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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

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.
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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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ASNR 56th Annual Meeting &
The Foundation of the ASNR Symposium 2018
June 2 - 7, 2018 | Vancouver, B.C., CANADA

The Vancouver Convention Centre East
© 2013 Vancouver Convention Centre

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

Fairmont Waterfront

Pan Pacific Vancouver

© Copyright 2017 FRHI

© 2017 Pan Pacific Hotels and Resorts

ASNR 56th Annual Meeting
c/o American Society of Neuroradiology
800 Enterprise Drive, Suite 205
Oak Brook, Illinois 60523-4216
Phone: 630-574-0220 + Fax: 630 574-0661
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Publication Preview at www.ajnr.org features articles released in advance of print.
Visit www.ajnrblog.org to comment on AJNR content and chat with colleagues
and AJNR’s News Digest at http://ajnrdigest.org to read the stories behind the
latest research in neuroimaging.
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WE’VE MOVED TO FALL 2017!
11 th Annual Meeting of the

American Society of

FUNCTIONAL NEURORADIOLOGY
October 9-11, 2017 • the Nines • Portland, Oregon
Optional Hands-on BOLD fMRI Workshop • October 8, 2017

PLEASE CONTACT EDUCATIONAL SYMPOSIA AT
813-806-1000 or ASFNR@edusymp.com or visit www.ASFNR.org for additional information.

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

© 2016 American Medical Association. All rights reserved. 16-1648

Simplify
the MOC Process

Manage
your CME Credits Online

CMEgateway.org
It’s Easy and Free!
•

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

Log on to CME Gateway to:
View or print reports of your CME credits from
multiple societies from a single access point.

•

Print an aggregated report or certiﬁcate from
each participating organization.

•

Link to SAMs and other tools to help with
maintenance of certiﬁcation.

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

Sign Up Today!
go to CMEgateway.org

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.

Copyright © 2016 Stryker
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• 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.
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REVIEW ARTICLE

Current and Emerging Therapies in Multiple Sclerosis:
Implications for the Radiologist, Part 1—Mechanisms, Efﬁcacy,
and Safety
X C. McNamara, X G. Sugrue, X B. Murray, and X P.J. MacMahon

ABSTRACT
SUMMARY: Imaging for the diagnosis and follow-up of patients with suspected or conﬁrmed multiple sclerosis is a common scenario
for many general radiologists and subspecialty neuroradiologists. The ﬁeld of MS therapeutics has rapidly evolved with multiple new
agents now being used in routine clinical practice. To provide an informed opinion in discussions concerning newer MS agents,
radiologists must have a working understanding of the strengths and limitations of the various novel therapies. The role of imaging
in MS has advanced beyond monitoring and surveillance of disease activity to include treatment complications. An understanding
of the new generation of MS drugs in conjunction with the key role that MR imaging plays in the detection of disease progression,
opportunistic infections, and drug-related adverse events is of vital importance to the radiologist and clinical physician alike.
Radiologists are in a unique position to detect many of the described complications well in advance of clinical symptoms. Part 1 of
this review outlines recent developments in the treatment of MS and discusses the published clinical data on the efﬁcacy and safety of the
currently approved and emerging therapies in this condition as they apply to the radiologist. Part 2 will cover pharmacovigilance and the role the
neuroradiologist plays in monitoring patients for signs of opportunistic infection and/or disease progression.
ABBREVIATIONS: IFN␤ ⫽ interferon ␤; NTZ ⫽ natalizumab; PML ⫽ progressive multifocal leukoencephalopathy; RRMS ⫽ relapsing-remitting MS

ultiple sclerosis is an idiopathic chronic inflammatory demyelinating disease of the central nervous system. The median age of symptomatic onset is approximately 29 years, and the
female-to-male ratio in this group approaches 3:1.1 The McDonald criteria were introduced in 2001 as guidelines to facilitate a
timely and accurate diagnosis of MS.2 These criteria have resulted
in an earlier diagnosis of this condition with a high degree of both
specificity and sensitivity, allowing earlier medical intervention.3
In 2010, revisions to the McDonald criteria allowed, in some instances, a more rapid diagnosis of MS, with equivalent or improved specificity and/or sensitivity compared with past criteria
and allowed the clarification and simplification of the diagnostic
process with fewer MR imaging examinations required.3 Central
to these guidelines is the use of MR imaging and the need to
demonstrate the dissemination of neurologic lesions in both time
and space. As a result, the radiologist plays an increasingly central

M
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role in the multidisciplinary team care of patients diagnosed with
this disease.
During the past 10 years, there has been an evolution in the
treatment of relapsing-remitting MS (RRMS), with a rapid increase in the number of disease-modifying therapies available
(On-line Table ). Since 2004, 7 new agents have been approved by
the US Food and Drug Administration for the treatment of the
relapsing form of the disease, joining what had previously been
the mainstay of MS treatments: interferon ␤ (IFN␤) and glatiramer acetate.4
The radiologist has a pivotal role in the diagnosis of MS, along
with monitoring and identifying complications associated with
these latest treatments. Part 1 of this review details recent developments in the treatment of MS and discusses the published clinical data on the efficacy and safety of the currently approved and
emerging therapies in this condition as they apply to the radiologist. Part 2 focuses on the role of the neuroradiologist in monitoring patients being treated with these medications, which includes
observation for treatment complications and signs of disease
progression.

Currently Approved Agents: First-Line Therapies
Interferon ␤. Interferon ␤ is based on a naturally occurring polypeptide predominantly produced by fibroblasts. Its anti-inflam-

matory effects are largely believed to result from the inhibition of
T-lymphocyte proliferation.5 It is administered by intramuscular
or subcutaneous injection. Phase III trials of all the IFN␤ preparations have reduced the annualized relapse rate by about 30%,
reduced the progression of disability in RRMS, and reduced visible MR imaging disease activity.6-8 Most patients treated with
IFN␤ (50%–75%) experience flulike symptoms, which usually
resolve within 24 hours. Liver enzymes may become elevated, and
bone marrow function may be depressed, which warrants periodic surveillance of liver function and blood counts before starting therapy and every 6 months thereafter.9-11 Isolated cases of
severe injection-site reactions involving infection or necrosis and
severe cases of acute liver failure and pancreatitis have been
reported.5
Glatiramer Acetate. Glatiramer acetate is a pool of synthetic peptides with an amino acid composition similar to that of myelin
basic protein and has widespread effects on the innate and adaptive immune systems.12 It is an immunomodulatory agent that
does not affect the number of circulating lymphocytes but rather
switches lymphocyte polarization from a proinflammatory TH1
to an anti-inflammatory TH2 profile.13 Glatiramer acetate is
administered by subcutaneous injection. Glatiramer acetate
treatment trials in RRMS have shown a significant reduction in
the annualized relapse rate (29%) and a reduction in gadolinium-enhancing MR imaging activity.14,15 Glatiramer acetate is
usually well-tolerated, but most patients (65%) experience injection-site reactions (pain, erythema, swelling, and pruritus).
About 15% report a transient self-limited systemic reaction
(immediately after injection) of facial flushing and chest tightness, accompanied at times by palpitations, anxiety, and dyspnea. Other reported adverse events include lymphadenopathy
and lipoatrophy.6,15,16
Teriﬂunomide. Teriflunomide (Aubagio), the active metabolite
of leflunomide (an antirheumatic drug), is an oral disease-modifying therapy for RRMS, which was approved by the FDA in September 2012.17 Teriflunomide reduces T- and B-cell activation,
proliferation, and function in response to autoantigens by inhibiting a key mitochondrial enzyme involved in DNA replication.
Teriflunomide significantly reduces relapse rates, disability progression, and MR imaging evidence of disease activity, compared
with a placebo.18 It showed a 31% reduction in the annualized
relapse rate and a 30% reduction in disability compared with a
placebo.19 On MR imaging, teriflunomide was superior to a
placebo in reducing the total lesion volume and the number of
gadolinium-enhancing lesions.18 While no radiologic-specific
adverse events have been reported to date with teriflunomide,
the most common clinical and biochemical adverse events include headache, diarrhea, fatigue, elevated alanine aminotransferase levels, nausea, hair thinning, influenza, and urinary
tract infections.20
Dimethyl Fumarate. Dimethyl fumarate (Tecfidera) is an orally
administered immunomodulatory agent with anti-inflammatory
properties, and its mechanism of action in MS is only partially
understood.5 Two Phase III trials of RRMS showed that dimethyl
fumarate, compared with a placebo, reduced the annualized relapse rate by 44%–53%, the rate of disability progression by 22%–

32%, and the number of gadolinium-enhancing lesions by about
75%–94%.21,22 Common adverse events included flushing, nausea, diarrhea and abdominal pain, neutropenia, and elevated liver
function test results.21,22 Recently, a case of fatal progressive multifocal leukoencephalopathy (PML) was reported in a 54-yearold woman with MS who was treated with dimethyl fumarate.23 Furthermore, 4 cases of PML have previously been
described in patients with psoriasis who had received Fumaderm (related fumaric acid esters have been used in Europe since
1994 for the treatment of psoriasis).24 Prolonged severe lymphopenia (⬍500 cells per cubic millimeter) that persists for ⬎6
months has been suggested as a risk factor for PML in this
patient cohort. Thus, Torkildsen et al5 have recommended that
in patients with persistent lymphopenia who are John Cunningham virus–positive, dimethyl fumarate treatment should
be terminated.

Currently Approved Agents: Second-Line Therapies
Fingolimod. Fingolimod (Gilenya), a sphingosine 1-phosphate
receptor modulator, was the first oral disease-modifying therapy
to be approved for the treatment of RRMS and is administered as
a capsule taken once daily.25 Fingolimod antagonizes the sphingosine 1-phosphate receptors on lymphocytes, inhibiting egression of lymphocytes from the lymph nodes and thereby preventing entry of lymphocytes into the blood and their subsequent
infiltration into the CNS.26 A 2010 study published by Cohen
et al27 demonstrated the superior efficacy of oral fingolimod with
respect to relapse rates and MR imaging outcomes in patients with
MS, compared with intramuscular IFN␤. In 2012, 2 different neurologic complications of fingolimod treatment came to light. Visser et al28 reported that MS plaques paradoxically worsened after
fingolimod treatment in 3 patients who started fingolimod 3– 4
months after stopping another second-line therapy, natalizumab
(NTZ). Furthermore, a woman who developed tumefactive MS
lesions 6 months after starting fingolimod, without previously
receiving NTZ, was described.28
A second complication was the development of herpes zoster
encephalitis after commencement of fingolimod. Cohen et al29
described 2 fatal cases of herpes encephalitis in 2 patients on fingolimod therapy. Recent studies have shown that the overall rates
of varicella zoster infections in clinical trials were low with fingolimod but higher than in placebo recipients (11 versus 6 per 1000
patient-years).30
Natalizumab. The migration of lymphocytes across the bloodbrain barrier is an important step in the creation of inflammatory
lesions in MS, with the presence of leukocytes within the cerebral
perivascular spaces deemed a pathologic hallmark.31 Natalizumab (NTZ, Tysabri) is a monoclonal antibody administered
intravenously that binds to proteins on the surface of lymphocytes
and inhibits binding of the cell to the luminal surface of blood
vessel walls.32 On MR imaging, NTZ has demonstrated a reduction in the development of new gadolinium-enhancing lesions,33 and a significant reduction in the conversion of gadolinium-enhancing lesions to T1-hypointense lesions.34,35 This
reduction in lesion formation was greater than the previous
reduction of 50%– 80% and 30% reported with IFN␤ and glatiAJNR Am J Neuroradiol 38:1664 –71
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ramer acetate, respectively.14,36 Even within 2 months of treatment, NTZ has been associated with a ⬎90% reduction in new
MR imaging gadolinium-enhancing lesions compared with a
placebo.32 Clinically, patients treated with NTZ have significantly fewer clinical relapses, and it is currently the only disease-modifying therapy to actually improve the Expanded Disability Status Scale in select patients.37
In 2005, NTZ was withdrawn from the market as a result of the
potentially lethal adverse effect of PML occurring in 3 separately reported patients.38-40 PML results from an opportunistic
infection of the oligodendrocytes caused by the reactivation and
replication of the John Cunningham polyomavirus.41 As of
March 4, 2016, 635 cases of PML in patients treated with NTZ
have been reported.42 Despite a widespread understanding of the
major risk factors for PML, the overall rate of NTZ-associated
PML has nearly doubled between 2012 and 2015.43 The imaging
features of PML are discussed in the Part 2 of this review.

teratogenic and is absolutely contraindicated in pregnancy. The
use of mitoxantrone has rapidly decreased due to the risk of severe
complications and the increasing number of alternative highly
effective and less toxic treatment options.5

Alemtuzumab. Alemtuzumab (Lemtrada) is a monoclonal antibody that effects circulating T- and B-lymphocytes, leading to
alterations in the number and functions of lymphocyte subsets.44
Alemtuzumab received FDA approval in the treatment of RRMS
in November 2014. It is administered intravenously during 2
treatment courses for a total of 8 days and is associated with infusion reactions in essentially all treated patients. In its Phase III
trials, alemtuzumab, compared with IFN␤ given subcutaneously,
reduced the annualized relapse rate by 49%–55%, the rate of disability progression by 30%– 42%, and the number of gadoliniumenhancing lesions by 61%– 63%.44,45 Tuohy et al46 reported secondary autoimmunity as the most frequently reported adverse
event posttreatment. Such conditions included thyroid disorders
(41% of 86 patients treated) most commonly, followed by immune thrombocytopenic purpura (3.5%) and, rarely, nephropathies, namely Goodpasturs syndrome (⬍1%).46 Thyroid disorders included hyperthyroidism, hypothyroidism, thyroiditis, and
rarely goiter formation. Most cases occurred within 2 years of the
last infusion.45 On the basis of the risk of autoimmune-mediated
conditions, monthly blood and urine analyses are recommended
for 4 years after the last dose of alemtuzumab.5

Autologous Hematopoietic Stem Cell Transplantation. There
are published reports of ⬎600 bone marrow– based transplants
performed primarily for the treatment of MS.56 Hematopoietic
stem cell transplantation appears to be most beneficial for patients with highly active MS who are progressing and who are
refractory to conventional MS therapies.56,57 It is too early, however, to recommend a more widespread use of hematopoietic
stem cell transplantation until more data from randomized controlled trials are available. Currently, there is at least 1 Phase III
trial addressing this issue.57

Mitoxantrone. Mitoxantrone is an anthracenedione chemotherapeutic agent that inhibits T-cell activation and reduces proliferation of B- and T-cells.19 Limited efficacy data are available, but
controlled studies of patients with highly active RRMS have
shown significant efficacy of the treatment, as shown by a 60%–
70% reduction in the relapse rate (compared with placebo or IV
steroids) and reduced disability progression and MR imaging evidence of disease activity.5,47,48 Mitoxantrone is currently the only
agent approved to treat secondary-progressive multiple sclerosis.49 Adverse events such as transient nausea, fatigue, mild hair
loss (for days to a week), and menstrual disturbances are frequent
(60%–70%).49 Additional adverse events are urinary tract infection (about 30%) and elevated liver enzymes and leukopenia
(about 15%–20%). Although not in the Phase III trial, lethal congestive heart failure and therapy-related leukemia have been reported in treated patients, even years after treatment ends.50,51
Due to this potential cardiotoxicity, echocardiograms should be
performed before, during, and after treatment. Mitoxantrone is
1666
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Future Therapeutic Directions
Monoclonal Antibodies. Several other monoclonal antibodies
against various lymphocyte surface markers are currently being
investigated in the treatment of MS.4 Daclizumab, an antibody
against CD25⫹ T-cells, is presently in late-stage clinical trials.52
Ocrelizumab53 and ofatumumab,54 monoclonal antibodies directed against the CD20 surface marker on B-cells, have been
designed to minimize infusion-related reactions and are currently
under investigation for various forms of MS. Rituximab, a human-mouse chimeric monoclonal antibody against CD20, has
also been used off-label for a small group of patients who did not
respond to the approved second-line treatments.55

Role of the Radiologist in MS Surveillance
and Pharmacovigilance
Standardized Imaging. MR imaging is the most sensitive tool currently available for monitoring inflammatory disease activity in
MS. Clinical assessments far underestimate disease activity and
burden compared with MR imaging.58 The challenge with using
MR imaging as a surrogate for clinical outcomes is the lack of
standardization and the variability in the interpretation of
findings.58
The use of MR imaging in the routine follow-up of patients
with MS is less straightforward than its use in the diagnostic process, owing largely to the experimental nature of many of the
techniques that have been used to measure disease progression.59
Although follow-up MR imaging studies should be as consistent
as possible with baseline or reference scans, fewer sequences are
necessary than have been recommended for the initial diagnosis
of MS and can be completed in 20 –25 minutes.59,60 Often follow-up imaging can be tailored on the basis of the specific indication. For example, to assess treatment efficacy, FLAIR and T2weighted spin-echo sequences should be used, whereas DWI, and
SWI if available, should also be included for patients at risk of
PML.58,59,61,62
Gadolinium has routinely been administered in many centers
as part of their MS follow-up imaging protocol. Gadolinium-enhancing lesions are considered a marker of blood-brain barrier
disruption, which has been associated with acute inflammation in
patients with MS.58,63 Contrast-enhancing lesions are also typically easier to identify than new and/or enlarged T2 hyperintense

Summary of imaging parameters
Segment Sequences
Plane
Brain
T2
Axial
Brain
FLAIR
Axial
Brain
FLAIR
Sagittal
Brain
T1
Sagittal
Cervical
T2
Axial
Cervical
T2
Sagittal
Cervical
T1
Sagittal

FOV (mm)
220
220
220
230
180
240
240

Matrix
512 ⫻ 384
320 ⫻ 224
320 ⫻ 224
224 ⫻ 224
256 ⫻ 218
384 ⫻ 269
384 ⫻ 269

Thickness (mm)
4
4
4
0.9
3
3
3

lesions, and the process is also less dependent on technical factors
such as scan repositioning. Furthermore, some new T2 hyperintense lesions are only detected after being identified as new enhancing lesions, owing to their small size or location in areas with
confluent lesions.64 Interobserver accuracy is also significantly
better when looking for gadolinium-enhancing lesions rather
than new T2-lesions. A 2013 study by Erbayat Altay et al65 found
that concordance correlation was high (0.8 – 0.96) for gadolinium-positive lesions, intermediate (0.6 – 0.8) for new T2 lesions,
and very poor (0.0 – 0.14) for T2 enlarging lesions.
On the other hand, recognition of disease activity cannot rely
exclusively on enhancing lesions. New inflammatory lesions take
up gadolinium for approximately 3– 4 weeks after their development, and the recommended interval between baseline and follow-up scans is typically 6 months.66 Therefore, although enhancing lesions are useful, they are not sufficiently sensitive to act as
sole measures of disease activity.59 Recent studies have suggested
that gadolinium-based contrast agents can accumulate in the
brains of patients who have undergone multiple contrast-enhanced MR imaging studies.67 The most recent guidelines recommend that clinicians carefully evaluate the necessity of gadolinium use and limit it only to those cases in which the additional
information provided is clinically significant.68,69 In light of these
studies and the transient nature of enhancing lesions, contrast
administration for patients undergoing surveillance MR imaging
is not routinely performed at our institution unless there is an
unexpected change of clinical status or a high clinical suspicion
for relapse of disease.
Standardized patient head positioning and image acquisition,
ideally with the same field strength, and access to prior MR imaging are critical for the accurate assessment of changes in lesion size
and number with time.62 All scans should be obtained at field
strengths of at least 1.5T. Higher field strengths, for example 3T,
have the advantage of detecting a higher lesion load compared
with 1.5T imaging.70 Imaging findings should not be taken out of
clinical context. A study performed by Neema et al71 demonstrated that in healthy subjects, the total number and volume of
discrete FLAIR hyperintense foci of age-related and incidental
hyperintensities were nearly double on 3T versus 1.5T. In our
practice, when comparing 3T imaging with prior 1.5T imaging,
we are careful to only declare lesions as new if they are of a size and
signal intensity that would have been visible if present on prior
1.5T imaging.
In our institution, MR imaging in suspected or known MS is
performed using a 3T MR imaging system (Magnetom Skyra; Siemens, Erlangen, Germany) with acquisition parameters outlined
in the Table. We use a guideline-based58,60,62,72 standardized diagnostic MS brain MR imaging protocol. For brain imaging, we

TR (ms)
6000.0
7500.0
7500.0
2300.0
555.0
3000.0
600.0

TE (ms)
100.0
81.0
81.0
2.3
17.0
102.0
9.5

TI (ms)
–
2500 ms
2500 ms
–
–
–
–

No. of Signals Acquired
1
1
1
1
2
1
2

always include axial 2D T2 TSE, 2D axial and sagittal FLAIR, and
3D pre- and post-contrast-enhanced T1 sequences. Additional
sequences may include axial diffusion-weighted imaging and
SWI, depending on clinical circumstances. For brain MR imaging
surveillance, we do not routinely acquire contrast-enhanced T1
imaging. Our standardized diagnostic and surveillance cervical
spinal cord MR imaging protocol always includes sagittal T2 TSE
and axial T2 gradient-echo sequences. Optional sequences in
the cervical spine include an additional T2-weighted sagittal
sequence (eg, STIR and pre- and postcontrast T1 imaging in
the sagittal and axial planes). Gadolinium is administered (single dose, 0.1 mmol/kg body weight) with a minimum 5-minute
delay before postgadolinium T1 sequence acquisition.73 A further
dose of gadolinium is not administered for MR imaging of the
cervical spine, provided it immediately follows the contrast-enhanced brain MR imaging study.
While MR imaging is a powerful noninvasive tool routinely
used in the diagnosis and monitoring of MS, certain limitations of
conventional MR images exist. FLAIR is one of the most sensitive
techniques for visualization of supratentorial white matter lesions74,75; however, it is less sensitive than 2D T2 TSE in detecting posterior fossa lesions.75,76 This difference can be compensated for by using FLAIR at a higher strength magnetic field
(3T) and/or with a 3D T2 FLAIR sequence, but T2 TSE remains
slightly more sensitive in the detection of infratentorial lesions.77-79 MS protocols should thus include a T2 TSE sequence, which should be specifically examined when assessing
the infratentorial brain.
A second pitfall of routine brain MR imaging sequences is the
difficulty in detection of gray matter MS lesions.80 White matter
lesions are readily detected on standard MR imaging protocols;
however, most cortical gray matter plaques are not. Cortical gray
matter lesions are common in MS81 and are associated with physical disability and cognitive impairment.82,83 The difficulty in the
detection of cortical gray matter lesions is mainly due to their
small size84 but also due to the lower degree of inflammation
associated with cortical lesions, the lower amount of myelin in the
cortex compared with white matter, and partial volume artifacts
from the adjacent CSF and white matter.85 Although not routinely available, ultra-high-field MR imaging (for example, 7T)
has significantly improved the detection of gray matter cortical
lesions.86 Furthermore, advances in pulse sequences, including
double inversion recovery87,88 or phase-sensitive inversion recovery,89 are recently developed techniques to overcome this obstacle, which may become more widespread in time.
Third, MR spinal cord imaging is more challenging than
brain MR imaging90 because the spinal cord is long, thin, and
mobile. Imaging is made more difficult by ghosting (from
AJNR Am J Neuroradiol 38:1664 –71
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breathing and pulsation of CSF and blood) and truncation
artifacts.91 Poor histopathologic correlation between T2 imaging and MS-associated pathologic spinal cord change is welldescribed.92,93 Some authors recommend 2 sets of sagittal images to improve confidence in lesion detection.90,94 Sagittal
sequences could include T2, proton density, STIR, or T1weighted inversion recovery with phase-sensitive inversion recovery. In our experience, axial imaging is a much more reliable and sensitive technique in the detection of small plaques
that often have a more lateral location in the cord (where volume-averaging artifacts are more common on sagittal sequences). We routinely acquire axial imaging through the entire cervical cord (rather than acquire a second sagittal
sequence) and more targeted axial imaging in the thoracic cord
and conus if potential lesions are seen on sagittal imaging.

Imaging the Brain versus the Spinal Cord
Focal abnormalities in the spinal cord are present in most patients
with MS, affecting the cervical region more frequently than the
thoracic and lumbar regions.95 MR imaging of the spinal cord is
more challenging than brain MR imaging for reasons outlined
above. These inherent features make it difficult to image subtle
pathologic changes and to ensure comparability in follow-up examinations. Sagittal T2-weighted MR imaging can demonstrate
larger lesions and should always be examined, but axial T2weighted imaging is the most accurate and useful in detecting the
commonly small peripheral lesions.96
Although newer imaging modalities have improved the detection of spinal cord lesions in MS,95 conventional MR imaging still
lacks the necessary histopathologic specificity.97 Recent research
has been focused on quantitative techniques such as the measurement of spinal cord atrophy. Spinal cord atrophy correlates with
clinical disability,98-100 and its association with disability is stronger than with focal lesion load.101 Quantification of spinal cord
volume or cross-sectional area with MR imaging may be a potential marker for monitoring the disease course or treatment effectiveness in the future.
Brain imaging is still considered a more sensitive surveillance
tool than spinal cord imaging for longitudinal monitoring of patients with MS.59 Brain imaging is more likely to identify subclinical inflammation, whereas inflammation affecting the spinal
cord is more likely to be symptomatic.102 Several studies have
shown that MR imaging of the spinal cord is less sensitive than
brain MR imaging for detecting disease activity, particularly with
regard to contrast-enhancing lesions, relating mostly to image
artifacts associated with vascular and CSF pulsation. Routine spinal imaging is therefore not currently recommended as part of
MR imaging surveillance schedules.103,104 MR imaging of the spinal cord may be indicated when there is significant clinical worsening with few changes on brain MR imaging or to rule out an
alternative cause of progressive myelopathy, such as cervical
spondylosis or a tumor. Routine follow-up with spinal cord imaging may be useful in patients with known spinal cord disease, in
rare cases of recurrent transverse myelitis to assess response to
therapy, or in new disease activity.58
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Pharmacovigilance on Disease-Modifying Therapy and
Frequency of Surveillance
Several guidelines have attempted to define the indications for
and frequency of serial MR imaging in patients with an established diagnosis of MS.62,105,106
Follow-up MR imaging should be performed on at least an
annual basis in patients with MS, especially for the first 2 or 3 years
after starting therapy. However, certain patients at risk of serious
treatment-related adverse events may need to be monitored more
frequently, for example, every 3– 4 months.59 A 2015 publication
by the Magnetic Resonance Imaging in MS Consortium recommends that patients be evaluated with MR imaging after each
unexpected clinical presentation whether typical or atypical of
MS.59
Since the approval of the most recent generation of MS therapeutics, the importance of the role of MR imaging in MS drug
surveillance is increasing. The aims of MR imaging drug surveillance
include detection of unexpected MS disease activity, paradoxical reactions (eg, tumefactive demyelinating lesions), comorbidities (eg,
vascular, neoplastic), and adverse effects such as PML and other opportunistic infections.107,108 The importance of strict pharmacovigilance has been recognized for many years, but it has gained additional
clinical relevance with the potential for a broader spectrum of adverse
findings than with earlier therapies.109
Part 2 of this review will discuss the recommended frequency
of MR imaging for patients, depending on their treatment regimen and their unique risk profile. Further, it will focus on the
imaging features that are important for neuroradiologists to be
aware of when interpreting images in patients being treated with
the most recent MS medications. The second part of this review
will also examine the various methods for assessing the radiologic
response to MS therapies. Finally, it covers future areas and technologies that may make the accomplishment of the above tasks
more reliable and efficient.
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Current and Emerging Therapies in Multiple Sclerosis:
Implications for the Radiologist, Part 2—Surveillance for
Treatment Complications and Disease Progression
X C. McNamara, X G. Sugrue, X B. Murray, and X P.J. MacMahon

ABSTRACT
SUMMARY: An understanding of the new generation of MS drugs in conjunction with the key role MR imaging plays in the detection of
disease progression, opportunistic infections, and drug-related adverse effects is of vital importance to the neuroradiologist. Part 1 of this
review outlined the current treatment options available for MS and examined the mechanisms of action of the various medications. It also
covered speciﬁc complications associated with each form of therapy. Part 2, in turn deals with the subject of pharmacovigilance and the
optimal frequency of MRI monitoring for each individual patient, depending on his or her unique risk proﬁle. Special attention is given to
the diagnosing of progressive multifocal leukoencephalopathy in patients treated with natalizumab as this is a key area in which neuroradiologists can contribute to improved patient outcomes. This article also outlines the aims of treatment and reviews the possibility of
“no evidence of disease activity” becoming a treatment goal with the availability of more effective therapies. Potential future areas and
technologies including image subtraction, brain volume measurement and advanced imaging techniques such as double inversion recovery
are also reviewed. It is anticipated that such advancements in this rapidly developing ﬁeld will improve the accuracy of monitoring an
individual patient’s response to treatment.
ABBREVIATIONS: BV ⫽ brain volume; DIR ⫽ double inversion recovery; DMT ⫽ disease-modifying therapy; IRIS ⫽ immune reconstitution inﬂammatory syndrome;
JC virus ⫽ John Cunningham virus; MTR ⫽ magnetization transfer ratio; NEDA ⫽ no evidence of disease activity; NTZ ⫽ natalizumab; NTZ PML ⫽ natalizumab-associated
PML; PML ⫽ progressive multifocal leukoencephalopathy; PML IRIS ⫽ PML-associated IRIS; PSIR ⫽ phase-sensitive inversion recovery

art 1 of this review covered recent developments in the treatment of MS and discussed the published clinical data on the
efficacy and safety of the currently approved and emerging therapies in this condition as they apply to the radiologist. Part 2 will
focus on the role of the radiologist in monitoring patients being
treated with these medications and will focus on pharmacovigilance, which includes observation for treatment complications
and signs of disease progression.

P

Frequency of MR Imaging for Drug Monitoring
MR imaging is recommended before the initiation or modification of disease-modifying therapy (DMT) and approximately 6
months after a treatment switch to allow sufficient time for the
new therapy to reach its therapeutic potential.1 Therefore, some
authors suggest that the reference scan should be obtained no
earlier than 3 months after treatment initiation/change to over-
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come the uncertainty about new lesions occurring before the
treatment becomes effective.2 Continued or worsening disease
activity on MR imaging while a patient is on a DMT may prompt
a change in therapy. There is evolving evidence that ongoing MR
imaging activity can be indicative of a suboptimal therapeutic
response3; however, due to variable pharmacodynamics, the time
until MR imaging activity is suppressed differs among the immunomodulatory agents.4
Several studies have attempted to define criteria and strategies
for the early identification of suboptimal response in individual
patients via a combination of clinical and MR imaging measures
during the first 6 –12 months after treatment initiation.5-7 These
criteria are partially or completely based on the detection of disease activity on follow-up brain MR imaging studies, defined as
new gadolinium-enhancing lesions or new and/or enlarging T2
hyperintense lesions.8
More frequent surveillance may be indicated in clinically aggressive cases or unusual patterns (eg, tumefactive MS) (Table 1).
Clinical judgment and experience are critical in such cases. While
guidelines on a tolerable threshold for new lesion activity that
warrants a change in therapy have been proposed, individual
factors will impact the clinician’s decision as to the exact frequency of MR imaging monitoring and time to switch ther-

Table 1: Frequency of MRI surveillance
Clinical Indication
RRMS, routine surveillance
Higher risk patients (positive for JC virus serum
antibodies) with ⬎24 mo of NTZ exposure
Low risk of PML (negative for JC virus serum
antibodies)
Patients at high risk of developing
opportunistic infections who are switching
DMT
Patients who switch from NTZ to other
therapeutics (including ﬁngolimod,
alemtuzumab, and dimethyl fumarate)
Patients who require enhanced
pharmacovigilance for other reasons

Frequency of Imaging
Annually for at least the ﬁrst 2 or 3 years
after starting therapy or switching DMT
Every 3–6 months

Imaging Protocol
T2-weighted and contrast-enhanced
T1-weighted
T2WI, T2 FLAIR, DWI, SWI (if indicated)

Annually

T2WI, T2 FLAIR, DWI, SWI (if indicated)

MRI when the current treatment is
discontinued and 3–6 months after the
new treatment is started
Enhanced pharmacovigilance, including
brain MRI every 3–4 mo for up to 12 mo

T2WI, T2 FLAIR, DWI, SWI (if indicated)

Every 3–6 mo

As indicated

T2WI, T2 FLAIR, DWI, SWI (if indicated)

Note:—RRMS indicates relapsing-remitting MS.

spectrum of pathogens such as varicella
zoster virus, as has been described in patients treated with fingolimod.14
There is now growing evidence that
drug-related adverse effects can occur
when MS medication is discontinued or
even several months after a new treatment is started (so-called “carry over
opportunistic infections”). Therefore,
strict pharmacovigilance, including frequent MR imaging, should be performed in patients who switch therapies,
to detect resurgent MS disease activity
and adverse effects such as opportunistic
infections.15-17 In patients at high risk of
developing opportunistic infections (eg,
immunocompromised patients, those
recently treated with a course of immunosuppressants) who are switching
DMTs, brain MR imaging is recommended when the current treatment is
discontinued and after the new treatment is started. Thus, heightened pharmacovigilance, including brain MR imaging every 3– 4
months for up to 12 months, is required in patients who switch
from NTZ to other medications (such as fingolimod, alemtuzumab, and dimethyl fumarate).8 To date, among patients
switching to fingolimod treatment after previous natalizumab
therapy, there have been 17 suspected cases of PML.18

Table 2: Risk stratiﬁcation of natalizumab-associated PML
Risk Factors for PML
Development in Patients
Treated with NTZ
Duration of Therapy ≥24 Months
Risk stratiﬁcation of patients
High risk
Prior immunosuppressive therapy
Evidence of JCV antibody seropositivity
Presence of anti-JCV antibodies
Increased treatment duration, especially beyond 2 yr
Immunosuppressant use prior to receiving NTZ
High JCV titers
Low risk
Patients negative for anti-JCV antibody (risk is ⬍0.09/1000)
Methods of reducing risk
All patients receiving NTZ should be screened for previous
JCV infection
Serologic testing for patients negative for JCV every 6 mo
Patients positive for JCV who have been treated with NTZ
for ⬎2 yr should be switched to another second-line
therapy
Increased frequency of imaging surveillance for high-risk
patients (eg, every 3–4 mo)
Comparison of surveillance images with previous MR imaging
Note:—JCV indicates John Cunningham virus.

apy.1,7,9 Isolated worsening on the neurologic examination or
brain MR imaging should lead to closer monitoring rather than
an immediate switch of therapy; with silent brain MR imaging
activity, reassessing the MR imaging in several months is
recommended.10

Imaging Surveillance for Opportunistic Infections
Particularly high-risk patients (natalizumab [NTZ] treatment
longer than 24 months, serology positive for John Cunningham
[JC] virus serology, prior immunosuppression) should be
screened every 3– 6 months with at least a curtailed MR imaging
protocol to include FLAIR, T2-weighted, DWI, and SWI sequences if available.8 Low-risk patients (JC virus seronegative)
can be imaged on an annual basis (Table 2).8,11 MR imaging–
based monitoring of patients for early progressive multifocal leukoencephalopathy (PML) detection is not recommended for
those patients treated with NTZ exclusively, but also for patients
being treated with other DMTs, including alemtuzumab, fingolimod, and dimethyl fumarate.12,13 In addition, PML is not the only
opportunistic infection that can be observed during MS treatment. MS treatment–related infections include a wide-ranging

Diagnosing PML
Although differentiating between a new MS lesion and an evolving PML lesion can be challenging, radiologists must be familiar
with the key imaging features associated with PML because a
timely and accurate diagnosis at the asymptomatic stage is associated with improved survival and functional outcome compared
with patients identified at the symptomatic stage.19 MR imaging
has been shown to be sensitive in the detection of PML lesions and
can identify such lesions several months before the onset of clinical symptoms.20
The current diagnostic criteria for PML as established by the
American Academy of Neurology include the presence of 3 components: a clinical picture suggestive of PML (eg, behavioral and
AJNR Am J Neuroradiol 38:1672– 80
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PML-immune reconstitution inflammatory syndrome, particularly during
MS follow-up imaging.25,26
The most common area to be affected by NTZ PML is the frontal lobe,
followed in frequency by the occipital
lobe and then the parietal lobe (Table
3).27,28 Like other aggressive infiltrating
lesions, PML can also infiltrate the corpus callosum, though isolated corpus
callosal involvement is rare.29 PML lesions occur in the posterior fossa in early
PML in approximately 10% of cases at
initial presentation (Fig 1).28 These
most commonly involve the cerebellum
and middle cerebellar peduncles, though
the brain stem can be affected.27,30 Crescent-shaped lesions involving the middle cerebellar peduncles and adjacent
cerebellar and/or pontine white matter
may be specific to PML, rather than MS,
because they have, so far, only been reported in patients with PML.30-32 Deep
gray matter (including the thalamus and
dentate nuclei) PML lesions are unusual
(5%) in NTZ PML, particularly in the
early disease course.22
A 2016 study published in Radiology
by Hodel et al27 investigated the radiologic findings of NTZ PML at the
asymptomatic stage. They concluded
that hyperintensity on DWI and inFIG 1. Infratentorial natalizumab-associated PML. Axial FLAIR (A and B) images of a patient volvement of U-fibers were the most
demonstrating extensive hyperintense signal involving the cerebellum, middle cerebellar pedun- predictive MR imaging features for the
cle, and pons. This had progressed from prior imaging. Note minimal mass effect. Postadminis- diagnosis of asymptomatic NTZ PML.
tration of gadolinium, there is no enhancement demonstrated (C).
Their results also suggested that punctate lesions may be a highly specific findcognitive abnormalities, progressive weakness, gait abnormaliing for NTZ PML, being exclusively observed in patients with
ties, visual field deficits, speech and language disturbances, and/or
NTZ PML. Most of the lesions observed in their study involved
incoordination), biochemical and/or histologic evidence of the JC
the frontal lobe as has been previously reported in other studies.28
21
virus, and MR imaging findings. Compared with symptomatic
They also found that comparison of the patient’s current MR
PML, in which the lesion dissemination typically involves multiimages with those from previous MR imaging examinations sigple lobes affecting both hemispheres, patients with asymptomatic
nificantly improved the specificity for the detection of NTZ PML
PML present more frequently with a localized disease in a unilolesions and for the diagnosis of PML (from 88% without to 100%
bar and focal distribution.19,20 Most interesting, compared with
with previous MR imaging; P ⫽ .05). Recent evidence also sugother PML cohorts, contrast enhancement can be observed quite
gests that SWI may be of value in the early diagnosis of PML (Fig
frequently in natalizumab-associated PML (NTZ PML), occur2). In particular, low signal intensity observed in U-fibers identiring in approximately 30% of all patients at diagnosis, and can be
fied with SWI has been reported as a unique finding in early
the leading radiologic sign in asymptomatic patients.22-24
PML.33,34 Most interesting, the rate of PML in patients treated for
Substantial evidence indicates that FLAIR is the most sensitive
⬍1 year remains virtually zero. Thus, the patient’s length of treatsequence for detecting PML.22 DWI is known to be highly sensiment with natalizumab should be provided to the radiologist
tive for depicting acute demyelination but can also aid in the
when interpreting MR imaging findings.
differentiation of acute PML lesions from chronic and subacute
demyelinating MS lesions.22 In patients with MR imaging lesions
PML–Immune Reconstitution Inﬂammatory Syndrome
In a bid to halt the progression of PML, plasma exchange or imsuggestive of PML, the MR imaging protocol should be extended
munoadsorption can be used to remove NTZ from the circulato include pre- and postcontrast T1-weighted imaging to detect
inflammatory features and the possible coincidence of PML and
tion, which allows lymphocytes to cross the BBB once again.35
Table 3: MRI Features of PML
Features
Location
Subcortical white matter U-ﬁbers
Predilection for frontal lobe ⬎ occipital lobe ⬎ parietal lobe
Size
Small, ⬍3 cm when asymptomatic
In symptomatic patients, lesions are often large (⬎3 cm)
Morphology
Punctate lesions often identiﬁed in asymptomatic PML
Symptomatic PML typically demonstrates more conﬂuent and
diffuse lesions
Microcysts
No associated edema or mass effect
T1WI and T2WI
FLAIR hyperintensity with corresponding T1 hypointense lesions
T1 hypointesity is less pronounced in asymptomatic PML
DWI
Hyperintensity on DWI
T1 postcontrast
30% will demonstrate linear or punctate enhancing lesions; if
nodular or rim enhancement is present, active MS plaque or
IRIS should be considered
SWI
Low signal intensity in U-ﬁbers
Differential diagnosis
MS plaque
Acute disseminated encephalomyelitis
Tumefactive lesion
Ischemic changes
Posterior reversible encephalopathy syndrome
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FIG 2. A typical example of natalizumab-associated PML. There is a
FLAIR hyperintense lesion involving the right precentral gyrus (A, arrows) abutting the cortex. The susceptibility-weighted sequence reveals a hypointense rim involving the subcortical U-ﬁbers adjacent to
the PML lesion (B, arrows). Reprinted from Hodel et al.34

This sudden restoration of cellular immunity can paradoxically
result in the worsening of the patient’s neurologic status with the
development of immune reconstitution inflammatory syndrome
(IRIS).36 The development of IRIS occurs days to weeks following
treatment with plasma exchange or immunoadsorption.35,36
PML-associated IRIS (PML IRIS) can, however, also occur following the cessation of NTZ alone without plasma exchange.26 In
such cases, immunologic rebound with IRIS takes approximately
3 months postcessation, in keeping with the long half-life of the
drug.37 This represents a challenge for the radiologist because
neurologic dysfunction and white matter lesions occurring after
NTZ interruption may also be caused by MS exacerbations.38 The
literature suggests that PML IRIS tends to occur first in such cases
followed by recurrences of MS activity at later follow-up imaging,
suggesting that timing is key to reaching a diagnosis.17,25,28
Imaging findings that can assist in the diagnosis of PML IRIS
include contrast enhancement and rapid progression of existing
PML lesions, which begin to exert mass effect through swelling
and edema.37,39,40 Current data, though limited, suggest that contrast enhancement with either a patchy or punctate pattern in the
border of the PML lesion is the most frequent imaging sign in
early PML IRIS (Fig 3).39 Gheuens et al41 have developed a diagnostic model using proton MR spectroscopy to help differentiate
PML IRIS lesions from lesions without IRIS on the basis of their
metabolic profile and the presence contrast enhancement.

Assessing Radiologic Response to Therapy
Several studies have demonstrated that the occurrence of new T2
lesions or gadolinium-enhancing lesions during the first year of a
treatment (most studies have investigated treatment with interferon ␤) correlates with progression of disability.42,43 These 2
measures have relevant differences. While contrast-enhancing lesions are considered a marker of acute inflammation in patients
with MS, new T2 hyperintense lesions reflect the permanent footprint from a previous focal inflammatory lesion that developed in
the interval between 2 scans.44
Determining ongoing radiologic stability is based on the presence or absence of new lesions (whether T2-weighted or contrastenhancing lesions).5,42,43,45,46 In a large retrospective study of patients with MS on therapy, the presence of ⬎2 contrast-enhancing
lesions at 1 year was predictive of poor clinical outcome at 5

FIG 3. Axial T2-weighted and contrast-enhanced T1-weighted images
showing imaging signs suggestive of natalizumab-associated PML (A
and B) with follow-up imaging post-withdrawal of medication suggestive of PML–immune reconstitution inﬂammatory syndrome. This patient demonstrates the most frequent pattern of PML IRIS, with
patchy contrast enhancement in the border of the lesion (arrows).
Reproduced from Wattjes et al39 with permission from BMJ Publishing
Group Ltd.

years.47 The Barcelona and Cleveland Clinic groups have both
shown that the accumulation of a certain number of new T2 lesions, with or without clinical relapse, has a predictive value for
disability progression during the next few years.3,43,48 For example, Rio et al49 showed that ⫾3 lesions after 1 year of treatment
predicted increased disability after 2 years (OR ⫽ 8.3, 71% sensitivity, 71% specificity).
A scoring system proposed by Rio et al50 combines commonly
used, short-term (ie, 1-year) treatment measures of disease activity, such as clinical relapses, Expanded Disability Status Scale progression, and active MR imaging lesions, to identify patients at
risk of developing new clinical activity (ie, relapses) during the
ensuing years. The other novelty provided by this proposed score
is the use of the number of new T2 hyperintense MR imaging
lesions instead of gadolinium-enhancing lesions. Previous approaches have used gadolinium-enhancing lesions to assess MR
imaging activity because they are easier to detect as already mentioned.42,43,51 The Rio Criteria or the Modified Rio Criteria are
guides to prognosis; but unfortunately, their sensitivity and specificity are not considered accurate enough for routine clinical
practice.5,6
Critics have dismissed T2 lesions as a predictive biomarker
because of the moderate-to-poor short-term correlation between
the accumulation of lesions and outcome. However, long-term
studies are much more informative. For example, in the Queen
Square 21-year clinically isolated syndromes follow-up study, T2
lesion load was highly predictive of a poor clinical outcome.52 In a
AJNR Am J Neuroradiol 38:1672– 80
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meta-analysis from 23 randomized placebo-controlled clinical
trials involving 6591 patients, regression models demonstrated
that the treatment effect on T2 hyperintense lesions correlated
with the effect on relapses.46 Most interesting, the development of
new T2 lesions in patients with MS on DMT is much more predictive of long-term outcome compared with the development of
new T2 lesions in patients on no treatment or a placebo.53-55 Such
data make a compelling case for suppressing the development of
T2 lesions as a treatment target, with the aim of delaying or preventing the onset of secondary-progressive MS. One drawback of
such an approach is that the detection of new T2 hyperintense
lesions can be challenging, especially if there is a preexisting high
load of lesions, and one has to factor in variable positioning on
serial scans and 1.5T-versus-3T lesion detection.56
Whereas the classification of new T2 lesions can be more difficult and is more time-consuming, T2 signal alterations are a
durable “footprint” of plaque formation and thus a relatively reliable means of ascertaining lesion accumulation.5 Some of the
limitations of T2 lesion counting could be overcome by technologic innovations, for example emerging registration and subtraction techniques.57

Deﬁning “Nonresponders”
Effective DMT treatment has been shown to be especially beneficial early in the course of MS. Thus, rapid identification of nonresponders is crucial to determine the need for a therapeutic
switch.58 Patients with MS who continue to experience clinical
and/or radiologic disease activity despite treatment with DMT are
categorized as “nonresponders.”43,48,50 The response of patients
with MS to DMT is very heterogeneous; thus, it is especially difficult to determine whether a particular treatment of choice is
producing the desired effect.48 Proposed scoring methods to
identify patients with a suboptimal treatment response on the
basis of combined clinical and radiologic measures at follow-up
have shown considerable variation.8 Moreover, such criteria have
been developed almost exclusively in patients receiving different
formulations of interferon ␤. Few data are available from patients
undergoing treatment with the newer DMTs in clinical practice.8

Advancing toward “No Evidence of Disease Activity”
With the introduction of new, more effective therapies, there has
been a shift in treatment expectations from partial response to
potential remission, with no evidence of disease activity (NEDA)
being the new treatment target. NEDA is defined as the following:
1) absence of relapses, 2) absence of sustained disability worsening, and 3) absence of radiologic activity, seen as gadoliniumenhancing lesions or new/enlarged T2-hyperintense lesions
(NEDA-3).59 More recently, this composite outcome has been
implemented by also considering the absence of brain volume loss
(NEDA-4).60 The clinical significance of NEDA in the long-term,
however, is still lacking, and the concept is still evolving because
there is debate over additional measures that could or should be
included, such as loss of brain volume as a marker.61,62 Realistically because DMT is only partially effective, some lesion accumulation is an expected outcome for patients treated with these therapies and neurologists do not routinely switch DMTs with minor
asymptomatic relapses.61 While new T2 lesions during treatment
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are undesirable, studies are heterogeneous in relation to the number of new lesions considered significant disease activity. In a recent systematic review investigating the role of MR imaging in the
assessment of treatment response to interferon ␤, pooled data of
new T2 lesions did not show statistical significance for those patients with only 1 new T2 lesion per year.63 A 2016 study published by Prosperini et al64 showed that 34% of patients treated
with natalizumab achieved NEDA-3 at 7-year follow-up.
From the clinician’s point of view, there are multiple justifications for switching therapies. First, MS involves diverse pathologic mechanisms that no single DMT addresses. Second, MS is
heterogeneous, and one might expect a given agent to work better
in one patient than another. Third and perhaps most important,
no DMT actually cures MS. Approximately 30% of patients show
a suboptimal therapeutic response during the early treatment
years.65,66 Therefore, NEDA may be an unrealistic long-term expectation, especially when economic factors and adverse effects
are taken into account. There are no uniform criteria for choosing
the initial DMT to be trialed in an individual patient. This decision is guided by drug, disease, and patient considerations; personal preferences and experiences; and economic and availability
factors. Most initial treatment choices would involve a first-line
agent before consideration is given to a second-line agent such as
NTZ.

