among FJ MR
imaging grades.

RESULTS
Patient Proﬁle
Patient demographic and clinical disability scores are summarized in the Table.

[18F]-NaF Uptake Measurements and MR Imaging Grading
Uptake values were measured in bilateral facet joints across 5 levels in all subjects for a total of 60 measurements. For all 60 sampled regions, the relationship between semiquantitative SUVmax
and Ki_Patlak produced a linear correlation (r ⫽ 0.58, P ⬍ .001;
On-line Fig 3A). A similar statistically significant linear correlation was observed between Ki_Patlak and SUVmean (r ⫽ 0.7, P ⬍
.001; On-line Fig 3B).
For each patient, the single facet joint with the highest Ki_Patlak
(FJmax Ki_Patlak) was identified. When FJmax Ki_Patlak was plotted
AJNR Am J Neuroradiol 38:2028 –31
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between a kinetic measure of dynamic
NaF uptake by the FJ with maximum
uptake (FJmax Ki_Patlak) and disability as
measured with ODI. These data suggest
that FJmax Ki_Patlak may be a useful metric for quantifying and localizing lumbar
facetogenic–related disability. Thus,
[18F]-NaF PET may aid in treatment
planning and longitudinal monitoring
of degenerative lumbar facet disease.
With our small sample size of 6 subjects
with relatively mild disability and the
lack of a healthy control cohort, these
data are preliminary. However, our observed strong correlation between [18F]NaF uptake as measured with FJmax
FIG 1. Maximum Ki_Patlak signiﬁcantly correlates with clinical disability as measured by the Oswestry Disability Index. Facet joints with maximum Ki_Patlak (FJmax Ki_Patlak) plotted against the Ki_Patlak and clinical disability, even
corresponding patient ODI scores reveal a strong, statistically signiﬁcant linear correlation (r ⫽ in this small cohort of patients with
0.96, P ⫽ .0013).
facet syndrome, is reassuring that FJmax
Ki_Patlak may serve as a useful biomarker
for facet joint–related disability. Further
larger scale studies are warranted to validate these preliminary data, and a costbenefit analysis will need to be performed. Most important, our average
measurement for FJmax Ki_Patlak across
all subjects (0.32 ⫾ 0.003, n ⫽ 6) is like
that of Brenner et al13 in areas of high
bone turnover, including bone grafts,
supporting the validity of our quantitaFIG 2. [18F]-NaF PET uptake and MR imaging arthropathy grade are weakly correlated. A, [18F]-NaF tive PET measurements.
uptake (Ki_Patlak) plotted against the facet arthropathy grade on MR imaging shows a weak-toNeither SUVmax nor SUVmean
moderate but statistically signiﬁcant (r ⫽ 0.37, P ⫽ .03) correlation. B, Sample PET/MR imaging–
fused axial image at the L3–L4 level in a 61-year-old man with suspected facetogenic pain shows showed a statistically significant correladifferential FJ uptake with noticeably higher uptake on the left. On MR imaging, both facets were tion with the ODI score or any other
grade 2 facet synovitis.
clinical measure of low back pain and
disability. While larger studies are
against the ODI score, a strong, statistically significant positive
needed to confirm this result, the primary finding of this study is
correlation was observed (r ⫽ 0.96, P ⫽ .0013; Fig 1).
that the kinetic variable Ki_Patlak may be useful for evaluating faceThe FJ SUVmax and SUVmean for each subject (n ⫽ 6) were
togenic pathology by providing a quantitative value that more
plotted against the ODI score, and no significant correlations
accurately reflects the dynamic process of bone turnover and oswere observed (r ⫽ ⫺0.55, P ⫽ .35, and r ⫽ ⫺0.47, P ⫽ .35). The
teoblastic activity. SUV values assume that radiotracer is evenly
correlation between the maximum MR imaging grade and ODI
distributed throughout the entire body and base the measure(n ⫽ 6) was not significant (r ⫽ 0.38, P ⫽ .44). FJmax Ki_Patlak
ment off a lean body mass coefficient. Ki_Patlak measures specific
plotted against corresponding patient maximum pain scores
concentrations of radiotracer reaching the target via the arterial sysshowed no correlation (r ⫽ 0.06, P ⫽ .91). FJmax Ki_Patlak plotted
tem during the scan. This added information may reveal subtle
against corresponding patient IPAQ categoric scores showed no
changes in the flow of the tracer to ROIs that would otherwise be
correlation (r ⫽ 0.15, P ⫽ .77).
missed.
A weak-to-moderate, but statistically significant, correlation
It is also of interest that a weak, but statistically significant,
was observed between the MR imaging grade of facet arthropathy
correlation was observed between the MR imaging morphologic
and Ki_Patlak (r ⫽ 0.37, P ⫽ .03; Fig 2A). The average uptake rate as
grade of facet arthropathy and quantitative PET measures or ODI.
measured by Ki_Patlak for FJmin (0.019 milliliter/cubic centimeter/
This finding is consistent with a previous study in which a simimin [mL/ccm/min]) and FJmax (0.032 mL/ccm/min) showed that
larly weak correlation was found between NaF-PET uptake and
FJmax was significantly higher with close to twice the uptake rate
CT measures of facet arthropathy, further supporting the hy(P ⬍ .001).
pothesis that physiologic information afforded by NaF uptake
may supplement conventional structural imaging for identifyDISCUSSION
ing symptomatic facet joints.6
In this prospective pilot study of patients with suspected facetogenic low back pain, we show a strong positive linear correlation
As a pilot study, the small number of patients and relatively
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mild disability represent a primary limitation of this study. Despite this limitation, the observed strong and statistically significant correlation between FJmax Ki_Patlak and ODI in this small,
inclusive cohort suggests that [18F]-NaF may serve as a robust
biomarker for facet syndrome, and future larger studies are warranted to confirm these data. Also, we provide only correlative
evidence that FJmax Ki_Patlak and clinical disability are related. Future studies involving targeted facet joint injections based on dynamic PET/MR imaging data are planned and will be needed to
validate the present results.

3.

4.

5.

CONCLUSIONS
In the lumbar spine, [18F]-NaF uptake rates in facet joints as measured with Ki_Patlak strongly correlate with patient-reported ODI
scores. These pilot data suggest that kinetic measurements of
[18F]-NaF facet joint uptake may serve as sensitive, quantitative,
and noninvasive biomarkers of facetogenic low back pain.

6.

7.
8.

ACKNOWLEDGMENTS
We would like to acknowledge the support by Vahid Ravanfar,
Emily Verdin, and Stephanie Murphy.
Disclosures: Nathaniel W. Jenkins—RELATED: Grant: National Institutes of Health,
Comments: National Institutes of Health P50AR060752*; Other: GE Healthcare,
Comments: PET/MR imaging research support grant.* Jason F. Talbott—UNRELATED:
Consultancy: StemCells Inc, Comments: member of data-monitoring committee;
Expert Testimony: Tindall Bennett and Shoup, Comments: expert witness. Sharmila
Majumdar—RELATED: Grant: GE Healthcare*; UNRELATED: Grants/Grants Pending:
GE Healthcare.* *Money paid to the institution.

9.

10.

11.

12.

REFERENCES
1. Hart LG, Deyo RA, Cherkin DC. Physician office visits for low back
pain: frequency, clinical evaluation, and treatment patterns from a
U.S. national survey. Spine (Phila Pa 1976) 1995;20:11–19 Medline
2. Brinjikji W, Luetmer PH, Comstock B, et al. Systematic literature
review of imaging features of spinal degeneration in asymptom-

13.

atic populations. AJNR Am J Neuroradiol 2015;36:811–16
CrossRef Medline
Spick C, Polanec SH, Mitterhauser M, et al. Detection of bone metastases using 11C-acetate PET in patients with prostate cancer
with biochemical recurrence. Anticancer Res 2015;35:6787–91
Medline
Brans B, Weijers R, Halders S, et al. Assessment of bone graft incorporation by 18 F-fluoride positron-emission tomography/computed tomography in patients with persisting symptoms after posterior lumbar interbody fusion. EJNMMI Res 2012;2:42 CrossRef
Medline
Quon A, Dodd R, Iagaru A, et al. Initial investigation of 18F-NaF
PET/CT for identification of vertebral sites amenable to surgical
revision after spinal fusion surgery. Eur J Nucl Med Mol Imaging
2012;39:1737– 44 CrossRef Medline
Mabray MC, Brus-Ramer M, Behr SC, et al. (18)F-sodium fluoride
PET-CT hybrid imaging of the lumbar facet joints: tracer uptake
and degree of correlation to CT-graded arthropathy. World J Nucl
Med 2016;15:85–90 CrossRef Medline
Fairbank JC, Pynsent PB. The Oswestry Disability Index. Spine 2000;
25:2940 –52, discussion 2952 Medline
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American Society of Functional
Neuroradiology–Recommended fMRI Paradigm Algorithms
for Presurgical Language Assessment
X D.F. Black, X B. Vachha, X A. Mian, X S.H. Faro, X M. Maheshwari, X H.I. Sair, X J.R. Petrella, X J.J. Pillai, and X K. Welker