Future Areas
Brain Atrophy as a Marker. Numerous studies have used MR imaging– derived methods to assess brain volume (BV) changes in
MS, revealing that atrophy can be present even in the early stages
of the condition and that it progresses during the disease
course.67,68 Several MR imaging studies consistently reported associations between whole-brain gray matter loss and increases of
lesion load.69,70 The clinical relevance of brain atrophy is wellknown: Compared with measures of lesion load, brain atrophy
shows better correlations with progression of disability and cognitive impairment, with gray matter atrophy being more closely
associated with clinical dysfunction than white matter atrophy.71
The overall effect of treatment on brain atrophy can be reflective
of the effect of the therapy on disability.55 The more recent DMTs
have been shown to decrease rates of brain atrophy when compared with a placebo.72 Thus, recent clinical trials have incorporated BV outcomes as a measure of treatment effect.73 Current
methods for measuring BV in radiology are usually automated
software that either uses a segmentation-based approach (such as
statistical parametric mapping) for cross-sectional data or a registration-based approach (such as structural image evaluation
with normalization of atrophy) for longitudinal analysis.72 Unfortunately, the clinical interpretation of BV loss in patients with
MS can often be difficult with other confounding factors such as
hydration status and ongoing inflammation at the time of treatment onset.74 Moreover, differences in the quality and capabilities
of MR imaging hardware and in the software packages used for
analysis or processing can generate notable variability in brain
atrophy assessment.71,75
In many trials, DMTs have produced only moderate evidence
of a reduction in BV loss. This is because anti-inflammatory
agents have been shown to increase the rate of BV reduction

imaging, restricted proton fraction, and
positron-emission tomography techniques.4 Furthermore, additional pulse
sequences such as double inversion recovery (DIR) and phase-sensitive inversion recovery (PSIR) have improved the
detection rate of cortical lesions.88,89
Although conventional MR imaging
is very sensitive to macroscopic lesions,
it lacks sensitivity to the microscopic pathology. Diffusion MR imaging techniques, including DTI and diffusional
kurtosis imaging, are sensitive to diffuse
FIG 4. DIR (A), PSIR (B), and FLAIR (C) images from a single patient with MS at the same section microscopic injury in the normal-aplocation. An intracortical lesion is evident in the left parietal area. Also, note the excellent overall
pearing white matter and gray matter of
delineation of the gray-white matter border on PSIR. Reprinted from Nelson et al.100
patients with MS.90 These techniques
provide quantitative parameters such as
within the first 6 months to 1 year of treatment, followed by stafractional anisotropy and mean diffusivity, which correlate well
bilization during the second year of treatment.76 Resolution of
with tissue damage that is not visible on T2 and FLAIR imaging.91
this inflammation will lead to an initial accelerated BV loss that
DTI may also assist in evaluating the structural integrity of white
has been described as a “pseudoatrophy” effect.73 Therefore, the
matter and can be used for probabilistic or deterministic tractomost clinically efficacious drugs (with a high impact on inflamgraphy.92 In one in vivo study of MS, radial diffusivity appeared to
77-79
80
provide the closest correlation with tissue integrity.93 A multimation), such as natalizumab,
fingolimod or high-dose in81
center validation study indicated that fractional anisotropy was
terferon ␤, will tend to produce larger-than-placebo BV dethe most comparable DTI measure across centers and endorsed its
creases during the first months of therapy, which, at least in part,
use in multicenter clinical trials.94 Werring et al95 demonstrated
may not be related to true tissue damage. The difficulties in clinthat a steady and moderate increase of the apparent diffusion
ical interpretation of BV loss outlined above such as the pseudocoefficient can precede the development of new plaques by 6 – 8
atrophy effect explain why this novel technique is not currently
months, and they indicated that structural changes in prelesion
employed in routine clinical use.
normal-appearing white matter occur before inflammation and
Image Subtraction to Detect New Lesions. A second area of
BBB leakage.
growing interest is the accurate detection of active lesions and its
MTR is a technique based on the transfer of magnetization
achievement. Both new and enlarging lesions, imaged with stanbetween semisolid and water protons in different structural envidard serial nonregistered 2D images, are complicated by reposironments.92 Longitudinal studies demonstrate decreases in MTR
tioning errors and a background of unaltered nonactive lesions.82
preceding contrast enhancement. The magnitude of the MTR deSubtraction images, after image registration, provide an alternacline during gadolinium enhancement predicts whether a lesion
tive strategy in which the effect of repositioning errors is reduced,
will evolve into a T1 hypointense one.96 Thus, MTR alteration has
cancelling out radiologically stable disease. In both single-center
been proposed as a marker of overall lesion severity. Partial or
and multicenter settings, 2D subtraction images depicted higher
complete resolution of the MTR may occur as inflammation is
numbers of active lesions with greater interobserver agreement
reduced and remyelination ensues.97 Due to these features, this
compared with nonregistered 2D T2-weighted spin-echo imtechnique provides a promising primary outcome measure to
ages.83,84 Image subtraction can overcome issues associated with
evaluate remyelinating therapies in clinical trials. Several metrics
differentiating old T2 lesions from new T2 lesions, thus providing
that have been proposed for further study include intralesional
good visualization and quantification of active and resolving leMTR and whole-brain MTR.98
sions.85 Recent data have shown that automated identification of
DIR sequences simultaneously suppress CSF and white matter
new or enlarging T2 lesions is robust, accurate, and sensitive, thus
signals, thereby increasing the detectability of gray and white matsupporting its use for evaluating treatment efficacy in clinical triter lesions in MS significantly.99 Several reports have shown the
als.86 Long-interval T2-weighted sequences can be processed with
utility of DIR and PSIR images for detecting MS plaques, espeautomated subtraction, which has been used in a multicenter trial
cially in intracortical or mixed white matter– gray matter areas
to provide greater power for assessing treatment efficacy than
compared with FLAIR and T2-weighted images (Fig 4).88,100,101
is possible with monthly contrast-enhanced T1-weighted imHagiwara et al102 recently showed that such sequences could be
aging.85,87 However, subtraction requires time-consuming
recreated by using synthetic MR imaging techniques, which lead
postprocessing steps, and the process can be susceptible to
to greater diagnostic accuracy than conventional MR images in
imaging artifacts.
comparable acquisition times.
Last, there have been studies that have combined the above
Advanced Imaging Techniques. A broadening spectrum of
imaging advances with promising results. Calabrese et al103
emerging MR imaging techniques allows a more specific evaluashowed that the combination of DIR and DTI constitutes a subtion of MS pathology. Included in these new methods are the
following: magnetization transfer ratio (MTR), diffusion tensor
stantial step forward in the analysis of cortical disease in MS. They
AJNR Am J Neuroradiol 38:1672– 80
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combined these techniques to analyze the cortex of patients with
relapsing-remitting MS and found that fractional anisotropy was
significantly increased in cortical lesions compared with normalappearing gray matter. Their study concluded that there is a high
correlation between the fractional anisotropy of normal-appearing gray matter and the progression of physical disability during a
3-year follow-up. Another example is the combined use of DIR
and PSIR, which allows more reliable detection of cortical lesions
in MS than DIR techniques alone. The addition of PSIR also provides better delineation of lesion boundaries, which results in a
more confident classification of lesions as purely intracortical,
mixed, or juxtacortical.100
Although the use of quantitative MR imaging measures for
disease monitoring shows much promise, their use in routine
clinical practice is, in part, hindered by the longer acquisition and
postprocessing times and a current lack of standardization.

7.

8.

9.

10.
11.

12.

CONCLUSIONS
The field of MS therapeutics is a rapidly evolving one. For radiologists to provide an informed opinion in discussions of newer MS
agents, they must have a working understanding of the strengths
and limitations of various novel therapies. The role of imaging in
MS has advanced beyond confirmation of disease presence to include the monitoring and surveillance of disease activity and
treatment complications. An understanding of the new generation of MS drugs in conjunction with the key role MR imaging
plays in the detection of disease progression, opportunistic infections, and drug-related adverse effects is of vital importance to the
radiologist and physician alike. Radiologists are in a unique position to detect many of the described complications well in advance of clinical symptoms. This rapidly expanding area will see
much change in the years to come, and it is more important than
ever for the neurologist and radiologist to work together in the
pursuit of improved outcomes for the patient with MS.
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Wattjes MP, Rovira À, Miller D, et al; MAGNIMS study group. Evidence-based guidelines: MAGNIMS consensus guidelines on the
use of MRI in multiple sclerosis— establishing disease prognosis
and monitoring patients. Nat Rev Neurol 2015;11:597– 606 CrossRef
Medline
Wiendl H, Toyka KV, Rieckmann P, et al; Multiple Sclerosis Therapy
Consensus Group (MSTCG). Basic and escalating immunomodulatory treatments in multiple sclerosis: current therapeutic recommendations. J Neurol 2008;255:1449 – 63 CrossRef Medline
Coyle PK. Switching therapies in multiple sclerosis. CNS Drugs
2013;27:239 – 47 CrossRef Medline
Wattjes MP, Barkhof F. Diagnosis of natalizumab-associated progressive multifocal leukoencephalopathy using MRI. Cur Opin
Neurol 2014;27:260 –70 CrossRef Medline
Rommer PS, Zettl UK, Kieseier B, et al. Requirement for safety
monitoring for approved multiple sclerosis therapies: an overview. Clin Exp Immunol 2014;175:397– 407 CrossRef Medline
van Oosten BW, Killestein J, Barkhof F, et al. PML in a patient
treated with dimethyl fumarate from a compounding pharmacy.
N Engl J Med 2013;368:1658 –59 CrossRef Medline
Arvin AM, Wolinsky JS, Kappos L, et al. Varicella-zoster virus infections in patients treated with fingolimod: risk assessment and
consensus recommendations for management. JAMA Neurol
2015;72:31–39 CrossRef Medline
Fine AJ, Sorbello A, Kortepeter C, et al. Progressive multifocal leukoencephalopathy after natalizumab discontinuation. Ann Neurol
2014;75:108 –15 CrossRef Medline
Wattjes MP, Killestein J. Progressive multifocal leukoencephalopathy after natalizumab discontinuation: few and true? Ann Neurol
2014;75:462 CrossRef Medline
Killestein J, Vennegoor A, van Golde AE, et al. PML-IRIS during
fingolimod diagnosed after natalizumab discontinuation. Case
Rep Neurol Med 2014;2014:307872 CrossRef Medline
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Río J, Tintoré M, Sastre-Garriga J, et al. Change in the clinical activity of multiple sclerosis after treatment switch for suboptimal
response. Eur J Neurol 2012;19:899 –904 CrossRef Medline
De Stefano N. Assessing brain atrophy rates in a large population

AJNR Am J Neuroradiol 38:1672– 80

Sep 2017

www.ajnr.org

1679

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

1680

of untreated multiple sclerosis subtypes. Neurology 2010;74:
1868 –76 CrossRef Medline
Fisher E, Lee JC, Nakamura K, et al. Gray matter atrophy in multiple sclerosis: a longitudinal study. Ann Neurol 2008;64:255– 65
CrossRef Medline
Steenwijk MD, Daams M, Pouwels PJ, et al. What explains gray
matter atrophy in long-standing multiple sclerosis? Radiology
2014;272:832– 42 CrossRef Medline
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ABSTRACT
BACKGROUND AND PURPOSE: Effective management of patients with brain tumors depends on accurate detection and characterization of lesions. This study aimed to demonstrate the noninferiority of gadoterate meglumine versus gadobutrol for overall visualization
and characterization of primary brain tumors.
MATERIALS AND METHODS: This multicenter, double-blind, randomized, controlled intraindividual, crossover, noninferiority study
included 279 patients. Both contrast agents (dose ⫽ 0.1 mmol/kg of body weight) were assessed with 2 identical MRIs at a time interval of
2–14 days. The primary end point was overall lesion visualization and characterization, scored independently by 3 off-site readers on a
4-point scale, ranging from “poor” to “excellent.” Secondary end points were qualitative assessments (lesion border delineation, internal
morphology, degree of contrast enhancement, diagnostic conﬁdence), quantitative measurements (signal intensity), and safety (adverse
events). All qualitative assessments were also performed on-site.
RESULTS: For all 3 readers, images of most patients (⬎90%) were scored good or excellent for overall lesion visualization and characterization with either contrast agent; and the noninferiority of gadoterate meglumine versus gadobutrol was statistically demonstrated. No
signiﬁcant differences were observed between the 2 contrast agents regarding qualitative end points despite quantitative mean lesion
percentage enhancement being higher with gadobutrol (P ⬍ .001). Diagnostic conﬁdence was high/excellent for all readers in ⬎81% of the
patients with both contrast agents. Similar percentages of patients with adverse events related to the contrast agents were observed with
gadoterate meglumine (7.8%) and gadobutrol (7.3%), mainly injection site pain.
CONCLUSIONS: The noninferiority of gadoterate meglumine versus gadobutrol for overall visualization and characterization of primary
brain tumors was demonstrated.
ABBREVIATIONS: AE ⫽ adverse event; CNR ⫽ contrast-to-noise ratio; GBCA ⫽ gadolinium-based contrast agent; LS ⫽ least-squares; r1 ⫽ relaxivity

adolinium-based contrast agents (GBCAs) have led to improvement in the diagnostic accuracy and sensitivity of MR
imaging. GBCAs can be classified into linear or macrocyclic
agents according to their chemical structure, with macrocyclic
GBCAs showing a higher kinetic stability.
Gadoterate meglumine is an ionic macrocyclic GBCA with a
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measured T1 relaxivity (r1) range in plasma at 37°C of 3.4 –3.8
L ⫻ mmol⫺1 ⫻ s⫺1 at 1.5T and 3.3–3.7 L ⫻ mmol⫺1 ⫻ s⫺1 at 3T.1
Gadobutrol is a nonionic macrocyclic GBCA with a higher r1
range of 4.9 –5.5 L ⫻ mmol⫺1 ⫻ s⫺1 at 1.5T and 4.7–5.3 L ⫻
mmol⫺1 ⫻ s⫺1 at 3T in plasma at 37°C.1
Gadobutrol is the only GBCA formulated at a concentration of
1 mmol/mL, while gadoterate meglumine is formulated at 0.5
mmol/mL, as are all other commercially available GBCAs approved for CNS imaging. Both are administered intravenously at
a dose of 0.1 mmol/kg of body weight; thus, gadobutrol is administered at half the volume of gadoterate meglumine. However,
Please address correspondence to Kenneth R. Maravilla, MD, Department of Radiology, University of Washington, 1959 NE Paciﬁc, Box 357115, Seattle, WA 98195;
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despite the small differences in relaxivity and in formulated drug
concentration, several neuroimaging studies have failed to conclusively demonstrate a clinical advantage for gadobutrol compared with other GBCAs.2-4
The primary objective of this study was to determine whether
gadoterate meglumine is noninferior to gadobutrol for overall
visualization and characterization of primary brain tumors, using
an intraindividual crossover comparison design.

MATERIALS AND METHODS
Study Design
This study was a multicenter, double-blind, randomized, controlled intraindividual, 2-sequence, 2-period, crossover noninferiority study. Patients underwent 2 identical MR imaging examinations, 1 with each contrast agent, gadoterate meglumine and
gadobutrol. The sequence of contrast agent administration (gadoterate meglumine followed by gadobutrol or vice versa) was randomly assigned to each patient with a 1:1 allocation ratio. This
study was conducted according to the principles in the Declaration of Helsinki and the Good Clinical Practices guidelines of the
International Conference on Harmonization. In the United
States, the protocol was compliant with the Health Insurance Portability and Accountability Act. The study was approved by the
local ethics committee or institutional review board for human
subject research of each institution in which the study was performed. Written informed consent was obtained from all participating patients. The study was registered on https://clinicaltrials.
gov with identifier NCT02034708.

Patients
A total of 279 adult patients were enrolled in the study at 27
centers worldwide (Mexico, United States, South Korea, and Colombia) between June 2014 and September 2015. Patients with
known or highly suspected primary brain (intracranial) tumors
detected by previous CT or MR imaging examination and who
were scheduled for contrast-enhanced MR imaging were included. Patients were not included if they had a rapidly evolving
brain tumor that could change in appearance between the 2 MR
imaging examinations or if they were receiving treatment that
could result in a change of lesion appearance between the 2 MR
imaging examinations (eg, radiation therapy, an operation, or
chemotherapy). Additional noninclusion criteria were the following: patients who were pregnant or breastfeeding, had a contraindication to MR imaging, had known severely impaired renal function (estimated glomerular filtration rate of ⬍30 mL/min/1.73
m2), had known class III/IV congestive heart failure (New York
Heart Association Classification), had a known severe adverse drug
reaction or contraindication to GBCA, had received any contrast
agent within 48 hours before first study contrast agent injection or
were expected to receive any other contrast agent within 24 hours
following the last study contrast agent injection, or were included in
another clinical trial involving an investigational drug within 30 days
before the first contrast agent injection.

Contrast Agent Administration
Gadoterate meglumine (Dotarem; Guerbet, Aulnay-sous-Bois,
France) and gadobutrol (Gadovist, Bayer Schering Pharma, Ber1682
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lin, Germany; or Gadavist, Bayer HealthCare Pharmaceuticals,
Wayne, New Jersey) were each administered at a single dose of 0.1
mmol/kg of body weight (0.2 mL/kg for gadoterate meglumine,
0.1 mL/kg for gadobutrol) by intravenous bolus injection at a rate
of 2 mL/s with an automatic injector. Contrast agent injection was
immediately followed by a saline flush of 20 –30 mL at the same
injection rate. To ensure that on-site evaluation of the contrast
agent was performed under blinded conditions, a third party performed the injection. The patient was not aware of the identity of
the injected contrast agent. The 2 MR imaging examinations were
performed with a minimum time interval of 48 hours to allow
contrast washout and prevent any effect of contrast agent carryover, and a maximum time interval of 14 days to minimize any
potential for lesion change and thus ensure comparability of the 2
examinations.

MR Imaging
MR imaging was performed on 1.5T systems in 15 centers and on
3T systems in 12 centers. Each MR imaging scanner was previously evaluated for qualification for the study by BioClinica
(Princeton, New Jersey). It was mandatory that the same MR imaging scanner and same parameters be used for both examinations in each patient. Imaging protocol included 3 unenhanced
sequences: axial T1-weighted (2D spin-echo or gradient recalledecho, or TSE with an echo-train length of ⱕ3), axial T2-weighted
(2D TSE), and axial T2-weighted FLAIR (2D or 3D FLAIR); and 1
axial T1-weighted sequence post contrast-agent injection acquired with imaging parameters identical to those of the precontrast axial T1 sequence (On-line Table 1). The postcontrast T1weighted imaging was initiated 5 ⫾ 1 minutes after the end of the
contrast agent injection.

Image Evaluation
All images were evaluated by 3 independent blinded off-site readers. All were experienced (at least 12 years of experience with an
everyday practice in neuroradiology) and analyzed the images for
the following qualitative criteria: overall lesion visualization and
characterization (as the primary end point), lesion border delineation, visualization of lesion internal morphology, degree of contrast enhancement, and level of diagnostic confidence.
Overall visualization and characterization of the lesion (or
most representative lesion, ie, enhancing and/or largest if there
was ⬎1 lesion present) were assessed on a 4-point scale (0 ⫽ poor,
inadequate; 1 ⫽ fair, partial; 2 ⫽ good, adequate; and 3 ⫽
excellent).
The level of diagnostic confidence was evaluated on a 5-point
scale according to the percentage of confidence (1 ⫽ nil, 0%– 4%;
2 ⫽ poor, 5%–35%; 3 ⫽ moderate, 36%– 65%; 4 ⫽ high, 66%–
95%; and 5 ⫽ excellent, 96%–100%) for each patient based on the
most representative lesion. All available sequences (FLAIR, T2,
and T1 with and without contrast administration) were available
for readers to review and evaluate.
Border delineation and internal morphology were scored
on a 3-point scale (0 ⫽ unevaluable; 1 ⫽ seen, but imperfectly; and
2 ⫽ seen completely/perfectly), as was the degree of contrast enhancement (0 ⫽ nil; 1 ⫽ mild enhancement; and 2 ⫽ strong enhancement). These 3 criteria were assessed on up to 3 of the most

representative lesions. For each of these 3 criteria, a sum of scores was
calculated at the patient level as follows: scorelesion 1 (⫹ scorelesion 2 ⫹
scorelesion 3, if applicable) and was recorded as a continuous variable.
Sums of scores were therefore related to the number of detected lesions. According to the results for sums of scores, images were classified as “gadoterate meglumine preferred” when the sum of scores of
the patient was superior with gadoterate meglumine; as “no preference” when the sums of scores were equal with both contrast agents;
and as “gadobutrol preferred” when the sum of scores was superior
with gadobutrol.
Off-site readers also performed quantitative measures of signal intensity on up to 3 of the most representative lesions using
ROI markers to determine SNR, contrast-to-noise ratio (CNR),
and lesion percentage enhancement. ROIs were placed on unenhanced and enhanced T1 sequences.
The 3 off-site readers were blinded to all patient data and to the
time point of the MR imaging examination (first or second), diagnostic results of the imaging procedures, findings of any other
readers (ie, investigators, on-site readers, other off-site readers),
and the contrast agent administered. Readers were trained on an
independent dataset of 15 MR imaging examinations to ensure a
harmonized understanding of the reading criteria and were qualified after evaluation of inter- and intrareader variability on 15
new MR imaging examinations.
Study examinations were read in batches of approximately 30
examinations randomly distributed to each reader. Each reader
was permitted to analyze a maximum of 1 batch during any given
24-hour period. A “washout” period of at least 2 weeks between
examinations from the same patient was applied, and images were
distributed in random order between the 2 time points to minimize recall bias.
In conditions more closely simulating the usual practice, an
on-site radiologist, blinded to the identity of the contrast agent,
also evaluated all images of patients included in his or her site with
the same qualitative criteria as described for the blinded readers.
These readings were used for patient management.

Safety
All adverse events (AEs) were recorded from the time of patient
enrollment in the study until 30 minutes after the last contrast
agent injection. The intensity of each adverse event was graded as
mild, moderate, or severe, and the causal relationship to the contrast agent was assessed by the investigator as being not related,
doubtfully related, or possibly related. All AEs were classified according to the Medical Dictionary for Regulatory Activities, Version 18.1 (https://www.meddra.org/) index terms.

Statistical Methods
Statistical analyses were performed by using SAS software (SAS
Institute, Cary, North Carolina), Version 9.2.
Primary and secondary criteria were presented on the perprotocol set, including all randomized patients who had a valid
off-site assessment of the primary criterion without major protocol deviation. The primary criterion, the noninferiority of gadoterate meglumine– enhanced MR imaging compared with gadobutrol-enhanced MR imaging for overall lesion visualization
and characterization (dichotomized as good/excellent versus

poor/fair), was assessed with a noninferiority margin set at ⫺10%,
which was considered clinically acceptable. If one assumed that
approximately 85% of patients would have good or excellent lesion visualization and characterization (minimum score of 2) for
each contrast agent and each independent reader, approximately
235 patients undergoing the 2 MR imaging examinations were
needed to ensure that the difference between the 2 examinations
did not exceed the noninferiority margin. Assuming that 15% of
patients would withdraw from the study, 270 patients were
planned for randomization to achieve the study objective.
The noninferiority of gadoterate meglumine to gadobutrol
was declared if the lower limit of the 95% CI of the difference in
overall lesion visualization and characterization was above the
noninferiority margin for at least 2 of 3 off-site readers, using a
normal test of equality of paired proportions with a 1-sided 2.5%
significance level. To test the difference between the 2 contrast
agents, we performed a multiple logistic regression model for correlated data. Secondary criteria were considered exploratory.
Comparison between the 2 contrast agents for continuous variables was performed with the differences of least-squares (LS)
mean from a mixed model for correlated data. The frequency of
the 3 classifications of sums of scores was compared using the
Wilcoxon signed rank test. The intra- and interreader agreement
for the evaluation of the overall lesion visualization and characterization was assessed for each contrast agent and presented as
agreement proportion. Intrareader agreement was analyzed by
rereading 10% of all MR images, randomly determined. The 3
off-site readers reread the images without knowledge that it was a
second reading.

RESULTS
Patient Characteristics
A total of 279 patients were enrolled in the study. Five were not
randomized due to deviation from the plan specified in the protocol (3 patients) or because they withdrew consent (2 patients). A
total of 274 patients were randomized to either the gadoterate
meglumine/gadobutrol arm (140 patients) or the gadobutrol/
gadoterate meglumine arm (134 patients) to undergo 2 identical
MR imaging examinations. Six patients did not receive the first
contrast agent, leading to a total of 268 patients receiving at least 1
injection of contrast agent (safety set). Of these, 249 patients underwent a second MR imaging with contrast agent injection and
completed the study with both contrast-enhanced MR imaging
examinations performed. Patient disposition is summarized in
Fig 1.
Among the 249 randomized patients who underwent both MR
imaging examinations, 15 were excluded from the per protocol set
because they presented with at least 1 major protocol deviation:
differences of MR imaging DICOM parameters at T1 sequences
between the 2 MR imaging examinations that could adversely
affect the comparability of lesion visualization and characterization (n ⫽ 3), technical injection failure in 1 of the MRIs (n ⫽ 3), a
difference in injection rate of ⱖ1.5 mL/s between the 2 contrast
agent administrations (n ⫽ 3), a difference of ⱖ10% between the
2 actual doses administered to a single patient (n ⫽ 2), patients
without detected tumoral lesions according to at least 2 off-site
readers at both examinations (n ⫽ 3), and loss of the second MR
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the 268 patients, 170 (63.4%) had a previous examination with GBCA administration and only 1 of these patients
(0.4%) experienced a nonsevere adverse
reaction to the GBCA administered.

Primary Criterion: Overall Lesion
Visualization and Characterization
Figure 2 shows the results of the 3
blinded off-site readers for overall lesion
visualization and characterization. For
all readers, the overwhelming majority
of patients (⬎90%) presented with good
or excellent overall lesion visualization
and characterization with either of the 2
contrast agents. Reader 3 scored overall
lesion visualization and characterization
as good or excellent for all patients with
gadoterate meglumine and for all patients except 1 with gadobutrol. Therefore, a difference between these GBCAs
was not statistically evaluable for this
reader.
FIG 1. Patient disposition with numbers of patients enrolled (n ⫽ 279) and randomized (n ⫽ 274)
For the 2 other off-site readers, the esto undergo 2 identical MR imaging examinations with gadoterate meglumine followed by gadtimated
difference and 95% CI between
obutrol (arm 1) or with gadobutrol followed by gadoterate meglumine (arm 2). A total of 268
gadoterate
meglumine and gadobutrol (as
patients received the ﬁrst contrast agent injection, and 249 patients completed the study with
the 2 examinations performed.
reference) was 2.3% (95% CI, ⫺1.3 to 5.9)
for reader 1 and ⫺2.5% (95% CI, ⫺6.5 to
1.4) for reader 2 with lower limits of 95%
CI above the noninferiority limit set at
⫺10%. The noninferiority of gadoterate
meglumine compared with gadobutrol
was therefore demonstrated.
Figures 3 and 4 illustrate 2 case examples that demonstrate the identical
appearance in lesion visualization and
characterization observed for the 2 contrast agents.
Inter- and intrareader agreement
for the assessment of overall lesion visualization and characterization was
FIG 2. Rate of patients with overall lesion visualization and characterization scored good/excel- high on the basis of agreement proporlent or poor/fair. The bar graph shows the rate of patients with overall lesion visualization and
characterization scored good/excellent or poor/fair according to each contrast agent and each tion, with interreader agreement ranging from 91% to 96% and intrareader
off-site reader (n ⫽ 234 patients for all readers).
agreement, from 96% to 100%.
imaging data (n ⫽ 1). Therefore, the per-protocol set used for
The noninferiority of gadoterate meglumine compared
analysis of evaluation criteria included 234 patients, 120 in the
with gadobutrol was also demonstrated by on-site readers,
gadoterate meglumine/gadobutrol arm and 114 in the gadobutrol/
with ⬎96% of patients presenting good or excellent overall
gadoterate meglumine arm.
lesion visualization and characterization with both contrast
The 2 arms showed comparable demographic characteristics
agents and an estimated difference between them of 0.6% (95%
(On-line Table 2). Patients ranged in age from 18 to 98 years, with
CI, ⫺1.8 to 3.1).
a mean of 53.6 ⫾ 15.1 years. There were more female than male
patients (64.2% versus 35.8%). Body mass index ranged from 17.4
Qualitative Secondary Criteria
to 51.2 kg/m2, with a mean of 27.7 ⫾ 5.3 kg/m2. At the time of the
The 3 off-site readers scored border delineation, internal morlast brain imaging evaluation, the patients’ diagnoses were tumor
phology, and degree of contrast enhancement on up to 3 of the
of the meninges (49.3%), glioma (14.9%), tumor not otherwise
most representative lesions; a sum of scores was calculated per
specified (13.1%), pituitary adenoma (11.9%), nerve sheath tupatient for each of these criteria (On-line Table 3). More than
mor (9.0%), tumor metastases (1.5%), and other (0.4%). Among
87% of patients had only 1 lesion, 5%–10% had 2 lesions, and
1684
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Quantitative Secondary Criteria: Signal-Intensity
Measurements

FIG 3. A 46-year-old woman with glioblastoma. T1 spin-echo images
(1.5T) after administration of 0.1 mmol/kg of gadoterate meglumine
(A) and gadobutrol (B) show an approximate 65-mm lesion. The time
between the 2 MR imaging examinations was 7 days. Lesion visualization and characterization were scored as excellent by all 3 blinded
readers. The enhancing rim of the lesion is clearly seen on both
examinations.

FIG 4. A 74-year-old man with a high-grade glioma. T1 spin-echo images (1.5T) after administration of 0.1 mmol/kg of gadoterate meglumine (A) and gadobutrol (B) show an approximate 30-mm mass. The
time between the 2 MR imaging examinations was 8 days. Lesion
visualization and characterization were scored as excellent by all 3
blinded readers. The mass is clearly seen on both examinations and
shows no difference in contrast enhancement.

⬍4% had ⱖ3 lesions. Lesion border delineation showed no significant differences between contrast agents for readers 1 and 2;
however, a minimal statistically significant difference (P ⫽ .049)
was observed in favor of gadobutrol for reader 3. No statistically
significant differences between contrast agents were shown for
any of the 3 readers for visualization of lesion internal morphology or for qualitative assessment of the degree of lesion contrast
enhancement.
The analysis by calculated preference of border delineation,
internal morphology, and degree of contrast enhancement between the 2 contrast agents showed no preference of the off-site
readers for most patients (68%– 89%) (Fig 5). For the other patients (ⱕ33% of patients), a slight calculated preference for gadobutrol was observed for readers 2 and 3, while a slight calculated
preference for gadoterate meglumine was seen for reader 1. These
differences were not statistically significant.
The mean level of diagnostic confidence was high or excellent
with both GBCAs in ⬎81% of patients, according to all off-site
readers. No significant difference in diagnostic confidence was
observed between the 2 contrast agents.
Similar results were observed between on-site and off-site
readers regarding all the qualitative secondary criteria.

Results of signal-intensity measurements are presented in the
Table. LS mean SNR and CNR were higher with gadobutrol than
with gadoterate meglumine for all off-site readers, with an LS
mean difference ranging from ⫺10.3 to ⫺14.6 for SNR and from
⫺7.4 to ⫺23.6 for CNR. Statistically significant LS mean differences were observed for SNR for reader 1 (P ⬍ .001) and for CNR
for readers 1 and 3 (P ⬍ .001 and P ⫽ .008). Significantly (P ⬍
.001) higher values of lesion percentage enhancement were reported with gadobutrol compared with gadoterate meglumine,
according to all readers, with LS mean differences ranging from
⫺13.2 to ⫺15.7.

Adverse Events
A similar percentage of patients with postinjection AEs related
to contrast agent was observed with gadoterate meglumine
(7.8%, n ⫽ 20 patients) and gadobutrol (7.3%, n ⫽ 19 patients). The most frequent AEs related to gadoterate meglumine were injection site pain (n ⫽ 11) and paraesthesia at the
injection site (n ⫽ 2) and at other sites (n ⫽ 2), while the most
frequent AEs related to gadobutrol were injection site pain
(n ⫽ 13), dizziness (n ⫽ 2), and nausea (n ⫽ 2). All these
postinjection AEs related to the contrast agents were mild or
moderate in intensity and resolved. Two patients had serious
AEs during the study (1 before and the other 8 days after contrast agent administration). For both patients, the serious AEs
were considered related to their primary brain tumor and not
related to the contrast agent.

DISCUSSION
The results from this study support the noninferiority of gadoterate meglumine compared with gadobutrol, 2 macrocyclic GBCAs,
for the diagnosis and evaluation of primary brain (intracranial)
tumors. Most patients (⬎90%) presented with lesions that were
scored good/excellent for overall lesion visualization and characterization by the readers with each contrast agent. No statistically significant differences were observed between the 2 GBCAs regarding the assessment of lesion border delineation (except
for 1 reader), lesion internal morphology, degree of contrast enhancement, or level of diagnostic confidence. The results for
blinded calculated reader preference based on the sum of scores at
the patient level for 3 of the secondary end points showed no
preference for either contrast agent in most cases (68%– 89%).
When a preference was expressed for one or the other contrast
agent, the statistical analysis including the no preference subgroup failed to show any statistically significant difference. Despite an LS mean difference in CNR, SNR, and lesion percentage
enhancement in favor of gadobutrol, which is considered clinically minimal when relating it to the LS mean value of either of the
2 contrast agents, no discernible clinical effect was observed on
lesion visualization and characterization score. This suggests that
the level of contrast enhancement obtained with gadoterate meglumine provides comparable contrast visualization for evaluation of primary brain tumors.
Several previous studies compared the efficacy of gadoterate
meglumine with that of other GBCAs with slightly different relaxAJNR Am J Neuroradiol 38:1681– 88
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erence, and ⫺1 ⫽ gadobutrol worse
than gadoterate meglumine. Secondary
end point evaluations included a preference regarding the intensity of lesion enhancement, lesion delineation, and internal lesion structure. A statistically
significant overall preference for gadobutrol was noted by 2 of 3 readers.
However, no preference was expressed
by the off-site readers in the largest proportion of cases (47% of patients). For
secondary assessment, a statistically significant preference in favor of gadobutrol was noted by the 3 readers for
the level of enhancement but by only 1
reader for internal lesion structure and
by none of the readers for lesion delineation. A major bias of the statistical
analysis of this study was that it excluded
the “no preference” assessment group,
FIG 5. Classiﬁcation in preference subgroups for lesion border delineation (A), lesion internal which was the largest group.6 Quantitamorphology (B), and degree of contrast enhancement (C). The bar graphs show the rate of
tive assessment of the lesion-to-brain rapatients classiﬁed in preference subgroups for lesion border delineation (A), lesion internal
morphology (B), and degree of contrast enhancement (C), according to each off-site reader tio and lesion percentage enhancement
(n ⫽ 234 patients for all readers; n ⫽ 231 patients for reader 1; n ⫽ 233 patients for reader 2; showed a statistically significant differn ⫽ 232 patients for reader 3), with P ⬎ .1 for the 3 end points for all readers (Wilcoxon signed
ence in favor of gadobutrol, which probrank test).
ably reflects the small difference in r1
Signal-intensity measurements
between the 2 contrast agents. Most imLS Meana (SE)
portant, no clinical advantage for either
Gadoterate
LS Meana Difference
treatment group was demonstrated in
Meglumine Gadobutrol
(95% CI)
P Value
this study, and no differences were reSNR
ported in the number of lesions detected
Reader 1
266.79 (5.00) 281.41 (5.02) ⫺14.61 (⫺22.77 to ⫺6.46) ⬍.001
with either contrast agent.
Reader 2
157.21 (4.75) 167.46 (4.75) ⫺10.26 (⫺21.58 to 1.07)
.076
Gadobutrol was also compared with
Reader 3
192.94 (4.98) 203.35 (4.97) ⫺10.41 (⫺22.75 to 1.93)
.098
CNR
other GBCAs in several studies. A comReader 1
117.22 (7.83) 140.84 (7.84) ⫺23.62 (⫺33.25 to ⫺13.99) ⬍.001
parison of the diagnostic performance of
Reader 2
64.59 (4.19)
72.02 (4.19)
⫺7.42 (⫺14.87 to 0.03)
.051
gadobutrol and gadoteridol, another
Reader 3
82.96 (5.16)
96.44 (5.15) ⫺13.48 (⫺23.43 to ⫺3.54)
.008
macrocyclic agent with r1 relaxivity
Percentage enhancement
comparable with that of gadoterate meReader 1
107.61 (3.93) 121.72 (3.93) ⫺14.12 (⫺18.38 to ⫺9.85)
⬍.001
Reader 2
93.90 (3.63) 107.12 (3.63) ⫺13.22 (⫺17.28 to ⫺9.16)
⬍.001
glumine, was conducted by Katakami et
Reader 3
98.82 (3.77) 114.47 (3.76) ⫺15.66 (⫺20.52 to ⫺10.79) ⬍.001
al4 in 175 patients with known or susNote:—SE indicates standard error.
pected brain metastases. In this singlea
LS means are the means controlled for covariates of the model.
blind, randomized, controlled intraindividual crossover study, a single dose
and a double dose of gadobutrol, 1.0 mol/L (0.1 and 0.2 mmol/kg
ivity values. Oudkerk et al5 compared gadoterate meglumine with
of body weight, respectively), were demonstrated to be noninfegadopentetate dimeglumine, a linear ionic GBCA, in 1038 parior to a double dose of gadoteridol, 0.5 mol/L (0.2 mmol/kg of
tients with CNS pathologies and showed comparable image qualbody weight), at detecting brain metastases, with a comparable
ity with both contrast agents. However, one of the limitations of
mean number of lesions detected. A major limitation of this study
the study is the lack of a crossover design. More recently, Anis that MR imaging examinations with gadoteridol were perzalone et al2 performed a single-blind, crossover comparison
formed only after the double dose; this feature did not allow a
study of gadobutrol versus gadoterate meglumine in 136 patients
head-to-head comparison of single doses of both contrast agents.
with known brain lesions who underwent 2 identical MR imaging
Maravilla et al3 reported a randomized double-blind crossover
examinations, one with each contrast agent. MR images were read
by 3 independent blinded readers in a matched-pairs comparison
study also comparing gadobutrol with gadoteridol, both at the
in which both MR imaging series were displayed simultaneously.
single dose of 0.1 mmol/kg. This study, including 229 patients,
Readers scored an overall preference for one or the other MR
showed the noninferiority of gadoteridol compared with gadimaging examination or “no preference” by using a 3-point scale:
obutrol for overall diagnostic lesion preference using a matched1 ⫽ gadobutrol better than gadoterate meglumine, 0 ⫽ no prefpairs comparison study design, as well as for secondary end points
1686
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of lesion border delineation, internal morphology, lesion extent,
and lesion contrast enhancement. In addition, a blinded reader
assessment of the diagnostic characterization of lesions as benign
or malignant showed no statistically significant difference between the 2 contrast agents for 2 of 3 readers.
Another limitation of the study is that nearly 60% of patients
presented with extra-axial tumors, meningiomas, or nerve sheath
tumors, which should readily enhance regardless of agent and
magnetic field strength.
Therefore, the results of the present study are consistent with
previous reports showing no difference in clinical benefit between
the 2 contrast agents, with slightly different relaxivity values. In
our study, a rigorous, double-blind, controlled intraindividual,
2-sequence, 2-period crossover design was chosen to compare
gadoterate meglumine with gadobutrol. The study design differs
slightly from some other crossover comparison studies because
blinded readers used a 4-point scale graded from poor to excellent
to rank the primary end point of overall lesion visualization and
characterization for each individual MR imaging examination independently and in a randomized order. The present methodology aimed to simulate the clinical daily practice in which contrastenhanced MR imaging must allow good visualization and
characterization of lesions, which ensures appropriate medical
care of patients. The very high interreader agreement proportion,
ranging from 91% to 96% for the assessment of overall lesion
visualization and characterization, and the consistency observed
between off-site and on-site readers demonstrate the robustness
of our results.
Unlike in Maravilla et al,3 the accuracy for lesion characterization with histopathologic confirmation was not appraised in our
study. The level of diagnostic confidence and radiologic diagnosis
was assessed, but histopathologic confirmation ensuring the validity of the diagnosis was lacking. Another limitation of this study
was that we did not evaluate the impact of contrast-enhanced MR
imaging on patient medical management. A follow-up study evaluating patient management after contrast-enhanced MR imaging
with gadoterate meglumine or gadobutrol would be needed to
confirm the clinical significance of these results.
The use of any contrast agent must be based on clinical need
and diagnostic indications. Once the diagnostic indications are
met, the choice of which contrast agent to use is based on balancing the benefit to be gained (eg, adequate visualization) versus the
risk of use. Gadoterate meglumine has been used for ⬎28 years as
a safe and efficient MR imaging GBCA. There have been ⬎60
million doses administered worldwide, with an excellent safety
profile for immediate adverse drug reactions and a low incidence
of serious AEs, comparable with other extracellular GBCAs.7 This
study confirms the low incidence of immediate AEs reported with
gadoterate meglumine and with gadobutrol as demonstrated in
multiple previous studies.7,8 All AEs were mild or moderate in
degree and resolved; no serious AEs related to either contrast
agent were reported during the study.
Thus, the present results also support the comparable safety
profile of gadoterate meglumine versus gadobutrol.
The discovery of the association of GBCAs with nephrogenic
systemic fibrosis in patients with severe renal failure9,10 and, more
recently, with brain gadolinium deposition11-13 in patients with

normal renal function raises important safety concerns in the field
of contrast-enhanced MR imaging, which influence radiologic
practice. Most important, no or very few cases of nephrogenic
systemic fibrosis have been reported after highly stable macrocyclic GBCA administration (no cases of nephrogenic systemic fibrosis associated with unconfounded single-agent administration
of gadoterate meglumine), and brain T1 hyperintensities have not
been observed after administration of any of the macrocyclic
GBCAs.12-16 The emergence of these safety issues related to the
use of GBCAs should encourage the choice of the most stable
macrocyclic contrast agents in clinical practice.

CONCLUSIONS
This multicenter, randomized, double-blind, controlled intraindividual crossover study demonstrates the noninferiority of gadoterate meglumine versus gadobutrol for overall visualization and
characterization of primary brain tumors in 234 patients, supported by no preference of the readers for either contrast agent, in
most cases, regarding border delineation, internal morphology,
and the qualitative degree of contrast enhancement. Despite the
difference in relaxivity between these 2 GBCAs, no measurable
difference in clinical benefit was observed in our study. A similar
safety profile was also demonstrated for both contrast agents.
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ORIGINAL RESEARCH

ADULT BRAIN

Diagnostic Performance of a 10-Minute Gadolinium-Enhanced
Brain MRI Protocol Compared with the Standard Clinical
Protocol for Detection of Intracranial Enhancing Lesions
X J. Fagundes, X M.G. Longo, X S.Y. Huang, X B.R. Rosen, X T. Witzel, X K. Heberlein, X R.G. Gonzalez, X P. Schaefer, and
X O. Rapalino

ABSTRACT
BACKGROUND AND PURPOSE: The development of new MR imaging scanners with stronger gradients and improvement in coil technology, allied with emerging fast imaging techniques, has allowed a substantial reduction in MR imaging scan times. Our goal was to develop
a 10-minute gadolinium-enhanced brain MR imaging protocol with accelerated sequences and to evaluate its diagnostic performance
compared with the standard clinical protocol.
MATERIALS AND METHODS: Fifty-three patients referred for brain MR imaging with contrast were scanned with a 3T scanner. Each MR
image consisted of 5 basic fast precontrast sequences plus standard and accelerated versions of the same postcontrast T1WI sequences.
Two neuroradiologists assessed the image quality and the ﬁnal diagnosis for each set of postcontrast sequences and compared their
performances.
RESULTS: The acquisition time of the combined accelerated pre- and postcontrast sequences was 10 minutes and 15 seconds; and of the
fast postcontrast sequences, 3 minutes and 36 seconds, 46% of the standard sequences. The 10-minute postcontrast axial T1WI had fewer
image artifacts (P ⬍ .001) and better overall diagnostic quality (P ⬍ .001). Although the 10-minute MPRAGE sequence showed a tendency
to have more artifacts than the standard sequence (P ⫽ .08), the overall diagnostic quality was similar (P ⫽ .66). Moreover, there was no
statistically signiﬁcant difference in the diagnostic performance between the protocols. The sensitivity, speciﬁcity, and accuracy values for
the 10-minute protocol were 100.0%, 88.9%, and 98.1%.
CONCLUSIONS: The 10-minute brain MR imaging protocol with contrast is comparable in diagnostic performance with the standard
protocol in an inpatient motion-prone population, with the additional beneﬁts of reducing acquisition times and image artifacts.
ABBREVIATIONS: GRAPPA ⫽ generalized autocalibrating partially parallel acquisition; GRE ⫽ gradient-echo; SE ⫽ spin-echo

he prolonged acquisition time of MR imaging is uncomfortable for patients, introduces the potential for motion-related
artifacts (especially in critically ill patients), limits clinical availability, and increases cost. Consequently, in the past decade, there
has been a concerted effort to develop fast and ultrafast MR imaging protocols.1-7
For many years, continual development of new scanners with

T

Received March 6, 2017; accepted after revision May 12.
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stronger gradients and the improvement of coil technology,8-10
allied with a number of emerging fast imaging techniques, has
allowed substantial reduction in MR imaging scan times.1,11-13
More recently, the development of parallel imaging, a robust
method for accelerating MR imaging data acquisitions based on
obtaining simultaneous information from arrays of coils, allowing decreased filling of k-space lines, has been the preferred
method for decreasing acquisition times.14-16
This study is in accord with recent effort within the neuroradiology research community to accelerate the clinical MR imaging studies and expands on a 5-minute noncontrast brain MR
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Table 1: Clinical characteristics of patients
Characteristic
Male
Age (mean) (yr)
Clinical indication for MRI
New focal neurologic deﬁcit
Altered mental status
Seizures
Brain tumor
Postoperative evaluation
Others

No. of Cases (%)
25 (47%)
53.4 ⫾ 16.1
3 (5.7%)
4 (7.6%)
2 (3.8%)
26 (49.1%)
8 (15.1%)
10 (18.9%)

imaging protocol previously validated by our group.11 We previously demonstrated similar image quality and diagnostic accuracy
of a 5-minute brain MR imaging protocol compared with the
conventional protocol in a motion-prone clinical population. The
aim of this study was to develop a 10-minute gadolinium-enhanced brain MR imaging protocol with accelerated sequences
and to evaluate its diagnostic performance compared with a standard clinical protocol in a similar clinical population.

MATERIALS AND METHODS
Study Design
A prospective comparative study was performed in 69 consecutive
neurologic/neurosurgical patients in the intensive care unit who
underwent brain MR imaging with contrast, from February
through June 2016. None of the patients were sedated. Sixteen
patients were excluded because of incomplete datasets due to
technical or compliance issues. The remaining 53 patients (25
men; mean age, 53.4 ⫾ 16.1 years) were included. Demographic
information, including age, sex, and clinical indication for undergoing MR imaging, is described in Table 1. This study was Health
Insurance Portability and Accountability Act– compliant and was
approved by the Massachusetts General Hospital institutional review board. Because all brain MR imaging studies included were
acquired for clinical purposes and no significant time was added
to the study, informed consent was waived by the institutional
review board.

MR Imaging Protocol
All studies included 5 basic fast sequences that have been previously validated (5-minute brain)11 and standard and fast versions
of 2 common clinically used postcontrast sequences: axial 5-mm
T1-weighted and 3D MPRAGE. Because the acquisition time of
the precontrast sequences in addition to the fast postcontrast sequences was close to 10 minutes, we decided to call this novel
protocol the “10-minute brain MR imaging protocol.” All MR
imaging studies were performed with a clinical 3T MR imaging
scanner (Magnetom Skyra; Siemens, Erlangen, Germany) with
maximum gradient strength of 45 mT/m, a slew rate of 200 T/m/s,
and a 32-channel multiarray receiver head coil. All scans began
with 4 sequences from the 5-minute brain protocol (fast sagittal
T1-weighted, axial FLAIR, axial T2*-weighted, and axial diffusion-weighted images),11 followed by a fast gradient-echo (GRE)
T1-weighted sequence. Following the intravenous injection of
gadolinium, an axial T2-weighted sequence, also developed for
the 5-minute protocol, was performed to allow a minimum time
required for the contrast to properly enhance brain lesions.17 The
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standard axial TSE T1-weighted, 10-minute protocol fast axial
GRE T1-weighted, and standard and accelerated MPRAGE sequences were then acquired in a randomized order. The fast axial
GRE T1 and fast MPRAGE sequences were shortened with generalized autocalibrating partially parallel acquisition (GRAPPA).18
In addition, manual intersequence adjustments were eliminated
with the automatic section positioning technique. This technique
was developed by van der Kouwe et al,19 with a probabilistic
method to align a 3D localizer to a statistical atlas, which contains
the probability of a given tissue type occurring at a given location
based on the MR imaging intensity values.
A detailed summary of sequence parameters is found in the
On-line Table. The elapsed times before the beginning of each
sequence were measured and compared between both protocols
(standard and 10-minute). Elapsed time was defined as a time
from the start of the MR imaging study (localizer scan) to the start
of each sequence in each protocol.11

Qualitative Image Evaluation
The DICOM datasets were transferred to a predetermined workstation and anonymized before randomization. Blinded to patient
information and protocol type, 2 neuroradiologists (O.R., S.Y.H.)
with 16 and 6 years of experience independently reviewed all
DICOM datasets with a DICOM viewer (OsiriX Imaging Software; http:// www.osirix-viewer.com). To obtain optimal visualization, we allowed adjustments of window widths and levels. A
research team member not involved in the data assessment was
responsible for maintaining anonymization and randomization
keys.

Individual Analysis
Regarding the individual analysis, each patient had 2 DICOM
datasets: 1 containing the 10-minute postcontrast protocol and 1
containing the standard protocol images (both shared the same 5
basic sequences from the 5-minute brain protocol already mentioned and a standard precontrast 5-mm axial T1-weighted sequence). Both datasets were distributed in a randomized fashion
throughout the reading sessions so that no patient had his or her
standard and 10-minute protocols read at the same session.
Individual datasets for each protocol were assessed for diagnostic performance, and accuracy was calculated with the standard protocol as the criterion standard. The readers were asked to
determine the number of lesions, the degree of enhancement, and
the presumed diagnosis (without knowledge of clinical information) after they analyzed the entire protocol. Only pathological
enhancing lesions were included. The degree of enhancement was
determined on the basis of a predefined 4-point scale: 0 (none),
not visualized on 1 (or both) of the postcontrast sequences; 1
(subtle), faintly visualized on 3D sequences but better visualized
on axial images (or vice versa); 2 (adequate), moderate degree of
enhancement, equally seen in both 3D and axial sequences; and 3
(excellent), strong and sharply demarcated enhancement on both
sequences.20 Disagreements between readers were resolved by
consensus review for presumed diagnoses and adjudicated by a
third reader (P.S.) with 20 years of experience for the remaining
variables.

Table 2: Presumed diagnosis based on imaging ﬁndings without clinical information
Standard Protocol
Diagnosis
Normal ﬁndings
Neoplastic disease
Inﬂammatory disease
CNS infection
Vascular pathologies
Posttreatment and/or
postsurgical changes
Undetermined

10-Minute Protocol

No. Cases (%)
8b (15.1%)
21 (39.6%)
2 (3.8%)
0 (0%)
5b (9.4%)
15 (28.3%)

Mean No. of Lesions (95% CI)
0
4.8 (1.8–7.7)
2.5 (⫺16.5–1.6)
0
2 (0.8–3.2)
2.9 (2.2–3.7)

No. Cases (%)
9b (17.0%)
21 (39.6%)
2 (3.8%)
0 (0%)
4b (7.6%)
15 (28.3%)

Mean No. of Lesions (95% CI)
0
4.8 (1.8–7.7)
2.5 (⫺16.5–21.6)
0
1.5 (⫺0.1–3.1)
2.9 (2.2–3.7)

2 (3.8%)

1

2 (3.8%)

1

Pa
1.00

a

McNemar test between standard and 10-minute protocols.
b
A case was diagnosed as a vascular lesion in the standard protocol sequences, but it was considered normal enhancement in the 10-minute protocol. Retrospectively, this lesion
was present in the 10-minute protocol sequences and compatible with a small capillary telangiectasia.

Head-to-Head Analysis

RESULTS

A separate review session was performed to compare the presence
of image artifacts, visualization of normal anatomic structures,
and overall diagnostic quality. Each case had side-by-side comparison of the standard and 10-minute versions of the T1-weighted axial
postcontrast sequences and side-by-side comparison of the standard
and 10-minute versions of the MPRAGE postcontrast sequences.
Both datasets (10-minute and standard) were presented simultaneously in a random left-right order and in a blinded fashion to the
observers. The observers documented which sequence was superior
(left or right) or whether they were equivalent. A different member of
the research team, who was not blinded to the assignments, used
these scores and rearranged them following a previously described
scoring method.21 A third reader (P.S.) resolved any disagreements.
Image quality was defined as image degradation by artifacts and was
assessed by using a 5-point scale: ⫺2, artifacts are seen only on the left
sequence; ⫺1, artifacts are worse on the left sequence; 0, comparable
artifacts are seen in both protocols; ⫹1, artifacts are worse on the
right sequence; ⫹2, artifacts are seen only on the right sequence. The
overall diagnostic quality was defined as the ability to identify findings despite the presence of artifacts and was assessed by a similar
comparative 5-point scale: ⫺2, left sequences are nondiagnostic; ⫺1,
right sequences are superior to the left sequences, but both are diagnostic; 0, both protocols are diagnostic and equal in terms of overall
quality; ⫹1, left sequences are superior to the 10-minute sequences,
but both are diagnostic; ⫹2, right sequences are nondiagnostic.21

Elapsed-Time Comparison

Statistical Analysis
The descriptive data were presented by means and SDs or medians
and ranges for parametric and nonparametric variables, respectively. Fisher exact and Wilcoxon signed rank tests were used to
analyze the results of elapsed time, head-to-head, and individual
analyses, considering categoric and continuous variables, respectively, on the basis of the data from the described scores after the
adjudication. The comparison of individual analyses regarding
the diagnostic performance was evaluated with the McNemar test.
Proportions of agreement between readers regarding the individual analysis were reported with the Cohen  coefficient. This coefficient was interpreted as follows: 0.00 – 0.20, slight agreement; 0.21–
0.40, fair agreement; 0.41– 0.60, moderate agreement; 0.61– 0.80,
substantial agreement; and ⬎0.80, almost perfect agreement.22
P values ⬍ .05 were considered statistically significant. All statistical calculations were performed with STATA, Version 14.0
(StataCorp, College Station, Texas).

There was no statistically significant difference between the
elapsed time of the standard and 10-minute sequences (P ⬎ .05).
These results reinforce the order of the scanning being truly randomized, and they did not influence image quality.

Individual Analysis
The observers decided by consensus a presumed diagnosis based on
the MR imaging features (Table 2). These diagnoses were concordant
between the 10-minute and standard protocol groups in 52 cases
(98.1%). The only case in which they disagreed was diagnosed as a
vascular pathology in the standard protocol sequences, but it was
considered normal vascular enhancement in the 10-minute protocol. Retrospectively, this lesion was present in the 10-minute protocol sequences and was compatible with a small capillary telangiectasia. The sensitivity, specificity, and accuracy of the 10-minute
protocol were 100.0% (95% CI, 92%–100%), 88.9% (95% CI,
51.8%–99.7%), and 98.1% (95% CI, 89.9%–99.9%), respectively.
Regarding the enhancing lesions, the median number and statistical distribution of the lesions for each group were similar. The observers identified the same number of lesions in both protocols (162
lesions in 45 patients). From these 45 patients in whom the presence
of at least 1 enhancing lesion was described, 18 (40%) underwent the
standard protocol first, and 27 (60%), the 10-minute protocol first.
Just 1 lesion was more conspicuous in the standard protocol but was
also identified on the 10-minute protocol sequences. In this particular case, the standard postcontrast sequences were acquired after the
10-minute postcontrast sequences, and the increased leakage of gadolinium within the lesion may explain this difference. The  for the
interobserver agreement was 0.96 for the standard sequences and 1.0
for the 10-minute sequences. The observers classified slightly more
lesions with a higher degree of enhancement in the 10-minute sequences; 97 lesions were classified as degree 3 in the standard protocol, while 111 lesions were classified as degree 3 in the 10-minute
protocol (P ⬍ .001). The  for the interobserver agreement for this
variable was 0.71 for the standard sequences and 0.70 for the 10minute sequences.

Head-to-Head Analysis
The 10-minute axial GRE T1-weighted postcontrast sequence was
considered superior (in terms of the presence of artifacts and overall
diagnostic quality) compared with the standard postcontrast spinecho (SE) T1-weighted sequence. For most cases (51/53) (96.2%),
AJNR Am J Neuroradiol 38:1689 –94
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in an inpatient setting. We demonstrated
that an optimized 10-minute protocol
with contrast (sagittal T1-weighted, axial
T2-weighted, axial FLAIR, axial T2*WI,
axial DWI, axial T1-weighted pre- and
postcontrast, and 3D-MPRAGE postcontrast) has similar diagnostic accuracy and
a
diagnostic image quality compared with a
Wilcoxon signed rank test.
conventional postcontrast MR imaging
protocol.
In fact, the 10-minute GRE T1weighted axial postcontrast sequence
performed better in terms of artifacts
and diagnostic image quality compared
with the standard SE T1-weighted postcontrast sequence. One reason for this
difference in performance could be due
to intrinsic differences in these pulse sequences, resulting in faster acquisition
times and less motion artifacts with GRE
sequences. However, even the initial
studies ⬎2 decades ago reported that SE
sequences showed more contrast compared with GRE.23 The improvements in
scanner hardware and the higher field
strengths of the 3T scanners might have
helped to reduce this difference in contrast. Another contribution of our findings is that the TE of the GRE sequence is
almost 3 times shorter than the TE of the
SE sequence, which could also reduce
pulsation artifacts.24
The 10-minute-protocol MPRAGE
sequence had similar diagnostic performance compared with the standard sequence, though it had a non-statistically
significant trend to present more artifacts. The likely cause is the reduction in
the signal-to-noise ratio, typical of parFIG 1. Postcontrast T1-weighted axial images obtained from a 66-year-old woman with a history allel imaging, which is more evident in
of non-small cell lung cancer showing a metastatic cystic lesion with peripheral enhancement in 3D sequences.25,26 Nevertheless, having
the right cerebellar hemisphere. Precontrast axial GRE T1-weighted (A), postcontrast axial GRE no influence on the diagnostic perforT1-weighted (B), and postcontrast axial SE T1-weighted (C) images. The 10-minute axial GRE T1WI
shows fewer artifacts compared with the standard axial TSE T1WI. The conspicuity of the lesion is mance and the decrease in the acquisition time may justify the use of this
comparable on both postcontrast sequences.
sequence.
The shortened acquisition time is one of the most significant benthe 10-minute GRE T1-weighted sequence had fewer artifacts comefits of the 10-minute protocol, especially in a group of unstable and
pared with the standard SE T1-weighted sequence (P ⬍ .001)
motion-prone patients as seen in our cohort. The scan time of our
(Table 3 and Fig 1).
10-minute protocol was 10 minutes and 15 seconds compared with
Most of the MPRAGE postcontrast evaluations reported that
at least 19 minutes and 3 seconds for a typical conventional protocol
the sequences were equivalent. However, there was a trend among
(without using acceleration techniques, even for the precontrast sethe observers to find more artifacts on the 10-minute sequence,
quences), which represents an acquisition time reduction of almost
though the difference was not statistically significant (P ⫽ .08).
50%. The acquisition time of the combined postcontrast sequences
The presence of these artifacts did not influence the overall diag(GRE T1-weighted axial and 3D MPRAGE) in the 10-minute protonostic quality (P ⫽ .66) (Fig 2).
col was 3 minutes and 36 seconds compared with 7 minutes and 49
seconds for the standard postcontrast sequences. This reduction was
DISCUSSION
possible without compromising diagnostic performance and mainOur results suggest that the proposed 10-minute contrast-entaining an accuracy of almost 100%.
hanced protocol may improve imaging of motion-prone patients
Table 3: Head-to-head evaluation
Sequence
Favor 10-Minute
Equal
Favor Standard
Pa
Image artifacts (No.) (%)
Axial T1 (SE or GRE)
51 (96.22%)
1 (1.88%)
1 (1.88%)
⬍.001
MPRAGE
11 (20.75%)
21 (39.62%)
21 (39.62%)
.08
Overall diagnostic quality (No.) (%)
Axial T1 (SE or GRE)
40 (75.47%)
12 (22.64%)
1 (1.88%)
⬍.001
MPRAGE
2 (3.77%)
48 (90.57%)
3 (5.66%)
.66
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Third, the time lag between the reading sections was imprecise,
increasing the risk of reader-order bias. To address this issue, we
performed assessments separated by at least 1 week from each
other in a random order.31 Fourth, our analysis was predominantly qualitative and subjective rather than with quantitative and
automated measures. Nevertheless, our  coefficients for interobserver agreement for enhancement characteristics and the number of lesions were in the range of substantial-to-near-complete
agreement, and the diagnostic concordant rate between the standard and 10-minute protocols was very high (98.1%).
FIG 2. Sagittal postcontrast MPRAGE images from a 53-year-old
woman with history of breast cancer showing postoperative ﬁndings
after resection of a brain metastasis. Ten-minute sagittal 3D MPRAGE
(A) and standard sagittal 3D MPRAGE (B) images both show comparable diagnostic quality.

We decided to maintain both sequences, 2D T1-weighted axial
and 3D MPRAGE, to increase our sensitivity for the detection of
enhancing lesions and to be in agreement with the standard protocol in our department, which includes 2 different T1-weighted
sequences after contrast administration. Considering the clinical
importance of the postcontrast sequences in this population, we
believe that maintaining both sequences is useful in case of patient
movement during the MR imaging acquisition. While the 3D
MPRAGE is known to have higher spatial resolution compared
with 2D sequences, it may have decreased the conspicuity of enhancement for small lesions in some cases, supporting the complementary use of both sequences.27,28
Parallel imaging relies on a more efficient scan technique,
which uses a higher percentage of the scan time for data acquisition (instead of image reconstruction). More specifically, multiple independent receiver coils are used, and the spatial information provided by these independent coils is exploited to encode
multiple MR imaging echoes simultaneously.15,18 Although parallel imaging has many advantages, it has an SNR penalty. Our
protocol is optimized for 3T MR imaging with a 32-channel head
coil to compensate and mitigate these constraints16 and should be
adapted if 1.5T scanners or head coils with fewer channels are
used.
In accordance with our results, previous studies demonstrated
the benefits of using parallel imaging sequences in ischemic stroke
and pediatric central nervous system disorders,3,29,30 with consistently reduced acquisition times and comparable image quality.
In the study of Nael et al,29 postcontrast sequences, MR angiography and dynamic susceptibility contrast perfusion, were tested
in an acute stroke setting. This study used echo-planar imaging as
an acceleration factor for most sequences and yet reached a similar accuracy between the fast and conventional protocols. Our
previous study demonstrated the feasibility of fast sequences
without contrast in an inpatient setting, with comparable diagnostic accuracy with standard sequences for multiple CNS pathologies in an adult population.11 Our current results with postcontrast sequences reinforced and expanded on those findings.
Our study has several limitations. First, it included a relatively
small sample size. Although we enrolled only 53 patients, we were
able to compare the enhancement pattern of ⬎160 lesions. Second, we decided to use our standard protocol as the criterion
standard, which may overestimate the accuracy of the protocols.

CONCLUSIONS
The 10-minute brain MR imaging protocol with contrast is at
least comparable with the standard protocol in an inpatient motion-prone clinical setting, with the substantial benefit of reducing the acquisition time (by nearly 50%). Further use of this protocol in larger and different patient populations is warranted to
determine the extent of its clinical utility.
Disclosures: Joana Fagundes—RELATED: Consulting Fee or Honorarium: Siemens
Medical Solutions USA, Comments: scholarship to conduct the research. Maria Gabriela Longo—RELATED: Consulting Fee or Honorarium: Siemens Medical Solution
USA, Comments: scholarship to conduct the research. Keith Heberlein—UNRELATED:
Employment: Siemens Medical Solution USA, Comments: I am a full-time employee.
Ramon G. Gonzalez—UNRELATED: Expert Testimony: For the US Attorney in Florida.

REFERENCES
1. Tsao J. Ultrafast imaging: principles, pitfalls, solutions, and applications. J Magn Reson Imaging 2010;32:252– 66 CrossRef Medline
2. Heidemann RM, Ozsarlak O, Parizel PM, et al. A brief review of
parallel magnetic resonance imaging. Eur Radiol 2003;13:2323–37
CrossRef Medline
3. Woodfield J, Kealey S. Magnetic resonance imaging acquisition
techniques intended to decrease movement artefact in paediatric
brain imaging: a systematic review. Pediatr Radiol 2015;45:1271– 81
CrossRef Medline
4. Bilgic B, Gagoski BA, Cauley SF, et al. Wave-CAIPI for highly accelerated 3D imaging. Magn Reson Med 2015;73:2152– 62 CrossRef
Medline
5. Jacobs J, Stich J, Zahneisen B, et al. Fast fMRI provides high statistical power in the analysis of epileptic networks. Neuroimage 2014;88:
282–94 CrossRef Medline
6. Geethanath S, Reddy R, Konar AS, et al. Compressed sensing MRI: a
review. Crit Rev Biomed Eng 2013;41:183–204 CrossRef Medline
7. Ma D, Gulani V, Seiberlich N, et al. Magnetic resonance fingerprinting. Nature 2013;495:187–92 CrossRef Medline
8. Wiggins GC, Polimeni JR, Potthast A, et al. 96-channel receive-only
head coil for 3 Tesla: design optimization and evaluation. Magn
Reson Med 2009;62:754 – 62 CrossRef Medline
9. Wiggins GC, Triantafyllou C, Potthast A, et al. 32-channel 3 Tesla
receive-only phased-array head coil with soccer-ball element geometry. Magn Reson Med 2006;56:216 –23 CrossRef Medline
10. Keil B, Blau JN, Biber S, et al. A 64-channel 3T array coil for accelerated brain MRI. Magn Reson Med 2013;70:248 –58 CrossRef Medline
11. Prakkamakul S, Witzel T, Huang S, et al. Ultrafast brain MRI: clinical
deployment and comparison to conventional brain MRI at 3T.
J Neuroimaging 2016;26:503–10 CrossRef Medline
12. Feinberg DA, Moeller S, Smith SM, et al. Multiplexed echo planar
imaging for sub-second whole brain FMRI and fast diffusion imaging. PLoS One 2010;5:e15710 CrossRef Medline
13. Feinberg DA, Setsompop K. Ultra-fast MRI of the human brain with
simultaneous multi-slice imaging. J Magn Reson 2013;229:90 –100
CrossRef Medline
14. Deshmane A, Gulani V, Griswold MA, et al. Parallel MR imaging. J
Magn Reson Imaging 2012;36:55–72 CrossRef Medline
AJNR Am J Neuroradiol 38:1689 –94

Sep 2017

www.ajnr.org

1693

15. Yanasak NE, Kelly MJ. MR imaging artifacts and parallel imaging
techniques with calibration scanning: a new twist on old problems.
Radiographics 2014;34:532– 48 CrossRef Medline
16. Zhu Y, Hardy CJ, Sodickson DK, et al. Highly parallel volumetric
imaging with a 32-element RF coil array. Magn Reson Med 2004;52:
869 –77 CrossRef Medline
17. Akeson P, Nordström C, Holtås S. Time-dependency in brain lesion
enhancement with gadodiamide injection. Acta Radiol 1997;38:
19 –24 Medline
18. Griswold MA, Jakob PM, Heidemann RM, et al. Generalized autocalibrating partially parallel acquisitions (GRAPPA). Magn Reson
Med 2002;47:1202–10 CrossRef Medline
19. van der Kouwe AJ, Benner T, Fischl B, et al. On-line automatic slice
positioning for brain MR imaging. Neuroimage 2005;27:222–30
CrossRef Medline
20. Gutierrez JE, Rosenberg M, Seemann J, et al. Safety and efficacy of
gadobutrol for contrast-enhanced magnetic resonance imaging of
the central nervous system: results from a multicenter, doubleblind, randomized, comparator study. Magn Reson Insights 2015;8:
1–10 CrossRef Medline
21. Soman S, Holdsworth SJ, Barnes PD, et al. Improved T2* imaging
without increase in scan time: SWI processing of 2D gradient echo.
AJNR Am J Neuroradiol 2013;34:2092–97 CrossRef Medline
22. Viera AJ, Garrett JM. Understanding interobserver agreement: the
kappa statistic. Fam Med 2005;37:360 – 63 Medline
23. Chappell PM, Pelc NJ, Foo TK, et al. Comparison of lesion enhancement on spin-echo and gradient-echo images. AJNR Am J Neuroradiol 1994;15:37– 44 Medline

1694

Fagundes Sep 2017

www.ajnr.org
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ORIGINAL RESEARCH

ADULT BRAIN

Relationship between Glioblastoma Heterogeneity and
Survival Time: An MR Imaging Texture Analysis
X Y. Liu, X X. Xu, X L. Yin, X X. Zhang, X L. Li, and X H. Lu

ABSTRACT
BACKGROUND AND PURPOSE: The heterogeneity of glioblastoma contributes to the poor and variant prognosis. The aim of this
retrospective study was to assess the glioblastoma heterogeneity with MR imaging textures and to evaluate its impact on survival
time.
MATERIALS AND METHODS: A total of 133 patients with primary glioblastoma who underwent postcontrast T1-weighted imaging
(acquired before treatment) and whose data were ﬁled with the survival times were selected from the Cancer Genome Atlas. On the basis
of overall survival, the patients were divided into 2 groups: long-term (ⱖ12 months, n ⫽ 67) and short-term (⬍12 months, n ⫽ 66) survival.
To measure heterogeneity, we extracted 3 types of textures, co-occurrence matrix, run-length matrix, and histogram, reﬂecting local,
regional, and global spatial variations, respectively. Then the support vector machine classiﬁcation was used to determine how different
texture types perform in differentiating the 2 groups, both alone and in combination. Finally, a recursive feature-elimination method was
used to ﬁnd an optimal feature subset with the best differentiation performance.
RESULTS: When used alone, the co-occurrence matrix performed best, while all the features combined obtained the best survival
stratiﬁcation. According to feature selection and ranking, 43 top-ranked features were selected as the optimal subset. Among them, the
top 10 features included 7 run-length matrix and 3 co-occurrence matrix features, in which all 6 regional run-length matrix features
emphasizing high gray-levels ranked in the top 7.
CONCLUSIONS: The results suggest that local and regional heterogeneity may play an important role in the survival stratiﬁcation of
patients with glioblastoma.
ABBREVIATIONS: CM ⫽ co-occurrence matrix; GBM ⫽ glioblastoma; RFE-SVM ⫽ recursive feature-elimination–based support vector machine classiﬁer; RLM ⫽
run-length matrix; ROC ⫽ receiver operating characteristic; SVM ⫽ support vector machine; TCGA ⫽ the Cancer Genome Atlas

lioblastoma (GBM) is the most common malignant brain
tumor.1 Despite maximal safe surgery plus radiation therapy
and chemotherapy, the prognosis of patients with GBM remains
poor. The median survival of patients with GBM is only 10⬃14
months,2 though some patients can survive longer than 36
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months.3 Because the heterogeneity of GBM contributes to its
poor and variant prognosis,4 it is very important to evaluate the
heterogeneity and analyze the relationship between GBM heterogeneity and survival time.
As a common method to explore intratumoral characterization in the clinic, percutaneous biopsy can only provide limited
information about a tumor at the biopsy site and does not represent the heterogeneity of the entire tumor.5 With the development of medical imaging, an image-based approach may avoid
the risks of biopsy and assess heterogeneity more comprehensively.6,7 Tumor heterogeneity occurs at the molecular level,
but heterogeneity can be macroscopically reflected by the texture patterns observed in medical imaging. Texture analysis
refers to the various mathematic methods that allow pattern
evaluation of gray-level intensities and pixel positions on medical images, which have been proved an effective way to measure tumor heterogeneity, as shown in studies related to breast
cancer,8 lung cancer,9 colorectal cancer,10 and so forth. These
AJNR Am J Neuroradiol 38:1695–701
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FIG 1. The schematic diagram for data processing and analysis.

studies suggest that texture analysis would be effective in evaluating
GBM heterogeneity and its correlation with survival time.
As a type of heterogeneous tumor,4,11 GBM varies across geographic regions. Thus, some researchers segmented the heterogeneous GBM into multiple regions, including active tumor, necrosis, and edema and used the texture features of these regions to
predict prognosis.12,13 Considering that the region of active tumor better reflects the molecular activities in GBM, Itakura et al14
further used the enhanced region of postcontrast T1-weighted
MR imaging to identify different phenotypic subtypes of GBM.
On the basis of the relationship between the GBM heterogeneity
and the enhanced region of postcontrast T1WI, recently Molina et
al15 used the Cox proportional hazards analysis to correlate the
texture features of the enhanced region with GBM heterogeneity.
Although they verified that the texture analysis could assess the
heterogeneity of GBM and predict prognosis,15 the types of texture features that could better characterize the heterogeneity and
which heterogeneous characterizations play a key role in prognosis prediction are still unknown.

Table 1: Summary of patient characteristics of long- and shortterm groups
Age
Overall Survival
Sex
(Median, (Median, Range)
Group
(Male/Female) Range) (yr)
(days)
Long-term group
40:27
59, 14⬃81
600, 370⬃1731
Short-term group
43:23
64, 17⬃85
145, 16⬃357

different scales; and 3) Heterogeneity-Survival Analysis, the
support vector machine (SVM) classification used to determine how the 3 texture types perform in differentiating the 2
groups, both alone and in combination. After that, the recursive feature-elimination– based SVM classifier (RFE-SVM)
was used to obtain an optimal feature subset with the best
differentiation performance.16 On the basis of the optimal feature subset, the model for survival stratification of the patients
with GBM can be built. With the model, the stratification of all
patients with GBM was estimated, and Kaplan-Meier plots
were used to assess the model. The schematic diagram for the
data processing is shown in Fig 1.

MATERIALS AND METHODS
Study Design

Dataset

In this study, we aimed to investigate the relationship between
GBM heterogeneity characterized by MR imaging texture analysis
and survival time. The data processing mainly included 3 parts: 1)
Preprocessing, based on the contrast-enhanced regions of postcontrast T1WI (the tumor regions were manually contoured); 2)
Heterogeneity Measurements, the co-occurrence matrix (CM),
run-length matrix (RLM), and histogram-based features, reflecting the local, regional, and global spatial variations of tumor, respectively, extracted to measure the heterogeneity on

A dataset of 133 patients with primary GBM was collected from the
Cancer Genome Atlas (TCGA, https://wiki.cancerimagingarchive.
net/display/Public/TCGA-GBM). Although the dataset contains ⬎200 GBM cases, only the cases scanned with postcontrast T1WI and filed with a clinical survival time were included.
On the basis of the overall survival, the patients were divided
into 2 groups: long-term survival (overall survival, ⱖ12
months, n ⫽ 67) and short-term survival (overall survival, ⬍12
months, n ⫽ 66). A summary of patient characteristics of long-
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term and short-term groups is shown in Table 1. All MR images
were acquired before treatment, and the patients were subsequently diagnosed as having GBM on the basis of histologic
examination. Because all the patient data in TCGA were deidentified, an institutional review board approval was waived.

Image Preprocessing
All MR images in this study were acquired in axial sections. The
postcontrast T1WI was acquired with a spin- or gradient-echo
sequence with the following range of parameters: TE/TR ⫽
2.48⬃20/7.62⬃880 ms, section thickness ⫽ 1⬃6 mm, spacing
between sections ⫽ 0.8⬃7.8 mm, and matrix size ⫽ 256 ⫻ 256 or
512 ⫻ 512.
In light of the different imaging parameters, we preprocessed
the MR images to standardize the data analysis across patients. On
the basis of the contrast-enhanced regions of the postcontrast
T1WI, ROIs were manually contoured by 2 neuroradiologists
with a custom-developed package in Matlab R2012b (MathWorks, Natick, Massachusetts). The 2 neuroradiologists had 23
and 8 years of MR imaging interpretation experience. During the
delineation, they were blinded to all the clinical information and
delineated the contours of the tumors from each patient slice by
slice, independently. Then, they worked together on the outlined
contours of each patient via a consensus reading. Finally, matrices
above 256 ⫻ 256 were resampled to this resolution, to avoid the
effect of resolution on the textural analysis.17

Heterogeneity Measurements
To alleviate the effect of variations in the section thickness and
spacing on the feature analysis, we extracted 2D texture features
from each tumor ROI. In this study, the image section for the 2D
analysis was judged by the maximum tumor area. Then, the 2D texture features were computed to measure the heterogeneity of the
tumors.18 According to the different scales, we used the CM, RLM,
and histogram-based features to quantify the local,15 regional,17,19
and global heterogeneity in the ROIs of the tumor.20
The CM features proposed by Haralick et al21 describe the
arrangements of pixel pairs within 2D images.22 They are defined
to measure the relations between 2 neighboring pixels and reflect
the local heterogeneity of the tumor region.15 In this study, for
each 2D tumor region, 4 CMs were constructed along 4 directions
(0°, 45°, 90°, and 135°). For each CM, Haralick et al proposed 13
features, named “Haralick features.” Thus, the 13 Haralick features were successively extracted from 4 directions. The mean and
range (the difference between the maximum and minimum values) of the 13 features were calculated to keep the features rotationally invariant.
The RLM features essentially describe the distribution of
the gray-level runs, in which the run length is defined to measure the contiguous gray-levels along a specific orientation.19,23 Thus, the RLM features can characterize groups of
pixels within the tumor to represent the regional heterogeneity
information.17,19 In the tumor region, fine textures tend to
have a short run length, while coarser textures would result in
a longer run length. In this study, we calculated the mean and
range of the 11 RLM features over 4 directions (0°, 45°, 90°, and
135°), to constitute the final RLM features.

Table 2: Texture features extracted from ROIs of GBM images
Feature Group/
Feature ID
Description
CM features
Energy
CM1
Contrast
CM2
Correlation
CM3
Variance
CM4
Inverse difference moment
CM5
Sum average
CM6
Sum variance
CM7
Sum entropy
CM8
Entropy
CM9
Difference variance
CM10
Difference entropy
CM11
Information measures I of correlation
CM12
Information measures II of correlation
CM13
Range of corresponding features listed
RCM1–RCM13
above
RLM features
Short-run emphasis
RLM1
Long-run emphasis
RLM2
Gray-level nonuniformity
RLM3
Run-length nonuniformity
RLM4
Run percentage
RLM5
Low gray-level run emphasis
RLM6
High gray-level run emphasis
RLM7
Short-run low gray-level emphasis
RLM8
Short-run high gray-level emphasis
RLM9
Long-run low gray-level emphasis
RLM10
Long-run high gray-level emphasis
RLM11
Range of corresponding features listed
RRLM1–RRLM11
above
Histogram-based
features
Mean
H1
Entropy
H2
Uniformity
H3
SD
H4
Smoothness
H5
Skewness
H6
Third-order moment
H7
Kurtosis
H8
Note:—ID indicates identiﬁcation; RCM, range of co-occurrence matrix; RRLM, range
of run-length matrix; H, histogram.

The histogram shows the number of pixels in the whole image
having the same intensity. The common histogram-based features
include the mean, entropy, uniformity, SD, smoothness, skewness, third-order moment, kurtosis, and so forth.24 These features
represent the statistical properties of an image and further describe the heterogeneity of the entire tumor.20,25
We used 26 CM features, 22 RLM features, and 8 commonly used
histogram-based features, taken together, to measure GBM heterogeneity on different scales (Table 2). In this study, all the features were
extracted with a custom-developed package in Matlab R2012b.

Classiﬁcation Performance with Different Texture Types
To evaluate the performance of different texture types in the differentiation task, we performed an SVM classifier with a radial
basis function kernel implemented by the LIBSVM package (https://
www.csie.ntu.edu.tw/⬃cjlin/libsvm/).26 After all the features
were normalized to [⫺1, 1], the grid search method was used to
search for the optimal parameter combination of an SVM clasAJNR Am J Neuroradiol 38:1695–701
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Table 3: The performance of feature combinations with the SVM classiﬁer in differentiating
long- and short-term survival time
SVM
Feature Set
b

CM
RLM
Histogram
CM ⫹ RLMb
CM ⫹ histogram
RLM ⫹ histogram
CM ⫹ RLM ⫹ histogramc

NFa
26
22
8
48
34
30
56

Sensitivity
0.7910
0.7313
0.6866
0.7761
0.7761
0.8060
0.7761

Speciﬁcity
0.6667
0.4242
0.2576
0.7727
0.6818
0.3788
0.7879

Note:—AUC indicates area under the curve.
a
The number of features in each subset.
b
The best classiﬁcation when the feature type is used alone or pair-combined.
c
The best classiﬁcation result when all features are used.

Accuracy
0.7293
0.5789
0.4737
0.7744
0.7293
0.5940
0.7820

AUC
0.7786
0.5880
0.4326
0.8053
0.7782
0.6223
0.8057

Kaplan-Meier plot and a log-rank analysis
were used to assess the model, performed
by SPSS software, Version 22.0.00 (IBM,
Armonk, New York).

RESULTS
Classiﬁcation Performance with
the Different Texture Types

The performances of the different combinations of the 3 texture types (CM,
RLM, and histogram) in the differentiation of patients with GBM with longand short-term survival times were
compared (Table 3). When used alone,
the CM was the best texture type for classification performance. When combined in pairs, the combination of CM and
RLM obtained the best classification performance. When all
the features were used, the specificity, accuracy, and area under
the curve reached the highest value.
The ROC curves of the feature combinations with the SVM
classifier were plotted, as shown in Fig 2. Consistent with results shown in Table 3, any combination including CM or CM
alone demonstrated a better classification performance. Furthermore, the combination of the 3 texture types showed the
best performance.

Optimal Feature Subset Selection with RFE-SVM

FIG 2. ROC curves of the different feature combinations with the
SVM classiﬁer (CM, RLM, and Hist stand for the co-occurrence matrix,
run-length matrix, and histogram-based texture types, respectively).

sifier.27,28 Then, a 10-fold cross-validation was implemented
to extensively evaluate the performance of different feature
combinations.29
After classification, the results, namely the sensitivity, specificity, accuracy, and area under the curve of the receiver operating
characteristic (ROC), were calculated to evaluate the classification
performance.

Applying the RFE-SVM method on all 56 features, the selection
process for the optimal feature subset and the corresponding
ROC curve are shown in Fig 3. Finally, the feature subset consisting of 43 top-ranked features was selected as the optimal subset,
which obtained the optimal classification performance (sensitivity ⫽ 0.7910, specificity ⫽ 0.7727, accuracy ⫽ 0.7820, area
under the curve ⫽ 0.8104). The relative ranking orders of all
features in the optimal subset are shown in Fig 4. The length of
each bar represents the iteration number at which the feature
was rejected by RFE. The longer the bar is, the higher the feature ranks. Furthermore, the top 3 features, short-run high
gray-level emphasis (RLM9), variance (CM4), and long-run
high gray-level emphasis (RLM11), can obtain a relatively stable accuracy (0.7519).

Survival Analysis
Feature Selection for the Optimal Feature Subset
Considering that the correlation and redundancy among the features would inevitably affect the classification performance,30-32
the RFE-SVM method was used to first find the optimal feature
subset and then verify its overall performance in the prediction.
According to feature selection and ranking, the optimal feature
subset, containing the first N features with the highest mean accuracy, was finally determined with the SVM and a 10-fold crossvalidation. On the basis of the optimal feature subset, we can build
a model to predict the survival stratifications of patients with
GBM.

Survival Analysis
On the basis of the model built in the above section, the survival
stratifications of all 133 patients with GBM were estimated. Then, a
1698
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On the basis of the model built by the optimal feature subset, the
survival stratifications (long- and short-term survival groups) of
133 patients with GBM were estimated. The Kaplan-Meier plot of
the 2 groups indicated that their survival difference was significant (log-rank test, P ⬍ .001), as shown in Fig 5.

DISCUSSION
Tumor heterogeneity is one of the major causes of treatment resistance in GBM,33 directly affecting the prognosis.8,34 On the
basis of the MR imaging data from the TCGA, the heterogeneity
was first characterized by texture features on different scales. On
this basis, the present study investigated the impact of heterogeneity on survival time and obtained an optimal feature combination for survival stratification. The results indicate that CM and

FIG 3. Optimal feature subset selection. A, Selection process of the optimal feature subset with RFE-SVM. B, ROC curve of the optimal feature
subset selected.

of the nearby pixel pairs, thereby reflecting the spatial distribution of pixels in a local way. The CM used in this
study is a typical second-order texture
description method. The high-order features measure the regional distributions (ie, groups of pixels with the
same gray-level values). The RLM is a
high-order texture method designed to
characterize the regions with the same
gray-level in the tumor. Therefore, the
CM, RLM, and histogram features
used in this study can characterize the
local,15 regional,17,19 and global heterogeneity20,25 of GBM on different scales.
Only the features reflecting GBM heterogeneity were included in the present
study because the present study aimed to
investigate the impact of the different
heterogeneous characterizations on the
FIG 4. Ranking orders of all features in the optimal subset. The length of each bar represents the prognosis, though it may result in a
iteration number at which the feature was rejected by the RFE.
lower accuracy in differentiating the
long- and short-term groups.
RLM type features, which reflect the local and regional heterogeAlthough texture features are capable of characterizing the
neity, play an important role in survival stratification. Furthergray-level heterogeneity of GBM, different types of textures
more, regional features that emphasize high gray-level distribumay make different contributions to the survival stratification.
tion ranked higher in the optimal feature subset and contributed
The results (as shown in Table 3 and Fig 2) indicated that local
more to prognosis.
heterogeneity, identified by the CM features, played a key role
As a powerful description of the spatial distribution of the
in the survival stratification, while global heterogeneity (histopixel intensity within images, the texture features are sensitive
35,36
gram features) had little effect. Although the classification perto the reflection of tissue types and pathologic properties.
formance using the RLM alone was not good, its performance
Among the texture features, the first-order features were deimproved greatly when it was combined with the CM features.
rived from the gray-level histogram. They mainly take into
Taken together, the local and regional heterogeneity may have
account the frequency of the appearance of each gray-level
more impact on the prognosis. Meanwhile, the combination of
within the tumor, rather than the relative spatial position of
multiple types of features might complement each other, thus
pixels (eg, histogram-based features used in this study). Secimproving the classification performance.
ond-order texture features describe the gray-level relationship
AJNR Am J Neuroradiol 38:1695–701
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formation of the patients with GBM
might also influence the survival. The
adjustment for the demographic and
treatment factors should be considered
in future studies. Fourth, considering
the large section thickness and spacing
in most data, we used the 2D texture
analysis instead of the 3D analysis,
which may result in certain information
missing. Finally, only a portion of the
subjects in TCGA had multimodality
data. Because it was a primary study, our
aim was to examine the relationship between GBM heterogeneity characterized
by texture features in postcontrast T1WI
and survival time. Further study may
benefit from the combined use of more
anatomic and functional images.

CONCLUSIONS

FIG 5. Kaplan-Meier survival curves determined by the log-rank test (P ⬍ .001).

Except for the evaluation of the different texture types on
the prognosis, the ranking orders and optimal subset of all
features were calculated on the basis of the maximum accuracy
from the SVM. The top 10 features include 7 RLM features and
3 CM features, supporting the conclusion of the texture type
analysis in the last paragraph. Although the CM features demonstrate a high performance compared with other texture
types, the RLM features performed better in the optimal subset. This is probably derived from the RLM properties, which
reflect relatively moderate (regional) heterogeneity information. In particular, all 6 RLM features emphasized high graylevels (RLM7, RLM9, RLM11, and their ranges) ranked in the
top 7 of the optimal subset, indicating that the tumor regions
with high gray-levels or intensity in postcontrast T1WI might
contribute more to the prognosis of patients with GBM. This
may also indicate that the further segmentation of the active
tumor into multiple subregions spatially and the prognosis
prediction within these subregions may improve the predictive
performance.
Some limitations still need further investigation. First, as a
retrospective study, the MR imaging data were acquired on a variety of imaging platforms with different protocols, imaging parameters, and gadolinium-based contrast agents. Second, we divided all the patients into short- and long-term survival with the
criterion of 12 months. If more patients with GBM are recruited,
a more detailed classification (eg, 6-, 12-, and 24 months) would
be further performed. Third, the demographic and treatment in1700
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We used the postcontrast T1WI of patients with GBM from the TCGA to
investigate the impact of different heterogeneous characterizations on survival stratification, characterized by
texture features on different scales.
The results of our study indicated that
local and regional heterogeneity may
play an important role in the survival
stratification.

Disclosures: Yang Liu—RELATED: Grant: Military Science Foundation of China, Comments: grant No. BWS14J038.* Xiaopan Xu—RELATED: Grant: National Natural Science Foundation of China, Comments: grant No. 81230035.* Lulu Yin—RELATED:
Grant: National Natural Science Foundation of China, Comments: grant No.
81402049.* Xi Zhang—RELATED: Grant: National Natural Science Foundation of
China, Comments: grant No. 81230035.* Hongbing Lu—RELATED: Grant: National
Natural Science Foundation of China, Comments: grant No. 81230035.* *Money paid
to the institution.

REFERENCES
1. Ostrom QT, Gittleman H, Stetson L, et al. Epidemiology of gliomas.
Cancer Treat Res 2015;163:1–14 CrossRef Medline
2. Van Meir EG, Hadjipanayis CG, Norden AD, et al. Exciting new
advances in neuro-oncology: the avenue to a cure for malignant
glioma. CA Cancer J Clin 2010;60:166 –93 CrossRef Medline
3. Smoll NR, Schaller K, Gautschi OP. Long-term survival of patients
with glioblastoma multiforme (GBM). J Clin Neurosci 2013;20:
670 –75 CrossRef Medline
4. Sottoriva A, Spiteri I, Piccirillo SG, et al. Intratumor heterogeneity in
human glioblastoma reflects cancer evolutionary dynamics. Proc
Natl Acad Sci U S A 2013;110:4009 –14 CrossRef Medline
5. Bedard PL, Hansen AR, Ratain MJ, et al. Tumour heterogeneity in
the clinic. Nature 2013;501:355– 64 CrossRef Medline
6. Kumar V, Gu Y, Basu S, et al. Radiomics: the process and the challenges. Magn Reson Imaging 2012;30:1234 – 48 CrossRef Medline
7. Gillies RJ, Kinahan PE, Hricak H. Radiomics: images are more than
pictures, they are data. Radiology 2016;278:563–77 CrossRef Medline
8. Kim JH, Ko ES, Lim Y, et al. Breast cancer heterogeneity: MR imaging texture analysis and survival outcomes. Radiology 2017;282:
665–75 CrossRef Medline
9. Yoon SH, Park CM, Park SJ, et al. Tumor heterogeneity in lung

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.
21.

22.

cancer: assessment with dynamic contrast-enhanced MR imaging.
Radiology 2016;280:940 – 48 CrossRef Medline
Ng F, Kozarski R, Ganeshan B, et al. Assessment of tumor heterogeneity by CT texture analysis: can the largest cross-sectional area be
used as an alternative to whole tumor analysis? Eur J Radiol 2013;82:
342– 48 CrossRef Medline
Verhaak RG, Hoadley KA, Purdom E, et al; Cancer Genome Atlas
Research Network. Integrated genomic analysis identifies clinically
relevant subtypes of glioblastoma characterized by abnormalities
in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 2010;17:98 –110
CrossRef Medline
Chaddad A, Tanougast C. Extracted magnetic resonance texture features discriminate between phenotypes and are associated with
overall survival in glioblastoma multiforme patients. Med Biol Eng
Comput 2016;54:1707–18 CrossRef Medline
Cui Y, Tha KK, Terasaka S, et al. Prognostic imaging biomarkers in
glioblastoma: development and independent validation on the basis of multiregion and quantitative analysis of MR images. Radiology 2016;278:546 –53 CrossRef Medline
Itakura H, Achrol AS, Mitchell LA, et al. Magnetic resonance image
features identify glioblastoma phenotypic subtypes with distinct
molecular pathway activities. Sci Transl Med 2015;7:303ra138
CrossRef Medline
Molina D, Perez-Beteta J, Luque B, et al. Tumour heterogeneity in
glioblastoma assessed by MRI texture analysis: a potential marker
of survival. Br J Radiol 2016 Jul 4. [Epub ahead of print] Medline
Simões R, van Cappellen van Walsum AM, Slump CH. Classification
and localization of early-stage Alzheimer’s disease in magnetic resonance images using a patch-based classifier ensemble. Neuroradiology 2014;56:709 –21 CrossRef Medline
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Amide Proton Transfer Imaging Allows Detection of Glioma
Grades and Tumor Proliferation: Comparison with Ki-67
Expression and Proton MR Spectroscopy Imaging
X C. Su, X C. Liu, X L. Zhao, X J. Jiang, X J. Zhang, X S. Li, X W. Zhu, and X J. Wang

ABSTRACT
BACKGROUND AND PURPOSE: Prognosis in glioma depends strongly on tumor grade and proliferation. In this prospective study of patients
with untreated primary cerebral gliomas, we investigated whether amide proton transfer–weighted imaging could reveal tumor proliferation and
reliably distinguish low-grade from high-grade gliomas compared with Ki-67 expression and proton MR spectroscopy imaging.
MATERIALS AND METHODS: This study included 42 patients with low-grade (n ⫽ 28) or high-grade (n ⫽ 14) glioma, all of whom
underwent conventional MR imaging, proton MR spectroscopy imaging, and amide proton transfer–weighted imaging on the same 3T
scanner within 2 weeks before surgery. We assessed metabolites of choline and N-acetylaspartate from proton MR spectroscopy imaging
and the asymmetric magnetization transfer ratio at 3.5 ppm from amide proton transfer–weighted imaging and compared them with
histopathologic grade and immunohistochemical expression of the proliferation marker Ki-67 in the resected specimens.
RESULTS: The asymmetric magnetization transfer ratio at 3.5 ppm values measured by different readers showed good concordance and
were signiﬁcantly higher in high-grade gliomas than in low-grade gliomas (3.61% ⫾ 0.155 versus 2.64% ⫾ 0.185, P ⫽ .0016), with sensitivity and
speciﬁcity values of 92.9% and 71.4%, respectively, at a cutoff value of 2.93%. The asymmetric magnetization transfer ratio at 3.5 ppm values
correlated with tumor grade (r ⫽ 0.506, P ⫽ .0006) and Ki-67 labeling index (r ⫽ 0.502, P ⫽ .002). For all patients, the asymmetric
magnetization transfer ratio at 3.5 ppm correlated positively with choline (r ⫽ 0.43, P ⫽ .009) and choline/N-acetylaspartate ratio (r ⫽ 0.42,
P ⫽ .01) and negatively with N-acetylaspartate (r ⫽ ⫺0.455, P ⫽ .005). These correlations held for patients with low-grade gliomas versus
those with high-grade gliomas, but the correlation coefﬁcients were higher in high-grade gliomas (choline: r ⫽ 0.547, P ⫽ .053;
N-acetylaspartate: r ⫽ ⫺0.644, P ⫽ .017; choline/N-acetylaspartate: r ⫽ 0.583, P ⫽ .036).
CONCLUSIONS: The asymmetric magnetization transfer ratio at 3.5 ppm may serve as a potential biomarker not only for assessing
proliferation, but also for predicting histopathologic grades in gliomas.
ABBREVIATIONS: APT ⫽ amide proton transfer; APTWI ⫽ amide proton transfer–weighted imaging; MRSI ⫽ 1H proton MR spectroscopy imaging; MTRasym(3.5ppm) ⫽
asymmetric magnetization transfer ratio at 3.5ppm; NAA ⫽ N-acetylaspartate; WHO ⫽ World Health Organization

liomas are the most common primary cerebral tumors and
are classified into 4 grades based on histology and biologic
behavior.1 The median survival time depends greatly on tumor
grade, being longer for patients with lower-grade tumors.2-4 Another important marker of prognosis in glioma is Ki-67, a protein

G

Received December 17, 2016; accepted after revision May 7, 2017.
From the Department of Radiology (C.S., C.L., L.Z., J.J., J.Z., S.L., W.Z.), Tongji Hospital
of Tongji Medical College, Huazhong University of Science and Technology, Hankou, Wuhan, People’s Republic of China; and Department of Radiation Physics
(J.W.), The University of Texas MD Anderson Cancer Center, Houston, Texas.
This work was supported by grants from the National Program of the Ministry
of Science and Technology of China during the “12th Five-Year Plan”
(ID: 2011BAI08B10) and the National Natural Science Foundation of China
(No. 81171308 and No. 81570462).
Please address correspondence to Wenzhen Zhu, MD, Department of Radiology,
Tongji Hospital of Tongji Medical College, Huazhong University of Science and
Technology, No. 1095 JieFang Ave, Hankou, Wuhan, 430030 PR China; e-mail:
zhuwenzhen8612@163.com

1702

Su

Sep 2017

www.ajnr.org

reflecting cellular proliferation and malignancy; higher Ki-67 values correspond to greater malignancy. Indeed, some investigators
have proposed that the Ki-67 labeling index could be superior to
histologic grading as an indicator of prognosis.5,6 A noninvasive
imaging method that could reveal proliferative features at the molecular level and enable accurate tumor grading before surgery
would be of great importance for the clinical management of
gliomas.
MR imaging is widely used in the clinical management of gliomas. However, conventional MR imaging is not sufficient for accurate assessments of tumor grade and proliferation. 1H proton
MR spectroscopy imaging (MRSI) allows noninvasive measureIndicates open access to non-subscribers at www.ajnr.org
Indicates article with supplemental on-line photos.
http://dx.doi.org/10.3174/ajnr.A5301

Table 1: Patient characteristics in the 2 correlational analyses
Value or No. of Patients (%)
MTRasym(3.5ppm) vs Ki-67
Characteristics
Age, ya
Sex, no. (%)
Male
Female
Tumor grade, no. (%)b
II
III
IV
a
b

Low-Grade
Glioma (n = 28)
44.00 ⫾ 2.81

High-Grade
Glioma (n = 14)
44.64 ⫾ 3.70

19 (68)
9 (32)
28 (100)
0
0

MTRasym(3.5ppm) vs MR Spectroscopy
Low-Grade
Glioma (n = 23)
42.96 ⫾ 3.04

High-Grade
Glioma (n = 13)
43.31 ⫾ 3.73

9 (64)
5 (36)

14 (61)
9 (39)

8 (57)
5 (43)

0
6 (43)
8 (57)

23 (100)
0
0

0
6 (46)
7 (54)

P Value
.89
.82

P Value
.94
.97

Mean ⫾ standard deviation.
Conﬁrmed on histopathologic examination.

ment of metabolites in tissues, among the most common of which
are choline and N-acetylaspartate (NAA). Choline is a metabolic
marker of cell membrane density and integrity, reflecting cellular
proliferation and tumor progression.7,8 NAA is a marker of neuronal health, viability, and number9; NAA levels are inversely associated with glioma grade and are considered a useful indicator
of secondary neuronal damage caused by tumor growth.10 MRSI
can detect regions within gliomas that contain aggressive growth
or upgrading because of strong correlations between choline and
NAA levels and the Ki-67 histopathologic proliferation index.11
Therefore, MRSI can provide important supplementary information for the management of gliomas.
Amide proton transfer–weighted imaging (APTWI) is a novel
molecular MR imaging technique developed to detect and quantitatively visualize endogenous proteins and peptides.12 APTWI is
usually reported in terms of asymmetry in the magnetization
transfer ratio at 3.5 ppm [MTRasym(3.5ppm)] and is measured as
a reduction in bulk water intensity caused by chemical exchange
with magnetically labeled backbone amide protons (at ⬃3.5 ppm
downfield of the water resonance) of endogenous mobile proteins
and peptides. Previous studies have demonstrated that APTWI
can detect response to therapy in glioma13-15 and correlates with
grade in adult diffuse gliomas.16 However, a further consideration
sustained by multiple methods with bigger samples is required to
investigate whether APTWI accurately reflects cellular proliferation in patients with glioma.
We previously observed that choline and NAA levels measured
by MRSI correlated with MTRasym(3.5ppm) in a patient with
anaplastic astrocytoma. Because APTWI and MRSI can produce
similar information regarding tumor proliferation, we hypothesized that MTRasym(3.5ppm) could correlate with the metabolic
profiles from MRSI. The purpose of this study was to prospectively explore the utility of the amide proton transfer (APT)– derived measurement MTRasym(3.5ppm) as a noninvasive biomarker of glioma proliferation and histopathologic grade by
comparing APTWI with Ki-67 expression and with MRSI by using voxel-to-voxel analysis.