ABSTRACT
INTRODUCTION: Functional MR imaging is increasingly being used for presurgical language assessment in the treatment of patients with
brain tumors, epilepsy, vascular malformations, and other conditions. The inherent complexity of fMRI, which includes numerous processing steps and selective analyses, is compounded by institution-unique approaches to patient training, paradigm choice, and an eclectic
array of postprocessing options from various vendors. Consequently, institutions perform fMRI in such markedly different manners that
data sharing, comparison, and generalization of results are difﬁcult. The American Society of Functional Neuroradiology proposes widespread adoption of common fMRI language paradigms as the ﬁrst step in countering this lost opportunity to advance our knowledge and
improve patient care.
LANGUAGE PARADIGM REVIEW PROCESS: A taskforce of American Society of Functional Neuroradiology members from multiple
institutions used a broad literature review, member polls, and expert opinion to converge on 2 sets of standard language paradigms that
strike a balance between ease of application and clinical usefulness.
ASFNR RECOMMENDATIONS: The taskforce generated an adult language paradigm algorithm for presurgical language assessment
including the following tasks: Sentence Completion, Silent Word Generation, Rhyming, Object Naming, and/or Passive Story Listening. The
pediatric algorithm includes the following tasks: Sentence Completion, Rhyming, Antonym Generation, or Passive Story Listening.
DISCUSSION: Convergence of fMRI language paradigms across institutions offers the ﬁrst step in providing a “Rosetta Stone” that
provides a common reference point with which to compare and contrast the usefulness and reliability of fMRI data. From this common
language task battery, future reﬁnements and improvements are anticipated, particularly as objective measures of reliability become
available. Some commonality of practice is a necessary ﬁrst step to develop a foundation on which to improve the clinical utility of this
ﬁeld.
ABBREVIATIONS: AG ⫽ Antonym Generation; ASFNR ⫽ American Society of Functional Neuroradiology; BOLD ⫽ blood oxygen level– dependent; CVR ⫽
cerebrovascular reactivity; ECS ⫽ electrocortical stimulation; NVU ⫽ neurovascular uncoupling; ON ⫽ Object Naming; LI ⫽ laterality index; PSL ⫽ Passive Story
Listening; SC ⫽ Sentence Completion; SWG ⫽ Silent Word Generation

T

he use of fMRI in the presurgical assessment of language function, especially in patients with brain tumors, vascular malformations, or epilepsy, has become standard throughout numerous institutions in North America, Europe, and other parts of the
world, and the reliance on this technology is increasing.1 fMRI
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Indicates open access to non-subscribers at www.ajnr.org
http://dx.doi.org/10.3174/ajnr.A5345

offers a valuable noninvasive means of assessing language function lateralization and localization, which complements, or in
some cases, obviates intraoperative electrocortical stimulation
(ECS) mapping.2,3 The Organization of Human Brain Mapping
Committee on Best Practice in Data Analysis and Sharing has
recently published a white paper that addresses fMRI research
reproducibility through transparency of trial design, tools used
for data manipulation, and reporting.4
Beyond research reporting standards, the American Society of
Functional Neuroradiology (ASFNR) perceives the need for increased standardization in clinical practice in an attempt to enhance the communicability of how we assess our patients and the
meaningfulness of our imaging findings and reports. Functional
MR imaging involves numerous processing steps, which vary
among manufacturers of fMRI systems, and this complexity is
AJNR Am J Neuroradiol 38:E65–E73
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Language Paradigm Review Process
Members of an ASFNR Language Paradigm Taskforce were invited to join this
project following discussions with the
ASFNR Clinical Practice Committee
and Executive Committee in an attempt
to form a group of interested participants with expertise in the field, a historical perspective of how fMRI has
evolved to its current state, and insight
into how fMRI must continue to change
to further the field.
As a first step, the members of the
taskforce discussed their own institution’s paradigm choices, practice parameters, and the value of combining
FIG 1. fMRIs performed per month for language assessment at different institutions (about oneresults from multiple paradigms. From
third of responders do 6⫹ per month).
these discussions, project goals and
scope were distilled, including the concompounded by institution-unique methods for patient training,
cept of deriving standardized recommendations that all instituparadigm choice, and postprocessing. Data sharing is necessary
tions would hopefully adopt. Initially, the group decided to limit
for research integrity and scientific transparency, but current
the first iteration of standard paradigms to visually presented parpractice variability obscures reproducibility and hinders adequate
adigms for adult patients with a seventh-grade-equivalent or
interinstitutional sharing of information. This widespread varigreater reading ability. Subsequently, it became clear that there
ability thereby limits collective progression, particularly in the
was a clinical need to address the pediatric population and adults
presurgical assessment of language function— one of the most
with limited reading ability, and recommendations for these popimportant applications of fMRI in clinical practice.
ulations were assessed and developed.
Since April 2013, the ASFNR has hosted a monthly teleconferThe entire ASFNR membership was polled as to how many
ence in which clinical fMRI practitioners from across North
language-assessment fMRIs per month were performed at their
America have presented presurgical mapping cases from their
various institutions to determine the most commonly used lanvarious practices for educational purposes. This recurring teleguage paradigms. The poll attempted to gauge the willingness of
conference has highlighted the existing practice variability beASFNR members to adopt a common set of language paradigms.
tween institutions. However, it has also offered a regularly occurPoll results were assessed by the taskforce, and an attempt was
ring, accessible line of communication that has provided impetus
made to balance current practice preferences across the nation
for converging practice parameters with a view toward enhanced
with evidence-based data regarding the variable strengths and
validation of imaging methodologies, data sharing, and knowlweaknesses of various language paradigms. The goal was to
edge growth. Consequently, the ASFNR Clinical Practice Comchoose complementary paradigms that would be reasonably apmittee decided that to strengthen the value of preoperative fMRI
plicable to the greatest number of patients. By balancing current
language assessment, an ASFNR-approved set of standardized
practice and scientific evidence, we hoped to motivate adoption of
language paradigms should be developed.
the standardized task battery by making the required change as
Because language can be represented across phonologic, orsimple as possible for the practicing members of the society while
thographic, semantic, pragmatic, and discourse dimensions and 1
at the same time being guided by the scientific evidence. This goal
task cannot simultaneously activate all of these aspects, multiple
necessitated a literature review for each of the most commonly
tasks are recommended to provide a more sensitive and specific
used language paradigms.
map of language function that will aid in surgical planning.5,6
Two-hundred fifty-nine requests for surveys were sent out
There are a number of desirable features for a standardized
with 6 e-mail addresses failing. Fifty-three of 253 responded
fMRI task battery: 1) The ideal fMRI language task paradigm
(21%). Figure 1 depicts the number of fMRIs performed per
set needs to be appropriately challenging for the patient to
month for language assessment at different institutions. Fiftyproduce ample activation without being so difficult as to overseven percent (30/53) of the responders reported being very likely
whelm a neurologically compromised or otherwise challenged
to adopt language paradigm algorithms, and only 8% (4/53) reindividual; 2) the tasks need to provide an appropriate balance
ported being unlikely to adopt ASFNR recommendations (Fig 2).
of sensitivity and specificity for language-related activation;
Results of the ASFNR poll produced 3 tiers of commonly used
and 3) there needs to be the ability to provide both reliable
paradigms across the nation (Fig 3). In the poll, Silent Word Geninterhemispheric language lateralization as well as intrahemieration (SWG) and Sentence Completion (SC) stood out as the
spheric localization of both expressive and receptive language
most frequently employed tasks while Verb Generation, Object
sites, such as the Broca or Wernicke area, with respect to intraNaming, Rhyming, and Reading Comprehension seemed to cocerebral lesions.
alesce in a second-tier group. Because SWG and SC were the most
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commonly used paradigms and also had support in the literature
for being reliable and useful, these tasks were favored to form the
core of the standard language task battery. However, because a
combination of language paradigms has been shown to increase
sensitivity and specificity, a third task was considered desirable.7,8
Nevertheless, converging on a single choice for that third task
proved to be more difficult because the taskforce wanted to maintain flexibility for the radiologist to tailor an examination to the
patient’s specific clinical scenario.9,10
Once the paradigm recommendations were decided upon, the
taskforce then converged on the specific scanning parameters
and stimuli for the paradigms such that the tasks would be
vendor-neutral.

ASFNR Recommendations
Following an analysis of the poll results as well as literature review
regarding each of the paradigm tasks mentioned in the poll, the
ASFNR taskforce developed language algorithms for both adults
and pediatric subjects (Figs 4 and 5).

The default adult algorithm includes SC, SWG, and Rhyming.
However, to satisfy the need to customize the analysis to the specific clinical scenario, the radiologist may choose to drop Rhyming and repeat the SC or SWG task as a means of confirming and
correlating activations between time courses. SC most often offers
more robust language area activation than SWG; thus, it would be
the most appropriate task to repeat. In patients who may have
difficulty adequately performing the SC or SWG tasks, the radiologist may choose either the Object Naming (ON) or Passive
Story Listening (PSL) tasks. This also allows customization in that
ON is primarily an expressive task and PSL is primarily receptive.
The default pediatric algorithm includes SC, Rhyming, and
Antonym Generation (AG), but for those patients unable to adequately perform Rhyming, the PSL task should be used instead. In
general, this pediatric algorithm should apply to most patients
5–11 years of age, but each patient’s ability to adequately perform
tasks should be assessed before the scan.
In addition to the language-specific tasks, breath hold fMRI
may enhance the fMRI language task battery by identifying areas
of potentially false-negative activation. By elevating blood carbon
dioxide levels, a breath hold task measures cerebrovascular reactivity throughout the brain. It can therefore help demonstrate
potential neurovascular uncoupling or confounding susceptibility artifacts as regions of absent or reduced blood oxygen level–
dependent (BOLD) signal in response to breath holding, thereby
clarifying regions of false-negative language activation. Due to
atypical postprocessing requirements for this task, inclusion of
the breath holding task is not considered to be a required component of the language task battery but is nonetheless recommended
if available at an institution, to assess potential loss of sensitivity to
the BOLD signal, which would influence the confidence level of
the interpretation.

DISCUSSION
FIG 2. Fifty-seven percent (30/53) of responders reported being
very likely to adopt language paradigm algorithms, and only 8%
(4/53) reported being unlikely to adopt ASFNR recommendations.

We have generated an adult and a pediatric algorithm to be used
as the standard paradigms for presurgical language fMRI assessment (Figs 4 and 5). The scanning parameters for each of these
tasks are listed in the Appendix. The
ASFNR contends that all institutions
should be performing the same paradigms because disparity of practice limits progress in the field and converging
clinical practice is necessary to ensure
that we all provide the best possible care
to our patients. The following sections
provide a brief review of each of these
tasks, and the Table summarizes individual task utilities.

Sentence Completion Task

FIG 3. The most commonly used language paradigms were sorted into 3 tiers with the total
number of imagers by using the paradigms represented on the y-axis. The ﬁrst tier included SWG
and Sentence Completion. The second tier included Verb Generation, Object Naming, Rhyming,
and Reading Comprehension. The third tier included Antonym Generation, Semantic Decision,
Noun-Verb Semantic Association, Category Naming, and other.

The Sentence Completion language task
is one of the many language paradigms
that can be used for language localization and hemispheric lateralization for
identifying the primary language cortex.
SC is a semantic language paradigm that
is effective in activating the superior
temporal gyrus in the Wernicke area.11
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SC can also activate the Broca area in the dominant hemisphere
because the task requires both receptive and expressive language
processing, though activation of Broca is slightly less robust than
in Wernicke.11 Additionally, the pattern of activation with SC is
less lateralized to Broca compared with SWG because of involvement of the homologous right hemisphere in speech-comprehension tasks, which invoke executive processing.7,12 Since verbal
comprehension tasks such as SC involve visual processing, activation of the ventral language stream, including the visual word
form area, can also be seen.13,14 SC has been found to produce
increased activation in both temporal and frontal regions compared with a word generation task, suggesting more robust activation of language networks because it combines language comprehension as well as production in a naturalistic fashion.15

The control task for SC uses gibberish sentences devoid of the
semantic, syntactic, and lexicalization demands that are present in
the active task.

Silent Word Generation Task

Silent Word Generation is a commonly applied clinical language
fMRI paradigm for presurgical mapping with extensive comparisons with Wada testing.11,14,16-19
Like most word generation paradigms, SWG tasks activate
mainly frontal lobe language and cognitive support areas but are
less consistent activators of temporal language regions.11,14,19,20
Specifically, SWG tasks yield reliable activation of the inferior
frontal gyrus, dorsolateral prefrontal cortex, and superior frontal
gyrus, with variable activation in the anterior cingulate gyrus, presupplementary motor area, and inferior, middle, and superior
temporal gyri.14,16,17,21,22
Several studies have validated the SWG paradigm for both
language lateralization and localization.21-26 For example, Yetkin
et al23 reported 100% sensitivity of fMRI by using a SWG task for
activation within 20 mm of the electrically stimulated cortical site
during ECS and 86% sensitivity within 10 mm in a mixed series of
28 patients with predominantly epilepsy (n ⫽ 22) and cerebral
lesions. Brannen et al24 studied the reliability, precision, and accuracy of word generation tasks in mapping the Broca area in 34
patients with cerebral lesions by comparing regions of activation
with awake (ECS) mapping of speech function during craniotomy. They noted that SWG tasks activated Brodmann areas 44 or
46 either individually or both unilaterally or bilaterally in most
patients in the series with variable activation of Brodmann areas 9
and 45. Activation was noted in the same gyri when the patient
performed a second iteration of the SWG task, and speech areas
FIG 4. Adult algorithm for presurgical language fMRI.
located with ECS coincided with areas of the brain activated with
the SWG task. Comparing hemispheric language dominance by using an SWG task with results of Wada testing in a large series of 100
patients with epilepsy, Woerman et al27 found 91% concordance
between both tests. Similarly, Sabbah et al21 demonstrated that fMRI
language lateralization based on the SWG was concordant with
the Wada test in 19 of 20 patients with intractable partial
epilepsy.
Pillai’s group compared the localization (as locally detectable
statistically significant percentage signal change) and lateralization among 5 language paradigms: SWG, Sentence Completion,
Visual Antonym Pair, Auditory Antonym Pair, and Noun-Verb
Association in 5 ROIs: inferior frontal gyrus, middle frontal gyrus,
and superior frontal gyrus for expressive language activation; and
FIG 5. Pediatric algorithm for presurgical language fMRI.
middle temporal gyrus and superior
Summary of individual task usefulness
temporal gyrus for receptive language
Paradigm
Areas Activated
Pertinent Notes
activation in a group of 12 healthy volSentence Completion Temporal ⬎ frontal
Robust overall
unteers.14 The results of this study found
Ventral language stream May repeat
that SWG was the most robust paradigm
Silent Word Generation Frontal ⬎ temporal
More lateralizing than SC
for language localization and the most
Middle frontal gyrus
No patient performance metric
effective for determining language laterRhyming
Frontal ⬎ temporal
More lateralizing than SC
alization in the expressive ROIs of the
Middle frontal gyrus
Object Naming
Frontal ⬎ temporal
Most patients can perform
dominant language hemisphere. In conAntonym Generation
Frontal ⬎ temporal
Good for pediatric patients
trast, the analysis of patterns of activaMiddle frontal gyrus
No patient performance metric
tion in the receptive ROIs in the tempoGeschwind
ral gyri demonstrated a weaker BOLD
Passive Story Listening Temporal ⬎ frontal
Easy task for pediatrics or impaired adults
percentage signal change for SWG tasks
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in both hemispheres when compared with the other 4 paradigms
that include some form of language comprehension in the active
blocks of the paradigm, which are localized in the angular and
middle temporal gyri.28
A typical control used for the SWG task employs nonsense
symbols without the phonemic fluency-processing demands of
the active task.

Rhyming Task
Rhyming is considered a phonologic task that has been shown to
robustly activate the Broca area in the dominant hemisphere.17
Rhyming also activates the Wernicke area though not as strongly
as seen in Broca.11 In addition to the above regions, Rhyming has
been shown to activate the inferior parietal lobule, the dorsolateral prefrontal cortex, and posterior lateral gyrus.29 Rhyming and
SWG are the 2 paradigms found to be most helpful for language
lateralization compared with Sentence Completion and NounVerb Association.11 As with Sentence Completion, there is activation of the posterior temporo-occipital regions due to involvement of the visual processing pathways.13
Studies comparing the relative effectiveness of different commonly used expressive and receptive language paradigms by using
both threshold-independent and threshold-dependent methods
in patients with brain tumors demonstrated that SWG and Rhyming were more helpful for language lateralization than SC or
Noun-Verb Association.11,19 The Rhyming task has several advantages over the SWG task: It results in more specific activation
of language areas than SWG, has a higher mean laterality index
(LI) value, and is less threshold-dependent than SWG for determining the LI.11,17,19 Nevertheless, both SWG and Rhyming demonstrate adequate language lateralization, even in a subgroup of
patients with brain tumors located in the left hemisphere and in
the frontal or parietal lobes.19 This has clinical implications since
the presence of susceptibility artifacts or neurovascular uncoupling associated with tumors in the dominant hemisphere could
affect the strength of the BOLD signal.
The control task most often employs nonsense symbols
wherein the patient is asked whether 2 sets of symbols are oriented
in the same fashion, which allows monitoring of the patient’s
attention and task engagement without stimulating phonologic
processing like the active task.

Object Naming Task
Simple Object Naming is an expressive language paradigm in
which the subject is shown an object and is asked to silently name
the presented object.30-32 The control block consists of a nonsense
symbol to exclude the visual component from the activation
maps. The objects are presented in black and white.
ON tasks yield activation in the inferior frontal gyrus, middle
frontal gyrus, and ventral occipitotemporal cortex, with variable
activation in the posterior temporoparietal cortex.30,31,33,34 Several studies have validated the ON paradigm for both language
lateralization and localization.8,19,31,34-36 For example, Rutten et al8
reported that a combination of 3 different fMRI language tasks
(ON, Verb Generation, and Sentence Processing) were able to
localize critical language areas with 100% sensitivity and 61%
specificity when compared with ECS mapping in a group of pa-

tients with epilepsy. Similarly, Hirsch et al31 demonstrated 100%
concordance of localization between fMRI and ECS when using
ON and word-listening tasks in neurosurgical candidates, most of
whom had brain tumors,36 and Pouratian et al35 demonstrated
100% sensitivity and 67% specificity for frontal language regions
when correlating ECS mapping and fMRI in patients with vascular malformations who performed Object Naming, Word Generation, and auditory-response naming tasks.
Although ON provides relatively good localization predominantly of frontal language regions, the general consensus is that
the activation pattern associated with ON does not allow as effective hemispheric language lateralization as with other expressive
language paradigms such as SWG, Verb Generation, and Rhyming.19,34 Moreover, like other covert paradigms, the ON task does
not allow monitoring of patient responses. Despite these limitations, the ON task is easy for most patients to perform and is
therefore often utilized in patients with cognitive impairment or
pediatric patients, and it is frequently used during intraoperative
cortical stimulation.

Antonym Generation Task
This word generation paradigm typically presents the patient with
1 word at a time, and the patient is asked to silently think of the
word that means the opposite. Typically, during each activity period, 5–10 words are sequentially presented on the screen, and
during the rest period, a black blank screen is presented with a
white crosshair in the center for visual fixation.
This paradigm stimulates phonologic, working memory, lexical search, semantic, and orthographic processes of the speech
and language system. Functional maps typically demonstrate activation in the inferior frontal gyrus, middle frontal gyrus, premotor cortex, and frequently posterior peri-Sylvian speech areas
(posterior aspect of the superior temporal lobe, supramarginal
and angular gyri). Frequent weak activation is also seen in the
posterior aspect of the inferior temporal lobe, possibly due to
engagement of the visual word form systems.37-40 Because there is
no control for visual sensory processing during the resting phase,
frequently, bilateral primary visual cortex activation is also seen.
The Antonym Generation task is reported to provide a higher
percentage BOLD signal change in the Broca area (versus baseline) compared with the Antonym Decision task (versus baseline).41 It is reported that activation of the speech areas and speech
lateralization in the various Word Generation tasks (letter, category, antonym word generation) is comparable.42 However, in
our experience with pediatric patients, the Antonym Generation
paradigm does much better in terms of the extent of activation in
the speech areas and patient compliance versus letter Word Generation tasks; thus, SWG was not included in the pediatric algorithm. One of the limitations of this paradigm is that given the
design, it is difficult to assess patient performance.