MATERIALS AND METHODS
Patients
This prospective study was initiated after approval by the institutional ethics committee of Tongji Hospital, and all activities
abided by the statement of ethical standards. From June 23, 2015

to January 24, 2016, we identified 66 consecutive patients suspected of having a primary cerebral tumor; none had had chemotherapy or radiation treatment within 6 months before surgery,
and all provided informed consent before MR imaging scanning.
Inclusion criteria were as follows: 1) undergoing routine MR imaging, APTWI, and MRSI in the same scanner and 2) histopathologic confirmation of glioma. Exclusion criteria were 1) not having surgery or having surgery more than 2 weeks after the MR
imaging; 2) having nonglioma tumors; 3) having motion artifacts
on imaging; and 4) having missing or unstable baseline MRSI
data. Of the 66 patients originally identified, 24 were excluded (6
for not having tumor resection, 14 for having lesions other than
glioma, 2 for head motion, 1 for massive intratumoral hemorrhage, and 1 for having a pilocytic astrocytoma with a large cyst
and minimal solid tumor). The remaining 42 patients, all of
whom underwent tumor resection, were the subjects of this
analysis. According to the World Health Organization (WHO)
criteria, lesions in 28 patients were low-grade glioma (19 astrocytoma [1 grade I, 18 grade II], 7 oligodendroglioma, and 2
oligoastrocytoma) and lesions in 14 patients were high-grade
glioma (1 anaplastic oligodendroglioma, 5 anaplastic astrocytoma [grade III], and 8 glioblastoma [grade IV]). Of these 42
patients, 6 were excluded from the voxel-to-voxel analysis (described under “Data Processing and Analysis”) because of
poor-quality MRSI. Patient and treatment characteristics are
shown in Table 1.

Data Acquisition
All patients underwent MR imaging before surgery, with images
obtained with a Discovery MR750 3T scanner (GE Healthcare,
Milwaukee, Wisconsin). Routine and gadolinium contrast-enhanced MR imaging were included in the basic scanning protocol,
which consisted of transverse T1 fluid-attenuated inversion recovery, transverse T2 fast spin-echo, and transverse T2 fluid-attenuated inversion recovery. All routine sequences had the same
section thickness, spacing, and FOV (5 mm/1.5 mm, 20 sections,
and 240 ⫻ 240 mm2, respectively). All sequences had the same
scan coverage, and the range covered the entire brain. Routine
and contrast-enhanced images were used as anatomic references
for functional imaging scan localization.
APT data were collected during the routine MR imaging scanning session before the intravenous bolus injection of chelated
gadolinium. Any other unrelated contrast-enhancement scanAJNR Am J Neuroradiol 38:1702– 09
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Table 2: Independent t test and receiver operating characteristic curve analysis of low-/high-grade glioma
Low-Grade
High-Grade
Area Under
Optimal
Sensitivity Speciﬁcity
MTRasym(3.5ppm)
Gliomas (n = 28)
Gliomas (n = 14)
P Value the Curvea Threshold (%)
(%)
(%)
Reader 1
2.65% ⫾ 0.20
3.74% ⫾ 0.17
.001
.813 (.675, .95)
3.11
92.9
71.4
Reader 2
2.63% ⫾ 0.18
3.47% ⫾ 0.16
.004 .770 (.623, .918)
2.85
92.9
71.4
Mean MTRasym(3.5ppm) 2.64% ⫾ 0.18
3.61% ⫾ 0.155
.002
.791 (.650, .931)
2.93
92.9
71.4
Mean Ki-67 labeling index 4.98% ⫾ 1.02 (n ⫽ 24) 24.15% ⫾ 5.04 (n ⫽ 13) .003 .867 (.702, 1.00)
6.5
84.6
83.3
a

Data in parentheses are 95% CIs.

FIG 1. A, Intraclass agreement for the 2 readers who evaluated the MTRasym(3.5ppm) of the solid parts of tumors in 42 patients was excellent,
with an intraclass correlation coefﬁcient of 0.94 (95% CI, 0.89 – 0.96). B, Bland-Altman analysis of the difference in MTRasym(3.5ppm) by the 2
readers also showed excellent concordance. C, MTRasym(3.5ppm) values were higher for high-grade gliomas than for low-grade gliomas (P ⫽
.0016, Student t test). D, The correlation between MTRasym(3.5ppm) and tumor grade was moderate (Pearson r ⫽ 0.506; P ⫽ .0006). E, The
correlation between the Ki-67 staining index and the APT MTRasym(3.5ppm) was also moderate (Pearson r ⫽ 0.502; P ⫽ .002).

ning was to be done at least 24 hours before or after amide proton
scanning to avoid interference with the APT signal.17 Single-section transverse imaging was used at the center of the tumor for the
APT data, with TR/TE, 3000/22.6 ms; matrix size, 128 ⫻ 128;
FOV, 240 ⫻ 240 mm2; and section thickness, 5 mm. The power
of the radiofrequency saturation pulse for the APT sequence was
2.0 T and the length was 400 ms. Data were acquired with 2 NEX
in a saturation frequency list of 15.6, ⫾6, ⫾5, ⫾4.5, ⫾4, ⫾3.75,
⫾3.5, ⫾3.25, ⫾3, ⫾2.5, ⫾2, ⫾1.5, ⫾1, ⫾0.75, ⫾ 0.5, ⫾0.25, and
0 ppm and 1 no-saturation map, resulting in 66 images being
acquired in 3 minutes 18 seconds. The MTRasym(3.5ppm) was
calculated at 3.5 ppm, and B0 correction was performed by shifting the minimum signal of the z spectrum to 0 Hz.
For MRSI, we used 2D multivoxel 1H imaging based on the
point-resolved spectroscopy pulse sequence (PRESS). VOIs were
centered on the same section as the position for APTWI based on
anatomic reference images, with the following parameters: TR,
1000 ms; TE, 144 ms; FOV, 240 mm2; section thickness, 14 mm;
NEX, 0.8; and pixel dimension, 7.5 mm ⫻ 7.5 mm ⫻ 14 mm with
a total scanning time of 4 minutes 20 seconds. The VOIs were
chosen carefully to avoid areas of hemorrhage, calcification, cystic
components, large vessels, and strong interference from subcutaneous fat and lipid of the skull; saturation slabs were applied in 6
directions to further reduce potential artifacts.
1704
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Data Processing and Analysis
All raw data were transferred to an AW4.6 workstation (GE
Healthcare). To study the ability of MTRasym(3.5ppm) to reflect
tumor proliferation, we compared APT MTRaysm(3.5ppm)
with MRSI and Ki-67, and the ROIs were drawn on the APT
images in 2 ways. First, for the voxel-to-voxel correlation of
MTRasym(3.5ppm) with MRSI, spectral analyses were done.
The following steps were included: 1) filtering of the signal to
reduce noise, 2) zero-filling of the signal, 3) the suppression of
water molecules signal, 4) translating of the signal from the
time domain to the frequency domain with fast Fourier transformation, 5) baseline correction and phase correction. The
calculation of quantitative parameters was based on curve fitting, and
information on the location of each VOI was collected on the anatomic images. Then, a parametric MTRasym(3.5ppm) map was
created and automatically matched with the anatomic images.
The grids that come with the postprocessing FuncTool software
(GE Healthcare) were used to segment the APT maps based on
anatomic images, and the size of each grid was adjusted in the
same way as for the MR spectroscopy (On-line Fig 1). The grid
with the largest mean APT asymmetry value was selected as the
target to analyze. In the second approach, to evaluate potential
correlations between Ki-67 expression and APTWI, 2 readers
who were blinded to the histopathologic diagnosis indepen-

FIG 2. Top row, left to right: Transverse T2-FLAIR MR image (left), postgadolinium T1-weighted MR image, APT image, and the location of
MR spectroscopy voxel of a 45-year-old woman with diffuse astrocytoma (grade II). Bottom row, left to right: MRSI indicating peaks for
choline (Cho), creatine (Cr) and N-acetylaspartate (NAA); Ki-67 immunohistochemical stain for the same patient. The MTRasym(3.5ppm)
value for this patient was 2.83%; the choline peak was slightly increased and the NAA peak slightly decreased; and the Ki-67 labeling index
was 5%.

dently drew 4 circular ROIs on the APT images, taking care to
place them so as to include solid tumor in the area with the
highest MTRasym(3.5ppm) but to avoid cystic, large necrotic,
or hemorrhagic components of the tumor with reference to
conventional MR imaging. The measured MTRasym(3.5ppm)
in the 4 ROIs were averaged to represent the tumor, as shown
in On-line Fig 2.

Surgery and Pathologic Evaluation
Tumor grade was assigned based on the pathologic diagnosis of
the surgical specimens according to the 2007 WHO classification;
the Ki-67 labeling index was also measured by using standard
immunohistochemical staining procedures in samples from 37
patients (2 samples from the other 5 patients were too small).
Tumor sections were reviewed and Ki-67 quantified based on the
percentage of positive cells in the highest density of the stained
areas; all cells with nuclear staining of any intensity were considered positive, and the Ki-67 labeling index was defined
as the percentage of positive cells among the total number of
counted cells.

the 2 readers was analyzed by calculating the intraclass correlation
coefficient with MedCalc (MedCalc Software, Ostend, Belgium).
Intraclass correlation coefficients ⬎0.74 indicate excellent correlation. Overall correlations between the MTRasym(3.5ppm) values and the MRSI features as well as subgroup correlations were
analyzed with the Pearson correlation coefficient. The correlation
between Ki-67 expression and MTRasym(3.5ppm) was also
assessed with the Pearson correlation analysis. Independent
sample t tests were used to compare differences in MTRasym
(3.5ppm) and Ki-67 between the high- and low-grade gliomas.
Receiver operating characteristic curve analysis was used to evaluate the accuracy of MTRasym(3.5ppm) for determining glioma
grade and to establish optimal cutoff values. A default ␣ level of
.05 was used for all tests, and all tests were 2-tailed. Statistical
analyses were done with SPSS (IBM, Armonk, New York), IBM 19
(IBM), or Prism 5.0 GraphPad software (GraphPad Software, San
Diego, California).

RESULTS
MTRasym(3.5ppm) and Glioma Grade

Statistical Analysis
All values are expressed as means ⫾ standard deviations. Interobserver agreement on tumor MTRasym(3.5ppm) values made by

Both readers found that the APT MTRasym(3.5ppm) values were
lower in low-grade gliomas than in high-grade gliomas (reader 1,
2.65% ⫾ 0.20 versus 3.74% ⫾ 0.17, P ⫽ .001 by Student t test;
AJNR Am J Neuroradiol 38:1702– 09
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FIG 3. Top row, left to right: T2 FSE MR image, postgadolinium T1-weighted MR image, APT image, and the location of MR spectroscopy voxel
of a 46-year-old woman with anaplastic oligodendroma (grade III). Bottom row, left to right: MRSI indicating peaks for choline (Cho) and
N-acetylaspartate (NAA), and Ki-67 immunohistochemical staining for the same patient. The MTRasym(3.5ppm) value for this patient was 4.39%;
the choline peak was obviously increased and the NAA peak obviously decreased; and the Ki-67 labeling index was 30%.

reader 2, 2.63% ⫾ 0.18 versus 3.47% ⫾ 0.16, P ⫽ .004 by Student
t test) (Table 2). The sensitivity and specificity values for discriminating low-grade from high-grade gliomas were 92.9% and
71.4%, respectively, when cutoff values for MTRasym(3.5ppm)
were 3.11% for reader 1 and 2.85% for reader 2. Areas under the
curve of MTRasym(3.5ppm) were 0.813 (95% CI, 0.675– 0.95) for
reader 1 and 0.770 (95% CI, 0.623– 0.918) for reader 2 (Table 2).
Interobserver agreement between the 2 readers was excellent, with
an intraclass correlation coefficient of 0.94 (95% CI, 0.89 – 0.96)
and a regression equation of y ⫽ 0.8928x ⫹ 0.3550 (P ⬍ .0001)
(Fig 1A). The Bland-Altman analysis of the difference in
MTRasym(3.5ppm) assessed by the 2 readers also showed excellent concordance, with only 1 value beyond the 95% limits of
agreement (Fig 1B). The mean MTRasym(3.5ppm) values of
both readers’ measurements were significantly lower for lowgrade gliomas than for high-grade gliomas (2.64% ⫾ 0.185 versus
3.61% ⫾ 0.155, P ⫽ .0016 by Student t test) (Fig 1C, Table 2).
Correlation analysis further demonstrated that MTRasym
(3.5ppm) values correlated with tumor grade (r ⫽ 0.506, P ⫽
.0006) (Fig 1D).

MTRasym(3.5ppm) and Ki-67 Expression
The mean Ki-67 labeling index was significantly lower in lowgrade gliomas than in high-grade gliomas (4.98% ⫾ 1.02 versus
1706
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24.15% ⫾ 5.04, P ⫽ .003) (Table 2). Correlation analysis revealed
that the MTRasym(3.5ppm) values were moderately positively
correlated with Ki-67 expression levels (r ⫽ 0.502, P ⫽ .002) (Fig
1E), with a higher MTRasym(3.5ppm) indicating greater proliferative activity and greater malignancy. Findings from APTWI,
Ki-67 staining, and MRSI from 2 representative patients, one with
low-grade glioma and the other with high-grade glioma, are
shown separately in Figs 2 and 3.

Correlation of MTRasym(3.5ppm) with Metabolite
Measurements on MRSI
Overall Pearson correlation analysis showed that the MTRasym
(3.5ppm) values were moderately positively correlated with choline (r ⫽ 0.429, P ⫽ .009) and the choline/NAA ratio (r ⫽ 0.423,
P ⫽ .01) and were moderately negatively correlated with NAA
(r ⫽ ⫺0.455, P ⫽ .005) (Fig 4A). This correlation pattern was
similar in the subgroup analysis of low- and high-grade gliomas.
In low-grade gliomas, MTRasym(3.5ppm) showed moderate correlation with metabolite measurements (choline, r ⫽ 0.442, P ⫽
.031; NAA, r ⫽ – 0.474, P ⫽ .019; choline/NAA ratio, r ⫽ 0.448,
P ⫽ .028) (Fig 4B). The correlation was similar in high-grade
gliomas, but the absolute correlation coefficients were greater
(choline, r ⫽ 0.547, P ⫽ .053; NAA, r ⫽ – 0.644, P ⫽ .017; choline/
NAA ratio, r ⫽ 0.583, P ⫽ .036) (Fig 4C).

FIG 4. The voxel-to-voxel correlational analyses of MTRasym(3.5ppm) with choline (Cho), N-acetylaspartate (NAA), and Cho/NAA ratio in
patients with glioma. A, For all patients (regardless of glioma grade), MTRasym(3.5ppm) showed mildly positive correlations with Cho (r ⫽ 0.43,
P ⫽ .009) and the Cho/NAA ratio (r ⫽ 0.42, P ⫽ .01) and a slightly stronger negative correlation with NAA (r ⫽ ⫺0.45, P ⫽ .005). B, Subgroup
analyses of low-grade gliomas revealed that MTRasym(3.5ppm) correlated with Cho (r ⫽ 0.442, P ⫽ .031), NAA (r ⫽ ⫺0.474, P ⫽ .019), and the
Cho/NAA ratio (r ⫽ 0.448, P ⫽ .028). C, Subgroup analyses of high-grade gliomas revealed a similar pattern of correlation, though the absolute
values of the correlation coefﬁcients were higher for the high-grade tumors (Cho: r ⫽ 0.547, P ⫽ .053; NAA: r ⫽ ⫺0.644, P ⫽ .017; Cho/NAA: r ⫽
0.583, P ⫽ .036).

DISCUSSION
Our key findings were as follows. First, the MTRasym(3.5ppm)
values correlated with glioma grades, and MTRasym(3.5ppm)
could reliably distinguish low-grade from high-grade gliomas.
Moreover, these MTRasym(3.5ppm) values also correlated with
choline and NAA levels on MRSI in both low- and high-grade
gliomas, with stronger correlation in high-grade gliomas. Finally,
the MTRasym(3.5ppm) values correlated moderately with the
Ki-67 labeling index. Collectively, these findings suggest that
MTRasym(3.5ppm) may be useful as a noninvasive biomarker of
glioma proliferation and grade.
We further found that high-grade gliomas showed significantly higher MTRasym(3.5ppm) values than low-grade gliomas
and that the increase of MTRasym(3.5ppm) correlated positively
with the cellular proliferation marker Ki-67 and glioma grade.
Our findings were partly consistent with those results of another
group,16 who reported that the amide protons of endogenous
mobile proteins and peptides in the cytoplasm are the main
source of the APT signal. To further clarify the value of
MTRasym(3.5ppm) with regard to tumor proliferation, we compared MTRasym(3.5ppm) with MRSI variables and observed
modest correlations between the 2 types of measurements. High-

grade gliomas are characterized by particularly rapid proliferation
and atypical cytoarchitecture, as well as the presence of necrotic
areas, vascular thrombosis, and microvascular proliferation. Because higher-grade gliomas have more actively proliferating tumor cells, and because the concentrations of mobile macromolecules (such as proteins and peptides) increase with the tumor
cell density and glioma grades,18 one could expect that the
MTRasym(3.5ppm) values would be different in high-grade versus low-grade gliomas. Factors other than intracellular components can also affect APT MTRasym(3.5ppm); for example, tumors with necrosis showed higher MTRasym(3.5ppm) values
than tumors without necrosis.16 Highly concentrated mobile proteins and peptides in the extracellular space, such as microscopic
necrosis or fluid collection in the microcystic space, may also increase MTRasym(3.5ppm) in tumors. In addition, the amide proton exchange rate is base-catalyzed in the physiologic pH range.
Tissue pH in gliomas has been shown to be higher than that in
normal tissue (up to 0.2 pH units)19,20; a higher pH increases the
proton exchange rate, which in turn increases MTRasym
(3.5ppm). These findings, in combination with our own discovery that MTRasym(3.5ppm) correlates positively with the Ki-67
labeling index and glioma grade, provide further support for the
AJNR Am J Neuroradiol 38:1702– 09
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concept that APT MTRasym(3.5ppm) may be valuable as a noninvasive biomarker of tumor proliferation.
In our study, MTRasym(3.5ppm) values correlated positively
with choline level and choline/NAA ratio and negatively with
NAA level, which suggests that the MTRasym(3.5ppm) of the
solid parts of gliomas may reflect both the proliferative activity of
the tumor and the extent of neuron damage caused by tumor
growth. As an important imaging method based on the metabolic
characteristics of tissues,21,22 MRSI has been used to map changes
in phospholipid metabolism in brain tumors. Increases in total
choline have been linked with increases in membrane turnover and
cellular density7,8 and with the extent of fiber destruction caused by
gliomas.23 Conversely, NAA levels reflect neuronal activity and, thus,
decrease in parallel with the growth of brain tumors such as
gliomas.21 Our findings on the correlations between MTRasym
(3.5ppm) and choline/NAA ratios were consistent in part with
those reported by Park et al,15 who used single-voxel MR spectroscopy, and their VOIs were somewhat larger than our multivoxel MRSI findings. Because gliomas are often heterogeneous,
using smaller VOIs carries a lower risk of accidentally including
cystic and necrotic areas and allows more precise measurement of
the tumor areas of interest, which could provide an important
part of a comprehensive comparison between MR spectroscopy
and APT imaging. Our voxel-to-voxel correlation results, combined with the findings reported by Park et al,15 indicate that
MTRasym(3.5ppm) could be a noninvasive means of assessing
not only tumor proliferation, but also the extent of secondary
neuronal injury in vivo, which would be very important for targeted biopsy and local therapy.
Our findings also demonstrated that APT MTRasym(3.5ppm)
provided better sensitivity (93%) and specificity (71.4%) with a
cutoff value of 2.93% in distinguishing low- from high-grade gliomas, and the MTRasym(3.5ppm) values correlated with metabolite levels from MRSI. Previous studies10,24 have shown that MRSI
is useful for distinguishing among types and grades of brain tumors. However, the reported accuracy in identifying glioma
grades by choline levels was not sufficient, having high sensitivity
but low specificity. Further, MRSI is limited by heterogeneities in
the tumor.11 With the exception of a uniform magnetic field,
accurate and reliable measurements also require not only excellent scanning done by a skilled MR imaging technologist, but also
careful placement of ROIs to avoid areas of calcification, cysts,
hemorrhage, and adjacent bone structures. As for APTWI scanning, these disadvantages are not a major problem. Moreover, in
addition to the ability to distinguish malignant brain tumors from
peritumoral edema and to distinguish low-grade from high-grade
tumors,12,25,26 MTRasym(3.5ppm) can also be used to depict tumor core areas based on its ability to visualize amide proton contrast. Our results also showed that MTRasym(3.5ppm) values
correlated positively with glioma grade, with higher MTRasym
(3.5ppm) associated with greater malignancy. Sakata et al27 reported that APTWI analysis of a single representative image section could distinguish low-grade from high-grade gliomas as accurately as could APTWI of the entire tumor, and single sections
can be acquired within a reasonably short scan time. Collectively,
these findings imply that APT can be an efficient tool for assessing
glioma malignancy in a clinical setting.
1708
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This study had 2 major limitations. First, although the ROIs
for the APT measurements were roughly in the same areas as those
used to assess Ki-67, a point-to-point match was not done. Resected specimens for Ki-67 examination possess little locational
information, and without intraoperative MR imaging, the accuracy of a direct match between MR imaging and samples for immunochemical staining would be a challenge, especially when a
single-axis section is used for imaging. Second, relatively few patients in this study had high-grade gliomas, though the correlations were statistically significant.

CONCLUSIONS
Comparing APTWI with immunohistochemical staining of Ki-67
and MRSI by using voxel-to-voxel analysis in patients with glioma, we found that MTRasym(3.5ppm) correlated with Ki-67
labeling index, with histopathologic grade, and with key metabolites
from MR spectroscopy. We concluded that MTRasym(3.5ppm) may
be a useful biomarker not only for assessing tumor proliferation, but
also for predicting histopathologic grade, which could have an important impact on the clinical therapy strategy for patients with
glioma.
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Optimization of DSC MRI Echo Times for CBV Measurements
Using Error Analysis in a Pilot Study of High-Grade Gliomas
X L.C. Bell, X M.D. Does, X A.M. Stokes, X L.C. Baxter, X K.M. Schmainda, X A.C. Dueck, and X C.C. Quarles

ABSTRACT
BACKGROUND AND PURPOSE: The optimal TE must be calculated to minimize the variance in CBV measurements made with DSC MR
imaging. Simulations can be used to determine the inﬂuence of the TE on CBV, but they may not adequately recapitulate the in vivo
heterogeneity of precontrast T2*, contrast agent kinetics, and the biophysical basis of contrast agent–induced T2* changes. The purpose
of this study was to combine quantitative multiecho DSC MRI T2* time curves with error analysis in order to compute the optimal TE for
a traditional single-echo acquisition.
MATERIALS AND METHODS: Eleven subjects with high-grade gliomas were scanned at 3T with a dual-echo DSC MR imaging sequence to
quantify contrast agent–induced T2* changes in this retrospective study. Optimized TEs were calculated with propagation of error analysis
for high-grade glial tumors, normal-appearing white matter, and arterial input function estimation.
RESULTS: The optimal TE is a weighted average of the T2* values that occur as a contrast agent bolus transverses a voxel. The mean
optimal TEs were 30.0 ⫾ 7.4 ms for high-grade glial tumors, 36.3 ⫾ 4.6 ms for normal-appearing white matter, and 11.8 ⫾ 1.4 ms for arterial
input function estimation (repeated-measures ANOVA, P ⬍ .001).
CONCLUSIONS: Greater heterogeneity was observed in the optimal TE values for high-grade gliomas, and mean values of all 3 ROIs were
statistically signiﬁcant. The optimal TE for the arterial input function estimation is much shorter; this ﬁnding implies that quantitative DSC
MR imaging acquisitions would beneﬁt from multiecho acquisitions. In the case of a single-echo acquisition, the optimal TE prescribed
should be 30 –35 ms (without a preload) and 20 –30 ms (with a standard full-dose preload).
ABBREVIATIONS: AIF ⫽ arterial input function; CA ⫽ contrast agent; NAWM ⫽ normal-appearing white matter

ynamic susceptibility contrast MR imaging is increasingly
used to map cerebral blood volume in patients with brain
tumor, owing to its potential to predict treatment response, improve image-guided biopsies, and differentiate posttreatment radiation effects and glioma progression.1-9
CBV is typically acquired by using a dynamic susceptibility
contrast MR imaging and tracking the gadolinium-based contrast
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agent (CA)–induced T2* changes with time. To optimally capture
the MR signal changes due to the T2* changes, one must prescribe
an optimal TE during the acquisition. Previous studies have used
simulations to determine optimal TEs for spin-echo-based DSC
MR imaging10; however, to the best of our knowledge, an optimal
TE has not been determined for gradient-echo-based DSC MR
imaging. Recently, the American Society of Functional Neuroradiology recommended gradient-echo-based DSC MR imaging for brain tumor imaging because of the higher signal to
noise, better sensitivity, and more uniform vessel-size sensitivity compared with spin-echo imaging.11 Accordingly, it is important to determine an optimal TE for gradient-echo-based
DSC MR imaging.
Optimal TEs have been previously suggested in the literature.
It has been suggested that the optimal TE should be on the order
of the expected T2* values before CA administration.12,13 In contrast, Boxerman et al10 demonstrated, with propagation of error
analysis, that the optimal TE should be a weighted average of the
precontrast and postcontrast T2* values, though they did not rec-

FIG 1. An example from 1 patient of the absolute T2* time curves for tumor (solid), NAWM (dash dash), and the AIF (dash dot) ROIs. As described
in Equation 6, the optimal TE is proportional to the weighted average of absolute T2* values during the ﬁrst pass (as indicated by the shaded gray
area) of the contrast agent.

ommend a specific TE. The optimal TE in a DSC experiment is
most likely different for voxels used to identify the arterial
input function (AIF) and normal-appearing white matter
(NAWM) due to the higher contrast agent concentration encountered within arteries and the associated potential signal
saturation.14
While simulations and error analysis can be used to systematically investigate the influence of TE on CBV accuracy, they cannot recapitulate in vivo heterogeneity of precontrast T2*, CA kinetics, and the biophysical basis of CA-induced T2* changes.
With multiecho-based DSC MR imaging acquisitions, voxelwise
T2* values before and after CA administration can be quantified
across tissue types by assuming a monoexponential decay. The
goal of this study was to combine quantitative multiecho DSC MR
imaging T2* time curves with propagation of error analysis to
compute the optimal gradient-echo TEs for high-grade glial tumors, NAWM, and AIF estimation.

MATERIALS AND METHODS

3)

S(t)⫽S0 sin ␣ exp关⫺TE
⫻ R2*(t)兴

⫽  exp[⫺TE ⫻ R2*(t)].
For simplification, the constant  includes all the terms that
are independent of the TE.
If we assume that the baseline (precontrast) signal points are
acquired with a sufficient signal-to-noise ratio, we note that the
variance in the apparent transverse relaxation is mainly due to the
variance in the signal with time. If one applies propagation of
error to Equation 2, the variance in R2*(t) is

2R ⫽

4)

1)

rCBV ⫽

冕

T

k2S exp[2TE ⫻ R2*(t)]
,
TE2

where k is a proportionality constant. Similar to the approach
taken by Boxerman et al,10 the variance in a CBV measurement
can then be determined by

Theory
During the contrast agent bolus passage in a DSC MR image, the
T2* of the perfused voxel changes with time. From the literature,
it is assumed that this change in the transverse relaxation rate,
⌬R2*(t) ⫽ 1/⌬T2*(t), is linear with CA concentration, and therefore the relative CBV (rCBV) can be approximated by

1 ⫺ exp[⫺TR ⫻ R1(t)]
1 ⫺ cos ␣ exp[⫺TR ⫻ R1(t)]
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assuming a single-echo acquisition, ⌬R2*(t) is
⌬R2*(t) ⫽ R2*(t) ⫺ R20* ⫽ ⫺

冘

Last, the derivative of Equation 5 is taken with respect to TE
and solved when equal to zero to determine the optimal TE that
minimizes the variance in CBV measurements:

0
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冉 冊
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1
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.
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Here R20* is the baseline apparent transverse relaxation rate before contrast arrival. The generalized signal equation, after contrast agent injection, for a spoiled gradient-echo acquisition is

6)

TEopt ⫽

exp[2TEopt ⫻ R2*(t i)]

i⫽1

冘

.

N

R2*(t i) exp[2TEopt ⫻ R2*(t i)]

i⫽1

The optimal TE can now be solved numerically from Equation
6. Note that the optimal TE is, essentially, the weighted average of
T2* values during the contrast agent passage (illustrated by Fig 1).
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MR Imaging Protocol
This article is a retrospective analysis from 2 separate subject
cohorts approved by the Barrow Neurological Institute’s (1st
subject cohort) and Vanderbilt University’s (2nd subject cohort) institutional review boards. Both cohorts of patients had
World Health Organization grade III and IV primary highgrade gliomas undergoing preoperative imaging for surgical
resection. All patients had contrast-enhancing lesions.
We analyzed 2 separate subject cohorts to evaluate optimal TE
values in scans acquired with and without a contrast agent preload. In the clinic, a preload ranging from 0.025 to 0.1 mmol/kg is
typically administered 6 minutes before the DSC imaging to reduce CA-induced T1 leakage effects. The first cohort of subjects
was used for calculation of optimal TE (described in detail below)
without a preload. The second cohort of subjects was scanned
with multiecho DSC MR imaging for 7.5 minutes, making it an
ideal dataset to quantify T2* changes 6 minutes after contrast
agent injection, mimicking a preload situation in the clinic. These
results allowed us to understand how a preload would affect the
calculated optimal TE.
The first subject cohort consisted of 11 datasets randomly selected from an ongoing study (mean age, 49.9 ⫾ 12.9 years; 7 men,
4 women). Each subject was scanned on a single 3T MR imaging
system (Signa HDx; GE Healthcare, Milwaukee, Wisconsin) with
a dedicated 8-channel phased array brain coil. A 2D single-shot
dual-echo spiral DSC sequence was used with the following parameters: TR/TE1/TE2 ⫽ 1000/5.6/28 ms, flip angle ⫽ 60°,
FOV ⫽ 22 ⫻ 22 cm, section thickness ⫽ 5 mm, section spacing ⫽
0 mm, number of sections ⫽ 16, and acquired matrix ⫽ 128
(frequency) ⫻ 128 (phase). Gadobenate dimeglumine (MultiHance;
Bracco Diagnostics, Princeton, New Jersey) was administered
at 0.1 mmol/kg (a standard dose) by using a power injector for
each perfusion scan at a rate of 5 mL/s. The injection occurred
20 seconds after the start of the DSC scan, and the total length
of the scan was 3 minutes. Last, T1-weighted spoiled gradientecho images were acquired (TR/TE ⫽ 6.7/2.8 ms, flip angle ⫽ 13°,
FOV ⫽ 32 ⫻ 24 cm2, section thickness ⫽ 2 mm, acquired resolution ⫽ 0.51 ⫻ 0.51 ⫻ 2 mm3) after the perfusion scan to delineate
enhancing tumor and NAWM ROIs.
The second subject cohort consisted of 5 datasets (mean age,
47.0 ⫾ 7.2 years; 4 men, 1 woman) acquired by using a combined
spin- and gradient-echo DSC sequence. Each subject was scanned
on a single 3T MR imaging system (Achieva; Philips Healthcare,
Best, the Netherlands) with a 32-channel head coil. A 2D singleshot spin- and gradient-echo DSC sequence was used with the
following parameters: 2 gradient-echoes, 2 asymmetric spinechoes, and 1 true spin-echo, TR ⫽ 1800 ms, TE1–TE5 ⫽ 8.8/26/
55/72/90 ms, flip angle ⫽ 90°, FOV ⫽ 24 ⫻ 24 cm2, section thickness ⫽ 5 mm, section spacing ⫽ 0 mm, number of sections ⫽ 15,
and acquired matrix ⫽ 76 (frequency) ⫻ 76 (phase). Partial Fourier encoding and sensitivity encoding (acceleration factors 0.73
and 2.0, respectively) were used to obtain acceptable TEs. Gadopentetate dimeglumine (Magnevist; Bayer HealthCare Pharmaceuticals, Wayne, New Jersey) was administered at 0.1 mmol/kg (a
standard dose), with a power injector at a rate of 4 mL/s. The injection occurred 60 seconds after the start of the DSC scan, and the total
length of the scan was 7.5 minutes. Last, 3D T1-weighted spoiled
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gradient-echo images were acquired (TR/TE ⫽ 8.9/4.6 ms, flip angle ⫽ 9 °, FOV ⫽ 25.6 ⫻ 25.6 ⫻ 17.0 cm3, acquired resolution ⫽ 1 ⫻
1 ⫻ 1 mm3) after the perfusion scan to delineate enhancing tumor
and NAWM ROIs.

Postprocessing for Optimal TE Calculation
The T1-weighted, anatomic data were coregistered to the DSC
perfusion data by using rigid registration with the FMRIB Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl).15 The DSC
perfusion data were analyzed with Matlab (MathWorks, Natick,
Massachusetts).
From both the dual-echo spiral and spin- and gradient-echo
DSC sequences, R2*(t) was calculated voxel by voxel by assuming
a monoexponential decay in T2*16:
7)

R2*(t) ⫽

冋

册

S TE1(t)
1
ln
.
TE2 ⫺ TE1
S TE2(t)

With this information, the optimal TE was calculated by numerically solving Equation 6 over the first pass of CA. To determine the temporal duration of the first pass, we first calculated the
mean whole brain (WB) ⌬R2*(t) to determine the mean peak
time point. The slope of the whole brain WB ⌬R2*(t) was then
calculated. A positive slope indicated wash-in of CA, whereas a
negative slope indicated washout, and a slope of zero, no change
in CA. Starting at the peak time point, the time point in which the
slope equaled zero was identified and set as the end of the first
passage. The first passage of CA was approximately 22.5 seconds
from the time of injection across all subjects (see Fig 1 for an
illustrative example of the first-pass integration limits).
Three ROIs were used for analysis: tumor, NAWM, and voxels
selected for AIF estimation. The tumor and NAWM ROIs were selected by using K-means clustering, with data partitioned into 4 clusters with the T1-weighted anatomic data (On-line Figure). The largest centroid value (brightest signal intensity) consisted of the
enhancing tumor along with other unwanted regions such as
fat around the skull and eyes. The enhancing tumor was manually selected section by section to separate it from the unwanted regions. The NAWM mask was determined by the second largest centroid value. Finally, voxels with the selected
ROIs exhibiting a signal drop of at least 5 SDs from the baseline
precontrast signal were used for analysis to ensure sufficient
contrast-to-noise for the time curves. The AIF was identified
on the DSC perfusion dataset with previously established automated algorithms.17,18 This automatic AIF algorithm typically selects AIF pixels in the internal carotid, vertebral, and
middle cerebral arteries. All ROI selections were approved by
an investigator with ⬎15 years of experience in brain tumor
imaging (C.C.Q.).
In addition to the above measurements and calculations, we
calculated T2* 6 minutes after the CA injection from the second
cohort of subjects. The percentage difference in T2* (1/R2*) between precontrast T2* (t ⫽ 0) and postcontrast (t ⫽ 6 minutes)
was calculated to determine the potential effect of a standard dose
(0.1 mmol/kg) preload on the measured baseline T2* values in a
DSC scan. The estimated optimal TE with a preload was then
calculated by scaling the calculated optimal TE without a preload
by the percentage difference in T2*.

ms for the NAWM (P ⫽ .65), and 94.5 ⫾
18.3 versus 103.2 ⫾ 30.6 ms for the AIF
(P ⫽ .40).

DISCUSSION
This study determined the optimal TE
for a typical single-echo DSC MR imaging acquisition by minimizing the variance in CBV. Using error analysis, we
determined that the optimal TE is a
weighted average of T2* values that occur before and after the CA passage and
is dependent on the ROI type.
For an imaging protocol using no
FIG 2. Boxplot representation of baseline and minimum T2* values (white boxplots) along with
their respective calculated optimal TE (gray boxplots) in the brain tumor, NAWM, and AIF. Base- preload dose and a standard injection
line T2* is deﬁned as the T2* of the ROI before contrast arrival, and the minimum T2* is deﬁned dose at 3T, the optimal TE in brain tuas the T2* value at the peak signal drop. Solid lines represent median values, whereas solid dots mor is 30.0 ⫾ 7.4 ms. The larger range of
represent means across subjects in these boxplots.
optimal TEs in the tumor regions is expected, given the greater variability of
Statistical Analysis
blood volume values and CA-induced T2* leakage effects both
Mean optimal TE values were compared across tumor, NAWM,
within and across subjects.19 The optimal TE for NAWM is
and AIF ROIs using a multivariate approach with a repeatedroughly 20% longer (optimal TE ⫽ 36.3 ⫾ 4.6 ms) than that
measures analysis of variance with post hoc pair-wise comparifound in tumor. The optimal TE for the AIF is roughly 300%
sons using paired t tests. With 11 subjects, this study had an 80%
shorter (optimal TE ⫽ 11.8 ⫾ 1.4 ms) than that found in tumor.
power to detect a 0.94 SD difference between a pair of ROIs with
For an imaging protocol using both a standard preload and injeca 2-sided ␣ ⫽ .05 paired t test. To test for mean differences in the
tion dose at 3T, we estimated the optimal TE in brain tumor to be
minimum T2* of the 2 cohorts of subjects imaged, we performed
19.5 ⫾ 4.8 ms. The estimated optimal TE for NAWM is roughly
a Student unpaired t test. Statistical significance was detected for a
65% longer (optimal TE ⫽ 30.8 ⫾ 3.9 ms) than that found in
P value ⬍ .05.
tumor. The optimal TE for the AIF is roughly 200% shorter (optimal TE ⫽ 10.6 ⫾ 1.3 ms) than that found in tumor. Because a
RESULTS
statistically
significant difference was detected among the optimal
*
Figure 1 illustrates a typical T2 time curve for a single patient in
TEs
for
each
of the 3 regions for both imaging options (no preload
the tumor, NAWM, and AIF. Figure 2 summarizes the baseline
and
preload),
multiecho acquisitions are warranted for quantitaand minimum T2* along with the corresponding optimal TE
tive
DSC
MR
imaging studies requiring the use of the AIF, supacross all 11 subjects from the first cohort. Mean optimal TE valporting
previous
hypotheses in the literature.20
ues (mean ⫾ 1 SD) were 30.0 ⫾ 7.4 ms for tumor, 36.3 ⫾ 4.6 ms
To quantify T2* values throughout the passage of CA in the
for NAWM, and 11.8 ⫾ 1.4 ms for AIF (repeated-measures
selected
ROIs, we analyzed data from dual-echo spiral acquisiANOVA, P ⬍ .001; post hoc paired t tests: tumor versus NAWM,
tions.
The
dual-echo data are advantageous because the influence
P ⫽ .005; tumor versus AIF, P ⬍ .001; NAWM versus AIF, P ⬍
of CA-induced T1 changes that may be present in blood or in
.001). Tumor ROIs exhibited a wide range of optimal TE values
situations in which the blood-brain barrier has been comprocompared with healthy tissue. In all ROIs, mean optimal TE valmised has been removed.16 Additionally, the calculation of T2*
ues were closer to the minimum T2* than the baseline values.
based on dual-echo data is computationally simple. While more
Results from the second cohort of subjects indicated that the
TEs could potentially improve the T2* quantification, Stokes and
mean tumor T2* was 35% lower than baseline 6 minutes after the
Quarles21 have shown that T2* measurements derived from 2
CA injection. Additionally, the mean NAWM and AIF T2* were
echoes are consistent with those derived from a 5-echo acquisi15% and 10%, respectively, lower than baseline. If one assumed a
tion. Our reported quantitative T2* values for NAWM (47.5 ⫾ 6.8
respective percentage decrease of each region in T2* 6 minutes
ms) are within the ranges previously reported in the literature:
after CA injection and the optimal TE results from the first cohort
48.4 ms,21 49 ms,22 50 ⫾ 8 ms,23 and 67.6 ⫾ 11.0 ms.20 However,
of subjects presented above, the estimated mean optimal TE valcomparison of the quantitative T2* values for the AIF in this study
ues with a standard preload dose were 19.5 ⫾ 4.8 ms for tumor,
with those in literature (eg, bulk arterial blood T2*) is difficult
30.8 ⫾ 3.9 ms for NAWM, and 10.6 ⫾ 1.3 ms for AIF.
because the voxels used to estimate the AIF likely contain brain
The concentration of gadolinium between the populations
tissue and arteries due to partial volume effects. Nevertheless, our
must be similar to apply the results of the second to the first cohort
results indicate that a much shorter optimal TE is needed for
of subjects. Because the concentration of gadolinium is proporAIF estimation, which is consistent with previously published
tional to ⌬R2*, we estimated the similarity between cohorts by
observations.20
comparing the peak ⌬R2* change. The mean peak ⌬R2* for the
The optimal TEs reported in this study are specific to a field
first-versus-second cohort of subjects was 22.9 ⫾ 12.9 versus
23.7 ⫾ 10.8 ms for tumor (P ⫽ .90), 14.3 ⫾ 4.2 versus 12.9 ⫾ 5.8
strength of 3T and the CA dose protocol (no preload and 1 stanAJNR Am J Neuroradiol 38:1710 –15
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dard dose of CA). At a different field strength, such as 1.5T, the
optimal TE would be expected to lengthen. A preload of CA is
typically administered before the DSC MR imaging to decrease
the CA-induced T1 leakage effects. Such preloads could potentially decrease baseline T2* values due to residual CA in the blood
and tumor tissue, thereby shortening the optimal TE. To estimate
the impact of a standard full dose of preload, we retrospectively
analyzed, in a separate cohort of 5 patients with gliomas, multiecho DSC MR imaging data that were acquired for a total of 7.5
minutes. We found that tumor T2* was 35% lower than baseline
6 minutes after the CA injection (additionally, NAWM was 15%
and AIF was 10% lower than baseline). If we assume a 35% decrease in T2* with a preload, the optimal TE will be 35% shorter
than a no-preload-dose scheme or an estimated 19.5 ⫾ 4.8 ms for
tumor.
There were several limitations to this study. First, our results
are specific to 3T and to both a standard preload and injection
dose. Although T2* is expected to be longer at 1.5T than at 3T,
implying that the optimal TE would also increase, we are not able
to demonstrate this expectation experimentally. For clinical sites
with less than a standard dose for either the preload or injection
dose, our results do not apply. However, our derivations and
methodology for optimal TE can be easily applied to data acquired at any field strength or dosing scheme of interest. Second,
as noted, a statistically significant difference was found among the
optimal TEs among tumor, NAWM, and AIF. The extent of using
a nonoptimal TE on CBV is unknown. The influence of TE on the
accuracy of CBV can be explored both experimentally and
through simulations and is currently saved for future work. Third,
we have calculated the optimal TE in a small cohort of patients.
However, power statistics did demonstrate that our sample size
had an 80% power to detect a 0.94 SD in our measurements. It is
unlikely that additional patients would substantially (or practically) shift the calculated optimal TE values. Last, the estimation
of the optimal TE from 2 separate cohorts to understand the effect
of a preload on the optimal TE is not ideal. Calculation of the
optimal TE from multiecho DSC data acquired with a preload
would have been ideal. However, clinically, single-echo DSC MR
imaging is acquired with a preload, and changes in absolute T2*
cannot be obtained from single-echo data for optimal TE calculation. When a multiecho DSC acquisition is acquired in the
clinic, a preload is typically not administered because the T1 leakage effects are eliminated. Additionally, our 2 separate cohorts
used a standard dose injection of 2 different contrast agents. However, the calculated optimal TE values should not change appreciably because the expected change in T2* due to its relaxation
rate is similar22,23 across both contrast agents and we found no
significant statistical differences in the average gadolinium concentration between the 2 cohorts.

CONCLUSIONS
The results of this study demonstrate that for conventional singleecho-, gradient-echo-based DSC MR imaging, the optimal TE for
CBV mapping in brain tumors and NAWM is 30 –36 ms at 3T if
no preload has been administered. The accuracy of the AIF will be
diminished, to an unknown degree, due to the longer-than-optimal TE. In this situation, CBV should only be calculated in the
1714

Bell

Sep 2017

www.ajnr.org

tumor and the NAWM. If multiple TEs can be prescribed, then a
shorter TE of 10 ms should be prescribed for the AIF and a longer
TE of 30 –36 ms should be prescribed for the brain tissue and
tumor. Given the recommendation of the American Society of
Functional Neuroradiology that a preload should be used for DSC
MR imaging studies in patients with glioma, the error analysis and
patient data described in this study provide experimental evidence that CBV estimates may benefit from lower TEs (⬃20 ms)
than the recommended value of 30 ms.
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ORIGINAL RESEARCH

ADULT BRAIN

Identiﬁcation and Quantitative Assessment of Different
Components of Intracranial Atherosclerotic Plaque by Ex Vivo
3T High-Resolution Multicontrast MRI
X Y. Jiang, X W. Peng, X B. Tian, X C. Zhu, X L. Chen, X X. Wang, X Q. Liu, X Y. Wang, X Z. Xiang, X A.J. Degnan, X Z. Teng,
X D. Saloner, and X J. Lu

ABSTRACT
BACKGROUND AND PURPOSE: High-resolution 3T MR imaging can visualize intracranial atherosclerotic plaque. However, histologic
validation is still lacking. This study aimed to evaluate the ability of 3T MR imaging to identify and quantitatively assess intracranial
atherosclerotic plaque components ex vivo with histologic validation.
MATERIALS AND METHODS: Fifty-three intracranial arterial specimens with atherosclerotic plaques from 20 cadavers were imaged by 3T
MR imaging with T1, T2, and proton-density-weighted FSE and STIR sequences. The signal characteristics and areas of ﬁbrous cap, lipid core,
calciﬁcation, ﬁbrous tissue, and healthy vessel wall were recorded on MR images and compared with histology. Fibrous cap thickness and
maximum wall thickness were also quantiﬁed. The percentage of areas of the main plaque components, the ratio of ﬁbrous cap thickness
to maximum wall thickness, and plaque burden were calculated and compared.
RESULTS: The signal intensity of the lipid core was signiﬁcantly lower than that of the ﬁbrous cap on T2-weighted, proton-density, and
STIR sequences (P ⬍ .01) and was comparable on T1-weighted sequences (P ⫽ 1.00). Optimal contrast between the lipid core and ﬁbrous cap
was found on T2-weighted images. Plaque component mean percentages were comparable between MR imaging and histology: ﬁbrous
component (81.86% ⫾ 10.59% versus 81.87% ⫾ 11.59%, P ⫽ .999), lipid core (19.51% ⫾ 10.76% versus 19.86% ⫾ 11.56%, P ⫽ .863), and ﬁbrous
cap (31.10% ⫾ 11.28% versus 30.83% ⫾ 8.51%, P ⫽ .463). However, MR imaging overestimated mean calciﬁcation (9.68% ⫾ 5.21% versus
8.83% ⫾ 5.67%, P ⫽ .030) and plaque burden (65.18% ⫾ 9.01% versus 52.71% ⫾ 14.58%, P ⬍ .001).
CONCLUSIONS: Ex vivo 3T MR imaging can accurately identify and quantitatively assess intracranial atherosclerotic plaque components,
providing a direct reference for in vivo intracranial plaque imaging.
ABBREVIATIONS: ICC ⫽ intraclass correlation coefﬁcient; PD ⫽ proton-density

I

ntracranial atherosclerotic disease is one of the most common
causes of stroke.1 It has a high prevalence in the Asian popula-
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tion2 with a high recurrence rate.3 Due to its high morbidity and
mortality, early diagnosis and prognostic evaluation are particularly important. High-resolution vessel wall MR imaging is a
promising noninvasive method to evaluate intracranial plaque in
vivo, with excellent soft-tissue contrast.4 In recent years, a few
studies have attempted to characterize intracranial atherosclerotic
plaque composition by in vivo MR imaging.5-9 Intracranial
plaque imaging with MR imaging has identified high-risk plaque
correlated with infarct territory and plaque associated with stroke
recurrence.10-13 However, these studies have mostly focused on
plaque enhancement to ascertain plaque risk. Moreover, the determination of plaque composition in other studies has been
based on the MR imaging characteristics of extracranial carotid
plaque, while direct histologic validation of in vivo MR imaging of
Indicates open access to non-subscribers at www.ajnr.org
Indicates article with supplemental on-line tables.
Indicates article with supplemental on-line photos.
http://dx.doi.org/10.3174/ajnr.A5266

intracranial plaque is still lacking, except for 1 individual case
study.14
Ex vivo MR imaging of intracranial atherosclerotic plaque
specimens provides a way to understand intracranial plaque. A
few studies have reported ex vivo MR imaging characteristics of
intracranial plaque with 7T research scanners.15-17 However,
these results cannot be transferred to 3T for the clinical evaluation
of intracranial arterial disease because the MR relaxometry is different at 3T and 7T. Very few studies have reported intracranial
plaque characteristics at 3T, the highest field strength that is clinically relevant.14,18 Thus, there is an urgent need to investigate
whether clinical 3T scanners provide sufficient contrast for the
evaluation of intracranial plaque composition. In addition, most
of these 7T studies focused on the qualitative classification of
plaque components and lacked quantitative assessment of highrisk plaque features, including the lipid core area, fibrous cap
thickness, and plaque burden, all of which play an important role
in atherosclerotic plaque progression and rupture.19,20
The purpose of this study was to report the signal characteristics of plaque components on multicontrast MR imaging at 3T
and evaluate the ability of MR imaging to quantify plaque components with histologic validation.

MATERIALS AND METHODS
Study Population
The study was approved by our hospital ethics committee, and
informed consent was obtained from the patients’ relatives. Patients 45 years of age or older who underwent a postmortem examination in our hospital (Changhai Hospital) from January
2013 to June 2015 were recruited for the study. Among 120 cadavers, 20 with possible atherosclerotic specimens of the circle of
Willis were selected on the basis of macroscopic examination by a
pathologist during the postmortem examination. The time between death and the postmortem examination was ⬍1 month;
however, the exact time window was unknown due to the limitations of our local ethics committee. The same specimens were
evaluated in a previous study18; however, the current study addresses distinctly different research questions, specifically performing a quantitative analysis of the identification of plaque
components on multicontrast imaging. The demographics of the
cadavers were reported in the previous publication.18 All specimens were rinsed carefully with saline to remove blood clots. The
same pathologist excised possible atherosclerotic arteries according to gross morphologic changes. All excised arteries were then
stored at 4°C. The time between the postmortem examination
and imaging was ⬍24 hours. Photographs of gross specimens of
the circle of Willis are shown in On-line Fig 1.