Passive Story Listening Task
Passively listening to an aurally presented story involves multiple
aspects of language function, including syntactic processing and
word recognition. This task offers the advantage of being relatively easy to accomplish for young children or adults whose funcAJNR Am J Neuroradiol 38:E65–E73
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tional impairments limit their ability to adequately partake in
more complex language paradigms.
Passive Story Listening has been shown in pediatric populations to produce activation in the bilateral superior temporal
gyrus, bilateral superior frontal gyrus, and left posterior superior
temporal gyrus.43-46 The ease of performing PSL in young or impaired adult patients must be balanced with the lack of a task
performance metric and its relatively weak language activation.
There is no way to know if the patient is actually listening and
attending to the story during the scan, but patients may be asked
to recount the stories they heard following the scan as an indirect
means of assessing compliance.
Scanner noise can impede the quality and magnitude of language activation during aurally presented tasks.47 Vannest et al48
compared similar PSL and active-response tasks and found that
both produced language activation in similar patterns of the frontal and temporal lobes but the active-response task produced
more dorsolateral prefrontal activation, likely due to engagement
of working memory and attention during the comprehension
questions. No significant difference in hemispheric lateralization
was observed. Although adding an active-response component
increased memory and attention engagement as well as effect size
in the left inferior frontal gyrus, we chose the simpler version of
this task because it still provides adequate activation and lateralization of language function while applying to the greatest range
of children and/or impaired adult patients. The control task typically involves reversed playback of the same story to remove semantic processing from the sounds presented or simply playing
tones.

Breath Hold Task
One task that may be performed for quality control purposes as
part of standard clinical presurgical mapping fMRI examinations
is the breath hold task. Using such a task, one can alternate brief
breath hold periods with periods of normal self-paced respiration
in a standard block design paradigm. A general linear model analysis can be performed to evaluate percentage BOLD signal change
occurring during the hypercapnia state relative to the normocapnia condition. Although one may utilize either end-inspiratory or
end-expiratory breath holds to induce the transient hypercapnia,
and both approaches have relative strengths and weaknesses (eg,
some studies have shown greater reproducibility with the latter
approach), we have found that in general, the end-inspiratory
technique is easier for patients to perform and can be performed
even by neurologically debilitated patients.49-51 The purpose of
this task is to evaluate cerebrovascular reactivity (CVR) in a
relatively quick, easy, and effective manner without the need
for exogenous controlled gas administration as is frequently
used for quantitative CVR research studies.52-55 Although
emerging resting-state BOLD imaging approaches have been
suggested as well for assessment of CVR, there remains some
controversy regarding the reliability of such methods such as
resting-state fluctuation of amplitude, and thus they cannot be
recommended currently.56-58
The main value of this method is its utility in detecting neurovascular uncoupling potential in patients with focal resectable
brain lesions such as tumors, vascular malformations, or cortical
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developmental abnormalities. Neurovascular uncoupling (NVU)
refers to the breakdown of the normal neurovascular coupling
cascade related to factors such as tumor angiogenesis, astrocytic
dysfunction, neurotransmitter, or other biochemical dysfunction
or abnormalities of intralesional or perilesional hemodynamics.
Generally, the final step in the cascade involves the vascular response related to regional neuronal activation, and thus most
cases of NVU manifest as abnormally decreased or absent regional
vascular reactivity within or immediately adjacent to the brain
lesion of interest.49,59-63 Determining potential NVU increases
the clinical utility of fMRI by uncovering false-negative language
activations in the eloquent cortex.

CONCLUSIONS
The ASFNR proposes that institutions performing presurgical
language fMRI consider adopting these recommended paradigm
algorithms as standard clinical practice. The algorithms were created with an attempt to balance paradigms that primarily activate
frontal/expressive regions (SWG, AG, ON) and those that primarily
activate temporal/receptive areas (SC, PSL). Paradigms were also
chosen to balance varying levels of sensitivity and specificity as well as
strengths in lateralization and localization. The algorithms are meant
to provide easily adopted, clinically useful paradigms that would apply to the greatest number of clinical scenarios. The tasks can be
downloaded for free at https://www.asfnr.org/paradigms/.
Using common paradigms is only the first necessary step in
practice convergence in an effort to reduce the widespread variability in clinical fMRI. By design, it is expected that these recommendations will change with time. The commonality that they
provide will allow interinstitutional comparisons that will eventually provide insights into the best methodologies, enhance the
value of every institution’s fMRI program, and provide a common
frame of reference from which the field can advance.
Radiologists, especially those who have innovated and created
fMRI tasks that are used on a daily basis in their respective practices, may be hesitant to discard their favorite, personally developed language tasks in the name of standardization and convergence. Moreover, interinstitutional standardization runs against
the normal business model of attempting to differentiate one’s
practice from one’s competitors. However, adopting standard
paradigms is the natural evolution of a technology that is initially
replete with locally derived, often ingenious methods that because
of their uniqueness, unfortunately limit meaningful communication with other professionals as well as the ability to generalize
clinical and research contributions beyond one’s own walls.
Converging language paradigms are only a small component
of fMRI practice. Ongoing variability in terms of MR imaging
scanner models, patient training sessions, and postprocessing
techniques will continue to impact the generalizability of fMRI
results. Institutions will still be able to differentiate themselves
through interpretation quality and other patient care metrics.
While there are varying degrees of support for these language
paradigms in the literature, the most compelling aspect in favor of
adopting this set of tasks is that they are already widely used in
clinical practice.

APPENDIX: MINIMUM ACCEPTABLE SCANNER
PARAMETERS FOR PERFORMING ASFNRRECOMMENDED LANGUAGE PARADIGMS
The actual content of each paradigm will be available for download on the ASFNR Web site (https://www.asfnr.org/paradigms/).

Task list
1) Sentence Completion
2) Silent Word Generation
3) Rhyming
4) Antonym Generation
5) Passive Story Listening
6) Object Naming

1) Sentence Completion Task Parameters*
Gradient-echo EPI sequence
Field strength: 3T
TR: 2000 ms
TE: 30 ms
Matrix: 64 ⫻ 64
FOV: 24 cm
Section thickness: 4 mm
Parallel factor: 2
Scan length: 4 minutes
Font: 42-point Times New Roman font (on a standard PowerPoint slide) in white with a black background.
Stimuli: The patient is shown incomplete sentences and is instructed to subvocally think of a word or words to complete the
sentence. If there is time, the patient should continue to think of
alternate words that complete the sentence before the next incomplete sentence being presented. Four sentences per 20 seconds.
This stimulus timeframe is repeated 6 times.
Control: Patient views nonsense sentences. Four nonsense
sentences per 20 seconds.
*From Faro et al multicenter ongoing trial.

2) Silent Word Generation Task Parameters*
Gradient-echo EPI sequence
Field strength: 3T
TR: 2000 ms
TE: 30 ms
Matrix: 64 ⫻ 64
FOV: 24 cm
Section thickness: 4 mm
Parallel factor: 2
Scan length: 4 minutes
Font: Times New Roman font size 117 (on a standard PowerPoint slide), white font on black background.
Stimuli: A test of phonemic fluency wherein a patient is shown
a single letter and asked to subvocally think of as many words that
start with that letter as they possibly can before the image changes
to either the control or the next letter. Ten seconds per letter. The
patient can be instructed to press a button with each word they
think of as a means of monitoring their active engagement with
the task.
Control: Patient views nonsense symbols (10 seconds per nonsense symbol).

Six cycles ⫽ 4 minutes
*From Faro et al multicenter ongoing trial.

3) Rhyming Task Parameters
Gradient-echo EPI sequence
Field strength: 3T
TR: 2000 ms
TE: 30 ms
Matrix: 64 ⫻ 64
FOV: 24 cm
Section thickness: 4 mm
Parallel factor: 2
Scan length: 4 minutes
Font: Times New Roman font size 200 (on a standard PowerPoint slide), white font on black background.
Stimuli: The patient is shown 2 words, one on top of the other,
and asked to respond with a button press if the 2 words rhyme. If
the words do not rhyme, no button press should occur. Five word
pairs per 20 seconds.
Control: Two sets of 5 differently oriented lines (one set on top
of the other) are shown to the patient, who is asked to respond
with a button press if the 2 sets are oriented in an identical fashion.
If not, no button press is needed.

4) Antonym Generation Task Parameters
Gradient-echo EPI sequence
Field strength: 3T
TR: 2000 ms
TE: 30 ms
Matrix: 64 ⫻ 64
FOV: 24 cm
Section thickness: 4 mm
Parallel factor: 2
Scan length: 2 minutes 40 seconds
Font: Times New Roman font size 44 (on a standard PowerPoint slide), white font on black background.
Stimuli: The patient is shown single words and asked to generate an opposite-meaning word in his or her mind. Ten words
per block and a total of 4 blocks. Each word remains on the screen
for 2 seconds.
Control: Simple crosshair in the center of the screen lasts for 20
seconds for each block.

5) Passive Story Listening Task Parameters
Gradient-echo EPI sequence
Field strength: 3T
TR: 2000 ms
TE: 30 ms
Matrix: 64 ⫻ 64
FOV: 24 cm
Section thickness: 4 mm
Parallel factor: 2
Scan length: 4 minutes
Font: This is an aurally presented paradigm.
Stimuli: The patient listens to 20 seconds of a story (selected
passages from “The Tale of Peter Rabbit,” by Beatrix Potter). Alternates with control for a total of 4 minutes.
AJNR Am J Neuroradiol 38:E65–E73

Oct 2017

www.ajnr.org

E71

Control: The patient listens to 20 seconds of the same story
played backwards.
(Reading performed by Ann Marie Rydberg)

5.

6) Object Naming Task Parameters
Gradient-echo EPI sequence
Field strength: 3T
TR: 2000 ms
TE: 30 ms
Matrix: 64 ⫻ 64
FOV: 24 cm
Section thickness: 4 mm
Parallel factor: 2
Scan length: 4 minutes
Font: Similarly sized images and symbols will be shown (no
text).
Stimuli: White outline images of objects on a black background will be shown to the patient who will be asked to covertly/silently name the object. One object is presented approximately every 3 seconds.
Control: Nonsense symbols are shown to the patient, and he or
she does nothing other than attend to what is being shown. One
symbol is presented approximately every 3 seconds.

Breath Hold Task Parameters
(Recommended but not part of the specified algorithms)
Gradient-echo EPI sequence
Field strength: 3T
TR: 2000 ms
TE: 30 ms
Matrix: 64 ⫻ 64
FOV: 24 cm
Section thickness: 4 mm
Parallel factor: 2
Scan length: 4 minutes 20 seconds
Font: Times New Roman font size 44 (on a standard PowerPoint slide), white font on black background.
Technique: Slow controlled 4-second inspiration followed by
a 16-second breath hold. This is then followed by a 40-second
block of self-paced normal breathing. This cycle is repeated 4
times with an additional 20-second period of normal breathing
for a total task duration of 4 minutes 20 seconds.
From: Pillai JJ, Mikulis DJ. Cerebrovascular reactivity mapping: an evolving standard for clinical functional imaging. AJNR
Am J Neuroradiol 2015;36:7-13.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
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Torgny Greitz, MD, PhD, FACR,
Professor of Neuroradiology,
Emeritus

T

orgny Vilhelm Bernhard Greitz, MD, Professor at the Karolinska
Institutet, distinguished leader and innovator of neuroradiology,
died August 1, 2016. He was trained in the Stockholm School of
Neuroradiology at the Serafimer Hospital, where neurosurgery,
headed by Herbert Olivecrona, and neuroradiology at the helm of
Erik Lysholm were developed in close cooperation during the 1930s
and 1940s. In his capacity as chief of the Department of Neuroradiology at the Karolinska Hospital, he has conveyed to new generations
the know-how of those days with great astuteness. In the early digital
era, he was a front figure in the development of clinical applications
of CT and positron-emission tomography.
Torgny Greitz’s influence on North American neuroradiology
was considerable. On September 25, 1956, he arrived at Washington
University in St. Louis to spend a year practicing and teaching neuroradiology at the Mallinckrodt Institute of Radiology. His visit had
been arranged by Lysholm’s successor Erik Lindgren, Torgny’s
teacher at the Serafimer Hospital, who, the year before, had made a
lecturing tour to many of the important radiology institutions in the
United States. Torgny Greitz’s time at the Mallinckrodt Institute of
Radiology would make a lasting impression. He introduced the daily
routine used at the Serafimer Hospital, which imposed a much more
active role for the radiologist than what was the practice in the United
States. The radiologist should not merely order a set of x-ray exposures from a radiographer, all according to a fixed program, and
afterward file a report but should rather decide the method and the
imaging protocol to be used in each case and be busy in the x-ray
room; make punctures of arteries or the spinal theca if so needed with
the overall objective to establish the anatomic and physiologic state of
the patient; and suggest the most probable diagnosis. Torgny proved
for anyone to see, including skeptical neurosurgeons, that a trained
neuroradiologist was able to perform the then often invasive procedures safely and interpret them accurately. Hugh Wilson, head of
radiology in MR imaging, was impressed by Torgny’s achievements
and encouraged by him; Dr Wilson established a neuroradiology
section at the Mallinckrodt Institute of Radiology, which quickly became a role model in the subspecialty. This would inspire other centers to follow. Juan Taveras at the Neuroradiological Institute and
Manny Schechter at the Albert Einstein Medical Center, both in New
York, started training programs in neuroradiology the same year
(1956). At the Silver Jubilee of the American Society of Neuroradiology in 1987, Torgny Greitz from the Stockholm School got recognition for his contributions during the early days of North American
neuroradiology.
Torgny Greitz was born in Stockholm on August 13, 1921, the
eldest of 3 brothers. His father, Bernhard Greitz, was a media
personality, busy, in turn, as a journalist at a daily radical newspaper, as editor of a cultural magazine dedicated to modern literature and poetry, and as culture attaché in Copenhagen. Torgny’s
mother, Vivi Ramberg, was a bank official, who met her future
husband when breaking a leg skiing in Bernhard’s company.
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School
The family’s home was welcoming to a broad circle of friends,
many of whom had cultural aspirations. In his memoirs, left unpublished to posterity, Torgny paints a vivid picture of his early
life. At 3 years of age, he was so absent-minded that his parents
gave him the nickname “the professor.” At school, he was soon
appreciated and encouraged by his teachers. He became competitive and aspired eagerly to get the better of his classmates. He had
an almost uncanny gift for memorizing. He learned his lessons in
minimal time and developed an appetite for practical jokes. He
describes himself as a mischievous little rascal. In the upper grades
at school and continuing during his university years, he devoted
himself to a wealth of activities: fine arts like drawing, painting,
sculpting, but also athletics like track and field sports, even wrestling and swimming. With his competitive mind, he usually
proved to be much above average in most of these activities. He
once won the student championship in the decathlon when he
managed 3.30 m in the pole vault, at a time when the pole still was
made of bamboo (in 1940, the Swedish record was 4.18 m).
Although a talented amateur painter and sculptor, he gave up
early thoughts of devoting himself to the arts for a living. A decisive
moment was when he read a book, Microbe Hunters by Paul de Kruif,
about the great pioneers in medicine, among others Paul Ehrlich,
Robert Koch, and Louis Pasteur. He was fascinated by the stories
about how these researchers with their ingenuity and primitive tools
made their revolutionary discoveries. Encouraged by his uncle, Johannes Ramberg, a medical doctor, and last but not least by Erik
Lysholm, who was a friend of his parents, he decided to become a
physician and devote his life to medical research.

University
He entered medical school at the Karolinska Institutet in 1940,
incidentally in the same class as a future life-long friend of his,
Sven-Ivar Seldinger, another Swede to become a great innovator
of radiology. With cheerful temper, Torgny participated enthusiastically in the amusements of happy student life. An episode that
made him and his study companion Lars Gyllensten already renowned when medical students is worth recalling. During a binge
on beer and sandwiches, Torgny, on command from his friend,
pronounced single words he picked at random from his imagina-

tion or from objects in the room around him. His friend put them
together in unrhymed and rather, but not altogether, unintelligible poems. One short example in translation (by his friend Giovanni Ruggiero, a neuroradiologist) reads, “The greatest sin/is
that of the orphans/the snotty ones/who never had a nickel marble/the greatest sin/is to be nobody’s darling.” They managed to
have their “oeuvre” published as written by an unknown debutant, Jan Victor, a pen-name. The reviews were benevolent. After
a couple of days, the “authors” disclosed the truth. The news was
soon on the first page in the daily papers all over Sweden. With a
practical joke, 2 medical students had challenged the genuineness
of the flourishing modern lyrics of the 1940s— or had they? A
debate followed on the culture pages but soon calmed down.
Torgny’s accomplice, Lars Gyllensten, later had a brilliant career as an
author, and Torgny Greitz, endowed with a linguistic vein and a
sharp pen, would, late in his life, be awarded a prize for “his efforts to
promote good medical language” by the Swedish Medical Society.
Torgny married Greta Schölin, a physiotherapist, the year before he finished medical school in 1948. Soon the family also included 3 sons.

Clinical Career
After medical school, Torgny did 2 years’ residency in surgery
(Stockholm South Hospital and the Serafimer Hospital). His career in radiology was straight as an arrow and started at Stockholm South Hospital as a resident in 1950 –53, followed by a position as radiologist at the Serafimer Hospital in 1954 –58. After a
feat of great strength and persistence during the summer of 1956,
he was able to defend his seminal thesis, “A Radiologic Study of
the Brain Circulation by Rapid Serial Angiography of the Carotid
Artery.” This happened only 3 days before he left for St. Louis.
In 1960, at 38 years of age, Torgny accepted a position as professor
of general radiology at the Medical College of Umeå in the North of
Sweden, where a new university was being established. He maintained this position until the neuroscience departments at the Serafimer Hospital were moved to a modern building at the Karolinska
Hospital in 1963. Torgny Greitz was the indisputable choice for the
position as head of an independent Department of Neuroradiology.
He would stay in this position until his retirement in 1987. The same
year as the digital image revolution was about to start, 1973, Torgny
was appointed Professor of Neuroradiology, which rendered academic recognition to the discipline of neuroradiology. He reached
the height of his career as President of the XIII Symposium Neuroradiologicum in Stockholm in 1986.

Tutoring
When Torgny set out to work at the Karolinska Hospital in 1963,
his reputation as a dynamic innovator was recognized far and
wide. Despite scarce staffing, he very soon managed to transform
the department into a cutting-edge research center. Students
from both North America (Hans Newton among others) and European countries and some from other continents came to learn
and write papers. Three of them acquired PhD degrees (Mario
Corrales, Ahmad Hatam, Xhemail Barratry). A further 28 Swedish students wrote their PhD theses supervised by Torgny. He was
an inventive and diligent tutor. In a stimulating spirit of comradeship, he offered ample time for counseling and discussing manu-

scripts. This often had to take place late in the evenings since his
days were filled with routine work, lecturing, planning for research and up-to-date equipment, administration, and so forth.
Many times, he characterized the everyday situation in the department as “chaotic,” but a fertile chaos it was and for the most part
we had great fun and accepted long working days. A typical question from a PhD student late at night was, “May I leave now? I
have a relationship with a woman who is still my spouse, you see.”