MR Imaging Protocol
MR imaging was undertaken in a 3T whole-body system (Magnetom Skyra; Siemens, Erlangen, Germany) with a loop coil (4 cm in
diameter). Before imaging, arteries were embedded in Fomblin
(Solvey Solexis, Milan, Italy), which is a fluorinated fluid with no
MR signal. Careful flushing of the lumen and outer surfaces of
specimens was performed to ensure that gas bubbles were removed. The experimental setup is shown in On-line Fig 2. Multiple imaging sequences, including T1, T2, and proton-density

(PD) weighted FSE and STIR were acquired perpendicular to the
longitudinal axis of the arterial segments. The scanning parameters were identical to those in a previous study.18

Histology
The specimens were fixed for 24 hours in formal saline (10%
formalin in 0.9% sodium chloride) following imaging. After decalcification, samples were cut into sections between 4 and 5 mm
in length and numbered to assist the coregistration. Each section
was then sliced at a 5-m thickness with an interval of 0.5 mm.
Specimens were stained with hematoxylin-eosin and Masson
trichrome to visualize arterial architecture, including atherosclerotic components. The histology sections were digitized with a
digital microscope at 20⫻ magnification (BX53 microscope;
Olympus, Tokyo, Japan).
Five experienced radiologists were involved in the image analysis: coregistration of MR imaging and histology (Y.J.), measurement of signal intensities (B.T.), classification of plaque components (W.P.), and measurement and quantification of plaque
component area/thickness (Q.L. and X.W.).

Image Coregistration
An experienced radiologist (Y.J.) matched the MR imaging sections and histologic sections carefully according to location. The
gross morphologic features, such as vessel size and shape, plaque
configuration, and specific plaque components (eg, calcification),
were considered during the coregistration.

Image Analysis
Image analysis was performed in 2 steps. First, the signal intensity
of plaque components on MR images was quantified with histology as a reference for plaque component categorization. Second,
images containing advanced lesion types were selected for plaque
component area quantification.

Analysis of Signal Intensities of Plaque Components
One experienced pathologist identified and segmented the main
components of the plaque in every matched histologic section,
including intraplaque hemorrhage, fibrous cap, lipid core, calcification, fibrous tissue (ie, smooth-muscle cell and dense collagen
not including fibrous cap or healthy vessel wall), and healthy vessel wall according to the American Heart Association classification,21 as well as judging the lesion types—types I–II: initial lesion
with foam cells or fatty streaks with multiple foam cell layers; type
III: atheroma with extracellular lipid pools; types IV–V: plaque
with a fibrous cap and lipid core; type VI: complex plaque with a
surface defect, hemorrhage, or thrombus; type VII: calcified
plaque; and type VIII: fibrotic plaque without a lipid core.22 According to the histologic results, a radiologist (B.T.) segmented
plaque components on corresponding T2-weighted images with
CMRtools (Cardiovascular Imaging Solutions, London, UK), and
the contours on T2-weighted images were copied to the same
anatomic sections of other MR images. This process allowed
quantification of the signal intensity of plaque components. Because only a single segment of the vessel was imaged in our study,
the signal of the healthy vessel wall that did not include any atheroma (mostly media) was used as a reference. A second radioloAJNR Am J Neuroradiol 38:1716 –22
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Table 1: The criteria for plaque component identiﬁcation by multicontrast MRI
Lipid Core
Fibrous Cap
Calciﬁcation
T1
Isointense/hyperintense
Isointense
Hypointense
T2
Isointense/hypointense
Isointense/hyperintense
Hypointense
PD
Isointense/hypointense
Isointense/hyperintense
Hypointense
STIR
Hypointense
Hyperintense
Hypointense

gist (W.P.), blinded to histology results, identified the main
plaque components on the basis of a criterion developed in prior
histology–MR imaging comparative analysis (Table 1).

Quantiﬁcation of Plaque Component Area
Sections containing advanced lesion types (types IV–VII) were
included in the area analysis. Histologic sections were segmented
and measured with ImageJ software (Version 1.47; National Institutes of Health, Bethesda, Maryland) by a pathologist blinded
to MR imaging results. The lumen, vessel wall, and each plaque
component were contoured, and the areas were recorded. We
calculated the following metrics: vessel wall area (Vessel Wall
Area ⫽ Total Vessel Area ⫺ Lumen Area); fibrous component
area (ie, smooth-muscle cells and dense collagen including the
fibrous cap and healthy wall) (Fibrous Component Area ⫽ Vessel
Wall Area ⫺ Other Component Area); the percentage of the area
of each major plaque component (% Plaque Component ⫽ Specific Component Area / Vessel Wall Area ⫻ 100%); and plaque
burden (Plaque Burden ⫽ Vessel Wall Area / Total Vessel Area ⫻
100%).23 Both the fibrous cap thickness and the maximum wall
thickness were also measured on sections containing a lipid core.
Because of shrinkage during histologic processing,24 the percentage of the plaque component area/thickness in addition to absolute area/thickness was used for histology-imaging comparison.
Two radiologists (Q.L. and X.W.) segmented the components on
MR imaging and measured the area/thickness blinded to histology results. One of the radiologists (X.W.) repeated the measurements 1 month later.

histology were included in the analysis.
The details of specimens and plaque
types were reported in the previous
publication.18

Signal Intensity Characteristics

Representative multicontrast MR images of the specimens and their corresponding histologic sections
are shown in Figs 1 and 2. MR imaging characteristics of the main
plaque components are shown in Table 1. Signal intensities of
plaque components on multiple MR images are summarized in
On-line Table 1. Overall, there were significant differences among
signal intensities of different plaque components on multiple sequences (P ⬍ .05). The best contrast between lipid core and fibrous cap assessment was achieved with T2-weighted images.
Post hoc pair-wise tests showed that the signal intensity of the
lipid core was significantly lower than that of the fibrous cap on
T2-weighted, PD, and STIR sequences (P ⬍ .01) and was not
significantly different on T1-weighted imaging (P ⫽ 1.00). The
signal intensities of the fibrous cap, fibrous tissue, and healthy
wall were similar on all sequences (P ⬎ .05). Lipid core and
healthy wall had similar signal intensities on all sequences. Calcification showed the lowest signal intensity on T2-weighted, PD,
and T1-weighted sequences (P ⬍ .001). Pair-wise test results of
the signal intensity of each 2 components are provided in On-line
Table 2.

Utility of MR Imaging for Plaque Component
Characterization
The sensitivity and specificity were 90.53% and 69.64% for
identifying fibrous cap and lipid core and 83.33% and 100%
for calcification on a combination of weightings. Cohen  values were 0.59 for the fibrous cap and lipid core and 0.90 for
calcification.

Statistics

Quantitative Analysis

Statistical analysis was performed in SPSS (Version 21.0; IBM,
Armonk, New York). Normality assumptions were assessed by
using a Shapiro-Wilk test. Categoric data were presented as
counts, and continuous variables were presented as mean ⫾ SD or
median (interquartile range). Considering that multiple measurements were obtained from each subject, a linear mixed-effects
model was used to assess the differences among the signal intensities of different components and the differences between histology measurements and MR imaging measurements. The Cohen 
with 95% CIs was used to estimate the agreement of plaque component identification on MR imaging compared with histology.
To evaluate the agreement of measurements between MR imaging
and histology and intraobserver/interobserver reproducibility of
MR imaging measurements, we calculated the intraclass correlation coefficient (ICC) with 95% CIs. A P value ⬍ .05 was considered significant. All P values were 2-sided.

Only sections containing ⱖ2 components (types IV–V or VII)
were selected for quantitative analysis. Fifty-seven sections were
used for further analysis (Figs 1 and 2). The agreement between
manual measurements performed on MR images and histology
sections is shown in On-line Table 3. The absolute values were
larger on MR imaging compared with histology, likely due to the
shrinkage of the specimen during the histologic processing.
Good-to-excellent correlation was observed (r ⫽ 0.72– 0.93,
ICC ⫽ 0.69 – 0.85), but fibrous cap thickness measurements had
only a moderate correlation (r ⫽ 0.50, ICC ⫽ 0.46). Table 2 shows
the comparison between MR imaging and histology for the percentages of areas and thicknesses. Generally, there was good-toexcellent agreement (r ⫽ 0.86 – 0.93, ICC ⫽ 0.77– 0.93), except
that the agreement of the percentage of the fibrous cap was moderate (r ⫽ 0.44, ICC ⫽ 0.42). The percentages of plaque component areas and thicknesses were comparable between MR imaging
and histology, but MR imaging significantly overestimated calcification (9.68% ⫾ 5.21% versus 8.83% ⫾ 5.67%, P ⫽ .030) and
plaque burden (65.18% ⫾ 9.01% versus 52.71% ⫾ 14.58%, P ⬍
.001).

RESULTS
Fifty-three intracranial arterial sections (1⬃7 arterial sections
from each specimen) from 20 subjects with atherosclerotic
plaques were excised; 207 sections with matched MR imaging and
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tion of intracranial plaque imaging,
however, is still very limited, mostly due
to the challenge of collecting postmortem specimens. Only a few histology validation studies have been undertaken at
7T.15-17 The scan parameters of multicontrast MR imaging in this study were
close to those in standard protocols used
in clinical in vivo studies at 3T, except
that this study used higher resolution
settings.9,26 Therefore, the criteria established in this study (Table 1) could be
used when assessing images obtained in
vivo.
Prior studies have demonstrated that
intracranial plaque burden, lipid core
area, and fibrous cap thickness are
closely related to plaque vulnerability.9,20,27 Teng et al9 found that culprit
lesions (ie, lesions in patients with clinical symptoms arising on the side referable to the location of an ischemic stroke
on neuroimaging) had greater plaque
burden compared with nonculprit lesions in the MCA. In a postmortem
study of MCA atherosclerosis, plaques
containing ⬎40% lipid area were more
often associated with cerebral infarct.27
We found that our ex vivo high-resoluFIG 1. A basilar artery plaque with a thick ﬁbrous cap and a large lipid core (type IV–V) was tion protocol can reliably quantify lipid
identiﬁed on multicontrast MR imaging and matched histology (20⫻ magniﬁcation). Contours core area but overestimated overall
have been drawn for the lumen (red), vessel wall (green), and lipid core (yellow) on a T2-weighted plaque burden. This finding may be atimage and hematoxylin-eosin-stained section. The lumen, total vessel, and lipid core areas were
tributed to tissue shrinkage and distor4.34, 13.43, and 2.35 mm2 and 4.66, 10.60, and 1.42 mm2 for MR imaging and histology. The vessel
wall areas calculated by total vessel area minus lumen area were 9.09 and 6.00 mm2. The ﬁbrous tion during histologic processing, which
component areas calculated by vessel wall area minus lipid core area were 6.70 and 4.56 mm2. The are difficult to account for in our analypercentages of plaque components (Speciﬁc Component Area / Vessel Wall Area ⫻ 100%) were
sis.24 Moreover, the accuracy in charac25.85% versus 23.63% for the lipid core and 74.15% versus 76.37% for ﬁbrous tissue. Plaque burden
terizing fibrous cap thickness was mar(Vessel Wall Area / Total Vessel Area ⫻ 100%) was 67.68% versus 56.24%.
ginal. This finding may be attributed to
Reproducibility of Quantitative MR Imaging
the thin fibrous cap seen in most intracranial atherosclerotic
Measurements
plaques, which differs from that in carotid atherosclerotic disease.
Both intraobserver and interobserver reproducibility were good
Therefore, it would be more challenging for in vivo imaging proto excellent for the percentage of plaque component areas and
tocols (typically with a resolution of 0.4 ⫻ 0.4 ⫻ 2 mm3 for 2D
thicknesses as well as plaque burden (ICC ⫽ 0.779 – 0.985). Deimaging)28 to visualize a thin fibrous cap.
tailed measurements and analysis are shown in On-line Tables 4
Calcification area was slightly overestimated by MR imaging;
and 5.
this overestimation was similar to previous findings from an in
vivo MR imaging study of carotid plaque.23 This is because due to
DISCUSSION
partial volume averaging, voxels that only partially contain calciTo our knowledge, this is the first study to assess intracranial
fication can appear hypointense on MR imaging. In general, due
atherosclerotic plaque characteristics quantitatively with 3T MR
to the short T2 and T2* of calcium, it is challenging for MR imimaging with histologic validation. Our results confirm that 3T
aging to depict calcifications. Also, histology could possibly unhigh-resolution multicontrast MR imaging can provide sufficient
derestimate the amount of calcification because specimen procontrast to discriminate and quantitatively assess intracranial athcessing included decalcification before tissue sectioning.
erosclerotic plaque components ex vivo; this discrimination proIt has been shown that intraplaque hemorrhage is a high-risk
vides a reference for in vivo intracranial plaque imaging.
feature in the carotid plaque.29 However, intraplaque hemorThe ability of multicontrast MR imaging to ascertain the comrhage was not present in any of the lesions in this study. The
position of extracranial carotid plaque has been extensively studreason could be that plaques obtained in this study were mostly
ied and validated against histology, with several of these plaque
features correlated to increased risk of stroke.25 Histologic validaasymptomatic and stable. However, it is also possible that the
AJNR Am J Neuroradiol 38:1716 –22
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observations in carotid imaging.30,31 The best contrast and image quality were observed on T2-weighted imaging; thus, the
segmentation of the fibrous cap and lipid core was performed
on T2-weighted images. Lipid core and fibrous cap were difficult to distinguish on T1-weighted images; this finding agrees
with those in previous carotid studies.31,33 Although the T1
values of the lipid core and fibrous cap might be different,17 the
clinical T1-weighted FSE sequence is known to have reduced
T1 contrast because of the long echo train.
Intracranial atherosclerosis is increasingly recognized as an
important cause of stroke worldwide. As with carotid atherosclerosis, there is increasing recognition that
aggressive (dual) antiplatelet therapy
may be warranted and may mitigate the
risk of major events such as stroke.
However, aggressive medical management is not without risk; therefore,
aggressive medical management for
intracranial atherosclerosis should be
targeted to the patient population in
whom the benefit exceeds the risks (eg,
bleeding) associated with antiplatelet
therapy. Imaging of intracranial atherosclerosis may serve a role in stratifying
patients into groups with differing levels
of risk based on the nature and extent of
atherosclerotic plaque.34
There are some limitations to this
study. First, the properties of postmortem intracranial arteries might be different from those in arteries in vivo because
of changes in the chemical nature and
structure of the arterial wall and plaque
components related to processing such
as dehydration and protein degradation,
which could potentially affect the accuracy of results.24 Second, the sample size
was small (n ⫽ 20). Specifically, only 57
sections could be used for quantitative
assessment, and only 10 sections contained calcification, which may bias the
FIG 2. Vertebral artery plaque with ﬁbrous tissue and calciﬁcation was identiﬁed on multicon- results. Third, MR image thickness (1
trast MR imaging and matched histology (20⫻ magniﬁcation). Contours have been drawn for mm) and histologic section thickness (5
lumen (red), outer vessel wall (green), and calciﬁcation (black) on T2-weighted imaging and a
m) did not match, especially for comhematoxylin-eosin-stained section. The lumen, total vessel, and calciﬁcation areas were 4.99,
12.97, and 0.53 mm2 on MR imaging and 4.86, 9.02, and 0.24 mm2 on histology. The vessel wall areas plex plaques in which plaque compocalculated by total vessel area minus lumen area were 7.98 and 4.16 mm2. The ﬁbrous component nents may vary over a short distance.
area calculated by vessel wall area minus the calciﬁcation area was 7.45 and 3.93 mm2. The
Fourth, the various inflammatory compercentages of components (Speciﬁc Component Area / Vessel Wall Area ⫻ 100%) were 6.64%
versus 5.73% for calciﬁcation and 93.36% versus 94.27% for ﬁbrous tissue. Plaque burden (Vessel ponents of intracranial atherosclerotic
mechanism of stroke caused by intracranial arterial plaque is different from that in carotid plaques because it has been reported
that there is a lower incidence of intraplaque hemorrhage in intracranial plaques.8
Multicontrast MR imaging has been used for plaque composition characterization due to the limitation of 1 single sequence
to distinguish all plaque components.30-33 Our results showed
that the fibrous cap yielded higher signal intensities than the lipid
core on T2-weighted, PD, and STIR sequences, and calcification
showed the lowest signal intensity on T2-weighted, PD, and
T1-weighted sequences; these findings are similar to previous

Wall Area / Total Vessel Area ⫻ 100%) was 61.52% versus 46.09%.

Table 2: Comparison of the percentages of areas and thicknesses and overall plaque burden between MRI and histologya
MRI
Histology
P
r
ICC (95% CI)
Fibrous component area (%)
81.86 ⫾ 10.59
81.87 ⫾ 11.59
.997
0.901
0.898 (0.832–0.938)
Lipid core area (%)
19.51 ⫾ 10.76
19.86 ⫾ 11.56
.660
0.888
0.885 (0.804–0.934)
Calciﬁcation area (%)
9.68 ⫾ 5.21
8.83 ⫾ 5.67
.030
0.933
0.930 (0.745–0.982)
Fibrous cap thickness (%)
31.10 ⫾ 11.28
30.83 ⫾ 8.51
.890
0.438
0.421 (0.155–0.630)
Plaque burden area (%)
65.18 ⫾ 9.01
52.71 ⫾ 14.58
⬍.001
0.862
0.771 (0.640–0.858)
Note:—r indicates the Pearson correlation coefﬁcient.
a
Results are expressed as mean ⫾ SD with P values derived from a linear mixed-effects model.
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plaque were not included in the analysis. Future in vivo studies
could evaluate the inflammatory components by including contrast-enhanced 3D T1 black-blood imaging.35 Fifth, sequences
with lower resolution as typically used in clinical MR imaging
were not evaluated in this study, and future investigation is
needed. Also, in this study, no intraplaque hemorrhage was found
as previously discussed. Another limitation related to the ex vivo
nature of this study is the effect of specimen processing and temperature on plaque size and signal properties. Prior work with carotid
atherosclerotic plaque observed small but significant increases in
plaque size (4%–7%) and T2 (8 ms) in imaging samples at room
temperature compared with body temperature.24 While many recent
ex vivo imaging studies were performed at room temperature,15-17,36
scanning specimens at room temperature may result in small increases in plaque volume and can nominally prolong the T2 of plaque
tissue. These potential small errors in measurement would be expected to occur equally across specimens.

CONCLUSIONS
In the evaluation of intracranial atherosclerosis on ex vivo specimens, 3T high-resolution multicontrast MR imaging can accurately identify different plaque components and quantitatively
measure the relative volumes of those components, providing a
direct reference for in vivo intracranial plaque imaging.
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ORIGINAL RESEARCH

ADULT BRAIN

Association between Intracranial Atherosclerotic Calcium
Burden and Angiographic Luminal Stenosis Measurements
X H. Baradaran, X P. Patel, X G. Gialdini, X A. Giambrone, X M.P. Lerario, X B.B. Navi, X J.K. Min, X C. Iadecola, X H. Kamel, and
X A. Gupta

ABSTRACT
BACKGROUND AND PURPOSE: Calciﬁcation of the intracranial vasculature is an independent risk factor for stroke. The relationship
between luminal stenosis and calcium burden in the intracranial circulation is incompletely understood. We evaluated the relationship
between atherosclerotic calciﬁcation and luminal stenosis in the intracranial ICAs.
MATERIALS AND METHODS: Using a prospective stroke registry, we identiﬁed patients who had both NCCT and CTA or MRA examinations as part of a diagnostic evaluation for ischemic stroke. We used NCCTs to qualitatively (modiﬁed Woodcock Visual Score) and
quantitatively (Agatston-Janowitz Calcium Score) measure ICA calcium burden and used angiography to measure arterial stenosis. We
calculated correlation coefﬁcients between the degree of narrowing and calcium burden measures.
RESULTS: In 470 unique carotid arteries (235 patients), 372 (79.1%) had atherosclerotic calciﬁcation detectable on CT compared with 160
(34%) with measurable arterial stenosis on CTA or MRA (P ⬍ .001). We found a weak linear correlation between qualitative (R ⫽ 0.48) and
quantitative (R ⫽ 0.42) measures of calcium burden and the degree of luminal stenosis (P ⬍ .001 for both). Of 310 ICAs with 0% luminal
stenosis, 216 (69.7%) had measurable calcium scores.
CONCLUSIONS: There is a weak correlation between intracranial atherosclerotic calcium scores and luminal narrowing, which may be
explained by the greater sensitivity of CT than angiography in detecting the presence of measurable atherosclerotic disease. Future studies
are warranted to evaluate the relationship between stenosis and calcium burden in predicting stroke risk.
ABBREVIATIONS: WASID ⫽ warfarin-aspirin symptomatic intracranial disease; MWVS ⫽ Modiﬁed Woodcock Visual Score; AJ-130 ⫽ Agatston-Janowitz 130

ntracranial atherosclerotic disease is one of the most common
causes of stroke worldwide.1 Although commonly seen in Asian
and African populations, intracranial atherosclerotic disease is also
highly prevalent and occurs in over 80% of older, white populations
as well.2 The most well-recognized biomarker to assess for future
ischemic stroke risk attributable to intracranial atherosclerosis is the
degree of luminal stenosis as measured on angiography.3,4 Although
the composition of intracranial atherosclerotic plaque has largely
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been ignored in favor of luminal stenosis measurements,5 the Rotterdam Study, a large prospective population-based cohort, demonstrated that intracranial carotid artery wall calcification as detected
on NCCT is an independent risk factor for incident stroke.6 Such
data are consistent with the large body of literature showing that
coronary calcium scores are a marker for the severity of coronary
artery disease and a predictor of future myocardial infarction.7,8
Although both intracranial arterial stenosis and calcification are
signs of atherosclerosis, the relationship between calcium burden
and stenosis is incompletely understood.9 For CT calcium scoring of
the intracranial ICA to be a more useful tool in stroke risk prediction,
it is necessary to improve our understanding of the relationship between atherosclerotic calcification and the degree of arterial narrowing. Therefore, the purpose of this study was to evaluate the relationship between calcium burden and luminal stenosis in the intracranial
ICA in patients presenting with ischemic stroke.

MATERIALS AND METHODS
Patient Selection
Patients with acute ischemic stroke admitted to New York Presbyterian Hospital/Weill Cornell Medical College in 2013 were
AJNR Am J Neuroradiol 38:1723–29
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prospectively included in the Cornell Acute Stroke Academic
Registry (CAESAR). Patients were registered after an attending
vascular neurologist confirmed the diagnosis of ischemic stroke.
Because we were interested in comparing the degree of intracranial arterial narrowing with arterial calcification, we only included patients who had CTA or MRA examinations and NCCT
with 2.5-mm section thickness examinations within 30 days of
their admission for stroke. We excluded any patients with complete occlusion of their intracranial ICA and any patients in whom
motion degradation precluded interpretation of their images. The
institutional review board at Weill Cornell Medical College approved the collection of these data and additionally waived the
need for informed consent because all medical information was
already obtained for standard clinical purposes.
Trained hospital personnel collected data regarding patient
demographics, the NIHSS score on admission, and vascular risk
factors including tobacco use, diabetes, hypertension, dyslipidemia, atrial fibrillation, congestive heart failure, coronary heart
disease, peripheral vascular disease, and cardiac valvular disease.
Using the TOAST classification scheme,10 2 neurologists used
all available medical records to independently assign a stroke
etiology with a third neurologist independently resolving any
disagreements.

Imaging Technique
We performed all head CT and CTA studies on one of the CT
scanners at our institution: the Optima 660, LightSpeed Xtra,
Discovery HD 750, or the LightSpeed Pro (GE Healthcare, Milwaukee, Wisconsin). We performed the CT examinations according to standard protocol for patients with suspected or known
acute stroke. Head CT coverage extended from the foramen magnum to the skull vertex, with 22-cm display FOV, by using 120
kVp and with mA of 250 –300, and with all images being reconstructed at 2.5-mm axial sections. In patients who had multiple
CT studies during their admission, we used the CT performed
closest to the time of admission for stroke. We acquired CTA
studies in helical scanning mode with coverage extending from
the aortic arch to the C1 ring. Studies were collimated at 0.625
mm, with a kvP of 120 and auto-mA with a rotation time of 0.5
seconds. Approximately 90 mL of nonionic iodinated contrast
(iohexol; Omnipaque, GE Healthcare) was administered via an
18-gauge peripheral intravenous catheter at 4 –5 mL/s by using a
power injector and a SmartPrep (GE Healthcare) ROI on the aortic arch.
MRA examinations were performed on either 1.5T or 3T Signa
(GE Healthcare) scanners. We performed 3D-TOF acquisitions
with an FOV of 20 cm, 1.4-mm section thickness, and a matrix of
320 ⫻ 192 and 320 ⫻ 224 on 1.5T and 3T, respectively.

Degree of Stenosis Measurements
The degree of intracranial ICA stenosis was measured by using
the warfarin-aspirin symptomatic intracranial disease (WASID)
method11 with the following equation:
percent stenosis ⫽ 关1 ⫺ 共Dstenosis/Dnormal兲兴 ⫻ 100
where Dstenosis is the diameter of the artery at the site of the most
severe degree of stenosis and Dnormal is the diameter of the prox1724
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imal normal artery at its widest, nontortuous, normal segment.
To maximize the accuracy of stenosis measurements, we used a
combination of MIP and axial MRA source images and multiplanar reformations and axial 0.625-mm sections on CTA. The degree of stenosis was calculated for each ICA and categorized as 0%
reflecting no detectable stenosis, ⬎0%–29%, 30%– 49%, 50%–
69%, and 70%–99%. ICAs that were completely occluded were
excluded from analysis. For intracranial ICAs without qualitative
evidence of any degree of stenosis, we did not perform formal
WASID measurements and considered the ICA to have 0% stenosis. To evaluate for the reproducibility of our measurements, a
second radiologist independently reassessed WASID stenosis
measurements on a subset of 50 intracranial ICAs.

Calcium Scoring
We measured both qualitative and semiautomated quantitative
calcium scoring of each ICA separately, beginning just above its
exit from the petrous temporal bone up to the level of the terminal
ICA bifurcation. We excluded the petrous segment of each ICA
because separating arterial wall calcification from the adjacent
temporal bone was difficult. Each research imaging study was
interpreted by a single radiologist who was blinded to clinical and
other imaging data.

Qualitative Visual Calcium Scoring
For qualitative calcium scoring, we used the Modified Woodcock
Visual Score (MWVS) scale,12,13 which uses a 0 –3 scoring scale to
reflect the severity of calcification on each section of an NCCT.
The scoring begins just distal to the petrous temporal bone and
ends at the terminal ICA bifurcation. The scoring scale is as follows: 0 indicates no calcification; 1 reflects thin, discontinuous
calcification; 2 indicates thin and continuous or thick and discontinuous calcification; and 3 reflects thick, continuous calcification. Separate scores for each right and left ICA were created by
summing each axial section. For a reproducibility assessment, another radiologist independently reevaluated a subset of 50 MWVS
scores.

Semiautomated Quantitative Calcium Scoring
For quantitative calcium scoring, we used a commercially available program, Smartscore 4.0 software (GE Healthcare), to calculate Agatston-Janowitz 130 (AJ-130) Calcium Scores for each
ICA.14 In the Smartscore 4.0 software, a radiologist used the
manual drawing tool to circle the region containing visible
calcifications within the ICA on each axial NCCT section. The
software identifies calcifications with an HU value ⬎130 and
then multiplies the area by an attenuation factor (130 –199
HU:1; 200 –299 HU:2; 300 –399 HU:3; 400⫹ HU:4) to calculate a calcium score for each section. A second radiologist independently drew ROIs to reassess reproducibility in a subset
of 50 AJ-130 measurements.

Statistical Analysis
For comparing the proportions of patients with detectable
WASID stenosis with arteries with detectable calcification, we
used a McNemar test for correlated proportions. ANOVA was
used to assess differences in MWVS and AJ-130 among the degree

Table 1: Patient demographics
Detectable
No Detectable
Calciﬁcation
Calciﬁcation
Detectable (>0%) No Detectable (0%)
Overall (%) in Either ICA (%) in Either ICA (%)
P
Stenosis in Either Stenosis in Either
P
Characteristic
(N = 235)
(n = 200)
(n = 35)
Value
ICA (%) (n = 91)
ICA (%) (n = 144)
Value
Age
71.7 ⫾ 14.5
74.9 ⫾ 12.1
53.2 ⫾ 13.3
⬍.0001
76.9 ⫾ 10.6
68.4 ⫾ 15.7
⬍.0001
Female
118 (50.2)
100 (50.0)
18 (51.40)
.88
45 (49.5)
73 (50.7)
.85
Race
.91
.35
White
210 (89.4)
179 (89.5)
31 (88.6)
78 (85.7)
132 (91.7)
Black
13 (5.5)
11 (5.5)
2 (5.7)
7 (7.7)
6 (4.2)
Other
12 (5.1)
10 (5.0)
2 (5.7)
6 (6.6)
6 (4.2)
Atrial ﬁbrillation
46 (19.6)
44 (22.0)
2 (5.7)
.02
20 (22.0)
26 (18.1)
.46
Coronary artery disease
50 (21.3)
47 (23.5)
3 (8.6)
.05
26 (28.6)
24 (16.7)
.03
Carotid artery stenosis
8 (3.4)
8 (4.0)
0 (0)
.61
4 (4.4)
4 (2.8)
.71
Diabetes mellitus
69 (29.4)
64 (32.0)
5 (14.3)
.03
38 (41.8)
31 (21.5)
.001
Hypertension
163 (69.4)
149 (74.5)
14 (40.0)
⬍.0001
77 (84.6)
86 (59.7)
⬍.0001
Dyslipidemia
120 (51.1)
113 (56.5)
7 (20.0)
⬍.0001
57 (62.6)
63 (43.8)
.01
NIHSS score
.16
.39
1
49 (20.9)
37 (18.5)
12 (34.3)
14 (15.4)
35 (24.3)
2
57 (24.3)
51 (25.5)
6 (17.1)
22 (24.2)
35 (24.3)
3
36 (15.3)
30 (15.0)
6 (17.1)
15 (16.5)
21 (14.6)
4
93 (39.6)
82 (41.0)
11 (31.4)
40 (44.0)
53 (36.8)
Prior stroke
71 (30.2)
66 (33.0)
5 (14.3)
.03
30 (33.0)
41 (28.5)
.46
Peripheral vascular disease
17 (7.2)
15 (7.5)
2 (5.7)
1.00
8 (8.8)
9 (6.3)
.46
Active tobacco use
20 (8.5)
16 (8.0)
4 (11.4)
.51
8 (8.8)
12 (8.3)
.90
IV tPA administered
33 (14.0)
23 (11.5)
10 (28.6)
.01
8 (8.8)
25 (17.4)
.07
Valvular disease
6 (2.6)
6 (3.0)
0 (0)
.60
2 (2.2)
4 (2.8)
1.00

of WASID stenosis. Pearson correlation coefficients were used to
determine the linear relationship between AJ-130 and WASID
stenosis, between MWVS and WASID stenosis, and between right
and left arteries for MWVS, AJ-130, and WASID stenosis. Histograms were used to plot the distribution of AJ-130, MWVS, and
WASID stenosis across all arteries. Interobserver agreement was
assessed with a  coefficient and 95% CI for MWVS and WASID
stenosis and an intraclass correlation coefficient and 95% CI for
AJ-130. All P values were 2-sided and evaluated at the .05 ␣ level.
All analyses were performed in SAS v9.3 (SAS Institute, Cary,
North Carolina).

RESULTS
Patient Characteristics
Of the 335 patients from CAESAR in 2013, we excluded 56 patients because they did not have either an MRA or CTA examination, 34 patients because they did not have a 2.5-mm NCCT of the
head, 7 patients because their intracranial ICAs were completely
occluded, and 3 patients because motion degradation rendered
their CT or MRA/CTA uninterpretable. Of the 235 patients included in our study, the mean age was 71.7 years (Table 1). We
made WASID stenosis measurements on CTA for 84 patients and
on MRA for 151 patients. Compared with patients without calcification in their intracranial ICA, patients who had detectable ICA
calcification were significantly older and had a significantly higher
prevalence of diabetes mellitus, hypertension, dyslipidemia, atrial
fibrillation, and history of prior stroke. Patients with detectable
(nonzero) stenosis of either intracranial ICA were more likely to
be older and have hypertension, dyslipidemia, and coronary
artery disease. Among 470 ICAs studied, 372 (79.1%) arteries
demonstrated atherosclerotic calcification detectable on NCCT,
whereas 160 (34%) arteries demonstrated stenosis detectable on
CTA or MRA (P ⬍ .0001).

There was a wide range of calcium scores and degree of
WASID stenosis in our cohort, with most plaques causing ⬍50%
luminal stenosis (Fig 1, Table 2). There were 310 intracranial ICAs
with no detectable WASID stenosis (0% stenosis). Of these 310
ICAs without detectable intracranial stenosis, 216 (69.7%) arteries had measurable calcium scores, which varied widely in magnitude (Fig 2). Conversely, only 4% of patients with no detectable
calcium had measurable WASID stenosis (Fig 3). A total of 156/
470 arteries (33.2%) had neither detectable ICA stenosis nor detectable ICA calcification.
Measures of reproducibility demonstrated a  coefficient of
0.89 (95% CI, 0.78 – 0.99) for the MWVS and 0.85 (95% CI, 0.72–
0.98) for WASID stenosis measurements. The intraclass correlation coefficient was 0.998 for the AJ-130 score (95% CI, 0.996 –
0.999), indicating outstanding interobserver reproducibility.

Correlation Analyses
There was a wide range of calcium scores in the intracranial
ICAs, with a weak linear positive correlation between both
quantitative and qualitative calcium scores and intracranial
stenosis (R ⫽ 0.48 and R ⫽ 0.42, respectively; P ⬍ .0001) (Fig
4). We found no statistical difference in correlations of quantitative and qualitative calcium scores and intracranial stenosis
when WASID stenosis was measured on CTA alone or MRA
alone (P ⫽ .54 and P ⫽ .39, respectively). There was a strong
correlation between the quantitative and qualitative calcium
scoring systems (R ⫽ 0.85, P ⬍ .0001). There was also a strong
correlation between right and left intracranial ICAs for each
patient’s MWVSs and AJ-130 calcium scores (R ⫽ 0.91, P ⬍
.0001 and R ⫽ 0.90, P ⬍ .0001, respectively) and moderate
correlation between ICAs in each patient in WASID stenosis
scores (R ⫽ 0.66, P ⬍ .0001).
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FIG 1. A, Distribution of all 470 arteries by quantitative calcium score. B, Distribution of all 470 arteries by qualitative calcium score. C,
Distribution of all 470 subjects by WASID stenosis.

the degree of intracranial stenosis and
the intracranial atherosclerotic calcium
burden15 and a strong correlation between qualitative and quantitative measures of intracranial atherosclerotic calcium burden are similar to the existing
literature.16 Our work uniquely builds
upon this knowledge by using NCCT to
measure calcium burden and adapting a
commonly used method for coronary
calcium scoring (Agatston Score) to the
intracranial ICA.
Our findings suggest that arterial calcium and degree of
stenosis may provide complementary rather than overlapping
data regarding atherosclerotic pathobiology and stroke risk.
Histopathologic studies of the coronary arteries have shown
that plaque calcification can predict overall atherosclerotic
plaque burden better than the degree of arterial narrowing.17
Although NCCT is capable of detecting vessel wall calcification
with high sensitivity, angiographic techniques provide detailed
information about luminal caliber. The relationship between
ICA calcification and stroke risk is likely multifactorial. The
presence of calcified intracranial atherosclerotic disease may
indicate a general state of elevated cardiovascular risk, or the
calcified plaque itself may cause either flow-limiting stenosis
or distal thromboembolism.18-21 The relationship between cal-

Table 2: Degree of intracranial WASID stenosis compared with quantitative and qualitative
measures of calcium
Degree
MWVS
of WASID
Number of
Mean ⴞ SD,
AJ-130 Mean ⴞ SD,
Stenosis
Arteries
Median (Q1, Q3)
Median (Q1, Q3)
0%
310
4 ⫾ 4.4, 2.5 (0, 7)
114.8 ⫾ 194.6, 23 (0, 144)
⬎0%–29%
42
7.8 ⫾ 4, 7 (5, 11)
278.8 ⫾ 219.1, 261.5 (106, 411)
30%–49%
73
8.3 ⫾ 4.5, 8 (5, 12)
339.5 ⫾ 271.9, 331 (97, 557)
50%–69%
41
9.1 ⫾ 5.2, 8 (5, 15)
438.7 ⫾ 324.6, 427 (155, 698)
70%–99%
4
11.3 ⫾ 4.5, 12.5 (8, 14.5)
593.8 ⫾ 391.9, 682 (330.5, 857)
P value
⬍.0001
⬍.0001
Note:—Q indicates quartile.

DISCUSSION
In an analysis of 470 intracranial ICAs from a prospective stroke
registry, we found only a weak correlation between measures of
intracranial atherosclerotic calcium burden and the degree of stenosis. In addition, we found that substantially more patients had
atherosclerotic calcium detected on CT compared with intracranial stenosis detected on angiography, suggesting that a routine
NCCT is more sensitive in detecting the presence of any intracranial atherosclerosis than isolated CTA or MRA studies. For
instance, among 310 ICAs with 0% stenosis by WASID criteria,
nearly 70% had measurable atherosclerotic calcification on CT.
We also found that there were strong correlations between calcium scores in right and left intracranial ICAs within each patient,
but only moderate correlation in the degree of WASID stenosis
between sides. Our findings of a weak correlation between
1726
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FIG 2. A, Distribution of AJ-130 scores in patients with no detectable (0%) WASID stenosis. B, Distribution of AJ-130 scores in patients with
detectable WASID stenosis (⬎0%).

be helpful in clarifying the pathobiology of intracranial atherosclerosis.
Historically, evaluation of luminal
stenosis has been the main strategy to
characterize intracranial atherosclerosis
for both diagnostic and treatment purposes. For example, in most stroke classification schemes, a plaque must cause
ⱖ50% stenosis for a stroke to be recognized as having an atherosclerotic etiology.10,26 In addition, stroke treatment
guidelines from the American Heart Association currently dictate that only patients with ⱖ50% stenosis be treated
with intensive lipid-modification therapy.27 Similarly, intracranial luminal
stenosis measures have been used as the
imaging biomarker for patient selection
into endovascular or medical treatment
trials.5 Because our findings suggest that
⬃70% of ICAs with calcification have
no detectable narrowing on cross-sectional angiographic studies, many patients are likely harboring easily detectable atherosclerosis that may be ignored
and, therefore, potentially undertreated.
Because NCCT is nearly universally performed for patients with acute ischemic
FIG 3. Imaging examples. A patient with no detectable stenosis (A) of the left intracranial ICA also
has NCCT showing signiﬁcant calciﬁcation of the visualized intracranial left ICA (B). This patient strokes, ICA calcium scoring reprehad an AJ-130 score of 604 and an MWVS of 9. Conversely, another patient had approximately sents a potentially useful imaging bio40% stenosis of the left intracranial ICA (C, arrow) but an NCCT (D) demonstrated no calciﬁcation marker that could provide a more dein the left intracranial ICA, with an AJ-130 score of 0 and an MWVS of 0.
tailed evaluation of atherosclerotic disease
burden.
cified intracranial vasculature and flow-limiting stenosis may
Our study has several limitations. First, our study had a low
also be complicated by arterial remodeling22,23 such that even
proportion of patients with high-grade intracranial stenosis,
with an extensive plaque burden, a vessel may not be signifilikely resulting from our predominantly white population. Fucantly narrowed because of compensatory arterial expanture studies in patient populations with a higher prevalence of
sion.24 Additional studies evaluating the association between
intracranial stenosis, such as is found in Asian populations,
nonstenosing arterial calcification and vulnerable plaque elemay be helpful to further elucidate the relationship between
ments, such as high-resolution vessel wall MR imaging,25 may
severely stenotic ICAs and calcium burden. Second, whereas
AJNR Am J Neuroradiol 38:1723–29
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FIG 4. A, Correlation between quantitative (AJ-130) calcium score and WASID stenosis. B, Correlation between qualitative calcium score and
WASID stenosis.

obtaining NCCT is relatively inexpensive and widely available,
the manual postprocessing involved in calculating quantitative
calcium scores can be modestly time-consuming, potentially
adding up to 5 minutes per scan because, unlike the coronary
arteries, no automated calcium scoring software currently exists for the intracranial circulation. Because our results show
that the qualitative and quantitative calcium scores were similar in assessing intracranial atherosclerosis, using qualitative
MWVS (requiring approximately 1 minute per case) could
provide an alternative to manual quantitative calcium scoring
until automated methods become more widely available.
Third, our study was cross-sectional in nature, and although it
provided important information regarding the relationship
between intracranial stenosis and calcification, future large
prospective studies are needed to evaluate the incremental utility of atherosclerotic calcium burden to predict stroke. In addition, our methods did not take into account calcification in
the petrous segment of the ICA because the MWVS definition
does not include the petrous segment of the ICA. The petrous
segment was also excluded from analysis because evaluation of
calcium burden in this segment is challenging and requires
meticulous delineation of lumen from adjacent bone, a process
that increases overall interpretation time and reduces the clinical utility of the technique. Last, measurements of WASID
stenosis were performed on either CTA or MRA examinations,
which have different sensitivities for detecting intracranial stenosis. Despite the differences in technique, we found no statistical difference in the correlation between WASID stenosis and
calcium score when using CTA compared with MRA.

CONCLUSIONS
In summary, we found a relatively weak association between
intracranial atherosclerotic calcification and the degree of luminal stenosis. This finding suggests that CT may be more
sensitive than angiographic studies in detecting the presence of
measurable atherosclerotic disease. Given that stenosis and
calcium burden may be 2 largely independent features of atherosclerotic plaque, future studies are warranted to evaluate
1728
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the relationship between stenosis and calcium burden in predicting stroke risk.
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Focal Low and Global High Permeability Predict the Possibility,
Risk, and Location of Hemorrhagic Transformation following
Intra-Arterial Thrombolysis Therapy in Acute Stroke
X Y. Li, X Y. Xia, X H. Chen, X N. Liu, X A. Jackson, X M. Wintermark, X Y. Zhang, X J. Hu, X B. Wu, X W. Zhang, X J. Tu,
X Z. Su, and X G. Zhu

ABSTRACT
BACKGROUND AND PURPOSE: The contrast volume transfer coefﬁcient (Ktrans), which reﬂects blood-brain barrier permeability, is
inﬂuenced by circulation and measurement conditions. We hypothesized that focal low BBB permeability values can predict the spatial
distribution of hemorrhagic transformation and global high BBB permeability values can predict the likelihood of hemorrhagic
transformation.
MATERIALS AND METHODS: We retrospectively enrolled 106 patients with hemispheric stroke who received intra-arterial thrombolytic
treatment. Ktrans maps were obtained with ﬁrst-pass perfusion CT data. The Ktrans values at the region level, obtained with the Alberta
Stroke Program Early CT Score system, were compared to determine the differences between the hemorrhagic transformation and
nonhemorrhagic transformation regions. The Ktrans values of the whole ischemic region based on baseline perfusion CT were obtained as
a variable to hemorrhagic transformation possibility at the global level.
RESULTS: Forty-eight (45.3%) patients had hemorrhagic transformation, and 21 (19.8%) had symptomatic intracranial hemorrhage. At the
region level, there were 82 ROIs with hemorrhagic transformation and parenchymal hemorrhage with a mean Ktrans, 0.5 ⫾ 0.5/min, which
was signiﬁcantly lower than that in the nonhemorrhagic transformation regions (P ⬍ .01). The mean Ktrans value of 615 nonhemorrhagic
transformation ROIs was 0.7 ⫾ 0.6/min. At the global level, there was a signiﬁcant difference (P ⫽ .01) between the mean Ktrans values of
patients with symptomatic intracranial hemorrhage (1.3 ⫾ 0.9) and those without symptomatic intracranial hemorrhage (0.8 ⫾ 0.4). Only a
high Ktrans value at the global level could predict the occurrence of symptomatic intracranial hemorrhage (P ⬍ .01; OR ⫽ 5.04; 95% CI,
2.01–12.65).
CONCLUSIONS: Global high Ktrans values can predict the likelihood of hemorrhagic transformation or symptomatic intracranial hemorrhage at
the patient level, whereas focal low Ktrans values can predict the spatial distributions of hemorrhagic transformation at the region level.
ABBREVIATIONS: AIS ⫽ acute ischemic stroke; HI ⫽ hemorrhagic infarction; HT ⫽ hemorrhagic transformation; IAT ⫽ intra-arterial thrombolysis; Ktrans ⫽ contrast
volume transfer coefﬁcient; PCT ⫽ perfusion CT; PH ⫽ parenchymal hemorrhage; sICH ⫽ symptomatic intracranial hemorrhage

emorrhagic transformation (HT) is a dreaded complication
of reperfusion therapy after acute ischemic stroke (AIS). HT
is nearly 5 times more likely following intravenous thrombolysis

H
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compared with controls1 and even more common following intra-arterial thrombolysis (IAT).2 Symptomatic intracranial
hemorrhage (sICH), the most serious complication after reperfusion therapy, is associated with an independent increase in
mortality at 3 months after acute ischemia stroke.3 It is therefore crucial to be able to predict the risks of HT and sICH
before making a decision to use reperfusion therapy, especially
intra-arterial procedures.
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A number of clinical risk factors, including age, diabetes mellitus, infarction volume, and anticoagulant or antiplatelet therapy, are associated with increased risk of HT.3,4 In addition, focal
ischemia and reperfusion injury may lead to blood-brain barrier
disruption, which is seen as early as 6 hours after infarction and
increases with time,5 and HT often appears in these areas. Clinical
features alone provide poor predictive power for the risk of HT,
and recent studies have assessed biomarkers of perfusion and endothelial permeability derived from dynamic contrast-enhanced
imaging, specifically the contrast volume transfer coefficient
(Ktrans).6,7 Ktrans represents the product of endothelial permeability and endothelial surface and governs the leakage of contrast
from the vascular to the extravascular compartment. Several of
these studies have suggested that increased blood-brain barrier
permeability of an ischemic area predisposes to HT after reperfusion therapy.8-11
In our previous study, we proposed that Ktrans, based on the
model of Patlak and Blasberg,12 derived from standard first-pass
perfusion CT (PCT), can predict the relative risk of HT following
intra-arterial reperfusion. However, in contrast to other studies,
we found that HT was most likely to develop in the areas within
the infarct that had lower permeability values.13 We hypothesized
that this apparent discrepancy arose from previous studies focusing on the mean values of Ktrans derived from within the entire
infarct volume as a predictive feature for HT, whereas in our previous study, we studied Ktrans values measured specifically in areas
of the brain that subsequently develop HT. Taken in combination, the studies suggest that HT is more common in infarcts
characterized by high mean Ktrans but is most likely to occur
within the infarcted area in those who develop hemorrhage after
IAT therapy, characterized by low values of Ktrans.
In this study, we tested the hypotheses that in patients with AIS
treated with IAT with tPA, high average values of Ktrans within the
infarct predict the risk of HT or sICH after reperfusion, and focal
areas with low Ktrans predict the geographic location of HT.