Research and Professional Matters
Torgny’s list of publications includes a wide field of research.
Early works dealt with phlebography of the lower extremity and
pelvis; others described cerebral vascular anatomy and pathology.
In an article from 1954, he and his coauthor Stig Löfstedt, for the
first time, suggested that arterial ectasia be defined as a disease
entity in its own right, separate from arteriosclerosis, later generally accepted. His interest in contrast media is manifested by several publications—most notably those investigating intrathecal
use of metrizamide (Amipaque), the first nonionic contrast medium on the market, synthesized by Nyegaard & Co in Oslo, Norway. Tests of new products from the x-ray industry (AOT film
changer, Mimer III, and the rotating chair) and interventional
radiology (nerve root blockade, puncture of spinal cord cysts)
were the focus of yet another set of publications.
He excelled in improving established methods as well as inventing new ones: a good example of the latter being his seminal
thesis, already mentioned. In this pioneering work, he laid down
the principles for determination of regional and global cerebral
circulation time that are still followed. Using a rapid film changer
(AOT), the circulation time was measured from the angiograms
and compared with an isotope method (using iodine 131) devised
by himself. The thesis was one of the very first radiologic studies to
bring a physiologic dimension into radiology. For the first time, it
pointed to the potential of localizing mass lesions by the demonstration of local circulatory disturbances, occasionally even providing
improved means for the characterization of lesions. In a series of
articles, he further widened the scope of studying cerebral circulation
using angiography and the xenon 133 clearance method. He proved
that normal pressure hydrocephalus, another special interest to him,
was accompanied by a reduced cerebral blood flow and, furthermore, that shunting of the CSF restored the blood flow to a degree
that correlated with the clinical improvement. In later years, in cooperation with his disciple and nephew Dan Greitz, Torgny launched an
alternative theory for the development of normal pressure hydrocephalus, challenging the bulk-flow theory of CSF. It is based on the
assumption that the major cause of this disorder is of vascular origin,
more specifically arteriosclerosis of the arteries on the surface of the
brain. Although not yet generally accepted, the theory is steadily gaining ground.
In 1976, Torgny Greitz et al published the very first method for
stereotactic CT. This work was closely linked to the construction
of an all-purpose head-fixation system allowing for exact transfer
of positions between imaging modalities, also between imaging
and therapeutic modalities (namely, stereotactic surgery and radiation therapy). In 1977, a multidisciplinary PET research project was initiated by Torgny Greitz in cooperation with the Department of Physics at Stockholm University and the Department of
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Neurophysiology at the Karolinska Hospital. A great number of
institutions joined in to establish the Stockholm Positron Camera
Group, which, before being split up in smaller groups, had its
heyday in the 1980s. Torgny’s enthusiasm and creativity laid
down a fertile ground for cooperation among the many members
of the group representing a variety of expertise: neurology, neurosurgery, psychiatry, pharmacology, radio-pharmacy, and so
forth. Between 1979 and 1990, Torgny, together with group members, published 47 articles related to PET research; among those, a
series of studies focused on metabolic changes in intracranial tumors using various tracers such as glucose and amino acids as well
as studies of the use of specific ligands for various neuroreceptors.
Dedicated to studies with PET, Torgny Greitz and coworkers developed a computerized, individually adjustable stereotaxic 3D brain
atlas, based on 0.2-mm-thick histologic cuts. The atlas defined more
than 400 structures. It enabled much improved accuracy in defining
ROIs in the PET material. It also laid the basis for statistical evaluation at a group level when every single brain in a study had been fitted
into a standard anatomy by a set of mathematic transformations. It
was a magnificent pioneering work, starting in the early 1980s. Image
analysis, according to similar principles, is incorporated in several
freeware programs used today.
Torgny shared generously his profound knowledge with the rest
of the world by contributing chapters to many books, among those
Herbert Abrahams’ classic standard work Angiography (first and second editions 1961 and 1971) and the well-known textbooks Radiology of the Skull and Brain and Modern Neuroradiology, both edited by
Thomas Newton and Gordon Potts (1981 and 1983). Among his
own editorships, The Metabolism of the Human Brain Studied with
Positron Emission Tomography stands out as a comprehensive stateof-the-art volume containing the works presented at the 7th Nobel
Conference of Karolinska Institutet in 1983.
The Swedish Society of Neuroradiology was founded by Torgny
Greitz, Ingmar Wickbom, Erik Lindgren, and Bengt Liliequist in
1971. Torgny took command as acting chairman, 1975–1979, and
later contributed regularly in policy discussions related to the advancement of our discipline. As president of the Stockholm Symposium Neuroradiologicum in 1986, he became a prominent profile at the Past Presidents Board. Torgny’s generous lecturing as an
invited speaker all over the world, though mostly in North America, has been returned when distinguished colleagues have accepted invitations to honor him by coming to Stockholm and
giving the “Torgny Greitz Lecture” (instituted by the Swedish
Society of Neuroradiology at the time of his retirement); among
them were George du Boulay, Giovanni di Chiro, Derek Harwood-Nash, James Barkowich, and Anne Osborne, to just mention a few “giants” in neuroradiology.

Honors
Torgny Greitz was honored with membership in the Swedish
Academy of Science and many radiologic societies, among them
the American Society of Neuroradiology, European Society of
Neuroradiology, American College of Radiology, International
Society of Radiology, Swedish Society of Neuroradiology, Swedish Society of Radiology, Association Francaise de Neuroradiologie, and Nordic Society of Neuroradiology. Among the many
prizes he was awarded, he particularly cherished the Ziedses des
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Plantes Medaille (1988). In 1985, Torgny was invited by the British Institute of Radiology to give the Mackenzie Davidsson Memorial Lecture.

Personality
Being head of Sweden’s only radiology department exclusively
dedicated to neuroradiology, Torgny Greitz was the undisputed
leader in our country; the discipline personified. We sometimes
called him the “figurehead,” of which he disapproved, but, in a
way, appropriate considering his tall figure and sharp profile.
Torgny had a dynamic leader’s capacity to get things done. A
telling story is how he managed to acquire the first CT scanner in
Europe outside the United Kingdom. In a situation when austerity was proclaimed by the hospital administration, he ordered a
scanner from EMI (London, UK), without a cent in his pocket and
invited the neuroradiology sections at the other 6 university hospitals in Sweden to join him in writing applications for funding
and to participate in the evaluation and development of the CT
technique. In October 1973, the scanner was installed in his department, which started a spurt of activity around our country,
resulting in a thick supplement of Acta Radiologica (1975), presenting a preliminary assessment of the value of the technique in a
number of clinical applications. On December 10, 1979, a triumphant Torgny Greitz would introduce Geoffrey Hounsfield and
Allan McCormack at the Nobel Prize ceremony. It was an achievement of masterly rhetoric to convince half the Nobel Assembly at
Karolinska Institutet to vote for an engineer and a physicist as
laureates of that year’s Nobel Prize in Physiology or Medicine.
Decided by lot (vote being 50 versus 50), the prize was awarded for
the invention of Computer-Assisted Tomography, a revolutionary diagnostic tool, certainly a worthy winner, bringing something very useful to mankind and in good agreement with the
wording in Alfred Nobel’s Will.
Torgny Greitz reached his unique position not only from ambition but essentially by hard work. He was uncompromising in
his quest for truth and progress. With his idealistic mind and
exceptional persistence, he worked with dedication, addiction as
some would say, to improve the methods, the hardware, and software alike, to expand our discipline and to drive it to ever increasing perfection. At the time of presentation, Torgny Greitz’s research was foresighted and at the cutting edge, often at the center
of discussion in the neuroradiology community even on a broader
scale in allied disciplines. Much of his research has been incorporated in the body of today’s knowledge of neuroradiology.
His authority was absolute, though his leadership, nonauthoritarian. He got followers by setting a good example for others.
With his wit, his boyishness, his humanity, and warm heart, he
made friends wherever he set foot. By being a good doctor, an
outstanding scientist, and a great innovator, Torgny Greitz is a
worthy role model for generations to come.
T. Hindmarsh
O. Flodmark
Department of Clinical Neurosciences
Division of Neuroradiology
Karolinska Institutet
Stockholm, Sweden
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LETTERS

Spinal Cord, Spinal Root, and Brain MRI Abnormalities in
Congenital Zika Syndrome

T

he recent article “Spectrum of Spinal Cord, Spinal Root, and
Brain MRI Abnormalities in Congenital Zika Syndrome with
and without Arthrogryposis” is very interesting.1 Aragao et al1
concluded that “Most infants had some degree of spinal cord
thickness reduction, predominant in the thoracic segment (without arthrogryposis) or in the entire spinal cord (with arthrogryposis).” We would like to share ideas and observations from
tropical Asia, where the Zika virus infection is also endemic.
Although the neurologic defect is common in the affected infants in tropical America, it is rarely seen among the affected
infants in tropical Asia.2 Most affected cases in Southeast Asia
are asymptomatic, and there is no abnormality in spinal or
brain MR imaging.3
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High-Resolution Hybrid Imaging Could Improve Cordotomy
Lesions and Outcomes

e have read with great interest the paper by Vedantam et al1
concerning the postoperative evaluation of cordotomy
with MR imaging. We agree that this is a very important step to
assess treatment efficacy. Indeed, lesion localization is of prime
importance; this underlines another potential of multimodal hybrid rooms. We believe that, given the proper tools, perioperative
visualization of the electrode could be performed under MR guidance. Although the electrode itself may generate artifacts, it
should be possible to perform improved navigation because of the
superior differentiation between gray matter and the spinothalamic tracts on MR imaging compared with CT. In addition, diffusion tensor imaging performed before implantation, and even
during the procedure, could also help to improve the precision of
electrode placement as well as to allow better visualization and
delineation of the tracts. Thus, the use of a combined MR and
operating table should allow this to be performed safely. At the
moment, these techniques can be applied only at the level of the
cervical spine. On the other hand, by using combined MR operative techniques as well as eventually moving to higher fields, it
should be possible to improve lesion delineation. A higher field, in
addition to a higher resolution, should allow improved acquisition of gradient-echo images, which have been shown to provide
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the best gray-white matter differentiation.2,3 Finally, this should
allow cordotomy, resulting in smaller and better-localized postprocedure lesions that would correspond to the 20% of cord area
that is necessary for an acceptable clinical outcome.4

REFERENCES
1. Vedantam A, Hou P, Chi TL, et al. Postoperative MRI evaluation of a
radiofrequency cordotomy lesion for intractable cancer pain. AJNR
Am J Neuroradiol 2017;38:835–39 CrossRef Medline
2. Zhao W, Cohen-Adad J, Polimeni JR, et al. Nineteen-channel receive
array and four-channel transmit array coil for cervical spinal cord
imaging at 7T. Magn Reson Med 2014;72:291–300 CrossRef Medline
3. Massire A, Taso M, Besson P, et al. High-resolution multi-parametric
quantitative magnetic resonance imaging of the human cervical spinal cord at 7T. Neuroimage 2016;143:58 – 69 CrossRef Medline
4. Lahuerta J, Bowsher D, Lipton S, et al. Percutaneous cervical
cordotomy: a review of 181 operations on 146 patients with a study
on the location of “pain fibers” in the C-2 spinal cord segment of 29
cases. J Neurosurg 1994;80:975– 85 CrossRef Medline
X M.I. Vargas
X J. Boto
Division of Neuroradiology, DISIM
X P. Dammann
Division of Neurosurgery
X K.-O. Lovblad
Division of Neuroradiology, DISIM
Geneva University Hospital
Geneva, Switzerland

LETTERS

The Concept of “Number Needed to Image”

I

n medicine, it is a common reaction for referring physicians to
ask for the less expensive imaging technique if the a priori
suspicion of finding abnormalities is low. For example, in a
case with a mild traumatic brain injury (MTBI) and low suspicion of finding trauma-related brain abnormalities, the referring physician oftentimes asks for the cheaper, yet less sensitive, CT rather than the more expensive, but also more
sensitive, MR imaging to detect, for example, diffuse axonal
injuries.1 This reaction is intuitively understandable, notably
in times of increasing economic pressure.
However, when considering the situation in more depth, this
reaction might be questionable. If a test with a low sensitivity is
performed in the setting of a low clinical suspicion (ie, a low
pretest probability), this will result in a high proportion of falsenegative cases.
From the perspective of optimal patient care, a test with a low
sensitivity in the setting of a low pretest probability is not suited to
rule out pathology because of the high likelihood of false-negative
results.
From the perspective of cost effectiveness, the less expensive
yet less sensitive test will result in a high proportion of false-negative examinations. Consequently, many imaging tests must be
performed to have 1 positive imaging finding. The accumulated
cost for 1 positive imaging test might therefore be high despite the
relative low cost of each individual imaging test. In contrast, a
more expensive yet more sensitive imaging test will have fewer
false-negative cases; consequently, fewer cases are needed to have
1 positive imaging finding. The resulting accumulating cost for 1
positive test might therefore be lower compared with a less expensive yet less sensitive test. This concept might be called “number
needed to image” (NNI [ie, the number of imaging examinations
needed to have 1 positive imaging test]).
Moreover, there are additional indirect costs that should be
considered. A more expensive and more sensitive test might avoid
repeated false-negative imaging and repetitive medical consultations for the patient. The earlier and more specific diagnosis
might allow for earlier treatment and, consequently, faster and
earlier recovery.
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In fact, to have a cost-effective imaging assessment, physicians
should ask for the less expensive and less sensitive imaging test in
the setting of a high clinical suspicion of abnormal findings. In
this setting, the less sensitive test might be very cost-efficient and,
at the same time, will result in only a low rate of false-negative
imaging results.
In medicine, the equivalent concept of number needed to
treat (NNT) is well established.2,3 Physicians treat patients (eg,
with antiaggregation or antihypertensive medication to prevent stroke) knowing that only 1 of n patients will actually
benefit from the treatment. For example, in patients with relatively nonsevere hypertension (diastolic blood pressure, 90 –
110 mm Hg), the NNT to prevent 1 stroke is 118, whereas this
number is 29 in patients with more severe hypertension (diastolic blood pressure ⬎115 mm Hg).4 This creates not only a
cost related to the medication, which is oftentimes prescribed
for years or even decades, but also medication-related side
effects.
Concerning imaging, the corresponding concept of NNI is not
yet well established. If, in the current example of MTBI, only 1 of
29 MR imagings would demonstrate subtle posttraumatic findings not visible on CT, this would probably generally be considered as too expensive to justify imaging, though MR imaging has
no relevant side effects in contrast to the medical treatment discussed above. Moreover, considering the additional effect on associated costs, such as medicolegal and insurance-related costs,
imaging would probably still be highly cost-efficient even if a substantial number of cases have negative MR imaging results.
This principle of NNI applies not only to MTBI. Other examples might be cervical spine radiography instead of CT or MR
imaging for low impact cervical spine trauma, or wrist radiography instead of CT or MR imaging for low suspicion of scaphoid
fracture, etc.
In conclusion, it is an intuitively understandable reaction to
ask for a less expensive and less sensitive imaging test in the setting
of a low clinical suspicion of finding abnormalities. However, this
intuitive reaction might be neither suitable to reliably rule out
pathology nor cost-efficient. The concept of NNI should be further developed to define how many negative imaging tests can be
allowed for 1 positive finding, both from the perspective of optiAJNR Am J Neuroradiol 38:E79 –E80
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mal patient care as well as from the perspective of cost-effective
imaging.
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Coregistration and Fusion: An Easy and Reliable Method for
Identifying Cranial Nerve IV on MRI

e read with much interest the article by Bunch et al1 in the
March 2017 issue of the American Journal of Neuroradiology, in which they described the trochlear groove and trochlear
cistern as reliable anatomic landmarks when searching for the
tentorial segment of cranial nerve IV on MR imaging. The authors
provided useful indications to recognize these 2 structures with a
T2-weighted driven equilibrium radiofrequency reset pulse sequence. Confirming these 2 landmarks was significantly associated with correctly identifying the trochlear nerve.
We agree that short sequences are more practical for routine
clinical use as opposed to those previously reported in the literature using high-resolution motion-sensitized driven equilibrium
sequences with a 26-minute acquisition time.2 This sequence use
is particularly true for cranial nerve IV imaging because a substantial number of patients being evaluated for suspected trochlear
nerve pathology, including congenital palsy, are children, who are
more prone to movements than adults. Therefore, a long scanning time may exacerbate motion artifacts on MR images.
However, we believe that this study has a few limitations that may
impair its scope. The trochlear nerve remains the thinnest of all cranial nerves, with a mean diameter of approximately 0.5 mm (range,
0.3– 0.9 mm). It has a complex course around the midbrain and is in
close proximity to many arteries and veins with similar courses and
calibers. The voxel size acquired in this study ranged from 0.3 ⫻
0.35 ⫻ 3.0 to 0.4 ⫻ 0.44 ⫻ 3.0; thus, the section thickness (resolution
of the z-axis) provided was 3.0 mm, which is too large to identify the
trochlear nerve consistently. Moreover, the gap ranged from 0.3 to 1
mm, which is too high to observe a 0.5-mm structure.3 Much thinner
sections are required to visualize the trochlear nerve, with a maximum of 0.25-mm section thickness and no gap.
The imaging findings of this study remain subjective and are
not supported by surgical or pathologic correlations. Additionally, significant discrepancies between the MR imaging and anatomic findings were reported in cadaveric studies. Our colleagues’
images are somewhat noisy, with CSF flow-related artifacts and
are therefore not very convincing, even with annotations.
An interesting option for reliably identifying cranial nerve IV on
MR imaging within a reasonable acquisition time may be the use of
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FIGURE. Coregistration-fusion of an MR angiography and a T2weighted driven equilibrium radiofrequency reset pulse sequence allowing to distinguish cisternal vessels colored in white from the
trochlear nerves in black (arrows).

coregistration and fusion4 of an MR angiography sequence and of a
“routine” T2-weighted driven equilibrium radiofrequency reset
pulse sequence. Regrettably, even a very high resolution may still be
insufficient due to the very complex course of the nerve and its close
proximity to adjacent vessels. MRA enables the reader to clearly and
reliably identify both arteries and veins, despite their highly variable
anatomy. Therefore, this technique supports correct identification of
the closely related trochlear nerve (Figure). This method is easy and is
available in various software packages. A long posttreatment process
is not necessary, and it can be performed during routine clinical practice in many institutions without involving highly specialized providers. With this method, all segments of the trochlear nerve are visible,
especially its tentorial segment where the nerve is parallel to the vessels and runs along the tentorial edge. This approach may also be used
successfully on larger cranial nerves such as the oculomotor or the
abducens nerves.
AJNR Am J Neuroradiol 38:E81–E82
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Finally, it is possible that the key for reliable and accurate identification of the trochlear nerve may be the use of a simple coregistration and fusion instead of long and complex high-resolution
MR imaging acquisitions.
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e greatly appreciate the interest that Drs Lecler, Savatovsky,
and Audren have shown in our recent article entitled
“Trochlear Groove and Trochlear Cistern: Useful Anatomic
Landmarks for Identifying the Tentorial Segment of Cranial
Nerve IV on MRI,”1 and we are grateful for their thoughtful
comments.
Multiple anatomic studies have independently documented
the existence of the trochlear groove and trochlear cistern.2-6 We
observed these structures in our clinical practice on coronally acquired fluid-sensitive MR imaging performed routinely as a component of sinus MR imaging examinations at our institution. It
has been our experience interpreting these clinical studies that the
trochlear groove and trochlear cistern facilitate identification of
the adjacent tentorial segment of cranial nerve IV.
This observation and subsequent clinical experience provided
the motivation for our recently published study, which involved
the retrospective review of 25 consecutive sinus MR imaging examinations containing the fluid-sensitive sequence of interest.1
Our primary interest was the anatomy. We did not mean to
suggest that we had developed a novel MR sequence or that this
routine clinical sequence represents the best possible one for identifying cranial nerve IV in its entirety. Rather, we hoped to share
an imaging observation based on anatomic facts that we believed
others may find useful in the assessment of cranial nerve IV
pathology.
We would like to clarify the voxel size reported in our initial
article because we now realize it to be a source of confusion that
could have been stated more clearly. We intended for the reported
voxel size range to indicate that the in-plane resolution of the
coronally acquired sequence ranged from 0.3 ⫻ 0.35 to 0.4 ⫻ 0.44
mm and that the out-of-plane section thickness (in the anteroposterior dimension rather than the superior-inferior or z-axis
dimension) was 3.0 mm. Because the tentorial segment of cranial
nerve IV travels nearly perpendicular to coronally acquired sections through the trochlear groove and trochlear cistern, these
acquisition parameters are in fact sufficient to identify cranial
nerve IV in many (but not all) cases, as was shown in our study.
Moreover, the tentorial segment of cranial nerve IV was often seen
on multiple contiguous sections in our study, and we considered
seeing the nerve on a single image to be insufficient for nerve
identification.
Additionally, we would like to reiterate that we did not identify
the entire intracranial course of cranial nerve IV but only the
tentorial segment—the portion of the nerve that passes beneath
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the tentorium before entering the cavernous sinus. It has been our
experience that this particular segment of cranial nerve IV is especially difficult to identify on axial images, including high-resolution cisternographic sequences (CISS, FIESTA, and so forth),
and we consider this difficulty likely to be related to volume averaging of the overlying tentorium. Thus, we remain convinced that
it is advantageous to leverage in-plane resolution and scan this
particular segment of cranial nerve IV in the coronal plane perpendicular to its course.
Identifying the intracranial segments of cranial nerve IV in
routine clinical practice remains difficult, and we are appreciative
of the coregistration-fusion technique suggested by our colleagues. Indeed, we welcome any solution to the difficult problem
of identifying cranial nerve IV throughout its course using clinically practical MR imaging, and we agree that the more proximal
cisternal segment of cranial nerve IV is very nicely demonstrated
in our colleagues’ figure.
We look forward to further discussion and exchange of ideas.
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Minor Stroke and Thrombolysis: What Is in the Pipeline?