MATERIALS AND METHODS
Patients
The clinical and imaging data presented in this study were
extracted from a repository created from data collected as part
of standard clinical stroke care at 3 participating institutions:
the PLA Army General Hospital, Beijing; Southwest Hospital,
Chongqing; and Changhai Hospital, Shanghai, China. The respective institutional review boards approved collection and
analysis of data from the repository.
We retrospectively enrolled consecutive patients who were admitted to these institutions with signs and symptoms suggesting
hemispheric stroke, from January 2011 to January 2014, who met
the following inclusion criteria: National Institutes of Health
Stroke Scale scores on admission of 4 –22; completion of a stroke
CT imaging work-up including noncontrast CT, CT angiography,
and PCT on admission; no high density that suggested intracranial hemorrhage on baseline noncontrast CT; treatment with IAT,
with ⬍12 hours from symptom onset to IAT completion; coagulation function normal before IAT; no anticoagulation or antiplatelet agent given within 24 hours after IAT; and MR imaging

FIG 1. Flow chart outlining patient selection. Tr. indicates treatment;
IVT, intravenous thrombolysis; NCT, noncontrast CT.

performed on the third day after therapy. A flow chart outlining
the rules for patient selection is shown in Fig 1.
We recorded the following demographic and clinical variables:
age, sex, medical history, vascular risk factors, time from symptom onset to treatment, the National Institutes of Health Stroke
Scale score on admission, and the modified Rankin Scale score at
90 days. The 90-day outcomes were assessed in an outpatient
clinic or over the telephone. An mRS of ⱕ2 was considered a good
clinical outcome. Death was coded as mRS ⫽ 6.
Stroke mechanisms were subtyped by using the Trial of Org
10172 in Acute Stroke Treatment classification14 and were diagnosed by the consensus of 2 stroke neurologists (J.H. and Y.Z.).
The sICH was recorded as clinical neurologic worsening or death
after therapy caused by parenchymal hemorrhage (PH) or hemorrhagic infarction (HI).15

Imaging Protocol
PCT Image Acquisition. PCT studies were performed on similarly
specified 64-section CT scanners (Discovery CT750 HD; GE
Healthcare, Milwaukee, Wisconsin). Each PCT study involved
successive gantry rotations performed in cine mode during intravenous administration of 2 boluses of 40 mL of iohexol (Omnipaque 350; GE Healthcare, Piscataway, New Jersey) at an injection rate of 4 mL/s. First-pass PCT acquisitions ranged from 50 to
70 seconds, with a sampling interval of either 1 or 2 seconds. Total
PCT coverage was 40 mm. Acquisition parameters were 80 kVp
and 100 mAs.
CTA Imaging Protocol. CTA studies of the cervical and intracranial arteries were performed at 120 kVp/200 –300 mAs with the
following acquisition parameters: helical mode; 0.5- to 0.8-second gantry rotation; pitch, 1-.375:1; section thickness, 0.625–1.25
mm; and reconstruction interval, 0.5–1 mm. A caudocranial
AJNR Am J Neuroradiol 38:1730 –36
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The software applies singular value
decomposition with delay- and dispersion-correction to calculate parametric perfusion maps and to automatically measure the volumes of infarct and
penumbra.18 Cerebral tissue with delay
time ⬎3 seconds, which includes penumbra and infarct core, was integrated
as ischemic.19 Parametric maps of Ktrans
were calculated from PCT data with
prototype software (Omni-Kinetics; GE
Healthcare, Beijing, China),20 which is
based on the model of Patlak et al.21
Ktrans maps were loaded into ImageJ
1.47 for Mac OS (National Institutes of
Health, Bethesda, Maryland). A neurologist (Y.L.) defined ROIs with a manual
drawing based on PCT, deriving mean
Ktrans values for each ROI.
HT was defined on the basis of the
gradient-echo T2*-weighted22 images
FIG 2. Protocol used to deﬁne ROIs (HT area and non-HT area) on Ktrans maps. First analysis: the obtained on day 3, using the European
23
ASPECTS system was used to manually draw the distribution of the ischemic area on Ktrans maps Cooperative Acute Stroke Study clasand determine the permeability values of each ROI. Second analysis: the entire ischemic area sification of hemorrhagic infarct: 1) no
from PCT imaging is overlapped on the Ktrans maps to determine the ROI, and the permeability
HT; 2) HI; and 3) PH.
value is restricted to this area.
Here we built 2 levels of permeability
values: a region level and global level. In
scanning direction was selected covering the midchest to the verthe region level, Ktrans values of all patients were assessed accordtex of the skull. CTA scans were obtained with 50 mL of iohexol
ing to the ASPECTS system. The 10 ASPECTS regions included
(Omnipaque 350) administered via power injector at 5 mL/s.
the following: caudate, lenticula, internal capsule, insular ribbon,
and M1–M6. On the basis of the PCT data at admission and the
DSA Imaging Protocol. DSA was performed with a dedicated bifollow-up gradient-echo T2*-weighted images, the ASPECTS
plane cerebral angiographic system (Axiom Artis dBA Twin; Sieregions in each patient were divided into 4 categories: 1) ischmens, Erlangen, Germany). Images during injection of each inemic tissue without HT (simplified as non-HT); 2) ischemic
ternal and external carotid artery and at least 1 vertebral artery
tissue with HI (simplified as HI); 3) ischemic tissue with PH
were acquired and stored. All patients underwent IAT. Reperfu(simplified as PH); and 4) normal tissue without ischemia
sion status was assessed on DSA after IAT, and successful recan(simplified as normal). The Ktrans values in the 3 categories,
alization was defined as TICI 2b and 3.
including the ischemic areas with non-HT, HI, or PH, were
MR Imaging Protocol. MR imaging was performed on 1.5T MR
measured. Of note, here we did not include the normal tissue
imaging scanners (Signa; GE Healthcare). Gradient recalledwithout ischemia. The Ktrans values within non-HT areas were
echo sequence parameters were as follows: TR, 600 ms; TE, 20
calculated as controls. The protocol used to define the ROIs on
ms; flip angle, 20°; matrix size, 256 ⫻ 160; section thickness, 6
the basis of the ASPECTS system is illustrated in Fig 2.
mm; intersection gap, 1 mm; 20 axial sections; and FOV, 250 ⫻
In the global level, the ROIs were drawn on the basis of the
180 mm.
whole ischemic regions observed on the output imaging of
PCT, as described above; these ROIs were then imported into
Image Processing
the Ktrans maps to measure the permeability values of the entire
A neurologist (H.C.) with 13 years of experience reviewed all nonischemic region. The protocol used to define the ROIs for the
contrast CT, PCT, and CTA data. She measured the Alberta
entire ischemic region is illustrated in Fig 2. The mean permeStroke Program Early CT Score16 and the hyperdense middle ceability values in ischemic tissue for each patient were calcurebral artery sign17 on noncontrast CT and the infarct core and
lated and recorded because there were multiple sections on
penumbra volumes on PCT. A neurologist (N.L.) with 14 years of
PCT imaging.
experience reviewed the follow-up MR images to measure the
final infarct volumes. Both reviewers were blinded to the initial
Outcome Measurements
clinical interpretation of these studies and were provided with
There were 3 outcomes in this study: 1) the presence or absence of
only the side of the signs and symptoms.
HT based on follow-up imaging data, 2) the occurrence (or abConventional perfusion parameters were calculated from
sence) of sICH, and 3) favorable (mRS ⬎ 2) versus unfavorable
PCT data with the commercially available software MIStar
(Apollo Medical Imaging Technology, Melbourne, Australia).
(mRS ⱕ 2) clinical outcome.
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FIG 3. Boxplots and value distribution of Ktrans values in the ASPECTS regions. A, Boxplots of Ktrans values in the HI, PH, and non-HT ASPECTS
regions. In each box, the median, 95% CI, and ﬁrst and third quartile values are illustrated. B, The graph illustrates the distribution of the Ktrans
values, grouped into the HI, PH, and non-HT regions.

Statistical Analyses
All data were presented as mean, median with interquartile range,
or number with percentages. The baseline characteristics were
compared on the basis of different outcomes such as HT, sICH,
and good clinical outcome. Age and systolic and diastolic blood
pressure on admission were analyzed with Student t tests. The
time from symptom onset to CT, NIHSS score on admission,
ASPECTS, collateral flow score, percentage of carotid artery stenosis, PCT infarct core, PCT ischemic penumbra, permeability
value of the HT regions, permeability value of the non-HT regions, and mRS at 90 days (ⱕ2) were analyzed with Wilcoxon
rank sum tests. The Pearson 2 test was used to analyze the relationship between stroke subtypes and the sites of occlusion. The
effect of sex, hypertension, diabetes, hyperlipidemia, atrial fibrillation, current smoking, and the use of statins on admission was
compared using the Pearson 2 test with a Yates continuity correction. Coronary heart disease and recanalization were analyzed
with the Fisher exact test.
At the region level, mean Ktrans values of ROIs with HI, PH,
and non-HT based on the ASPECTS system were compared using
the Kruskal-Wallis rank sum test. Mean Ktrans values of the HT
(HI plus PH) and non-HT ischemic regions were compared using
the Wilcoxon rank sum test and a receiver operating characteristic
curve.
At the global level, mean Ktrans values of whole ischemic regions were entered into 3 multiple logistic regression analyses to
determine whether they were independent predictors of HT,

sICH, and good clinical outcome. We entered the baseline predictors into multivariate models in cases with P ⬍ .05 in the univariate analysis. The results were reported as odds ratios with 95%
confidence intervals. All statistical analyses were performed with
SAS, Version 9.3 (SAS Institute, Cary, North Carolina). A P
value ⬍ .05 was considered statistically significant.

RESULTS
Our study population consisted of 106 patients, including 47
(44.3%) women; the mean age was 65.3 ⫾ 13.9 years. Eighty-six
(81.1%) patients had successful recanalization. Of the 48 (45.3%)
patients with HT, 21 (19.8%) had sICH. Moreover, 54 (50.9%)
patients had a good clinical outcome (mRS ⬍ 2). The details of
clinical and imaging characteristics and outcome are described in
On-line Tables 1 and 2.
The first analysis considered a total of 697 ischemic ROIs determined on the basis of the ASPECTS system. Of these ROIs, 44
had HI on follow-up and a mean Ktrans value of 0.5 ⫾ 0.5/min,
whereas 38 showed PH on follow-up and a mean Ktrans value of
0.4 ⫾ 0.5/min. The mean Ktrans value of 615 non-HT ROIs was
0.7 ⫾ 0.6/min (Fig 3). The mean Ktrans value of the ROIs in the
patients with HT and PH (0.5 ⫾ 0.5/min) was significantly lower
than that in the non-HT regions (0.7 ⫾ 0.6/min, P ⬍ .01, Fig 4A).
The mean Ktrans value of the normal tissue ROIs was 0.2 ⫾ 0.2/
min. These HT distributions were most commonly located in the
lenticular nucleus (25/82) based on the ASPECTS system, with a
mean Ktrans value of 0.2 ⫾ 0.2. Other locations included the insuAJNR Am J Neuroradiol 38:1730 –36
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FIG 4. Boxplots of Ktrans values of HT and non-HT regions and the receiver operating characteristic curve. A, Boxplots of Ktrans values in HT and
non-HT regions. In each box, the median, 95% CI, and ﬁrst and third quartile values are illustrated. B, The optimal cutoff value of the Ktrans value
for the prediction of HT is identiﬁed with receiver operating characteristic curve analysis.
Predictor variables determined to be uniquely associated with different outcomes
Outcomes
Variable
Factors
Standard Error
HT vs non-HT
Intercept
2.8
1.2
ASPECTS
⫺0.5
0.1
1.0
0.4
Ktrans value at patient level
sICH vs non-sICH
Intercept
⫺3.0
0.6
1.6
0.5
Ktrans value at patient level
mRS ⱕ2 vs mRS ⬎2
Intercept
⫺4.6
1.6
Age
0.1
0.0
NIHSS score on admission
0.1
0.1
Recanalization
⫺2.6
0.8

lar lobe (16/82) with a mean Ktrans value of 0.6 ⫾ 0.5 and the
caudate nuclei (15/82) with a mean Ktrans value of 0.2 ⫾ 0.1, but
there were very few in the capsula interna (2/82) with a mean
Ktrans value of 0.3 ⫾ 0.2. Receiver operating characteristic curve
analysis indicated an optimal cutoff value for Ktrans of 0.35/min,
which produced a mean area under the curve of 0.64 ⫾ 0.06. The
sensitivity and specificity at this threshold were 55.0% and 68.2%,
respectively (Fig 4B).
The first logistic regression model for the prediction of HT
indicated that the ASPECTS was the most powerful independent
significant predictor (P ⬍ .01, OR ⫽ 0.61; 95% CI, 0.46 – 0.82).
The Ktrans value was also a significant independent predictive factor (P ⫽ .02, OR ⫽ 2.75; 95% CI, 1.17– 6.46).
The second logistic regression model for the prediction of
sICH showed that only the Ktrans value was a significant independent predictive factor (P ⬍ .01, OR ⫽ 5.04; 95% CI, 2.01–12.65).
Both models suggested that an overall increase in the Ktrans values
in the ischemic regions predicted a higher probability of HT or
sICH.
The third logistic regression model for the prediction of clinical outcome did not show that the Ktrans value was an independent predictor. Instead, age was the most significant predictive
factor (P ⬍ .01, OR ⫽ 1.08; 95% CI, 1.03–1.12) for clinical outcome. The NIHSS scores on admission and recanalization were
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Wald 2
5.9
11.2
5.4
28.8
11.9
8.9
13.5
6.2
11.2

P Value
.02
.00
.02
.00
.00
.00
.00
.01
.00

OR

OR 95%CI

0.6
2.7

0.5–0.8
1.2–6.5

5.0

2.0–12.7

1.1
1.1
0.1

1.0–1.1
1.0–1.3
0.0–0.3

also found to be predictive factors (P ⫽ .01, OR ⫽ 1.14; 95% CI,
1.03–1.26; and P ⬍ .01, OR ⫽ 0.08; 95% CI, 0.03– 0.34, respectively). The details are shown in the Table.

DISCUSSION
AIS is the leading cause of mortality in China and is the second
most common cause of mortality worldwide.24,25 Recent studies
suggest that endovascular reperfusion therapy during the 6-hour
time window,26,27 or even during the 12-hour time window, can
be effective for patients with proximal intracranial artery occlusion. However, HT remains a dangerous complication after
reperfusion therapy. Furthermore, sICH— one of the most serious types of HT after AIS—increases the risk of stroke morbidity and mortality.28 The prediction of HT or sICH before
making a decision about reperfusion therapy could have important implications.
In the present study, 106 patients with AIS received IAT therapy. Moreover, 48 patients developed HT and 21 patients developed sICH. The Ktrans values in the entire ischemic region were
higher in patients with HT or sICH on follow-up compared with
those without HT/sICH, which is consistent with previous
studies.10
Many factors are associated with HT after AIS, including age,
pretreatment NIHSS, ASPECTS, sex, blood pressure, and diabetes

mellitus. Recent studies focused on multimodal imaging, including perfusion and permeability imaging, to predict HT.6,7 In fact,
ischemia and reperfusion injury may lead to BBB disruption, and
HT often develops in the area with BBB disruption. BBB disruption can develop as early as 6 hours after cerebral infarction, and
the severity increases with time.5 Moreover, first-pass dynamic
PCT can be used to assess BBB permeability.10 Another study
using PCT imaging indicated that pretreatment BBB permeability
measurement had a sensitivity of 100% and specificity of 79% in
the prediction of sICH and malignant edema.11 In fact, abnormal
pretreatment permeability may be associated with an increased
risk of PH following recanalization therapy, not only in patients
with acute anterior circulation ischemic stroke but also in patients
with acute posterior circulation ischemic stroke.29
However, our previous study, which included 41 patients with
AIS with HT, showed that a low Ktrans value predicted the site
where HT would occur with perfect sensitivity and specificity.13
Our interpretation of this result is that HT is more likely to develop in areas with the most severe hypoperfusion and ischemic
injury, and that the Ktrans values are low despite a significant elevation of BBB permeability. The main reason of the mismatch
between the Ktrans value and BBB permeability is that the blood
flow and delivery of contrast agent are severely limited in the
infarct core; therefore, the permeability of these areas could not be
estimated correctly from a Ktrans map. This finding is consistent
with that of studies that suggest that very low cerebral blood volume,30 admission PCT-based hypoperfused tissue volume,31
time-to-maximum of ⬎8 seconds, and lesion volumes are all independent predictors of PH in patients with acute stroke.32 All
these studies suggest that the low perfusion areas or severely infarcted tissue is more likely to develop HT after reperfusion therapy. In the current study, we compared the difference in the Ktrans
values between non-HT and HT areas on the basis of the 10 regions derived from the ASPECTS system. In the present study as
well, the regions with low Ktrans values indicated the location of
HT, though the sensitivity and specificity (55.0% and 68.2%)
were not as suitable as in our previous study. Nevertheless, the
threshold of Ktrans for predicting HT in the present study (0.35/
min) was similar to that in the previous study (0.33/min).
When assessing the overall BBB permeability values, including
those of the entire ischemic area (rather than specific regions
where HT developed), the patients with HT had significantly
higher mean Ktrans values compared with those without HT. The
difference was even more significant when comparing patients
with sICH with those without sICH. Although the Ktrans value did
not predict the clinical outcome, it was still a significant predictor
for HT or sICH. Our interpretation of this finding is that the severity
of BBB disruption reflects the severity of ischemia and thus predicts
the likelihood of HT. Age, NIHSS score on admission, and recanalization are significant predictors of 90-day mRS values; this finding is
consistent with those in previous studies. In the present study, we
have also observed that the ASPECTS is a predictor of HT. This finding is consistent with that in another study that demonstrated that a
decreased ASPECTS/diffusion-weighted imaging score increased the
likelihood of HT after thrombolysis.3
The present study has several limitations. First, this is a retrospective analysis with a study population of only 106 cases. Sec-

ond, we used only 1 permeability parameter, Ktrans, to characterize the BBB permeability. Other permeability parameters, such as
permeability surface-area product and vascular permeability,
could also have been assessed. We used first-pass data from PCT,
which is not the standard method for the assessment of BBB permeability. These data are more sensitive to noise and more easily
overestimated because of the delayed flow in ischemic regions.31
All the above could be reasons that the receiver operating characteristic curve in this study is not great at differentiating HT from
non-HT. Further study may need more carefully selected candidates with other more meticulous methods, such as delayed-acquisition perfusion CT or dynamic contrast-enhanced MR imaging. Last, the results from the data base with intra-arterial
thrombolysis cannot be generalized to other reperfusion therapies
such as IV thrombolysis and mechanical recanalization. However,
IAT is still an effective method in the clinical setting to assess
patients in the hyperacute phase of AIS within limited reperfusion
time windows.

CONCLUSIONS
This study demonstrates that global high Ktrans values may be one
of the predictors of the likelihood of HT or sICH and that focal
low Ktrans values predict the spatial distribution of HT after intraarterial reperfusion treatment. Further studies are needed to examine the role of permeability imaging in the decision-making
process in patients with AIS.
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ORIGINAL RESEARCH

ADULT BRAIN

MRI of the Swallow Tail Sign: A Useful Marker in the Diagnosis
of Lewy Body Dementia?
X S. Shams, X D. Fällmar, X S. Schwarz, X L.-O. Wahlund, X D. van Westen, X O. Hansson, X E.-M. Larsson, and X S. Haller

ABSTRACT
BACKGROUND AND PURPOSE: There are, to date, no MR imaging diagnostic markers for Lewy body dementia. Nigrosome 1, containing
dopaminergic cells, in the substantia nigra pars compacta is hyperintense on SWI and has been called the swallow tail sign, disappearing
with Parkinson disease. We aimed to study the swallow tail sign and its clinical applicability in Lewy body dementia and hypothesized that
the sign would be likewise applicable in Lewy body dementia.
MATERIALS AND METHODS: This was a retrospective cross-sectional multicenter study including 97 patients (mean age, 65 ⫾ 10 years;
46% women), consisting of the following: controls (n ⫽ 21) and those with Lewy body dementia (n ⫽ 19), Alzheimer disease (n ⫽ 20),
frontotemporal lobe dementia (n ⫽ 20), and mild cognitive impairment (n ⫽ 17). All patients underwent brain MR imaging, with susceptibility-weighted imaging at 1.5T (n ⫽ 46) and 3T (n ⫽ 51). The swallow tail sign was assessed independently by 2 neuroradiologists.
RESULTS: Interrater agreement was moderate ( ⫽ 0.4) between raters. An abnormal swallow tail sign was most common in Lewy body
dementia (63%; 95% CI, 41%– 85%; P ⬍ .001) and had a predictive value only in Lewy body dementia with an odds ratio of 9 (95% CI, 3–28;
P ⬍ .001). The consensus rating for Lewy body dementia showed a sensitivity of 63%, a speciﬁcity of 79%, a negative predictive value of
89%, and an accuracy of 76%; values were higher on 3T compared with 1.5T. The usefulness of the swallow tail sign was rater-dependent
with the highest sensitivity equaling 100%.
CONCLUSIONS: The swallow tail sign has diagnostic potential in Lewy body dementia and may be a complement in the diagnostic
work-up of this condition.
ABBREVIATIONS: AD ⫽ Alzheimer disease; FTD ⫽ frontotemporal lobe dementia; LBD ⫽ Lewy body dementia; MCI ⫽ mild cognitive impairment; PD ⫽ Parkinson
disease

ewy body dementia (LBD) is often regarded as the second
most common dementia in older individuals after Alzheimer
disease,1,2 possibly sharing the second place with vascular dementia.3 Clinical symptoms of LBD are similar to those of Parkinson

L
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disease (PD) dementia and include fluctuating cognitive decline,
recurrent visual hallucinations, and parkinsonism.2,4 LBD and
PD dementia are separated by the arbitrary 1-year rule: If dementia exists within 12 months of parkinsonism, the patient is classified as having LBD.2,4 More than 12 months of parkinsonism
before the onset of dementia is termed “PD dementia.”2,4
Differential diagnostics between LBD and Alzheimer disease
(AD) can be difficult, with both clinical and pathologic overlap.2,5,6 LBD distinguishes itself from AD on MR imaging by having a lesser degree of generalized atrophy and commonly sparing
or having less severe atrophy of the medial temporal lobes.6 Besides the loss of atrophy, which in itself is nonspecific, no accurate
MR imaging signs for the distinction of LBD and other neurodegenerative diagnoses exist. Functional imaging is useful in diagnostic differentiation and typically shows reduced perfusion and
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Table 1: Mean age and sex distribution across diagnosesa
Mean age (yr)
Female (No.) (mean age) (yr)
Male (No.) (mean age) (yr)
MMSE (mean)
Hypertension (No.) (%)
Diabetes (No.) (%)
Hyperlipidemia (No.) (%)
CSF amyloid (median) (IQR) (ng/L)
CSF T- (median) (IQR) (ng/L)
CSF P- (median) (IQR) (ng/L)
CSF/serum albumin ratio (median) (IQR)

Whole Cohort (n = 97)
65 ⫾ 10
45, 46%; 64 ⫾ 11
52, 54%; 67 ⫾ 10
26 ⫾ 4
8 (9)
2 (2)
6 (7)
575 (403–1250)
52 (36–73)
307 (192–458)
249 (153–322)

Controls (n = 21)
60 ⫾ 6
10, 48%; 58 ⫾ 5
11, 52%; 62 ⫾ 6
30 ⫾ 0
3 (14)
1 (5)
2 (10)
1160 (697–1370)
274 (211–364)
55 (36–75)
230 (166–345)

LBD (n = 19)
72 ⫾ 6
5, 26%; 74 ⫾ 65
14, 74%; 72 ⫾ 6
22 ⫾ 3
0
0
0
–
–
–
–

FTD (n = 20)
64 ⫾ 11
10, 50%; 63 ⫾ 13
10, 50%; 66 ⫾ 9
27 ⫾ 2
1 (5)
0
1 (5)
565 (528–565)
214 (129–214)
36 (22–36)
322 (153–322)

AD (n = 20)
72 ⫾ 6
12, 60%; 68 ⫾ 8
8, 40%; 70 ⫾ 13
23 ⫾ 4
2 (10)
1 (5)
2 (10)
391 (342–524)
502 (398–873)
84 (61–115)
307 (206–730)

MCI (n = 17)
62 ⫾ 12
8, 47%; 60 ⫾ 12
9, 53%; 64 ⫾ 11
28 ⫾ 2
2 (12)
0
1 (6)
737 (448–1138)
198 (129–417)
37 (28–67)
155 (106–376)

Note:—P- indicates phosphorylated ; T-, total ; MMSE, Mini-Mental State Examination.
a
All patients, except 8 with LBD, had data on hypertension, hyperlipidemia, and diabetes. CSF data were available for a subgroup of 56 patients (controls ⫽ 18; LBD ⫽ 0; FTD ⫽
8; AD ⫽ 16; MCI ⫽ 14).

glucose metabolism in an AD-like pattern, sparing the medial
temporal lobes, with additional involvement of the occipital regions.6-9 Dopaminergic transporter imaging with SPECT is another reliable method of differentiation, with less binding in the
striatum suggesting LBD.6
In recent years, MR imaging of the substantia nigra has shown
great promise as a diagnostic tool in Parkinson disease.10-14
Pathophysiologically, PD is characterized by loss of pigmented
dopaminergic neurons of the substantia nigra pars compacta;
60%– 80% of neurons are lost even before manifestation of motor
symptoms.15 Clusters of dopamine-containing neurons in calbindin-poor zones in the substantia nigra are termed nigrosomes.16
Nigrosome 1, located in the caudal and posterolateral part of the
substantia nigra pars compacta, is the largest dopamine-containing cluster and is mostly affected by PD.17 Recently, nigrosome 1
has been described as hyperintense on iron-sensitive SWI sequences,14 resembling a swallow tail.11 The presence of a swallow
tail sign has been shown to be sensitive and specific and has a high
negative predictive value in PD on 3T MR imaging,11 but its clinical applicability in LBD warrants further investigation.
Due to the similarity in pathophysiology of PD and LBD, the
swallow tail sign should be of diagnostic value even in LBD.18 We
aimed to determine the clinical applicability of the swallow tail
sign in a memory clinic population with a focus on LBD.

MATERIALS AND METHODS
Patients
This study received institutional review board approval. Informed
consent was obtained from each patient or a legal guardian in case
of severe dementia, according to the Declaration of Helsinki. This
was a retrospective multicenter cross-sectional study with patient
recruitment from memory clinics at the Karolinska, Uppsala, and
Lund University Hospitals. All patients were recruited at initial
work-up of their disease, and the MR imaging brain scan was
obtained concomitantly as part of the memory investigation. Inclusion criteria were the presence of SWI sequences, a diagnosis of
subjective cognitive impairment (used as controls), LBD, frontotemporal lobe dementia (FTD), AD, or mild cognitive impairment (MCI). The exclusion criterion was insufficient scan quality.
We aimed to have around 20 patients per diagnostic group and
recruited the total amount of consecutive patients with SWI from
each center (n ⫽ 100). Three patients were excluded because of
insufficient scan quality due to motion artifacts. In total, we included 97 patients: subjective cognitive impairment (controls)
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Table 2: Overview of MRI scanners, SWI sequence parameters,
and diagnostic distribution
Karolinska
University
Hospital
Field strength
TE (ms)
TR (ms)
Flip angle
Section thickness (mm)
Patients (No.) (%)
Controls (n ⫽ 21) (No.) (%)
LBD (n ⫽ 19) (No.) (%)
FTD (n ⫽ 20) (No.) (%)
AD (n ⫽ 20) (No.) (%)
MCI (n ⫽ 17) (No.) (%)
a
b

Avantoa
1.5T
40
49
15°
2.0
43 (43)
12 (57)
4 (21)
7 (35)
13 (65)
7 (41)

Tim Trioa
3T
20
28
15°
1.6
37 (40)
9 (43)
5 (26)
6 (30)
7 (35)
10 (59)

Lund University
Hospital
Achievab
3T
25
17
15°
2
9 (9)
–
2 (11)
7 (35)
–
–

Skyraa
3T
20
27
15°
1.5
8 (8)
–
8 (42)
–
–
–

Siemens, Erlangen, Germany.
Philips Healthcare, Best, the Netherlands.

(n ⫽ 21), LBD (n ⫽ 19), FTD (n ⫽ 20), AD (n ⫽ 20), and MCI
(n ⫽ 17).
Patient demographics are detailed in Table 1. Patients with
LBD were recruited from all 3 sites; those with FTD, from Uppsala
University Hospital; and the remaining patients, from the Karolinska University Hospital.19 All patients had their diagnosis set
according to the International Classification of Diseases-10, the
clinically used classification criteria in our country. Diagnosis was
determined in multidisciplinary rounds, with consideration of all
data (clinical, lab, imaging, and neuropsychological) after a thorough memory clinic investigation. CSF analysis was performed as
previously described20 on a subgroup of 56 patients and is seen in
Table 1.

MR Imaging and Image Assessment
All patients were scanned with full MR imaging protocols, including an SWI sequence (VenBOLD; Philips Healthcare, Best, the
Netherlands) on 1.5 and 3T scanners; parameters and distribution across scanners are included in Table 2. Patients were assigned to the different scanners on the basis of clinical availability;
the proportions of patients scanned at 3T were the following:
LBD, n ⫽ 15, 74%; AD, n ⫽ 7, 35%; MCI, n ⫽ 10, 59%; FTD, n ⫽
13, 65%; and controls, n ⫽ 9, 43%.
Images were assessed by 2 neuroradiologists (S.H. with 16
years of experience, and S. Schwarz with 9 years of experience).
Ratings were performed independently and blinded to diagnosis
and the other raters’ assessments. One month after independent
ratings, a consensus rating, blinded to diagnosis, was performed

significance, equaling a corrected level
of 0.033 after adjustment for the false
discovery rate according to the Benjamini-Hochberg procedure.21

RESULTS

FIG 1. Rating scale for the swallow tail sign. The rating scale for the swallow tail sign is detailed in
this ﬁgure; arrows indicate the normal/abnormal swallow tail signs on SWI sequences.

FIG 2. Normal and abnormal swallow tail signs across scanners. Arrows indicate the normal
swallow tail signs on SWI sequences.

between the 2 initial raters in conjunction with a third neuroradiologist (E.-M.L with 30 years of experience). The swallow tail
sign was rated on an ordinal scale with 5 increments: 0 ⫽ unsure,
1 ⫽ definitely normal, 2 ⫽ probably normal, 3 ⫽ probably abnormal, 4 ⫽ definitely abnormal. For statistical analysis, the results
were dichotomized into normal (ratings 1 and 2) and abnormal
(ratings 3 and 4). Raters looked at the nigrosome 1 appearance,
located in the posterior third part of the substantia nigra, resembling a swallow tail (Figs 1 and 2).11 Cases with unilateral abnormal findings were considered abnormal. Figures 1 and 2 depict
the swallow tail sign.

Statistical Analysis
Descriptive data are presented as numbers and percentages. Rating increments for the swallow tail sign were dichotomized into
normal (ratings 1 and 2) and abnormal (ratings 3 and 4). Sensitivity, specificity, negative and positive predictive values, and accuracy were calculated. 2 and Fischer exact tests were used for
categoric data. Binary logistic regression analysis was used to see
whether ratings could predict diagnosis. Diagnosis was set as the
dependent variable with the controls as a reference. Rating was
dichotomized into normal and abnormal and used as an independent variable. The regression model was controlled for field
strength and section thickness (by adding them as covariates in
our model). SPSS, Version 22.0 (IBM, Armonk, New York) was
used for statistical analysis, and P ⬍ .05 was set as the threshold of

The  between raters was 0.4, equaling a
moderate agreement, on all scans, as
well as on only 1.5T and 3T scans. Table
3 shows the distribution of ratings across
raters and diagnoses. The distribution of
normal and abnormal swallow tail signs
varied significantly across diagnoses
(P ⬍ .001) (Table 3), and nonsignificantly across different MR imaging
scanners (P ⫽ .138) for both raters. An
abnormal swallow tail sign was significantly more common in LBD than in all
other diagnoses (P ⬍ .001). The swallow
tail sign was abnormal on 1.5 and 3T on
consensus rating in the following: controls, 10% (95% CI 0%–23%); LBD,
63% (95% CI, 41%– 85%); FTD, 35%
(95% CI, 14%–56%); AD, 25% (95% CI,
6%– 44%); and MCI, 6% (95% CI, 0%–
12%) (Table 3). For rater 1, two patients
(2%) had only one of their nigrosomes
rated as abnormal, resulting in an abnormal case; the rest of the nigrosomes
were bilaterally the same. For rater 2, the
corresponding number was 3 (3%) patients. The cases mentioned were not the

same for the raters.
Table 4 shows sensitivity, specificity, positive predictive value,
negative predictive value, and accuracies across raters and field
strengths for LBD. The highest sensitivity and negative predictive
value were descriptively obtained by rater 2 on 3T (Table 4). Similar values for AD, MCI, and FTD are seen in the On-line Table,
showing that the swallow tail sign is only applicable in LBD. In
binary logistic regression analysis, controlled for field strength
and section thickness, the odds of having LBD with an abnormal
swallow tail sign were significant; the swallow tail sign had no
predictive value (ie, it was insignificant, in the other diagnoses;
Table 5).
When comparing the number of abnormal swallow tail signs
on 1.5- and 1.6-mm section thicknesses versus 2.0-mm, abnormal
swallow tail signs were more frequently seen on 1.5- and 1.6-mm
section thicknesses (P ⫽ .03). Similarly, descriptively, sensitivity,
specificity, positive predictive values, and accuracy were higher
with 1.5- and 1.6-mm section thicknesses (Table 4).

DISCUSSION
Considering that no other MR imaging markers for LBD exist, the
swallow tail sign may be a useful complement in the diagnosis of
LBD. A normal swallow tail sign has a high negative predictive
value for exclusion of an LBD diagnosis. However, because 37% of
patients with LBD had a normal swallow tail sign, the sign does
AJNR Am J Neuroradiol 38:1737– 41
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may explain the number of patients
rated with a normal swallow tail sign. A
similar study with patients in later stages
of disease would have been of interest, to
2 (12)
see whether results differ. Furthermore,
4 (24)
abnormal swallow tail signs were seen in
1 (6)
a range of diagnoses, such as in AD and
n⫽7
FTD. No study has assessed the distribu2 (29)
tion and associations of an abnormal
1 (14)
swallow tail sign in a large-scale or pro1 (14)
spectively acquired memory clinic con ⫽ 10
hort, to our knowledge. The reason for
0 (0)
an abnormal swallow tail sign is not fully
3 (30)
0 (0)
known and may be multifactorial. It
a
Rater 1, S.H.; rater 2, S.S. Missing cases represent unsure raters due to low-quality images.
may represent dopaminergic neuronal
loss, neuromelanin loss, or a change in
Table 4: Sensitivity, speciﬁcity, positive predictive value, negative predictive value, and
iron storage and oxidation.11,14,24 As the
accuracy for Lewy body dementia with the abnormal swallow tail sign
hyperintense feature of the nigrosome 1
Sensitivity
Speciﬁcity
PPV
NPV
Accuracy
decreases, the surrounding hypointen(%)
(%)
(%)
(%)
(%)
sity may increase; this change reduces
1.5 and 3T
Rater 1
50
79
36
87
74
the demarcation of the nigrosome 1. It
Rater 2
95
66
41
98
72
would be interesting to see whether deConsensus
63
79
44
89
76
mentia-related gait changes, especially
Consensus, 1.5- and 1.6-mm ST
69
91
75
88
84
because they are more common in deConsensus, 2-mm ST
50
69
20
90
67
mentia than healthy aging,25 are associ1.5T
Rater 1, 1.5T
25
75
9
91
70
ated with an abnormal swallow tail sign.
Rater 2, 1.5T
80
70
25
97
71
An abnormal swallow tail sign across deConsensus, 1.5T
60
72
23
93
71
mentia diagnoses may also suggest a
3T
large overlap in the pathophysiology of
Rater 1, 3T
57
84
57
84
76
cognitive impairment.
Rater 2, 3T
100
61
50
100
72
Consensus, 3T
64
86
64
86
80
Our results demonstrate interindividual variation in the assessment of the
Note:—PPV indicates positive predictive value; NPV, negative predictive value; ST, section thickness.
swallow tail sign. Despite the use of exTable 5: Predictive role of an abnormal swallow tail sign in cognitive impairmenta
perienced neuroradiologists, our interLBD, OR (95% CI)
FTD, OR (95% CI) AD, OR (95% CI) MCI, OR (95% CI)
rater agreement was moderate, and our
Rater 1
4 (1–14), P ⫽ .010
6 (1–39), P ⫽ .060
3 (1–17), P ⫽ .248
2 (0–14), P ⫽ .668
interrater variability equals that of anRater 2
31 (4–244), P ⫽ .001 11 (0–276), P ⫽ .236 4 (1–20), P ⫽ .070
1 (0–4), P ⫽ .831
other study of swallow tail assessment in
Consensus 9 (3–28), P ⬍.001
7 (1–50), P ⫽ .060
3 (1–19), P ⫽ .229
1 (0–10), P ⫽ .746
PD.22 Consensus ratings resulted in valNote:—OR indicates odds ratio.
a
ues between both initial ratings. Rater 2
The regression model is controlled for ﬁeld strength and section thickness.
more readily called the swallow tail sign
not qualify as the sole diagnostic test. Accuracy and sensitivity
abnormal and, consequently, had a higher sensitivity, at the price
increase with optimized imaging techniques.
of a lower specificity, for LBD. Meanwhile consensus ratings were
To date, the swallow tail sign has mainly been studied in PD.
closer to those of rater 1, showing that rating of the swallow tail
An abnormal swallow tail sign has been shown to be a useful
sign in a clinical setting is difficult. While the rating was clear and
marker in PD with a 100% sensitivity and negative predictive
distinct between normal and abnormal in most cases, a substanvalue, 95% specificity, and 69% positive predictive value.11 The
tial portion of patients had less clear findings. This outcome alswallow tail sign has not been shown to discriminate typical and
lows individual interpretation of when to call the swallow tail sign
atypical PD.22 In LBD, the sensitivity and negative predictive
abnormal and reflects the challenge of assessing the swallow tail
value on 3T SWI has been shown to be 93%, with a 87% specificity
sign and using it as a diagnostic test. Adding to the difficulty of
23
and positive predictive value. No studies exist examining the
rating and probably lowering our agreement is the inclusion of
swallow tail sign in PD dementia. The lower positive predictive
different MR imaging scanners, field strengths, and section thickvalue and specificity, as reflected in our study, shows that the
nesses in our study. However, this also contributes to our study
swallow tail sign may be abnormal even in other diseases and
being more clinically generalizable. Rating of the swallow tail sign,
healthy individuals. However, values may be improved with opthe only MR imaging marker with potential diagnostic value in
timized imaging sequences and techniques.
LBD, should therefore be improved, to increase clinical utility and
All our patients were included and had an MR imaging brain
reliability. We suggest optimizing MR imaging parameters of SWI,
scan during their diagnostic work-up. The patients with LBD
could thus be considered in their early stages of disease. Thus, this
including high spatial resolution and high contrast, which should be
Table 3: Distribution of the abnormal swallow tail sign across diagnosesa
Controls
LBD
FTD
AD
(n = 21)
(n = 19)
(n = 20)
(n = 20)
Abnormal, 1.5T and 3T (No.) (%)
Rater 1
2 (10)
9 (47)
7 (35)
5 (25)
Rater 2
5 (24)
18 (95)
8 (40)
9 (45)
Consensus
2 (10)
12 (63)
7 (35)
5 (25)
1.5T
n ⫽ 12
n⫽4
n⫽7
n ⫽ 13
Abnormal, 1.5T (No. (%)
Rater 1
2 (17)
1 (25)
3 (43)
3 (23)
Rater 2
4 (33)
4 (100)
1 (14)
6 (46)
Consensus
2 (17)
3 (75)
4 (57)
3 (23)
3T
n⫽9
n ⫽ 15
n ⫽ 13
n⫽7
Rater 1
0 (0)
8 (53)
4 (31)
2 (29)
Rater 2
1 (11)
14 (93)
7 (54)
3 (43)
Consensus
0 (0)
9 (60)
3 (23)
2 (29)
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MCI
(n = 17)

standardized across MR imaging scanners. Interrater agreement and
rating reliability may further be increased with established rating
scales,11 such as the one in Fig 1.
Field strength is of importance for the clinical applicability of the
swallow tail sign. Accuracy has been shown to be higher at 7T, decreasing with 3T.26 In our cohort, we included both 1.5 and 3T scans,
and sensitivity, specificity, positive predictive value, and accuracy for
LBD were higher on 3T. Nevertheless, even at 1.5T, the assessment of
the swallow tail provided significant information for the diagnosis of
LBD. In the absence of other established imaging findings, we argue
that though ideally performed at 3T, assessment of the swallow tail
sign at 1.5T may still provide added clinical value. Similarly, a thinner
section thickness resulted in higher sensitivity for LBD and should be
implemented for clinical imaging.
Limitations in our study include the use of multiple scanners
and 1.5 and 3T field strengths. However, we performed our statistical analysis subdivided for the different field strengths, and the
use of multiple scanners may better reflect the clinical reality.
Besides, section thickness and field strength were both corrected
for in our regression model. Including the pretest probability of
the diagnoses included in our study would have added further
insight into the diagnostic use of the swallow tail sign. It would
also have increased the external validity of our study, because
positive and negative predictive values are influenced by the prevalence of diseases in the population. Subjective cognitive impairment was used as a control group, and to date, clinical methods of
detecting whether these individuals may have prodromal disease
are scarce. “Subjective cognitive impairment” means patients
with no observable clinical or pathologic findings, but with subjective feelings of cognitive decline. Thus, no disease was detected,
but using healthy elderly as controls would have provided a
cleaner control group. Strengths include a large and well-classified cohort and the use of experienced raters.

CONCLUSIONS
The swallow tail sign may be a complement in the diagnosis of
LBD but does not qualify as a sole diagnostic marker.
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Pericortical Enhancement on Delayed Postgadolinium FluidAttenuated Inversion Recovery Images in Normal Aging, Mild
Cognitive Impairment, and Alzheimer Disease
X W.M. Freeze, X R.S. Schnerr, X W.M. Palm, X J.F. Jansen, X H.I. Jacobs, X E.I. Hoff, X F.R. Verhey, and X W.H. Backes

ABSTRACT
BACKGROUND AND PURPOSE: Breakdown of BBB integrity occurs in dementia and may lead to neurodegeneration and cognitive
decline. We assessed whether extravasation of gadolinium chelate could be visualized on delayed postcontrast FLAIR images in older
individuals with and without cognitive impairment.
MATERIALS AND METHODS: Seventy-four individuals participated in this study (15 with Alzheimer disease, 33 with mild cognitive
impairment, and 26 with normal cognition). We assessed the appearance of pericortical enhancement after contrast administration, MR
imaging markers of cerebrovascular damage, and medial temporal lobe atrophy. Three participants who were positive for pericortical
enhancement (1 with normal cognition and 2 with mild cognitive impairment) were followed up for approximately 2 years. In vitro
experiments with a range of gadolinium concentrations served to elucidate the mechanisms underlying the postcontrast FLAIR signals.
RESULTS: Postcontrast pericortical enhancement was observed in 21 participants (28%), including 6 individuals with Alzheimer disease
(40%), 10 with mild cognitive impairment (30%), and 5 with normal cognition (19%). Pericortical enhancement was positively associated with
age (P ⬍ .02) and ischemic stroke (P ⬍ .05), but not with cognitive status (P ⫽ .3). Foci with enhanced signal remained stable across time in
all follow-up cases. The in vitro measurements conﬁrmed that FLAIR imaging is highly sensitive for the detection of low gadolinium
concentrations in CSF, but not in cerebral tissue.
CONCLUSIONS: Postcontrast pericortical enhancement on FLAIR images occurs in older individuals with normal cognition, mild cognitive
impairment, and dementia. It may represent chronic focal superﬁcial BBB leakage. Future longitudinal studies are needed to determine its
clinical signiﬁcance.
ABBREVIATIONS: AD ⫽ Alzheimer disease; ApoE ⫽ apolipoprotein E; MCI ⫽ mild cognitive impairment; MMSE ⫽ Mini-Mental State Examination; MTA ⫽ medial
temporal lobe atrophy

lzheimer disease (AD) is the most common form of dementia, and is clinically characterized by progressive cognitive
decline and associated functional impairment in daily living. Accumulating evidence suggests that microvascular dysregulation
and BBB disruption are early events in the multifactorial disease
cascade that leads to continuous neuronal loss.1,2 During the past
decades, the development of gadolinium-based contrast agents
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has enabled detailed in vivo examination of BBB leakage by detection of extravasated gadolinium with postcontrast T1WI. Thus,
previous studies reported subtle changes in vascular permeability
in the cortex, white matter, and hippocampus in early-stage
AD.3,4 Small changes in the dynamics of contrast agent leakage in
ventricular CSF have also been reported in AD.5 It is likely that
vascular permeability changes also occur in vessels adjacent to the
CSF along the cortical surface or leptomeninges. However, T1weighted BBB permeability imaging around the cortex in disease
conditions with subtle changes to BBB integrity is probably
difficult because the leptomeninges are highly vascularized and
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become relatively strongly enhanced due to high gadolinium concentrations within the blood vessels. Furthermore, when gadolinium chelate leaks into the CSF, convection and diffusion may
dilute the contrast agent at concentrations that become too low to
detect.
Delayed postcontrast FLAIR imaging yields up to 10-fold
higher sensitivity compared with postcontrast T1WI for the detection of low amounts of gadolinium chelate in the CSF.6,7 Previous studies that used postcontrast FLAIR imaging reported
pericortical gadolinium leakage that appears as signal enhancement in the CSF in various clinical disease conditions with BBB
leakage, including acute ischemic stroke and MS.8,9 The application of the postcontrast FLAIR technique has not yet been evaluated in patients in memory clinics and in normal aging, to our
knowledge.
The primary objective of this study was to explore the utility of
postcontrast FLAIR imaging in identifying pericortical enhancement in AD, mild cognitive impairment (MCI), and age-matched
cognitively healthy individuals. We hypothesized that pericortical
BBB leakage is more common in patients with AD and MCI compared with cognitively healthy individuals and that it is associated
with MR imaging markers of cerebrovascular damage. Finally, to
investigate whether signal alterations could result from leakage of
contrast medium into cortical tissue or into the CSF, we performed in vitro experiments to mimic the FLAIR signal effects of
different concentrations of gadolinium in CSF and cerebral tissue.

MATERIALS AND METHODS
Participants
Patients were prospectively recruited at 2 memory clinics (Maastricht University Medical Center and Zuyderland Medical Center
Heerlen) between November 2014 and December 2016, and
healthy controls were enrolled via a local newspaper advertisement in the same period. Detailed neuropsychological assessment, medical history, and educational level10 were recorded for
all participants. Inclusion criteria for patients were a clinical diagnosis of subjective cognitive decline,11 MCI12 or AD,13 and a
Mini-Mental State Examination (MMSE)14 score of ⱖ20. Control
participants reported no subjective cognitive impairment and
were screened to ensure cognitive health (MMSE score, ⱖ27).
Inclusion criteria for all participants were 55 years of age or older
and eligibility for undergoing MR imaging and gadolinium contrast administration. Exclusion criteria for all participants included impaired renal function (estimated glomerular filtration
rate of ⬍30 mL/min) and the presence of psychiatric or neurologic disorders that might have caused the cognitive impairment,
other than AD, cerebral small-vessel disease, or noninvalidating
stroke. Participants with recent (eg, ⬍3 months before inclusion)
ischemic or hemorrhagic stroke were excluded. Informed consent
was obtained from all participants before participation. This
study was performed in accordance with the rules and regulations
of the local institutional review boards and approved by the medical ethics committee in Maastricht.

Netherlands). The imaging protocol was relatively long because
other sequences that are not relevant to this article were included,
and it was split into 2 separate sessions for the participants’ comfort. During the first session without contrast administration, 3D
T1-weighted gradient-echo (TR/TE, 8/4 ms; acquisition matrix,
256 ⫻ 256; 160 sections; 1-mm section thickness) and 3D T2FLAIR (TR/TE/TI, 4800/290/1650 ms; acquisition matrix, 256 ⫻
256; 200 sections; 1-mm section thickness) images were acquired,
as well as multisection T2-weighted TSE and T2-weighted fastfield echo images with a section thickness of 5 mm in the transverse plane. During a second session (median time between scans
2 days; interquartile range, 0 –5.5 days), the same FLAIR sequence
was acquired 16 minutes after intravenous administration of 0.1
mmol/kg of gadobutrol in the antecubital vein (injection rate, 3
mL/s; 20-mL saline flush).

Image Analysis
Pericortical enhancement was defined as hyperintense signal substantially brighter than the proximal parenchymal signal intensity, occurring in the subarachnoid space on postcontrast FLAIR
images, but not on precontrast images. Two raters blinded to
clinical data (W.M.F., W.M.P.) independently evaluated the scans
for the presence of pericortical enhancement. Discrepancies and
cases of uncertainty (Cohen  ⫽ 0.50) were evaluated during consensus meetings, after which both raters agreed on all cases. When
present, pericortical enhancement was classified according to vascular territory (anterior, middle, or posterior cerebral artery),
hemisphere (left/right), location (within a sulcus, along the cortical convexity, or within the longitudinal fissure), and number of
foci.
White matter hyperintensities were scored on precontrast
FLAIR images according to the Fazekas scale.15 Old lacunar infarcts were scored as subcortical round or ovoid structures of 3–15
mm in diameter with low signal intensity on FLAIR images and
CSF-like signal intensity on T2WI.16 Cerebral microbleeds were
scored as round or ovoid areas of signal void with associated
blooming on T2-weighted fast-field echo images in cortical or
subcortical regions, excluding potential mimics such as bilateral
iron/calcium deposits in the basal ganglia, bone, or vessel flow
voids.17 Old ischemic stroke of ⬎15 mm was scored on T2weighted TSE and FLAIR images, and old cerebral hemorrhage
was scored on T2-weighted fast-field echo images. Medial temporal lobe atrophy (MTA) was rated bilaterally on coronal T1WI
with a previously described visual rating scale.18 The average score
of the left and right sides was taken as the final MTA score. Vascular markers and MTA were scored by an experienced neuroradiologist (W.M.P.), who was blinded to clinical data.

Genetic Risk Factor Assessment
Blood samples were collected and apolipoprotein E (ApoE) genotyping was performed with polymerase chain reaction. Individuals with at least 1 4 allele were classified as ApoE4-positive.

MR Imaging Protocol

Follow-Up

MR images were acquired on a 3T MR imaging system with a
32-channel head coil (Achieva TX; Philips Healthcare, Best, the

One cognitively healthy participant and 2 patients with MCI who
were positive for pericortical enhancement were followed up after
AJNR Am J Neuroradiol 38:1742– 47
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FIG 1. Pericortical enhancement is evident on sagittal, coronal, and transverse postcontrast FLAIR images of a 76-year-old male patient with MCI.
No signal enhancement is apparent on the precontrast FLAIR image (upper right) (A). Pericortical enhancement remains stable across time in a
male healthy control participant 87 years of age at baseline (B) and in a male MCI participant 71 years of age at baseline (C).

21–22 months. The same scan protocol was applied as described
earlier, but all scans were acquired in 1 single session.

Statistical Analyses
Differences between individuals with and without pericortical enhancement were assessed with the 2 or Fisher exact test (when
applicable) for categoric variables. For continuous variables with
a normal data distribution, independent 2-sample t tests were
performed to compare the means of the 2 groups. Mann-Whitney
U tests were performed in case of non-normal data distribution.
To assess differences between the diagnostic groups (cognitively normal, MCI, and AD), we performed ANOVA for continuous variables with normal data distribution and Kruskal-Wallis
tests for continuous variables with non-normal data distribution.
The 2 or Fisher exact test was used for categoric variables. A
threshold of ␣ ⬍ .05 was used to determine statistical significance,
all P values were 2-tailed, and analyses were conducted with SPSS
statistical software (Version 24.0; IBM, Armonk, New York).

In Vitro Experiment
Gadobutrol was dissolved in demineralized water in plastic Falcon tubes (50 mL; Corning, Corning, New York) in different concentrations (0.004, 0.008, 0.016, 0.031, 0.063, 0.125, 0.250, 0.500,
and 1.0 mmol/L), mimicking in vivo gadolinium concentrations
with a range of leakage severity in the CSF. The same gadolinium
concentrations were adopted for a solution mimicking cerebral
tissue, which was prepared by dissolving 0.08-mmol/L MnCl2 in
demineralized water. The T1 and T2 relaxation times of this
MnCl2 solution were determined by using signal intensities from
inversion recovery TSE images with TR ⫽ 3000 ms and varying
TIs (50, 100, 200, 400, 600, 800, 1000, and 1500 ms) and T21744
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weighted images with a fixed TR ⫽ 453 ms and varying TEs (20,
40, 60, 80, 100, 120, 140, 160, 180, and 200 ms). The T1 and T2
relaxation times (On-line Fig 1) of the tissue phantom approximated previously reported values of the cerebral cortex at 3T with
1170 and 122 ms, respectively.19
The samples mimicking CSF and tissue with different concentrations of gadolinium were scanned with the T1 and FLAIR sequences described above.