e read with interest the article by Messer et al1 regarding the
clinical outcome after IV thrombolysis and/or mechanical
thrombectomy in patients with acute ischemic stroke due to
large-vessel occlusion, presenting as minor stroke syndrome
(MSS) (NIHSS score ⬍ 5). The authors retrospectively analyzed a
group of 378 patients with MSS involving the anterior circulation,
finding that 12% of these had large-vessel occlusion. In this subgroup, they noted that patients with immediate mechanical
thrombectomy had a better outcome than patients with delayed
thrombectomy (performed after neurologic deterioration) or
with IV thrombolysis only. Most interesting, a recent study has
shown that almost 30% of patients not treated with IV thrombolysis because they were initially considered “to-good-to-treat”
(NIHSS score ⬍ 5) could suddenly worsen during the first hours
following the stroke onset. This finding suggests possibly including this subgroup of patients in the IV thrombolysis decisionmaking algorithms.2 Mechanical thrombectomy has become the
standard of care for patients presenting with severe ischemic
stroke due to large-vessel occlusion; however, it is unclear
whether patients presenting with MSS would benefit from this
treatment.
We have retrospectively analyzed a group of 104 patients admitted to our institution (Misericordia Hospital, Grosseto) for
acute ischemic stroke during 2015–2016 who received standard
IV thrombolysis. We identified 21 patients (22%) with MSS. Thirteen of those 21 patients (62%) had a good outcome at discharge
(mRS ⬍ 2). No symptomatic intracranial hemorrhage occurred.
All patients underwent CTA. Eleven of those 21 patients had
large-vessel occlusion. Specifically, 8 patients (38%) had largevessel occlusion in the anterior circulation (respectively, 2 patients with ICA extracranial occlusion, and 2 patients with
MCA–M1 and 4 patients with MCA–M2 occlusion) and 3 patients (14%) had a posterior circulation stroke (1 patient with
basilar artery apex occlusion and 2 patients with extracranial vertebral artery occlusion). One patient had an extracranial ICA dissecting pseudoaneurysm without large-vessel occlusion. Four of
these 11 patients were initially treated with mechanical thrombectomy according to the model of “drip and ship,” with good out-
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come at discharge (mRS ⬍ 2). Seven of these 11 patients were
treated with IV thrombolysis only. Among this latter subgroup, 4
patients had early neurologic deterioration, and no mechanical
thrombectomy was performed later because too much time had
elapsed. Moreover, the patient with an ICA dissecting pseudoaneurysm had an early relapse due to an embolism.
Although our case series is too small to clarify the potential
benefit of mechanical thrombectomy in MSS, this retrospective
observation caused some reflection. First, we confirm that a relevant percentage of large-vessel occlusion in MSS involves not only
the anterior but also the posterior circulation (52% of our observed cases). The management of MSS is currently unclear, and
we would like to stress that the NIHSS alone does not represent a
valid outcome predictor or an indicator of large-vessel occlusion
in this subgroup of patients. In fact, a posterior circulation stroke
might initially present with a low NIHSS score, as previously
stated.2,3 Again, a low NIHSS score at stroke onset might possibly
reflect an anterior circulation stroke due to large-vessel occlusion
in the presence of valid collateral circulation. These conditions
might worsen in the immediate hours following.
We agree with Messer et al1 that an advanced neuroimaging
diagnostic work-up, including CTA, is suggested in MSS to correctly address the treatment. Second, in case of large-vessel occlusion (involving the anterior or posterior circulation), an immediate evaluation to the “hub” center for mechanical thrombectomy
should be considered, given that this condition is the most common cause of early neurologic deterioration after IV thrombolysis
in MSS. We believe that “spoke” centers cannot wait for neurologic deterioration to transfer the patient to the referring “hub”;
in this case, the patient cannot undergo mechanical thrombectomy because of elapsed time. Third, an early severe stroke relapse
may erase the benefit of IV thrombolysis when a high-risk embolic
condition is present (eg, a severe ICA stenosis/dissection) as previously reported for TIAs. Thus, we recently admitted a man 63
years of age presenting with MSS due to an ICA dissecting pseudoaneurysm that relapsed a few hours after IV thrombolysis into
a more disabling stroke. In this case, as suggested by Behme et al,4
a patient having undergone thrombolysis with a high-grade extracranial ICA stenosis should be considered for ICA stent placement immediately after mechanical thrombectomy. On the other
hand, the best management for patients without tandem lesions is

still unclear. Do we need to transfer the patient, according to the
drip and ship model, to the referring ring hub for acute stent
placement? Alternatively, is it preferable to perform mechanical
thrombectomy only after the occurrence of an early relapse?
In conclusion, the correct management of MSS is unclear.
While one waits for the results of ongoing clinical trials in this
subgroup of patients (PRISMS, NCT02072226; clinicaltrials.gov),
the experience of single-center studies might help clinicians to
better define the correct therapeutic algorithms.
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e appreciate the comments by Gallerini et al regarding our
recently published Clinical Report on patients with minor
acute ischemic stroke syndromes and underlying large-vessel occlusion (LVO) in the anterior circulation.
We agree that in most stroke centers today, there is equipoise
as to whether to transfer these patients to immediate mechanical
thrombectomy (MT) or to offer thrombolysis (if possible) only,
monitor the clinical course, and perform MT in case of clinical
deterioration. Evidence from the recent randomized MT trials is
lacking, and the nonrandomized evidence is scarce. In our experience, rescue MT, compared with immediate MT, may not be
optimal in these patients. Haussen et al1 also compared the impact
of immediate MT (n ⫽ 10) versus initial medical treatment (n ⫽
22), including rescue thrombectomy if there was clinical deterioration based on the NIHSS difference from admission to
discharge. They found that patients with immediate MT had
more NIHSS improvement (⫺2.5 versus 0; P ⬍ .01) and a
nonsignificantly better clinical outcome at 90 days (mRS 0 –2:
100% versus 77%; P ⫽ .15). We showed the same trend favoring immediate MT; good outcomes (mRS 0 –2) were higher in
patients with immediate MT (75%, n ⫽ 8) compared with
patients with rescue MT (33%, n ⫽ 6).2 However, there are also
reports that immediate MT might not be superior to initial best
medical management, including rescue MT, or that immediate
MT might be associated with an increased risk of symptomatic
intracerebral hemorrhage.3,4
With regard to the results of their own cohort we would like to
comment, that we believe that patients with isolated proximal
carotid or vertebral occlusions and patent intracranial vessels are
of a different kind. Emergency stent placement, rather than MT,
might be necessary in some cases if insufficient collateral flow is
present. Hence, their observed LVO rate of 11/21 (52%) is much
higher than that expected for MT candidates. LVO rates for patients with acute ischemic stroke vary according to clinical severity but are present in around 10%–20% of all patients with mild
symptoms.5 Furthermore, it has been estimated that 1 ICA or M1
occlusion can be detected for every 11.5 patients screened if the
NIHSS score is 0 –5.6 Of those, conditions in 20%– 40% of patients may deteriorate rapidly.1,7 However, because current
guidelines only recommend MT in patients with an NIHSS score
of ⱕ6,8 acute vessel imaging in patients with milder symptoms is
not routinely performed; hence, many of these cases are missed by
only screening patients presenting with an NIHSS score of ⬎5.9
We absolutely agree with Gallerini et al that the NIHSS should not
be a defining criterion for performing CTA.
Unfortunately, as mentioned by Gallerini et al, PRISMS
(NCT02072226; clinicaltrials.gov) will not be able to answer the
question of how to proceed with the target population (ie, intracranial anterior or posterior LVO and mild symptoms) because
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participants will be randomized in a 1:1 ratio to receive, within 3
hours of last-known-well time, either of the following: 1) one dose
of IV alteplase and 1 dose of oral aspirin placebo, or 2) one dose of
IV alteplase placebo and 1 dose of oral aspirin, 325 mg). MT is not
part of the protocol, and most the patients with LVO will present
beyond 3 hours due to their mild symptoms.5
To summarize, given the lack of evidence and the conflicting
reports of nonrandomized cohorts, a randomized controlled trial
in the target population is warranted. Until then, in our opinion,
individual treatment decisions, based on local experience, the
availability of MT, and individual clinical and radiologic findings,
are recommended.
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T

he authors of “Distinguishing Neuroimaging Features in Patients Presenting with Visual Hallucinations” (T.T. Winton-Brown,
A. Ting, R. Mocellin, D. Velakoulis, and F. Gaillard, AJNR Am J Neuroradiol 2016;37:774 – 81) neglected to include an author who
contributed materially to the paper. M. Walterfang should have been listed fourth in the author order between R. Mocellin and
D. Velakoulis.
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*The Trevo Retriever is indicated for use to restore blood flow in the neurovasculature by removing
thrombus for the treatment of acute ischemic stroke to reduce disability in patients with a persistent,
proximal anterior circulation, large vessel occlusion, and smaller core infarcts who have first received
intravenous tissue plasminogen activator (IV t-PA). Endovascular therapy with the device should start
within 6 hours of symptom onset.
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