RESULTS
Neuroradiologic Imaging
Seventy-four participants with a mean age of 71.2 ⫾ 6.2 years were
enrolled in this study, including 26 cognitively healthy participants (13 healthy controls and 13 with subjective cognitive decline), 33 with MCI, and 15 with AD. Participants’ characteristics
according to cognitive status (normal cognition, MCI, or AD) are
provided in the On-line Table.
Twenty-one individuals showed evidence of abnormal pericortical enhancement on postcontrast FLAIR images (Fig 1).
Overall, there were 32 foci, among which 10 (31%) were located
within the posterior, 9 (28%) within the middle, and 13 (41%)
within the anterior cerebral artery territory. Fifteen foci (47%)
were located in the left and 17 (53%), in the right hemisphere.
Most foci were located on the cortical convexity (12/32, 38%) or
within a sulcus (12/32, 38%), but 1 (3%) traversed several sulci
and 7 (22%) were located within the longitudinal fissure. Pericortical enhancement was observed as a single focus in most cases
(13/21, 62%). Three subjects with MCI and 2 subjects with dementia showed 2 foci, and 1 subject with MCI and 2 subjects with
AD showed 3 foci (Fig 2).
In the 3 subjects positive for enhancement with a follow-up

FIG 2. Two foci of pericortical enhancement on transverse (A) and coronal (B) postcontrast FLAIR
images in a 73-year-old female participant with AD.

In Vitro Measurements

Characteristics of pericortical enhancement
Pericortical Enhancement
Yes (n = 21)
Demographics
Age (mean) (SD) (yr)
Female sex (No) (%)
Clinical subtype (No) (%)
Normal cognition
MCI
AD
MRI characteristics
Fazekas scale score (median) (IQR)
Lacunar infarct present (No) (%)
Ischemic stroke present (No) (%)
Lacunar and/or ischemic stroke present (No) (%)
Microbleed present (No) (%)
Hemorrhagic stroke present (No) (%)
MTA score (median) (IQR)
Gadobutrol dosage (mean) (SD) (mL)
Cognitive performance
MMSE (median) (IQR)b
Genotype
ApoE4-positive (No) (%)c

uals with AD. Although the prevalence
of pericortical enhancement was higher
in the AD and MCI groups compared
with the cognitively healthy individuals,
there were no statistically significant
group differences (Fisher exact test,
P ⫽ .3). Individuals with pericortical
enhancement were significantly older
(t[50] ⫽ 2.4, P ⬍ .02) and more often
had ischemic stroke (2 ⫽ 4.5, df ⫽ 2,
P ⫽ .04) when lacunar infarct and ischemic stroke data were pooled. No associations were apparent among pericortical enhancement and sex, amount of
contrast agent administered, MMSE
score, ApoE genotype, and other MR imaging markers of cerebrovascular damage
(Table). The location of pericortical enhancement did not correspond to the location of other MR imaging markers of
cerebrovascular damage.

No (n = 53)

73.5 (4.8)
10 (48)

70.2 (6.4)
22 (42)

5 (19)
10 (30)
6 (40)

21 (81)
23 (70)
9 (60)

P Value
.02a
.8
.3

1.0 (1.0–3.0)
7 (33)
4 (19)
9 (43)
2 (10)
1 (5)
1.0 (0.5–2.25)
7.3 (1.2)

1.0 (1.0–2.0)
8 (15)
3 (6)
10 (19)
7 (13)
1 (2)
0.5 (0–1.5)
7.3 (1.1)

.4
.11
.18
.04a
1.0
1.0
.08
.98

28 (25–28)

28 (26–29)

.97

6 (30)

Note:—IQR indicates interquartile range.
a
Signiﬁcant.
b
Data were missing for 2 cases.
c
Data were missing for 1 case.

time between 21 and 22 months, the foci remained stable across
time regarding location, size, and shape (Fig 1).
In addition to the pericortical foci, 1 focus of signal enhancement
was found in what appeared to be a perivascular space on the postcontrast but not on the precontrast FLAIR images (On-line Fig 2).
No signal attenuation was observed in other fluid-containing structures, including lacunar infarcts, the ventricular system, or the eyes.
The group characteristics of individuals with pericortical enhancement are summarized in the Table. The prevalence per diagnostic group was 5/26 (19%) in cognitively healthy individuals,
10/33 (30%) in individuals with MCI, and 6/15 (40%) in individ-

The phantom imaging experiment shows
that relatively low concentrations of
gadolinium in the CSF appear bright on
FLAIR images, while at higher concentrations, the signal declines. On T1W1,
low concentrations of gadolinium in the
CSF appear dark, while at higher concentrations, the signal increases. In
contrast, the FLAIR images of tissue phantoms with low gadolinium concentrations
show only very little signal enhancement,
while the signal decreases at higher concentrations. On T1WI, a gradual signal increase can be observed with increasing
gadolinium concentrations (On-line
Figs 3 and 4).

DISCUSSION

Delayed postcontrast FLAIR imaging
revealed pericortical signal enhancement in 28% of all participants who
underwent MR imaging. This signal
enhancement likely results from leakage of gadolinium chelate through
cortical or leptomeningeal vessels and, as such, represents a
marker for focal loss of BBB integrity. Although pericortical
enhancement occurred more often in MCI or AD compared
with cognitively healthy individuals, there were no statistical
group differences. Pericortical enhancement was associated
with increasing age and ischemic stroke. Most interesting, in
the 3 subjects who were followed up, the pericortical enhancement remained stable for 21–22 months. A possible explanation for this imaging phenomenon is chronic inflammation
with BBB disruption in the leptomeninges or superficial cortical vessels.
25 (47)

.3
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The potential of postcontrast FLAIR imaging for the detection
of contrast agent leakage through the BBB was already described
by Mathews et al in 1999.20 Since then, several studies on the
application of this technique have been published. Many of these
describe postischemic diffuse enhancement in the CSF in 1 or
both hemispheres, a phenomenon called “hyperintense acute reperfusion marker.”7,9,21,22 Similar to its acute presentation after
ischemic stroke or transient ischemic attack, the appearance of the
hyperintense acute reperfusion marker has also been described
after hemorrhagic stroke, cardiac surgery, and carotid revascularization.23-25 These findings suggest a common process of rapid
pericortical BBB leakage following cerebral ischemia or hypoxia.
In addition to its relationship with ischemia, pericortical BBB
leakage on postcontrast FLAIR images has been described in infectious diseases of the CNS, including meningitis and MS.8,26
Together, these studies suggest that (chronic) hypoxic and/or inflammatory processes in the cortex and leptomeninges may underlie this neuroimaging phenomenon. Pericortical enhancement
is likely not specific for a particular disease and also occurs in the
context of normal aging.27,28
We found no association between pericortical enhancement and diagnostic group, ApoE genotype, MTA score, or
global cognition. Hence, the clinical relevance of pericortical
enhancement in our study population remains unclear. Although
delayed postcontrast FLAIR imaging is not routinely used in clinical examinations, the CSF signal change should not be confused
with other causes of signal increase in the subarachnoid space on
FLAIR images such as subarachnoid hemorrhage or meningeal
metastasis.29
Because the signal enhancement on postcontrast FLAIR images appears very close to the cortical surface, we aimed to assess
whether the focal enhancement occurs in the CSF or cortical tissue. Our phantom study showed that FLAIR imaging is relatively
insensitive for the detection of gadolinium in brain tissue, while
strong signal enhancement is observed in CSF, mimicking phantom solutions at low gadolinium concentrations (ie, 10 –500
mol/L). We therefore interpret the pericortical enhancement as
leakage and accumulation of low gadolinium concentrations in
the pericortical CSF.
Previous studies have shown 2 advantages of postcontrast
FLAIR imaging over T1WI in detecting pericortical BBB leakage.
First, postcontrast FLAIR imaging is superior to postcontrast
T1WI in detecting low gadolinium concentrations (ie, 10 –500
mol/L) in the CSF.7,20 Because of the long T1 relaxation time of
CSF, FLAIR is relatively sensitive to subtle shortening of the T1
relaxation time caused by low concentrations of gadolinium. Second, previous work has shown that unlike T1WI, FLAIR is rather
insensitive to the effects of contrast medium within blood vessels
because the shortening of the T2 relaxation time at higher gadolinium concentrations and the effects of blood flow both result in
a strong signal decay.26
The strengths of this study include the availability of both preand postcontrast FLAIR images obtained in individuals with a
wide range of cognitive performance. The availability of other MR
imaging sequences allowed us to look for associations between
postcontrast FLAIR enhancement and various markers of cerebrovascular damage. The timeframe of 16 minutes between contrast injection and FLAIR imaging proved suitable for detecting
1746
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pericortical enhancement in a relatively high number (ie, 28%) of
participants in our study.
Limitations of this study include the relatively small sample
size, which limits our ability to draw conclusions about the presence or absence of associations between BBB leakage and variables
of interest. Because we did not include markers more specific for
neurodegeneration than MTA and AD, the biomarkers amyloid ␤
and  were not measured, and their association with pericortical
enhancement remains unknown. Although the sensitivity of postcontrast FLAIR imaging compared with T1WI was assessed in our
phantom study, we did not set out to make this comparison in
vivo. We expect that the enhancement of the leptomeningeal
vessels due to intravascular gadolinium complicates the detection of focal pericortical enhancement on postcontrast T1weighted images.
Future studies are needed to elucidate the pathophysiology
and clinical relevance of pericortical BBB leakage in relation to
neurodegeneration. The potential of pericortical enhancement as
a biomarker for cognitive decline and dementia could be explored
by future studies that compare the cognitive profile of individuals
with and without pericortical enhancement within the same diagnostic group (ie, normal cognition, MCI, dementia) and by following individuals across time to assess conversion rates to MCI
or dementia. The optimal timeframe between contrast injection
and scan acquisition remains to be explored, as well as whether
this phenomenon also occurs in younger individuals. In the future, larger study samples and longitudinal studies may shed light
on the clinical consequences following signs of pericortical BBB
disruption in aging, dementia, and other disorders of the CNS.

CONCLUSIONS
This study identified focal pericortical BBB leakage on delayed
postcontrast FLAIR images in a substantial proportion of patients
with AD and MCI as well as cognitively healthy participants. Pericortical signal enhancement was associated with increasing age
and previous ischemic stroke. In all 3 follow-up cases, the focal
BBB leakage persisted and remained stable across time. The results of our study demonstrate the suitability of postcontrast
FLAIR imaging as a tool for detecting possible chronic pericortical
vascular leaks in a memory clinic setting and in cognitively
healthy older individuals.
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7. Köhrmann M, Struffert T, Frenzel T, et al. The hyperintense acute
reperfusion marker on fluid-attenuated inversion recovery magnetic resonance imaging is caused by gadolinium in the cerebrospinal fluid. Stroke 2012;43:259 – 61 CrossRef Medline
8. Absinta M, Vuolo L, Rao A, et al. Gadolinium-based MRI characterization of leptomeningeal inflammation in multiple sclerosis. Neurology 2015;85:18 –28 CrossRef Medline
9. Latour LL, Kang DW, Ezzeddine MA, et al. Early blood-brain barrier
disruption in human focal brain ischemia. Ann Neurol 2004;56:
468 –77 CrossRef Medline
10. Verhage F. Intelligence and age in a Dutch sample. Human Development 1965;8:238 – 45 CrossRef
11. Jessen F, Amariglio RE, van Boxtel M, et al; Subjective Cognitive Decline Initiative (SCD-I) Working Group. A conceptual framework
for research on subjective cognitive decline in preclinical Alzheimer’s disease. Alzheimers Dement 2014;10:844 –52 CrossRef Medline
12. Petersen RC. Mild cognitive impairment as a diagnostic entity. J Intern Med 2004;256:183–94 CrossRef Medline
13. McKhann G, Drachman D, Folstein M, et al. Clinical diagnosis of
Alzheimer’s disease: report of the NINCDS-ADRDA Work Group
under the auspices of Department of Health and Human Services
Task Force on Alzheimer’s Disease. Neurology 1984;34:939 – 44
CrossRef Medline
14. Folstein MF, Folstein SE, McHugh PR. “Mini-Mental State”: a practical method for grading the cognitive state of patients for the clinician. J Psychiatr Res 1975;12:189 –98 CrossRef Medline
15. Fazekas F, Chawluk JB, Alavi A, et al. MR signal abnormalities at 1.5

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

T in Alzheimer’s dementia and normal aging. AJR Am J Roentgenol
1987;149:351–56 CrossRef Medline
Wardlaw JM, Smith EE, Biessels GJ, et al; STandards for ReportIng
Vascular changes on nEuroimaging (STRIVE v1). Neuroimaging
standards for research into small vessel disease and its contribution
to ageing and neurodegeneration. Lancet Neurol 2013;12:822–38
CrossRef Medline
Greenberg SM, Vernooij MW, Cordonnier C, et al; Microbleed Study
Group. Cerebral microbleeds: a guide to detection and interpretation. Lancet Neurol 2009;8:165–74 CrossRef Medline
Scheltens P, Leys D, Barkhof F, et al. Atrophy of medial temporal
lobes on MRI in “probable” Alzheimer’s disease and normal ageing:
diagnostic value and neuropsychological correlates. J Neurol Neurosurg Psychiatry 1992;55:967–72 CrossRef Medline
Wansapura JP, Holland SK, Dunn RS, et al. NMR relaxation times in
the human brain at 3.0 Tesla. J Magn Reson Imaging 1999;9:531–38
CrossRef Medline
Mathews VP, Caldemeyer KS, Lowe MJ, et al. Brain: gadoliniumenhanced fast fluid-attenuated inversion-recovery MR imaging.
Radiology 1999;211:257– 63 CrossRef Medline
Warach S, Latour LL. Evidence of reperfusion injury, exacerbated by
thrombolytic therapy, in human focal brain ischemia using a novel
imaging marker of early blood-brain barrier disruption. Stroke
2004;35:2659 – 61 CrossRef Medline
Förster A, Wenz H, Groden C. Hyperintense acute reperfusion
marker on FLAIR in a patient with transient ischemic attack. Case
Rep Radiol 2016;2016:9829823 CrossRef Medline
Kidwell CS, Burgess R, Menon R, et al. Hyperacute injury marker
(HARM) in primary hemorrhage: a distinct form of CNS barrier
disruption. Neurology 2011;77:1725–28 CrossRef Medline
Merino JG, Latour LL, Tso A, et al. Blood-brain barrier disruption
after cardiac surgery. AJNR Am J Neuroradiol 2013;34:518 –23 CrossRef
Medline
Cho AH, Suh DC, Kim GE, et al. MRI evidence of reperfusion injury
associated with neurological deficits after carotid revascularization
procedures. Eur J Neurol 2009;16:1066 – 69 CrossRef Medline
Fukuoka H, Hirai T, Okuda T, et al. Comparison of the added value
of contrast-enhanced 3D fluid-attenuated inversion recovery and
magnetization-prepared rapid acquisition of gradient echo sequences in relation to conventional postcontrast T1-weighted images for the evaluation of leptomeningeal diseases at 3T. AJNR Am J
Neuroradiol 2010;31:868 –73 CrossRef Medline
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How Common Is Signal-Intensity Increase in Optic Nerve
Segments on 3D Double Inversion Recovery Sequences in
Visually Asymptomatic Patients with Multiple Sclerosis?
X T. Sartoretti, X E. Sartoretti, X S. Rauch, X C. Binkert, X M. Wyss, X D. Czell, and X S. Sartoretti-Schefer

ABSTRACT
BACKGROUND AND PURPOSE: In postmortem studies, subclinical optic nerve demyelination is very common in patients with MS but
radiologic demonstration is difﬁcult and mainly based on STIR T2WI. Our aim was to evaluate 3D double inversion recovery MR imaging for
the detection of subclinical demyelinating lesions within optic nerve segments.
MATERIALS AND METHODS: The signal intensities in 4 different optic nerve segments (ie, retrobulbar, canalicular, prechiasmatic, and
chiasm) were evaluated on 3D double inversion recovery MR imaging in 95 patients with MS without visual symptoms within the past 3
years and in 50 patients without optic nerve pathology. We compared the signal intensities with those of the adjacent lateral rectus
muscle. The evaluation was performed by a student group and an expert neuroradiologist. Statistical evaluation (the Cohen  test) was
performed.
RESULTS: On the 3D double inversion recovery sequence, optic nerve segments in the comparison group were all hypointense, and an
isointense nerve sheath surrounded the retrobulbar nerve segment. At least 1 optic nerve segment was isointense or hyperintense in 68
patients (72%) in the group with MS on the basis of the results of the expert neuroradiologist. Student raters were able to correctly identify
optic nerve hypersignal in 97%.
CONCLUSIONS: A hypersignal in at least 1 optic nerve segment on the 3D double inversion recovery sequence compared with hyposignal
in optic nerve segments in the comparison group was very common in visually asymptomatic patients with MS. The signal-intensity rating
of optic nerve segments could also be performed by inexperienced student readers.
ABBREVIATION: DIR ⫽ double inversion recovery

R imaging contributes to not only the diagnosis and differential diagnosis of MS but also the monitoring and follow-up of patients.1 T1-weighted postcontrast, T2-weighted, proton-density, FLAIR, and double inversion recovery (DIR) images
are recommended to detect acute and chronic demyelinating lesions in typical locations.1-9
Acute optic neuritis is an inflammatory demyelination of the
optic nerve causing acute visual loss.10-13 After recovery, patients
are often visually asymptomatic, but careful visual testing by vi-
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sually evoked potentials, optical coherence tomography, and visual disability evaluation may reveal persistent slight visual deficits.14-17 These deficits are also observed in patients without any
history of previous acute optic neuritis due to a suspected subclinical disease known as subclinical optic nerve demyelination.14-17
Acute optic neuritis is easily diagnosed on MR imaging by
focal nerve swelling and segmental T2-weighted hyperintensity,
especially on STIR images or on fat-suppressed T2-weighted images and by segmental gadolinium enhancement on T1-weighted
fat-suppressed images.10,18-22 The enhancement is present for a
mean of 30 days after the onset of visual symptoms.21,23-31
Subclinical optic nerve demyelination, however, is not easily
visible on MR imaging. Routine T2-weighted images without fat
suppression and contrast-enhanced T1-weighted FSE images do
not show any signal abnormality in the affected optic nerve.
Fat-suppressed T2-weighted FSE images, especially STIR T2weighted images, may detect a signal-intensity abnormality in
subclinical optic nerve demyelination.23,32,33 The highly diagnostic value of fat-suppressed FLAIR images and fat-suppressed 3D

DIR images in the detection of any pathologic signal intensity
in the optic nerve has been evaluated in acute optic nerve demyelination.10,34,35 In a few patients with subclinical optic
nerve demyelination, signal-intensity abnormalities have been
reported on 3D FLAIR.34 However, there are few data about
the use of the 3D DIR sequence in the evaluation of subclinical
optic nerve demyelination.36
In our department, patients with MS are routinely and regularly monitored for disease progression by a standard protocol
with 3D FLAIR, 3D DIR, T2-weighted FSE, and 3D T1-weighted
postcontrast images. 3D DIR is added to our standard protocol
for improved detection of juxtacortical, cortical, and infratentorial demyelinating lesions.1-9 On the basis of postmortem and
clinical studies having already shown a high percentage of subclinical optic nerve demyelination with ongoing axonal loss in
patients with MS,37-41 we wanted to test 2 hypotheses: first, that it
is possible to detect signal-intensity changes in optic nerve segments on the 3D DIR sequence without the additional application
of a STIR T2-weighted sequence over the orbits in patients with
MS without a history of clinically obvious visual loss and without
a history of acute optic neuritis during the previous 3 years; and
second, that the signal-intensity changes on 3D DIR are so obvious that even inexperienced readers can detect them. This second
hypothesis is important because in our department, MR imaging
examinations of patients with MS are evaluated not only by
trained neuroradiologists but also general radiologists. Therefore,
it is desirable that the lack of neuroradiologic experience be compensated by the application of an easily readable MR image, and
the 3D DIR sequence is routinely acquired in our department for
the follow-up of patients with MS.
For comparison, the signal intensities of normal healthy optic
nerve segments in patients evaluated by the identical 3D DIR sequence for different diseases (ie, epileptic seizures and posttraumatic sequelae) were analyzed as well.

MATERIALS AND METHODS
From November 2012 to September 2016, cerebral 3D DIR images were obtained on a 3T MR imaging unit, Achieva (Philips
Healthcare, Best, the Netherlands), in both a comparison group
and the group of patients with MS.
The comparison group consisted of 50 patients (30 females, 20
males; mean age, 42.5 years; range, 13–78 years) evaluated for
epileptic seizures or posttraumatic sequelae after head trauma
without any known optic nerve pathology.
The group of patients with MS comprised 95 patients (68 females and 27 males; mean age, 44.5 years; range, 16 –77 years)
without clinically obvious visual loss and without any history of
previous optic neuritis during the past 3 years. The diagnosis of
MS had been present in these patients for a mean of 8.9 years
(range, 4.2–26.7 years). Clinical data were obtained with our hospital information system.
In all patients, the 3D DIR sequence was acquired in the sagittal plane. The parameters of this sequence are presented in Table
1. Coronal reconstructions with 2-mm section thickness and
2-mm increments were performed parallel to the long axis of the
brain stem covering the orbits and the whole brain.
The optic nerve is divided into 4 segments (ie, the retrobulbar

Table 1: Imaging parameters of the 3D DIR sequence
Double Inversion
Recovery
Acquisition mode
3D TSE
Acquisition plane
Sagittal
Coverage
Whole head
Reconstructions, section thickness (mm)
Coronal, 2
TR/TE (ms)
5500/246
TI (ms)
2550/450
FOV (mm)
250 ⫻ 250 ⫻ 195
Matrix
240 ⫻ 240 ⫻ 310
Acquired voxel size (mm)
1.2 ⫻ 1.2 ⫻ 0.65
No. of sections
300
Fat suppression
SPIR
NEX
2
Acquisition time
6 min 19 sec
Note:—SPIR indicates spectral presaturation with inversion recovery.

segment within the orbit, the canalicular segment as the nerve
passes through the bony optic canal, the prechiasmatic segment
within the suprasellar cistern, and the chiasm). Both prechiasmatic segments join at the optic chiasm.23,42 The term optic system comprises all optic nerve segments.
The evaluation of the signal intensity of the optic nerve segments in both the comparison group and the group of patients
with MS was by visual inspection. First, a bilateral analysis of the
signal intensity of the 4 optic nerve segments on 3D DIR was
performed in the asymptomatic comparison group. Second, the
signal intensity of the 4 optic nerve segments on 3D DIR in the
group of patients with MS was evaluated.
The signal intensity was separately evaluated for the left and
the right optic nerves and for the optic nerve sheath. In the comparison group, 100 retrobulbar, 100 canalicular, and 100 prechiasmatic nerve segments and 50 chiasms were evaluated. In the
group of patients with MS, 190 retrobulbar, 190 intracanalicular,
and 190 prechiasmatic nerve segments and 95 chiasms were analyzed. The signal intensity of the optic nerve segments and of the
optic nerve sheath was rated as hypointense, isointense, or hyperintense compared with the signal intensity of the directly adjacent
lateral rectus muscle, thus allowing an easy comparison.
The signal intensity was jointly evaluated by a group of 2 students (T.S. and E.S.) inexperienced in the evaluation of MR images and by an expert neuroradiologist with 23 years of experience
(S.S.-S.). The 2 students had been previously instructed and
trained by the expert neuroradiologist by jointly performing correct signal-intensity ratings in 15 randomly chosen MR imaging
examinations not included in this study.
The level of the interobserver agreement for the detection of
signal abnormalities, considering the different nerve segments,
was determined on the basis of the Cohen  test, and the results
are shown in Tables 2 and 3. The  values were interpreted as
follows10: A  value of zero indicated poor agreement; a  value of
0.01– 0.20, minor agreement; a  value of 0.21– 0.40, fair agreement; a  value of 0.41– 0.60, moderate agreement; a  value of
0.61– 0.80, good agreement; and a  value of 0.81–1, excellent
agreement. Comparisons of  values were performed to determine whether the agreements were different for the evaluation of
optic nerve signal abnormality.
This retrospective study with the number Basec 2016 – 01396
was approved by the institutional review board Kantonale EthikAJNR Am J Neuroradiol 38:1748 –53

Sep 2017

www.ajnr.org

1749

Table 2:  values and their conﬁdence intervals for 3D DIR, based on nerve segments in the
group of patients with MS
Symmetric Measures
3D DIR (No. of
Valid Cases)
Retrobulbar (190)
Canalicular (190)
Prechiasmatic (190)
Chiasm (95)

Value
MoA ()
.942
1.000
.704
.918

Asymp.
SEa
.023
.000
.065
.081

Approx.
Tb
15.091
15.891
13.886
10.084

Approx.
Sig.
.000
.000
.000
.000

Exact
Sig.
.000
.000
.000
.000

95% CI
0.896–0.987
1.000–1.000
0.576–0.832
0.759–1.077

kommision Zürich on September 26,
2016, without additional informed consent. This article did not receive any grant
support and has not been presented at any
meetings.

RESULTS
Interobserver Agreement

The agreement was excellent in the assessment of the signal intensity of the
optic nerve segments on 3D DIR for the
comparison group. No interobserver
Table 3:  values and their conﬁdence intervals for 3D DIR, in the group of patients with MS difference was seen. All nerve segments
in all 665 nerve segments combined
in the comparison group were deemed
Symmetric Measures
hypointense for all subjects by the expert
Value
Asymp.
Approx.
Approx.
Exact
reader and the student group.
3D DIR
MoA ()
SEa
Tb
Sig.
Sig.
95% CI
In the patients with MS group, on 3D
665 Valid cases (all
.931
.015
29.761
.000
.000
0.901–0.961
DIR, the signal intensity in 6 retrobulbar
nerve segments)
(3%) and 12 prechiasmatic segments
Note:—MoA indicates measure of agreement; asymp. SE, asymptomatic standard error; approx., approximative; sig.,
(6%) and 1 chiasm (0.5%) was rated difsigniﬁcance.
a
ferently by the student group and the exNot assuming the null hypothesis.
b
Using the asymptotic SE assuming the null hypothesis.
pert reader. The final rating of the signal
intensity on 3D DIR was defined according to the rating of the expert neuroradiologist. A correct rating of
the signal intensity of the different nerve segments on 3D DIR was
performed in 97% of all 665 nerve segments by the student reader
group.
The level of the interobserver agreement for the detection of
signal abnormalities considering the different nerve segments was
determined on the basis of the Cohen  test (Tables 2 and 3).
Statistical evaluation yielded an excellent interobserver
agreement in the comparison group and in the group of patients with MS, for all  values were ⬎0.8 (Tables 2 and 3). The
95% confidence interval with a value of 0.901– 0.961 for all
nerve segments together proved the very good interobserver
agreement.
Note:—MoA indicates measure of agreement; asymp. SE, asymptomatic standard error; approx., approximative; sig.,
signiﬁcance.
a
Not assuming the null hypothesis.
b
Using the asymptomatic SE assuming the null hypothesis.

Signal Intensity in Different Optic Nerve Segments in the
Comparison Group
FIG 1. On 3D DIR, bilaterally normal hypointense retrobulbar (A),
canalicular (B), and prechiasmatic (C) optic nerve segments and a normal hypointense chiasm (D). The normal nerve segments are marked
with white arrows. The normal hypointense retrobulbar optic nerve is
surrounded by an isointense nerve sheath on 3D DIR (A).

In the comparison group, 100 retrobulbar, 100 canalicular, 100
prechiasmatic, and 50 chiasmatic nerve segments were hypointense on 3D DIR (Fig 1). No isointense or hyperintense nerve
signal was observed. The optic nerve sheath was seen as an isointense rim surrounding the hypointense retrobulbar optic nerve
(Fig 1A). Small hyperintense artifacts were present at the air-bone
interface in 57% of the examinations, both in the comparison
group (Fig 2) and in the patients with MS group.

Signal Intensity in Different Optic Nerve Segments in the
Patients with MS Group

FIG 2. Hyperintense susceptibility artifacts (white arrowheads) at
the air-bone interface next to the canalicular nerve segments (A) and
next to the prechiasmatic nerve segments (B). Optic nerve segments
are marked with white arrows.
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The results of the signal-intensity rating of the different nerve
segments are depicted in Table 4.
On 3D DIR, 27 (28%) of the patients with MS presented with
a hypointense optic system without any pathologic signal-intensity increase. However, 68 (72%) of the patients with MS presented with an isointense or hyperintense optic nerve signal in at
least 1 optic nerve segment on 3D DIR (Fig 3).

the signal-intensity rating between the
student group and the expert reader
could be explained by 2 possibilities:
of Nerves
Isointense or
First, hyperintense susceptibility artiEvaluated)
Hypointense
Isointense
Hyperintense
Hyperintense
facts at the skull base common on 3D
Retrobulbar (190)
108 (57%)
8
74
82 (43%)
DIR were present in 57% of all examinaCanalicular (190)
129 (68%)
9
52
61 (32%)
tions (in both the comparison group
Prechiasmatic (190)
178 (93.5%)
9
4
13 (6.5%)
and the group of patients with MS) in
Chiasm (95)
89 (93.5%)
5
1
6 (6.5%)
various intensities and obscured the correct identification of 12 prechiasmatic
nerve segments and 1 chiasm for the student readers and prevented accurate signal-intensity analysis of these nerve segments
on 3D DIR for the unexperienced readers.10 No artifacts were
observed along the retrobulbar and the canalicular nerve segments on 3D DIR.
Second, a prominent isointense optic nerve sheath masked the
central hypointense optic nerve segment on 3D DIR and was
therefore confused with increased signal intensity of the retrobulbar optic nerve itself in 6 retrobulbar nerve segments, leading to
an incorrect pathologic signal-intensity rating in the student
reader group.
Acute optic neuritis is easily diagnosed by contrast enhancement on T1-weighted fat-suppressed images and T2-weighted hyperintensity on fat-suppressed T2-weighted FSE images and
FLAIR images10,24-26,30-31,34,35 or by hypersignal on 3D DIR,10 for
the 3D DIR sequence suppresses fat, white matter, and fluid and
gives optimal contrast between a pathologic hyperintense lesion
FIG 3. On 3D DIR, bilateral normal hypointense retrobulbar nerve
and the surrounding suppressed background.10
segments (A) are compared with bilateral pathologic hyperintense
The diagnosis of subclinical optic nerve demyelination, howretrobulbar nerve segments (B), with a unilateral pathologic hyperintense retrobulbar nerve segment on the left side (C) and a unilatever, is challenging on MR imaging. Contrast enhancement of the
eral pathologic hyperintense canalicular nerve segment on the
optic nerve segments on T1-weighted MR images is absent. Slight
right side (D) in 3 different asymptomatic patients with MS. The
optic nerve atrophy is possible.37 It has been reported that a
hyperintense optic nerve segments are marked with white arrows.
The normal hypointense optic nerve segments are marked with
signal intensity increase of optic nerve segments in subclinical
white arrowheads.
demyelination can be demonstrated on T2-weighted FSE sequences with fat suppression and on STIR T2-weighted imDISCUSSION
ages, and there are also rare reports of optic nerve hypersignal
The optic system comprises 4 different optic nerve segments,
on FLAIR sequences.23,32,34
namely the retrobulbar, canalicular, and prechiasmatic segments
23,42
In a very recent study of 25 patients with MS, an optic nerve
and the chiasm.
An analysis of the signal intensity of the difhypersignal was found on 3D DIR in 38.5% of optic nerves withferent optic nerve segments in a comparison group without any
out a history of previous optic neuritis.36 Our systematic investiknown optic nerve pathology showed that these 4 optic nerve
gation of the reliability of the 3D DIR sequence in the detection of
segments presented with hypointensity on 3D DIR compared
subclinical optic nerve demyelination in a large group of patients
with the signal intensity of the directly adjacent lateral rectus muswith MS without clinically obvious visual symptoms and without
cle. This finding allowed us to define optic nerve segments in
any previous history of optic nerve neuritis within the last 3 years
patients in the comparison group as hypointense on 3D DIR. A
showed an even higher percentage of pathologic hypersignal in
meningeal sheath that presented as an isointense circular rim
optic nerves in 78% of patients. Only 28% of all patients in the MS
around the hypointense optic nerve on 3D DIR surrounded the
group did not present with an increased signal intensity in the
retrobulbar optic nerve segment.42
optic system on 3D DIR. Therefore, a high value of the 3D DIR
The signal-intensity rating of the different optic nerve segsequence in the diagnosis of subclinical optic nerve demyelination
ments could be easily performed by visual inspection by both
can be suspected according to the results of our study. Moreover,
inexperienced readers and expert readers, leading to very good
the 3D DIR sequence has the great advantage of being easily read
interoberserver reliability in our study. The inexperienced stueven by inexperienced readers who are not routinely assessing
dent readers were able to perform a correct rating of the signal
neuroradiologic examinations. Thus, in patients with MS, a hyintensity of the different nerve segments on 3D DIR in 97% of all
persignal in an optic nerve segment on 3D DIR that is different
nerve segments based on a  value of ⬎0.8 in the Cohen  interfrom a hypointense optic nerve signal in the comparison group
observer agreement test. Therefore, the 3D DIR sequence allows
should be considered pathologic.
recognizing signal intensity changes in optic nerve segments even
The presence of a 3D DIR hypersignal in 78% of visually
if the reader is not an experienced neuroradiologist. Differences in
Table 4: Signal intensity of optic nerve segments evaluated on 3D DIR in patients with MS
Signal Intensity on 3D DIR Compared with Signal
Optic Nerve
Intensity of the Lateral Rectus Muscle (%)
Segment (No.
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asymptomatic patients with MS in our study also correlates very
well with the results of postmortem and clinical studies that have
already shown the high percentage of subclinical optic nerve
demyelination with ongoing axonal loss in patients with
MS.25,36,38-41 The high percentage of optic nerve hypersignal on
DIR in the retrobulbar nerve segments in 43% and in the canalicular nerve segments in 32% of the patients with MS but with only
rare hypersignal in the prechiasmatic segment and the chiasm in
6.5% of patients with MS correlates with the distribution of acute
demyelinating lesions in optic nerves.26,30 In postmortem studies,
however, chronic demyelinating lesions are very common, not
only in retrobulbar and canalicular but also in intracranial nerve
segments.30,38,39 Evidently, the evaluation of demyelination in intracranial nerve segments on MR imaging seems to be difficult
with the MR images currently available. This subclinical optic
nerve demyelination occurs with or without previous clinical episodes of acute optic neuritis.36,38-41,43-45 The ongoing axonal loss
correlates with functional disability and quality of life in these
patients.14-17,36,46-48
However, we cannot be sure whether our patients with MS
who were visually asymptomatic had subtle visual deficits that
would have been obvious only by special visual testing (visualevoked potentials, optical coherence tomography, visual disability evaluation36), for our patients had not been specifically examined before the MR imaging examination. Additionally, a possible
episode of acute optic neuritis in the years before the 3 years included in our study design could have been possible. Thus, subtle
visual deficits may have gone undetected in our study, and further
studies combining radiologic findings of DIR hypersignal within
optic nerve segments and clinical correlation based on specific
visual testing with visual evoked potentials and optical coherence
tomography and visual disability testing36 are mandatory.
There are several limitations to this study. First, the main one
is that optic nerve signal intensity was not assessed with a standard
sequence, specifically the STIR T2WI sequence of the orbits. As a
result, the sensitivity and specificity of the 3D DIR sequence could
not be evaluated.
Second, we have assumed that a signal-intensity increase in
different optic nerve segments, based on hypersignal of optic
nerve segments on 3D DIR compared with the signal intensity of
the lateral rectus muscle, was always pathologic because of the
hyposignal of optic nerve segments in 50 patients in the comparison group. This assumption may be wrong.
Third, the hypersignal of different optic nerve segments on 3D
DIR in patients with MS was always related to possible subclinical
optic nerve demyelination, even though it also could have been
caused by other concomitant disease processes such as, for example, ischemic optic neuropathy.
Fourth, it has been assumed that subclinical optic nerve demyelination always leads to hypersignal of optic nerve segments on
3D DIR. However, we did not know whether subclinical nerve
demyelination could also go undetected on 3D DIR.
Fifth, a correlation between hypersignal of optic nerve segments on 3D DIR and histologic findings and specific visual testing as mentioned above had not been performed.
Sixth, the patients in the comparison group evaluated for epileptic seizures or posttraumatic sequelae might also have had
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subclinical optic nerve damage and thus did not really represent a
reliable control group.

CONCLUSIONS
Compared with hypointense optic nerve segments in patients
without MS, in 72% of clinically asymptomatic patients with MS,
3D DIR showed hypersignal in at least 1 optic nerve segment. We
have speculated about whether the hypersignal of the different
optic nerve segments on 3D DIR in the group of patients with MS
was related to subclinical optic nerve demyelination. The signal
intensity of the different optic nerve segments could easily and
reliably be determined on 3D DIR by both inexperienced and
expert readers; therefore, evaluation of subclinical optic nerve pathology in patients with MS can also be performed without an
experienced neuroradiologist.
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Intracranial Perishunt Catheter Fluid Collections with Edema, a
Sign of Shunt Malfunction: Correlation of CT/MRI and Nuclear
Medicine Findings
X H.A. Kale, X A. Muthukrishnan, X S.V. Hegde, and X V. Agarwal

ABSTRACT
SUMMARY: Fluid collections with edema along the intracranial tract of ventriculoperitoneal shunt catheters in adults are rare and are
more frequently seen in children. The imaging appearance of these ﬂuid collections is frequently confusing and presents a diagnostic
dilemma. We present 6 cases of adult patients noted to have collections with edema along the tract of ventriculoperitoneal shunt
catheters. To our knowledge, there are no previous studies correlating the CT/MR imaging ﬁndings with nuclear medicine scans in this
entity. We hypothesized that when seen in adults, the imaging ﬁndings of a CSF-like ﬂuid collection around the intracranial ventriculoperitoneal shunt catheter on CT/MR imaging may suggest areas of CSF accumulation with interstitial edema. It is important to recognize
this rare ventriculoperitoneal shunt complication in adults to prevent misdiagnosis of an abscess or cystic tumor.
ABBREVIATIONS: NM ⫽ nuclear medicine; VP ⫽ ventriculoperitoneal

entriculoperitoneal (VP) shunt catheters are placed for
drainage of CSF for a wide variety of etiologies, such as hydrocephalus and idiopathic intracranial hypertension (pseudotumor cerebri). Fluid collections along the tract of an intracranial
VP shunt catheter with edema are rarely seen in adults1-5 and
more frequently seen in children.6-10 VP shunt catheters may be
complicated by blockage, kinking, or fracture of the catheter;
overdrainage; infection; and malposition. Some of these complications can be treated by merely changing the shunt settings.
In other situations, the catheters may have to be removed and
replaced either along the same tract or at a new site.11,12 Shunt
malfunction is a serious complication, and the most frequent
reason for shunt revision. The rate of shunt failure after 1 year
has been reported to be up to 30%, with 50% of shunts requiring some form of revision within 6 years of placement.13,14 The
basic components of a CSF shunt include a proximal catheter,
reservoir, valve, and distal catheter.1,11 In adults, distal catheter obstruction is more common. In children, proximal cath-
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eter obstruction is more frequent and commonly occurs early
after an operation.
Initial evaluation of shunt malfunction is with a shunt series
and CT or MR imaging of the head and, if necessary, the abdomen/pelvis. Typically, VP shunt catheter malfunction results in
inadequate drainage of CSF and is seen on imaging as an increase
in ventricular size. VP shunt nuclear scintigraphy is usually performed to evaluate the patency and function of a VP shunt system.
The patient is typically placed in a supine position, and the patient’s scalp overlying the shunt reservoir/valve is prepared with
iodine and draped. The neurosurgeon then injects a small volume, about 0.5 mL, of the radiotracer into the shunt reservoir/
valve while manually applying pressure to the valve on the overlying skin to demonstrate reflux of tracer activity into the
ventricles. Indium-111 disodium pentetate ([111In] DTPA) is the
preferred radioactive tracer of choice, though technetium Tc99m
DTPA has also been used in some institutions. Sequential spot
planar imaging of the head, neck, chest, and abdomen is acquired
in multiple projections with a gamma camera. The radiotracer
flow through the proximal and distal portion of the catheter tubing is imaged immediately after injection and at 15-minute
intervals.
When there is absent or substantially delayed tracer migration
from the ventricular system into the abdomen, a diagnosis of
shunt malfunction should be inferred. Pericatheter cyst with
edema around VP shunt catheters are rare in adults. In our review
of the literature, there were only 5 case reports in adults with
pericatheter cyst and edema associated with VP shunt catheters.
The purpose of our study was to illustrate the benefit of combin-

ing the utility of anatomic CT/MR imaging with functional nuclear medicine (NM) information in arriving at a correct diagnosis of shunt malfunction.

Case Series
The institutional Radiology Information System and PACS
were used to retrospectively identify patients who presented
with perishunt catheter collections on either CT or MR imaging who subsequently underwent evaluation with [111In]
DTPA examinations. Patients who had pericatheter hemorPatient demographics
Total No. of patients
Age range (yr); sex (M:F)
Indication for shunt placement (No.)
Pseudotumor cerebri
Chiari I malformation
Postoperative pseudomeningocele
Presenting symptoms prior to shunt
replacement (No.)
Headache
Abdominal pain
Time to development of cyst after surgery
Site of shunt catheter obstruction (No.)
Proximal
Proximal and distal

6
24–46; 4:2
4
1
1

5
1
16 days to 5 years
3
3

rhage on immediate postoperative examinations were excluded. Likewise, patients who did not have NM examinations
were also excluded. The study was fully Health Insurance Portability and Accountability Act– compliant and was approved
by the local institutional review board. We retrospectively
evaluated the CT/MR imaging and [111In] DTPA NM findings
in 6 patients with peri-VP shunt catheter collections who presented to our institution through a search of our Radiology
Information System and PACS.
In our group of patients, all 6 had an abnormal NM findings
with delayed or absent detection of tracer in the proximal or
proximal and distal limbs of the VP shunt catheter. Of these
patients, 5 were treated surgically with shunt removal and replacement. The sixth patient was initially clinically stable and
subsequently lost to follow-up. There was a near-complete resolution of the cyst after shunt replacement in all operated patients (Table).
Case 1. A 38-year-old woman with pseudotumor cerebri presented with new onset of headaches after placement of a VP shunt
catheter. The duration between her initial catheter placement and
clinical presentation was 12 months. CT performed at presentation showed edema and a fluid collection along the tract of the
right-frontal-approach catheter (Fig 1A). An NM study showed
no evidence of distal VP shunt obstruction with free tracer transit
into the peritoneal cavity (Fig 1B, -C).
However, there was focal accumulation of tracer activity on both early and
delayed images in the right frontal
fluid collection seen on the most recent head CT, suggesting an area of
CSF accumulation. The patient was
clinically stable with some improvement in symptoms. No shunt revision
was performed. The patient was subsequently lost to follow-up.

FIG 1. A, CT shows a ﬂuid collection in the right frontal lobe along the tract of a VP shunt with
surrounding edema. B, NM scan shows a focal accumulation of tracer in a right frontal cyst. C, NM
scan shows normal transit of the radiotracer to the peritoneum.

Case 2. A 43-year-old man status post
subependymoma resection with a postoperative pseudomeningocele treated
with VP shunt placement presented with
posterior headaches. The duration between catheter placement and presentation was 45 months. CT and MR imaging showed a right frontal fluid
collection along the shunt catheter tract
(Fig 2A). An NM study showed no evidence of radiotracer transit through the
shunt tubing into the peritoneal cavity,
suggesting a distal obstruction (Fig 2B).
Also, focal tracer intracranial activity
was noted corresponding to the area of
the right frontal hypoattenuation seen
on the head CT, suggesting a proximal
obstruction. The patient subsequently
underwent shunt revision. Immediate
follow-up CT showed a decreased size
of the collection and resolution of the
cyst at 1 year.
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Case 3. A 24-year-old woman with a history of pseudotumor
cerebri was treated with VP shunt placement. She initially presented with abdominal pain and increased abdominal fluid. The
interval between catheter placement and presentation was 60
months. CT of the head showed a fluid collection and edema
along the right frontal shunt tract (Fig 3A). An NM study showed
delayed passage of tracer distally into the peritoneum (Fig 3B).
There was focal tracer accumulation within the right frontal region (Fig 3C), corresponding to the focal fluid collection on CT,
suggesting an area of CSF accumulation. After initial conservative
management, the shunt was ultimately revised.
Case 4. A 43-year-old woman with a history of Chari I malformation with hydrocephalus treated with VP shunt placement presented with headaches. The duration between shunt placement
and presentation was 3 months. CT and MR imaging showed fluid
collection/edema along the left frontal shunt tract. An NM study
showed free spillage of tracer into the peritoneal cavity; however,
there was focal tracer retention within the left frontal region corresponding to the fluid collection on the CT of the head. The VP
shunt catheter was subsequently revised.

fluid collection seen on the head CT, suggesting proximal obstruction. The VP shunt catheter was subsequently revised.
Case 6. A 36-year-old man with a history of pseudotumor cerebri
had a shunt placed. Fifteen months after shunt placement, he presented with headaches, tinnitus, and blurred vision. CT and MR imaging showed fluid collection/edema along the shunt tract. An NM
study showed no evidence of intracranial tracer movement through
the distal portions of the shunt tubing into the peritoneum, consistent with a distal obstruction. Substantial tracer collection at the
shunt reservoir, the site of the tracer administration, was also noted.
On more delayed images, a small area of intracranial focal activity
corresponded to the right frontal fluid collection seen on the head
CT, suggesting additional proximal obstruction. The VP shunt catheter was subsequently revised.

DISCUSSION

Our study of peri-VP shunt catheter fluid collections showed a
CSF–like attenuation/signal within the collections with extensive
surrounding edema on both CT and MR imaging without substantial ventricular dilation. On subsequent nuclear medicine
studies, there was shunt obstruction noted in all the VP shunt
Case 5. A 46-year-old woman with a history of pseudotumor
catheters. These findings are important because the presence of a
cerebri had a shunt placed. Sixteen days after shunt placement,
cystic mass with surrounding edema may lead to an incorrect
she presented with headaches. CT and MR imaging showed fluid
suspicion of an abscess or cystic tumor.
collection/edema along the shunt tract. An NM study showed
Bianchi et al1 reported a case of pericatheter cyst mimicking a
distal obstruction of the shunt with no evidence of tracer transit
cystic tumor. In their report, the patient had a VP shunt catheter
into the distal portions of the VP shunt tubing or peritoneum. In
placed for hydrocephalus associated with a myelomeningocele.
addition, there was focal intracranial accumulation of the tracer,
The patient presented with a motor deficit. At the operation,
with the right frontal region corresponding to the right frontal
discontinuity of the intraventricular portion of the catheter to
the rest of the shunt was found. Amans and Dillon2 reported a
pericatheter cyst around a VP shunt catheter placed for communicating hydrocephalus. In the case reported by Vajramani and
Fugleholm,3 the VP shunt catheter was placed for recurrent meningioma with symptomatic hydrocephalus.
Bianchi et al1 and Amans and Dillon2 demonstrated a proximally obstructed malfunctioning VP shunt catheter. Vajramani
and Fugleholm3 hypothesized radiation-induced changes responsible for the cyst development rather than shunt malfunction.
In our series, the age range was 24 – 46 years. The collections
were seen at an interval of 16 days to 60 months from the time of
VP shunt catheter placement. All patients had postoperative CT
FIG 2. A, MR imaging shows a cyst in the right frontal region. B, NM
or MR imaging, which did not reveal a collection. The patients
scan shows focal accumulation of the tracer in a right frontal cyst.
included 4 men and 2 women. All patients in our series demonstrated a fluid
collection along the tract of the VP shunt
catheter with surrounding edema on
CT. There was proximal shunt obstruction in 4 patients and proximal and
distal obstruction in 2 patients. The indication for shunt placement was a
pseudotumor in 4 patients and Chiari
malformation and postoperative pseudomeningocele in 1 each. The indication
for repeat imaging was headache in 5 patients and abdominal pain in 1 patient.
FIG 3. A, MR imaging shows a cyst in the right frontal region with surrounding edema. B, NM scan
shows delayed passage of radiotracer to the peritoneum. C, NM scan shows focal accumulation The shunt was replaced in 5 patients,
and 1 patient was followed conservaof the tracer in a right frontal cyst.
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tively because this patient was subsequently asymptomatic. The
time between the cyst being reported and shunt revision was ⬍1
month in 3 patients and ⬎1 year in 2 patients. The ventricular size
was nondilated in 5 patients and mildly dilated in 1 patient. In our
series, one of the patients is asymptomatic and continues to show
persistence of the collection and surrounding edema on a follow-up examination. We believe this finding may represent early
partial or complete obstruction of the catheter, which, if followed,
will ultimately result in shunt failure.
Four of the 6 patients had VP shunt catheters placed for refractory increased intracranial pressure (pseudotumor). VP shunt
catheter placement is an established surgical treatment for refractory increased intracranial pressure.15,16 Previously, its use was
thought to be increasing.17
VP shunt catheters are the main treatment option available for
hydrocephalus due to various causes. Shunt malfunction is a serious problem. The initial diagnostic evaluation for VP shunt
malfunction is CT or MR imaging and a plain film evaluation for
shunt integrity. The typical CT/MR imaging findings in shunt
malfunction include hydrocephalus, fracture, migration, and
overdrainage with slit-like ventricles and extra-axial fluid collections. Pericatheter cyst and edema around VP shunt catheters are
rare, with a few case reports mostly described in children.
Most of the patent well-functioning VP shunt systems demonstrate good ventricular reflux of the tracer activity. Also, the
entire portion of the shunt system will be visualized with uninterrupted passage of the tracer into the distal portions of the shunt
tubing, with free spilling of the tracer into the peritoneal cavity
(the pleural cavity in case of a ventriculopleural shunt) within the
first 15 minutes of the injection of the radiotracer. Delayed or no
clearance of the radioactivity through the distal portions of the
shunt tubing, in general, is useful in confirming and localizing
distal obstruction. However, in case of proximal obstruction of
the ventricular portion of the tubing, the absence of ventricular
reflux is considered a more reliable imaging finding.
Collections with edema around VP shunt catheters are uncommon in adults. Although these findings may be confused with infection or tumor, shunt malfunction should be considered. The exact
etiology of pericatheter collections is unclear. Findings may represent
accumulation of CSF in the brain parenchyma as a result of differential pressure between the intraventricular CSF and brain parenchyma. This finding would explain the higher incidence in children,
with the softer more pliable pediatric brains being more amenable to
yielding to pressure. This would also explain the relatively younger
adult patients in our series (24 – 46 years). Edema around the VP
shunt tract is probably a precursor or an associated finding. Other
proposed mechanisms have been CSF leak into the pericatheter
space/fibrous tunnel, slit ventricle syndrome, and subependymal dislocation of holes of the catheter.1
In the series of cases presented here, all patients demonstrated
absence of radiotracer reflux into the ventricles. Also, there was
focal accumulation of radiotracer corresponding to the loculated
fluid collection as seen on head CT or MR images. Some patients also
had good passage of the radiotracer through the distal portions of the
tubing, which should not be mistaken for a well-functioning shunt
system, especially in the absence of ventricular reflux and the presence of an intracranial loculated collection of radiotracer activity.

Combining the benefits of the anatomic imaging (CT/MR imaging)
and functional information (NM study) can help make the diagnosis
of shunt malfunction, especially related to proximal obstruction;
however, management remains controversial.
A limitation of this case series is the low number of cases; however, given the relative frequency with which VP shunt catheters are
placed, though rare, this entity is probably underdiagnosed.

CONCLUSIONS
Pericatheter fluid collection with edema along the tract of the VP
shunt catheter is an uncommon finding in adults. When present
on CT and/or MR imaging, the findings should raise concern for
catheter malfunction and prompt further NM evaluation.
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Value of Thrombus CT Characteristics in Patients with Acute
Ischemic Stroke
X J. Borst, X O.A. Berkhemer, X E.M.M. Santos, X A.J. Yoo, X M. den Blanken, X Y.B.W.E.M. Roos, X E. van Bavel, X W.H. van Zwam,
X R.J. van Oostenbrugge, X H.F. Lingsma, X A. van der Lugt, X D.W.J. Dippel, X H.A. Marquering, and X C.B.L.M. Majoie; on behalf of
the MR CLEAN investigators

ABSTRACT
BACKGROUND AND PURPOSE: Thrombus CT characteristics might be useful for patient selection for intra-arterial treatment. Our
objective was to study the association of thrombus CT characteristics with outcome and treatment effect in patients with acute ischemic
stroke.
MATERIALS AND METHODS: We included 199 patients for whom thin-section NCCT and CTA within 30 minutes from each other were
available in the Multicenter Randomized Clinical Trial of Endovascular Treatment for Acute ischemic stroke in the Netherlands (MR CLEAN)
study. We assessed the following thrombus characteristics: location, distance from ICA terminus to thrombus, length, volume, absolute
and relative density on NCCT, and perviousness. Associations of thrombus characteristics with outcome were estimated with univariable
and multivariable ordinal logistic regression as an OR for a shift toward better outcome on the mRS. Interaction terms were used to
investigate treatment-effect modiﬁcation by thrombus characteristics.
RESULTS: In univariate analysis, only the distance from the ICA terminus to the thrombus, length of ⬎8 mm, and perviousness were
associated with functional outcome. Relative thrombus density on CTA was independently associated with functional outcome with an
adjusted common OR of 1.21 per 10% (95% CI, 1.02–1.43; P ⫽ .029). There was no treatment-effect modiﬁcation by any of the thrombus CT
characteristics.
CONCLUSIONS: In our study on patients with large-vessel occlusion of the anterior circulation, CT thrombus characteristics appear
useful for predicting functional outcome. However, in our study cohort, the effect of intra-arterial treatment was independent of the
thrombus CT characteristics. Therefore, no arguments were provided to select patients for intra-arterial treatment using thrombus CT
characteristics.
ABBREVIATIONS: DT ⫽ distance from the ICA terminus to the thrombus; IAT ⫽ intra-arterial treatment; ICA-T ⫽ ICA terminus; IQR ⫽ interquartile range; MR
CLEAN ⫽ Multicenter Randomized Clinical Trial of Endovascular Treatment for Acute ischemic stroke in the Netherlands

ntra-arterial treatment (IAT) of acute ischemic stroke with retrievable stents for patients with a confirmed intracranial arterial occlusion of the anterior circulation has proved beneficial and
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safe in multiple randomized controlled trials.1-5 Several studies
have found a relation between radiologic imaging characteristics
of the thrombus and functional outcome, which might have value
in the prediction of the efficacy of IAT. For example, multiple
studies have suggested that patients with a clot longer than 8 mm
on NCCT do not respond well to IV alteplase but might profit
from IAT.6,7 Furthermore, a previous study observed that com(FP7/2007–2013) under grant agreement No. 602150 (CENTER-TBI;
https://www.center-tbi.eu/).
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FIG 1. Length measurement. Placement of seed points in the thrombus by the observer. Subsequently, the software determined the centerline
through the thrombus, which represents the length of the thrombus. Top row from left to right: sagittal view NCCT, coronal view NCCT, axial
view NCCT. Bottom row from left to right: sagittal view CTA, coronal view CTA, axial view CTA.

pared with IV alteplase alone, IAT after IV alteplase leads to better
outcomes in patients with a distance from the ICA terminus
(ICA-T) to the thrombus (DT) shorter than 16 mm.8 Also, it was
found that a thrombus with higher absolute or relative Hounsfield
units on NCCT is predictive of successful recanalization with mechanical thrombectomy or intravenous alteplase.9-12 Moreover, it
was recently shown that thrombus perviousness, which is a measure of the amount of contrast penetration in the thrombus on
CTA, is strongly associated with functional outcome.13 On the
basis of these observations, we hypothesized that thrombus CT
characteristics have the potential to be used for selection of
patients who are likely to benefit from IAT. We aimed to determine which thrombus CT characteristics are associated with
functional outcome in patients with acute ischemic stroke due
to a proximal intracranial occlusion enrolled in the Multicenter Randomized Clinical Trial of Endovascular Treatment
for Acute ischemic stroke in the Netherlands (MR CLEAN)
study. Moreover, we aimed to determine whether the efficacy
of IAT on functional outcome was modified by the thrombus
CT characteristics.

MATERIALS AND METHODS
Patient Selection
All patients enrolled in MR CLEAN with thin-section (ⱕ2.5 mm)
baseline NCCT and CTA acquired within 30 minutes from each
other on the same scanner were included in this study (n ⫽ 233).
CT data with too much noise (n ⫽ 8), severe motion artifacts (n ⫽
22), insufficient contrast on CTA (n ⫽ 1), and incomplete ROI
(n ⫽ 3) were excluded; thus, data from 199 patients were available
for further analysis. In MR CLEAN, the effect of IAT versus best
medical treatment, including IV alteplase, was investigated in patients with acute ischemic stroke. Patients enrolled in MR CLEAN
had a proximal intracranial arterial occlusion of the anterior circulation confirmed on vessel imaging. Permission of the ethics
committee and institutional review board was given, and patients
or their legal representatives signed informed consents. The protocol and a detailed description of the methods of MR CLEAN
have been published previously.14

Image Analysis
We determined the following thrombus characteristics on baseline NCCT and CTA imaging: location, DT, length, volume,
absolute and relative attenuation on NCCT, and thrombus perviousness measures: absolute and relative density on CTA, attenuation increase, and void fraction.13 Location of the thrombus
(M1, M2, A1, A2, ICA, or ICA-T) was determined on CTA by
expert neuroradiologists.1 The length of the thrombus was measured on NCCT with the aid of coregistered CTA, with an inhouse-developed MeVisLab interface (www.mevislab.de).15 A
trained user (J.B., with 3 years of experience in neuroimaging
research), blinded to clinical information, placed several seed
points in the thrombus (Fig 1). Subsequently, the software determined the centerline through the thrombus. If needed, the user
could adapt the centerline on multiplanar reformations. The
length of the thrombus was represented by the length of this centerline. With the same program, the DT was measured by placing
several seed points starting in the ICA-T to the proximal border of
the thrombus (Fig 2). The volume of the thrombus was calculated
with a semiautomated segmentation method adapted from Santos et al.15 The centerline already determined for the length measurement was subsequently used in the volume calculation.
Density measurement of the thrombus and contralateral vessel segment was performed on NCCT and coregistered CTA by a
trained observer (M.d.B., with 1 year of experience), blinded to
clinical information, with the in-house-developed MeVisLab interface.13 The mean thrombus density was calculated by averaging
the Hounsfield units of 3 manually placed ROIs of the thrombus.
Relative density was calculated by dividing the mean Hounsfield
unit of the thrombus by the mean Hounsfield unit of the contralateral vessel segment.11
We included thrombus perviousness measures estimating the
permeability by quantifying the contrast agent penetration in the
thrombus on CTA. Absolute and relative thrombus densities on
CTA were derived in a manner similar to that of the density measurement on NCCT. Attenuation increase was determined by
subtracting the mean density of the thrombus on NCCT from the
AJNR Am J Neuroradiol 38:1758 – 64
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FIG 2. Distance from the ICA-T to the thrombus. Placement of seed points in the vessel from the ICA-T to the thrombus by the observer.
Subsequently, the software determined the centerline through the vessel, which represents the distance from the ICA-T to the thrombus. Left:
coronal view CTA. Right: axial view CTA.

mean density on CTA. Void fraction was the ratio between the
attenuation increase of the thrombus and the attenuation increase
of the contralateral vessel segment.13

Statistical Analysis
Association with Outcome. The primary outcome measure was
the full modified Rankin Scale score at 90 days. The mRS is an
ordered categoric scale to measure functional disability, ranging
from 0 (no symptoms) to 6 (death). A score of ⱕ2 indicates functional independence.16 The association of thrombus characteristics with functional outcome was estimated with univariable and
multivariable ordinal logistic regression and was presented as a
common OR for a shift in the direction of a better outcome on the
mRS.16,17 The common odds ratio measured the likelihood that
the presence of a certain thrombus characteristic would lead to
lower modified Rankin Scale scores, compared with the absence
of this thrombus characteristic (shift analysis).17
If one analyzes the mRS on an ordinal scale, the ordinal nature
of the mRS is preserved; therefore, the statistical power is increased compared with dichotomized analyses.18
We adjusted for differences in patient characteristics by including the following baseline characteristics as covariates in the
multivariable analysis: age, sex, atrial fibrillation, diabetes mellitus, time from onset to randomization, previous stroke, and
stroke severity assessed by the NIHSS. We included all thrombus
characteristics with a P value ⬍ .10 (in the univariable analysis) in
the multivariable analysis.
To avoid multicollinearity, we implemented thrombus characteristics that were more than moderately correlated with each
other (Spearman correlation or point-biserial correlation of
⬎0.5) in separate models. Of the correlated characteristics, we
first included the characteristics with the lowest univariable P
value in the multivariable model. Subsequently, we alternately
replaced a correlated characteristic for the others in the multivariable model.
Location of the thrombus (ICA-T, n ⫽ 46; M1, n ⫽ 131; M2,
n ⫽ 22) was dichotomized as an ICA-T occlusion versus a nonICA-T occlusion. Because it has been suggested that patients with
a thrombus of ⬎8 mm or a DT of ⬍16 mm do not respond well to
intravenous alteplase,6-8 we have also introduced the dichoto1760
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mized thrombus length of ⬎8 mm and the DT of ⬍16 mm in the
analysis.
Secondary outcome measures were the following: the absence
of an intracranial occlusion on follow-up CTA and final infarct
volume on follow-up NCCT.19 For the patients who underwent
successful IAT reperfusion, modified Thrombolysis in Cerebral
Infarction 2B or 320 was also used as a secondary outcome measure. For dichotomized outcome measures, univariable logistic
regression analysis was performed, and the association was presented as an OR. For final infarct volume, univariable linear regression was performed, and the association was reported as B
coefficients. The multivariable analysis to determine the association of the thrombus characteristics with final infarct volume or
absence of occlusion on follow-up CTA was performed, similar to
the multivariable analysis for the mRS.
Treatment-Effect Modiﬁcation. We investigated whether thrombus characteristics had a treatment-effect modification by analyzing
whether there was interaction with treatment allocation in the
prediction of functional outcome, using a multivariable ordinal
logistic regression model, including the thrombus characteristic
of interest, treatment allocation, and the multiplicative interaction term of these variables. We also included the baseline
characteristics and thrombus characteristics with a univariable
P value ⬍ .1 in a multivariable ordinal logistic regression
model. Of the correlated characteristics, we included only the
thrombus characteristics with the lowest univariable P value in
the multivariable model.
The effect of outliers was minimized by truncation of continuous CT thrombus characteristics (length, volume, DT, absolute
and relative density on NCCT, and perviousness) at the 2.5th and
97.5th percentiles.21 STATA/SE 13䡠1 (StataCorp, College Station
Texas) was used for all statistical analyses.

RESULTS
The mean age was 65 years (range, 31–93 years), and 62% (124/
199) were men. Table 1 shows the baseline characteristics of the
study cohort, and Table 2 shows the baseline characteristics stratified by treatment. Except for the percentage of patients allocated
to IAT, the baseline characteristics of the full MR CLEAN cohort
and this study cohort were similar. In our study cohort, 39%

Table 1: Baseline characteristics of the full MR CLEAN cohort and subgroups included and not included in this study
MR CLEAN Subgroup
MR CLEAN Not
Included (n = 199)
Included (n = 301)
Mean age (yr)
65 (range, 31–93)
66 (range, 23–96)
Male sex (%)
62 (124/199)
56 (168/301)
Median NIHSS score
18 (IQR, 14–22)
17 (IQR, 15–21)
Median ASPECTS
9 (IQR, 8–10)
9 (IQR, 7–10)
Diabetes mellitus (%)
11 (21/199)
16 (47/301)
Atrial ﬁbrillation (%)
27 (54/199)
27 (81/301)
Previous stroke (%)
10 (20/199)
11 (34/301)
IAT (%)
39 (78/199)
51 (155/301)
Median thrombus length (mm) (n ⫽ 186)
15.6 (IQR, 10.3–22.2) (range, 4.8–39.5)
70.1 (IQR, 49.3–113.3) (range, 6.1–456.7)
Median thrombus volume (mm3) (n ⫽ 186)
Median distance to thrombus (mm)
6.4 (IQR, 0.0–13.5) (range, 0.0–38.2)
T-occlusion (%)
23 (46/199)
29 (88/301)
Median density thrombus NCCT (HU)
49.0 (IQR, 44.5–55.4) (range, 33.1–67.8)
Median relative density thrombus NCCT (%)
134.4 (IQR, 116.8–151.7) (range, 65.8–274.4)
Median density thrombus CTA (HU)
61.4 (IQR, 52.6–72.1) (range, 38.5–134.3)
Median relative density thrombus CTA (%)
29.8 (IQR, 21.4–40.8) (range, 12.2–94.7)
Median thrombus attenuation increase (HU)
11.4 (IQR, 0.1–22.5) (range, ⫺9.9–80.0)
Median thrombus void fraction (%)
6.0 (IQR, 0.08–15.4) (range, ⫺8.9–61.8)

MR CLEAN Full
Cohort (n = 500)
65 (range, 23–96)
58 (292/500)
18 (IQR, 14–22)
9 (IQR, 8–10)
14 (68/500)
27 (135/500)
11 (54/500)
47 (233/500)

27 (134/500)

Table 2: Baseline characteristics of the full MR CLEAN subgroups included in this study stratiﬁed by treatment
IAT (n = 78)
Control (n = 121)
Mean age (yr)
63 (range, 43–87)
66 (range, 31–93)
Male sex (%)
67 (52/78)
56 (72/121)
Median NIHSS
17 (IQR, 13–21)
19 (IQR, 14–23)
Median ASPECTS
9 (IQR, 8–10)
9 (IQR, 8–10)
Diabetes mellitus (%)
9 (7/78)
12 (14/121)
Atrial ﬁbrillation (%)
22 (17/78)
31 (37/121)
Previous stroke (%)
14 (11/78)
7 (9/121)
Median thrombus length (mm) (n ⫽ 186)
16.2 (IQR, 11.6–22.0) (range, 4.8–39.5)
15.2 (IQR, 10.3–22.3) (range, 4.8–39.5)
69.3 (IQR, 51.7–111.9) (range, 6.1–329.0)
70.9 (IQR, 43.8–115.5) (range, 11.4–456.7)
Median thrombus volume (mm3) (n ⫽ 186)
Median distance to thrombus (mm)
6.8 (IQR, 0.0–12.8) (range, 0.0–38.2)
6.4 (IQR, 0.0–13.5) (range, 0.0–38.2)
T-occlusion (%)
26 (20/78)
21 (26/121)
Median density thrombus NCCT (HU)
49.0 (IQR, 45.2–55.2) (range, 33.1–67.8)
48.9 (IQR,44.1–55.4) (range, 33.1–67.8)
Median relative density thrombus NCCT (%)
137.4 (IQR, 116.0–151.4) (range, 84.8–213.0)
131.2 (IQR, 117.7–151.7) (range, 65.8–274.4)
Median density thrombus CTA (HU)
61.2 (IQR, 53.3–68.7) (range, 38.5–134.3)
61.9 (IQR, 52.5–75.1) (range, 38.5–134.3)
Median relative density thrombus CTA (%)
29.6 (IQR, 23.2–37.9) (range, 12.2–94.7)
29.8 (IQR, 20.5–43.9) (range, 12.5–88.7)
Median thrombus attenuation increase (HU)
12.3 (IQR, 0.74–19.6) (range, ⫺9.9–80.0)
11.2 (IQR, ⫺0.9–28.5) (range, ⫺9.9–80.0)
Median thrombus void fraction (%)
5.8 (IQR, 0.99–12.3) (range, ⫺8.9–61.8)
6.1 (IQR, ⫺0.47–16.8) (range, ⫺8.9–61.8)

(78/199) of the patients underwent IAT compared with 47% (233/
500) in the MR CLEAN cohort. The successful reperfusion rate
was 59% (115/194). The median thrombus length was 15.6 mm
(interquartile range [IQR], 10.3–22.2 mm), the median DT was
6.4 mm (IQR, 0.0 –13.5 mm), and the median density on NCCT
was 49.0 HU (IQR, 44.5–55.4 HU). If the thrombus was located in
the ICA-T, the DT was 0 mm. In 13 patients, we were unable to
determine the length of the thrombus due to lack of contrast in the
extracranial ICA.
In this study cohort, 15% (30/199) of the thrombi were ⬍8
mm and 18% (35/199) had a DT ⱖ 16 mm. The median relative
CTA thrombus density was 29.8% (IQR, 21.4%– 40.8%), the median thrombus attenuation increase was 11.4 HU (IQR, 0.1–22.5
HU), and the median thrombus void fraction was 6.0% (IQR,
0.08%–15.4%).

Associations with Outcome
DT, length of ⬎8 mm, and the perviousness measures (ie, absolute and relative CTA density, attenuation increase, and void fraction) were associated with functional outcome in the univariable

analysis (P ⬍ .05) (On-line Table 1). Length and length of ⬎8
mm, volume and length, DT and DT ⬍ 16 mm, DT and the
presence of an ICA-T, and the perviousness measures were correlated with each other (see On-line Table 2 for the correlation
coefficients). Only relative thrombus density on CTA was an independent predictor of functional outcome in the multivariable
analysis, with an adjusted common OR of 1.21 per 10% (95% CI,
1.02–1.43) (P ⫽ .029) (see On-line Table 1 for adjusted common
ORs). Thrombus volume, DT, DT ⬍ 16 mm, NCCT thrombus
density, and CTA attenuation increase were associated with the
absence of an intracranial occlusion on follow-up CTA (On-line
Table 1). In the multivariable analysis, none of the thrombus CT
characteristics were associated with the absence of intracranial
occlusion on follow-up CTA (P ⬎ .05) (On-line Table 1). Length
of ⬎8 mm, thrombus volume, DT, DT ⬍ 16 mm, the presence of
ICA-T, NCCT thrombus density, CTA attenuation increase, and
void fraction were associated with final infarct volume (On-line
Table 1). In the multivariable analysis, none of the thrombus CT
characteristics were associated with final infarct volume (On-line
Table 1).
AJNR Am J Neuroradiol 38:1758 – 64
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Treatment-Effect Modiﬁcation
We observed no significant treatment-effect modification of IAT
with any of the thrombus CT characteristics.

DISCUSSION
In this study cohort of patients with a large-vessel occlusion of the
anterior circulation, DT, length of ⬎8 mm, and the perviousness
measures were associated with functional outcome. In our study,
only relative density on CTA was associated with functional outcome after adjustment for the baseline patient characteristics and
the other thrombus characteristics. We observed that patients
with a higher relative thrombus density on CTA had better functional outcome compared with patients with a lower relative
thrombus density on CTA. We observed no treatment-effect
modification by any of the thrombus CT characteristics. Therefore, this study provides no arguments to select patients for IAT
using thrombus CT characteristics.
Our study confirms that DT is associated with functional outcome in univariable analysis.8 In this study cohort, the dichotomized thrombus length of ⬎8 mm was associated with functional
outcome, which is in line with a previous study demonstrating
that patients with a thrombus of ⱕ8 mm have a better outcome
after IV alteplase.7 We observed that increasing thrombus density
on NCCT was associated with persistent occlusion. In contrast,
previous studies have shown that lower absolute and relative
thrombus densities are associated with persistent occlusion in patients with anterior circulation occlusion (primarily distal M1 and
M2) treated with IV alteplase.11,12
We observed that the outcome of patients who underwent IAT
was not affected by the density of the thrombus, which is in line
with the findings of previous studies in which there was no difference in the NCCT density of the thrombus between patients with
and without recanalization after thrombectomy.22,23 However,
several studies using mechanical thrombectomy in a population
of patients with large-vessel occlusion observed that recanalization rates were higher for patients with denser thrombi.10,9
We measured CT thrombus characteristics on NCCT with the
aid of CTA because it was suggested that it is more accurate for
low-density thrombi and for patients with high hematocrit levels,
which might cause overestimation of the length of the thrombus.24 DT was determined on multiplanar reformations; this process gives the user a better impression of the 3D anatomy of the
vasculature compared with previous measurements on transversal maximum intensity projections.25
There are several limitations. We excluded many patients due
to the unavailability of thin-section NCCT (n ⫽ 252), which is
needed for accurate measurement of the thrombus characteristics.26 In 19% of the patients, IV alteplase was administered before
CTA; this order could have affected the perviousness measures.
However, there was no difference (P ⫽ .26) in average perviousness between patients in whom IV alteplase was administered
before or after the CTA. Due to pragmatic reasons, thrombus
density was measured by a trained observer and not by a radiologist. However, a previous study showed that the density measurements by the trained observers were reproducible and showed
very good agreement with those of the experienced radiologists.27
In this study, multiple tests were performed without adjusting the
1762
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P values. This choice could have resulted in a false significant
association between thrombus characteristics and outcome measures or a false significant treatment-effect modification by the
thrombus characteristics. However, this study found only a significant independent association between relative thrombus density on CTA and the mRS, which was also significant (P ⬍ .001) in
the univariable analysis. This makes it less likely that we have
falsely rejected a true null hypothesis. Furthermore, all the interaction terms had a P value ⬎ .05 in the adjusted analysis; therefore, on the basis of a P value of .05, none of the null hypotheses
were rejected. Adjusting the P values would not change our
conclusions.
The confidence intervals of the interaction terms between the
thrombus characteristics and treatment effect are wide, thus limiting the generalizability of our observation regarding the absence
of significant effect modification.
In this study, relative thrombus density on CTA was independently associated with functional outcome. A higher relative
thrombus density on CTA means that the contrast penetration in
the thrombus is higher; this feature might be a sign of flow
through a thrombus and is related to early reperfusion.28,29

CONCLUSIONS
In this study cohort, a higher relative density of the thrombus on
CTA was independently associated with better functional outcome in patients with acute ischemic stroke caused by a largevessel occlusion in the anterior circulation. Therefore, CT thrombus characteristics appear useful for predicting functional
outcome. However, in patients with a large vessel occlusion of the
anterior circulation, the treatment effect of IAT was independent
of the thrombus CT characteristics. Therefore, no arguments
were provided to select patients for IAT using thrombus CT
characteristics.
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Risk Factor Analysis of Recanalization Timing in Coiled
Aneurysms: Early versus Late Recanalization
X J.P. Jeon, X Y.D. Cho, X D.H. Yoo, X J. Moon, X J. Lee, X W.-S. Cho, X H.-S. Kang, X J.E. Kim, and X M.H. Han

ABSTRACT
BACKGROUND AND PURPOSE: Long-term documentation of anatomic and angiographic characteristics pertaining to the timing of
recanalization in coiled aneurysms has been insufﬁcient. Our intent was to analyze and compare early and late-phase recanalization after
coiling, identifying respective risk factors.
MATERIALS AND METHODS: A total of 870 coiled saccular aneurysms were monitored for extended periods (mean, 30.8 ⫾ 8.3 months).
Medical records and radiologic data were also reviewed, stratifying patients as either early (n ⫽ 128) or late (n ⫽ 52) recanalization or as
complete occlusion (n ⫽ 690). Early recanalization was equated with conﬁrmed recanalization within 6 months after the procedure,
whereas late recanalization was deﬁned as veriﬁable recanalization after imaging conﬁrmation of complete occlusion at 6 months. A
multinomial regression model served to assess potential risk factors, the reference point being early recanalization.
RESULTS: Posterior circulation (P ⫽ .009), subarachnoid hemorrhage at presentation (P ⫽ .011), second attempt for recanalized aneurysm
(P ⬍ .001), and aneurysm size ⬎7 mm (P ⬍ .001) emerged as variables signiﬁcantly linked with early recanalization (versus complete
occlusion). Late (versus early) recanalization corresponded with aneurysms ⱕ7 mm (P ⫽ .013), and in a separate subanalysis of lesions ⱕ7
mm, aneurysms 4 –7 mm showed a signiﬁcant predilection for late recanalization (P ⫽ .008). However, the propensity for complete
occlusion in smaller lesions (ⱕ7 mm) increased as the size diminished.
CONCLUSIONS: Although long-term complete occlusion after coiling was more likely in aneurysms ⱕ7 mm, such lesions were more
prone to late (versus early) recanalization, particularly those of 4 –7 mm in size. Long-term follow-up imaging is thus appropriate in
aneurysms ⬎4 mm to detect late recanalization of those formerly demonstrating complete occlusion.

ndovascular coiling is widely used in treating intracranial aneurysms. Despite continued improvement in related techniques and devices, the potential for recanalization remains. Risk
factors linked to recanalization have been studied widely through
comparative analysis, examining SAH at presentation, larger aneurysms, posterior locations, and other variables.1,2 Coiled aneurysms showing major recanalization are subsequently in need of
additional coiling, given the odds of rebleeding. Raymond et al3
found that 46.9% of all recanalizations occurred within 6 months
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of procedures, with nearly 40% showing major recanalization.4 As
a function of the follow-up duration, aneurysm size and neck
diameter and initial postembolization status were associated with
the recanalization of coiled aneurysms monitored for 17 months.3
However, in coiled aneurysms followed for ⬍17 months, the initial postembolization status emerged as the sole significant risk
factor for recanalization. Such a discrepancy may imply that risk
factors inherent in aneurysm configuration have a greater longterm impact on recanalization.4,5 Therefore, an association between the timing of recanalization and related risk factors is feasible. Most previous studies in this setting have limited risk factor
analysis to patients showing either recanalization or complete occlusion, without considering time to recanalization. In this study,
coiled saccular aneurysms were monitored over a longer term to
analyze and compare early and late-phase recanalization, thereby
identifying respective risk factors.

Indicates article with supplemental on-line table.

MATERIALS AND METHODS

Indicates article with supplemental on-line photo.

A retrospective analysis of 898 patients (1035 aneurysms) took
place, each patient having undergone coil embolization between

http://dx.doi.org/10.3174/ajnr.A5267

AJNR Am J Neuroradiol 38:1765–70

Sep 2017

www.ajnr.org

1765

January 2008 and December 2010 at a single institution. Nonsaccular aneurysms (n ⫽ 70), specifically the fusiform/dissection,
traumatic, or infectious types, were excluded from this analysis.
The study end point was the timing of recanalization (early versus
late) during follow-up. Another 66 patients lacking 6-month imaging data (lost to follow-up, 40; vegetative states, 16; deaths, 10)
and 29 aneurysms followed for 6 months only were secondarily
excluded. Ultimately, 746 patients with 870 saccular intracranial
aneurysms who were monitored for more than 12 months met
criteria for study enrollment.
In reviewing the medical records, sex, age, clinical presentation (unruptured intracranial aneurysm or SAH), and attempt at
embolization (first versus second) were recorded, in addition to
histories of hypertension, current smoking, and antiplatelet regimens. Patient angiographic variables included size of aneurysm
(overall and at neck)5; circulatory location (anterior [including
posterior communicating artery] versus posterior)6; aneurysm
type (sidewall versus bifurcation) and depth-to-neck ratio; confirmed stent placement; initial postembolization status (successful occlusion versus residual sac)4; and coil technology (hydrogelmodified [HydroSoft; MicroVention, Tustin, California] or
polyglycolic acid/lactide copolymer– coated [Matrix; Boston Scientific, Natick, Massachusetts]). Aneurysms were also grouped
according to the extent of bioactive coil used (relative to the collective length of inserted coil) as bare (ⱕ50%) or bioactive
(⬎50%). This study was conducted with the approval of our institutional review boards. The requirement to obtain written informed consent for study participation was waived.

Endovascular Procedure and Angiographic Follow-Up
Most endovascular procedures were conducted under general anesthesia using an Integris V (Philips Healthcare, Best, the Netherlands) scanner in each instance.4 Dual-agent antiplatelet therapy
(loading doses [ie, 300 mg each] of clopidogrel and aspirin), given
1 day before procedures, plus additional clopidogrel (75 mg) and
aspirin (100 mg) dosing on the mornings of procedures, were
administered to patients with unruptured aneurysms for anticipated stent protection.7 In poor responders to clopidogrel, signaled by the VerifyNow P2Y12 assay (Accumetrics, San Diego,
California), cilostazol was added. If stent placement was unlikely,
antiplatelet medications were not routinely used except in patients receiving such agents for other medical conditions. A bolus
of heparin (3000 IU), given upon placement of the femoral arterial sheath, was thereafter sustained by hourly doses (1000 IU),
and the activated clotting time was monitored each hour. Continuance of dual antiplatelet therapy was advised for at least 3
months postoperatively, followed by single-agent maintenance
for at least 1 year in patients with stents deployed. In the absence
of stent placement, antiplatelet therapy was selectively dispensed
in instances of prior antiplatelet medication use, coil protrusion,
or procedural thromboembolism.
Immediate postembolization angiographic results were graded as
follows by using the 3-point Raymond scale: complete occlusion,
residual neck, or residual sac. Complete occlusion and small residual
neck were considered successful occlusive attempts.4 Follow-up radiologic examinations, performed at 6, 12, 24, and 36 months postprocedure, relied on TOF-MRA, with 3D reconstruction and source
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images. Additional plain radiography was recommended at postembolization months 1 and 3 in patients presenting with hemorrhage.
Conventional angiography was advised if MRA assessment of treated
aneurysms was not feasible or if recanalization was suspected by noninvasive diagnostics (such as MRA or plain radiography) to gauge the
need for further treatment. Anatomic outcomes in follow-up were
categorized by the Raymond scale as follows: complete occlusion and
recanalization (minor or major). Early recanalization was equated
with confirmed recanalization within 6 months or upon postembolization follow-up imaging at 6 months, whereas late recanalization
was defined as verifiable recanalization after imaging confirmation of
complete occlusion at 6 months. Two qualified neurointerventionists (Y.D.C. [10 years’ experience] and H.-S.K. [15 years’ experience])
reviewed the radiologic data. In cases of discrepancy, a consensus was
reached by the third interventional neuroradiologist (M.H.H. [⬎25
years’ experience]).

Statistical Analyses
Continuous data are expressed as mean ⫾ standard deviation by
using 2 or Fisher exact test and unpaired t test to assess categoric
and continuous variables, respectively. Univariate analysis was
applied to evaluate between-group differences (early or late recanalization and stable occlusion). To examine the interrelationships of risk factors, a multinomial regression model was engaged,
with early recanalization serving as the reference point. Risk factors differing by group at the P ⬍ .10 level were entered into the
model. Nagelkerke R2 was measured for explaining variation,
which is estimated on the log-likelihood scale. A Kaplan-Meier
estimate of cumulative survival (without recanalization) in coiled
aneurysms according to aneurysm size was performed. All calculations relied on standard statistical software (SPSS v19; IBM, Armonk, New York), setting significance at P ⬍ .05.

RESULTS
Characteristics of Patient Enrollees
A total of 870 coiled saccular aneurysms were monitored for a
mean period of 30.8 ⫾ 8.3 months. Female patients accounted for
68.4% (595/870) of the aneurysms, and the mean age of all patients was 57.9 ⫾ 11.0 years. Anterior circulation (n ⫽ 802;
92.2%) and bifurcation aneurysms (n ⫽ 388; 44.6%) predominated. Successful occlusion as an initial angiographic outcome
was achieved in 657 coiled aneurysms (75.5%), with mean aneurysm size estimated at 5.3 ⫾ 3.3 mm. Overall, 712 (81.8%) aneurysms were ⱕ7 mm. SAH was evident at presentation in 138 cases
(15.9%), including 74 recanalized aneurysms (8.5%). In 707 aneurysms (81.3%), the coil inserted qualified as bare (ⱕ50% bioactive). Stents were deployed in 222 instances (25.5%). During
the follow-up period, 690 coiled aneurysms displayed complete
occlusion, early recanalization was observed in 128 (minor recanalization, n ⫽ 45; major recanalization, n ⫽ 83), and late recanalization developed in 52 (minor recanalization, n ⫽ 34; major
recanalization, n ⫽ 18). In terms of late recanalization, 31 (59.6%)
instances were evident within 6 –12 months, 19 (36.5%) within
12–24 months, and 2 (3.9%) within 24 –36 months after procedures. Retreatment was recommended for major recanalized
aneurysms and was actually performed as follows: 48 (57.8%)
occurring early and 11 (61.1%) occurring late. During the follow-

up, no patients included in this study experienced SAH or rebleeding. Detailed data on characteristics of the aneurysms in this
cohort are shown in Table 1.

Risk Factors of Late Recanalization and Complete
Occlusion
In between-group comparisons, female sex, age, history of hypertension, hyperlipidemia, smoking, aneurysm type, depth-to-neck
ratio ⬎1, initial postembolization status, and ⬎50% bioactive coil
usage did not reach statistical significance. However, aneurysm
location, clinical presentation, second embolization for recanalization, aneurysm size ⬎7 mm, and stent deployment differed
significantly by group in the univariate analysis (Table 1).
The multinomial regression model further disclosed that posterior circulation (P ⫽ .009), SAH presentation (P ⫽ .011), required second embolization (P ⬍ .001), and aneurysm size ⬎7
mm (P ⬍ .001) showed stronger associations with the early recanalization (versus complete occlusion) group (Table 2).
In comparing early and late recanalization, a link between aneurysm size ⬎7 mm and early recanalization was apparent,
whereas smaller lesions (ⱕ7 mm) were associated with late recan-

alization (P ⫽ .013). Other group variables, such as posterior
circulation, SAH presentation, second attempt (in recanalized
lesions), antiplatelet agent use, and stent deployment did not differ significantly (Table 2). Further subanalysis of aneurysms ⱕ7
mm showed a significant relationship between aneurysms 4 –7
mm in size and late recanalization (odds ratio, 3.00; P ⫽ .008).
However, of those aneurysms ⱕ7 mm, diminishing size and stable
occlusion were increasingly linked (On-line Table).
According to the Kaplan-Meier method, the cumulative survival rate without recanalization at 6 months was 90.7% in aneurysms ⱕ7 mm and 60.8% in aneurysms ⬎7 mm. At 30 months
after the procedure, the cumulative survival rate was 84.8% for
aneurysms ⱕ7 mm and 52.8% for aneurysms ⬎7 mm (P ⬍ .001)
(On-line Fig).

DISCUSSION

Our findings indicate that small-sized aneurysms (ⱕ7 mm) are
relatively more susceptible to late (versus early) recanalization,
despite a stronger association with complete occlusion. On the
other hand, early recanalization correlated with locations in the
posterior circulation, SAH presentation, second coiling for recanalization, and aneurysm size ⬎7 mm. In particular, aneurysms
ranging from 4 –7 mm were more prone to late recanalization.
Table 1: Baseline characteristics of study enrollees
Early
Late
Complete
P
Consequently, small-sized aneurysms ⬎4 mm should be followed
Variables
(n = 128)
(n = 52)
(n = 690)
Valuea
long-term for potential delayed recanalization, despite any proof
Female
94 (73.4%) 34 (65.4%) 467 (67.7%)
.389
of complete occlusion at midterm follow-up.
Age, yr
58.0 ⫾ 11.1 55.3 ⫾ 12.1
58.1 ⫾ 10.5
.330
Patients presenting with SAH are also more likely to develop
HTN
80 (62.5%) 25 (48.1%)
375 (54.3%)
.134
Hyperlipidemia
15 (11.7%)
12 (23.1%)
123 (17.8%)
.126
recanalization after coiling procedures.3,8 The dynamic nature of
Smoking
19 (14.8%)
6 (11.5%)
91 (13.2%)
.815
ruptured aneurysms and clot lysis appears to promote recanalizaLocation
Anterior
104 (81.2%) 48 (92.3%) 650 (94.2%)
tion. Wardlaw et al9 reported that such aneurysms showed inPosterior
24(18.8%)
4 (7.7%)
40(5.8%)
⬍.001
creased cross-sectional area expansibility (mean, 53%) during the
Presentations
cardiac cycle relative to adjacent normal arteries (mean, 20%).
UIA
99 (77.3%) 38 (73.1%)
595 (86.2%)
SAH
29 (22.7%)
14 (26.9%)
95(13.8%)
⬍.001
Recently, higher saccular pulsatile pressures have also been reSecond attempt
33 (25.8%)
7 (13.5%)
34 (4.9%)
⬍.001
corded in ruptured (versus unruptured) lesions,10 and thinner,
Type
degenerative arterial walls, with significant macrophage infiltraSidewall
66 (51.6%) 28 (53.9%) 388 (56.2%)
Bifurcation
62 (48.4%) 24 (46.1%)
302 (43.8%)
.604
tion, have been documented in histologic sections of ruptured
Maximum size, mm
8.3 ⫾ 5.1
5.7 ⫾ 2.2
4.6 ⫾ 2.6
aneurysms.11 Mural instability and the increased pulsatile presAneurysm size ⬎7 mm
62 (48.4%) 12 (23.1%)
84 (12.2%)
⬍.001
sure of ruptured aneurysms may thus encourage greater coil comD/N ratio (⬎1)
69 (53.9%) 35 (67.3%)
391 (56.7%)
.249
Balloon
22 (17.2%)
8 (15.4%)
162 (23.5%)
.141
paction than that encountered in unruptured counterparts.12 LyStent
45(35.2%)
8 (15.4%)
169 (24.5%)
.009
sis of clot may take place as well within thrombus or at rupture
Antiplatelet medication 48 (37.5%)
19 (36.5%)
183 (26.5%)
.018
sites once related hypercoagulability subsides.8
Initial occlusion
Successful occlusion
96 (75.0%) 42 (80.8%) 519 (75.2%)
Of particular importance, an increase in packing attenuation
Residual sac
32 (25.0%) 10 (19.2%)
171 (24.8%)
.661
of
near
30% may reduce intra-aneurysmal wall shear stress, proBioactive coil (⬎50%)
26 (20.3%)
8 (15.4%)
129 (18.7%)
.743
moting recanalization.13 The probability of coil compaction deNote:—D/N ratio indicates depth-to-neck ratio; HTN, hypertension; UIA, unrupclines if aneurysms are more densely packed (⬎20% in aneurysms
tured intracranial aneurysm.
a
P ⬍ .05 is signiﬁcant.
⬍200 mm3; ⬎24% in aneurysms ⬍600
mm3).14 Packing attenuation in our coTable 2: Multinomial logistic regression; late recanalization versus complete occlusion
a
(early recanalization serving as reference)
hort (when excluding recanalized aneuLate Recanalization
Complete Occlusion
rysms) did not differ significantly in patients presenting with (36.3 ⫾ 10.9) or
Variables
Odds Ratio (95% CI) P Valueb Odds Ratio (95% CI) P Valueb
without (36.1 ⫾ 8.8) SAH (P ⫽ .859).
Posterior circulation
0.54 (0.17–1.72)
.301
0.42 (0.22–0.80)
.009
SAH presentation
1.16 (0.53–2.56)
.710
0.51 (0.30–0.86)
.011
Nevertheless, SAH proved significantly
Second attempt
0.65 (0.24–1.73)
.39
0.15 (0.08–0.27)
⬍.001
more frequent in aneurysms marked by
Stent
0.53 (0.21–1.32)
.172
1.39 (0.84–2.31)
.197
early recanalization (versus complete
Antiplatelet medication
1.15 (0.58–2.30)
.689
0.73 (0.47–1.14)
.167
occlusion) (P ⫽ .011). Further studies
Aneurysm size ⬎7 mm
0.38 (0.18–0.82)
.013
0.17 (0.10–0.26)
⬍.001
on the mechanism of recanalization in
a
2
Reference category: early recanalization. Nagelkerke R ⫽ 0.214.
b
ruptured aneurysms are clearly needed.
P ⬍ .05 is signiﬁcant.
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Outcomes of the Unruptured Cerebral Aneurysm Study15
have shown an association between aneurysms ⬎7 mm in size and
rupture. Relative to aneurysms 3– 4 mm in size, larger lesions were
at significantly greater risk (5– 6 mm: hazard ratio ⫽ 1.13, P ⫽ .71;
7–9 mm: hazard ratio ⫽ 3.35, P ⬍ .001; 10 –24 mm: hazard ratio ⫽ 9.09, P ⬍ .001). According to the International Study of
Unruptured Intracranial Aneurysms,16 5-year cumulative rupture rates in anterior circulation aneurysms without previous
SAH also varied decisively by lesion size (⬍7 mm, 0%; 7–12 mm,
2.6%; 13–24 mm, 14.5%). Larger aneurysms also are more likely
to recanalize. Cognard et al8 earlier determined that recanalization rates indeed are a function of aneurysm size (2–3 mm, 8.7%;
4 –5 mm, 9.0%; and 6 – 8 mm, 22.0%). In addition, Jeon et al5 have
shown an association between large aneurysms (⬎7 mm) completely occluded in 6-month follow-up images and late recanalization, and reports by Ogilvy et al17 and Niimi et al18 similarly
maintain that larger aneurysms (ⱖ10 mm) are prone to recanalization. It is thus evident that large aneurysms are at peril of rupture and postprocedural recanalization. However, recanalization
rates in small aneurysms have not been fully detailed, though they
are considered to be low. Murayama et al19 have cited a 5.1%
overall recanalization rate for small aneurysms 4 –10 mm in size
with small necks, which was much lower than the 35.3% rate for
larger aneurysms. The reported annual recanalization rate in aneurysms ⱕ7 mm showing complete occlusion at 6-month follow-up is 2.57%.5 After some reflection, a subgroup analysis of
our data was performed, examining recanalization rates in lesions
⬍4 mm and in those 4 –7 mm. Our findings showed that aneurysms 4 –7 mm were more prone to late recanalization. Consequently, small-sized aneurysms ⬎4 mm should be followed longterm for potential delayed recanalization despite confirming
complete occlusion at midterm follow-up.
Stents are increasingly used in this setting if greater coil
packing and flow diversion are anticipated.20-23 Recanalization
rates registered after stent-assisted coil embolization (6.6%–
13%)4,24,25 are notably lower than those encountered after
simple coil embolization (10.7%–33.6%).3,26 In our investigation, stent deployment differed significantly among 3 groups
(early recanalization, n ⫽ 45 [45/128, 35.2%]; late recanalization, n ⫽ 8 [8/52, 15.4%]; and complete occlusion, n ⫽ 169
[169/690, 24.5%] [P ⫽ .009]) through univariate analysis.
However, stent deployment held no significant association
with complete occlusion or late recanalization in a multinomial logistic regression analysis using early recanalization as a
reference. Although potential confounding factors related to
the high probability of stent deployment in wide-neck aneurysms and the incorporation of arterial branches by aneurysms
may have skewed our assessment of this presumptive benefit,
Jeon et al20 found that stents conferred no protective effects
relative to progressive occlusion in small unruptured aneurysms with residual sac filling (P ⫽ .78). Still, after various
corrections in the propensity score analysis, stent placement
did promote progressive occlusion in coiled aneurysms.20 In
our opinion, the impact of stents is better investigated by considering the probability of stent deployment.
Hemodynamic force is another reputed factor in aneurysm
recanalization and growth.2 In recanalized aneurysms, maximum
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wall shear stress and spatially averaged wall shear stress exceed
corresponding pretreatment values.27 In addition, completely occluded aneurysms show diminished wall shear stress and flow
velocity.28 The efforts of Ortega et al29 indicate that maximum
wall shear stress increases at sites of blood flow impingement near
remnant necks. Repetitive flow impingement and subsequent wall
shear stress increments may thus lead to recanalization,4 particularly in recanalized aneurysms. Our results also show that second
attempts for recanalization were done with significantly greater
frequency in early recanalized versus completely occluded aneurysms (P ⬍ .001), with no statistical difference between the early
and late recanalization groups.
The HydroSoft coil was constructed as a platinum coil with an
inner core of hydrogel and was designed to improve packing attenuation with low stiffness.30 Lee et al31 reported that the mean
packing attenuation of the aneurysms treated with the HydroSoft
coil was significantly higher than of those treated with a bare platinum coil (36.0% versus 32.1%; P ⬍ .001) without a difference in
procedure-related complications. The use of the HydroSoft coil
significantly lowered the retreatment rate at 12-month follow-up
(adjusted risk ratio, 0.21; 95% CI: 0.07– 0.64). Matrix detachable
coils are covered with polyglycolic and polylactic acid and designed to enhance clot formation and fibrosis within the aneurysm sac.32 A histology study showed a thick connective tissue
formation that demarcated the aneurysm sac from the parent artery.33,34 In our cohort, the number of treated aneurysms using
bioactive coil (⬎50%) was 26/128 (20.3%) in early recanalization,
8/52 (15.4%) in late recanalization, and 129/690 (18.7%) in complete occlusion (P ⫽ .743). We speculate that the relative low
proportion of bioactive coil (⬎50%) might lead to insignificant
association among the 3 groups.
Although risk factors in recanalization have been well described through comparative studies of stably occluded and
recanalized aneurysms, the potential difference between early
and late recanalization is perhaps another issue to pursue in
devising strategies for patient management. Herein, we have
focused on analyzing risk factors with respect to the timing of
recanalization. Our findings indicate that aneurysms of 4 –7
mm are at significant risk of late recanalization, thereby mandating long-term follow-up.
Unfortunately, selection bias in this large (n ⫽ 870) and
closely monitored sampling of aneurysms cannot be excluded,
given the retrospective nature of this study. Furthermore, use of
TOF-MRA in follow-up testing may entail some artifact because
of stents obscuring recanalization.20 Although the use of MIP in
source images obtained by TOF-MRA has proved effective in estimating recanalization,35 stent artifacts may still obscure instances of minor recanalizations, impacting calculated recanalization rates.20 In addition, coil compaction and recanalization
could be more pronounced in patients with small aneurysms who
underwent MRA follow-up. On another note, anterior circulatory
and unruptured aneurysms in our cohort accounted for 92.2%
and 84.1% of lesions, respectively. Thus, lesions of the posterior circulation and ruptured aneurysms were not well represented.5 Finally, and more specifically, recanalization of aneurysms may occur through growth of the lesions themselves,
through poorly formed/degraded thrombus, or through failed

attempts at reconfiguring the saccular dome or neck.36 More
detailed investigations of recanalization are needed to better
correlate angiographic outcomes with reciprocating effects of
the healing process.

14.

15.

CONCLUSIONS
Risk factors related to early recanalization in this study were posterior circulatory location, SAH presentation, second coiling for
recanalization, and aneurysm size ⬎7 mm. Although aneurysms
ⱕ7 mm in size were more prone to complete occlusion in longterm follow-up, a relative predisposition to late (versus early) recanalization was apparent, particularly in aneurysms of 4 –7 mm.
Long-term follow-up imaging is thus advisable in aneurysms ⬎4
mm to exclude progression to recanalization, despite complete
occlusion at midterm monitoring.
Disclosures: Moon Hee Han—UNRELATED: Consultancy: Microvention*. *Money
paid to the institution.
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Inﬂuence of Carotid Siphon Anatomy on Brain
Aneurysm Presentation
X E. Waihrich, X P. Clavel, X G.A.C. Mendes, X C. Iosif, X I. Moraes Kessler, and X C. Mounayer

ABSTRACT
BACKGROUND AND PURPOSE: Intracranial aneurysm is a devastating disease of complex etiology that is not fully understood. The
purpose of this study was to assess the implications of carotid siphon anatomy for the formation and development of intracranial
aneurysms.
MATERIALS AND METHODS: Between January 2007 and May 2015, lateral view digital subtraction angiographic images of 692 consecutive
patients with intracranial aneurysms treated in our department of interventional neuroradiology were reviewed and had their angles
measured. Data on the location, presentation, and size of the lesions were collected and evaluated by multivariate analysis in relation to
the measured angles.
RESULTS: Of 692 aneurysms, 225 (32.51%) ruptured and 467 (67.49%) unruptured, 218 (31.50%) were in the carotid siphon and 474 (68.50%)
were distal to the siphon, and the mean aneurysm size was 7.99 ⫾ 6.95 mm. Multivariate analysis showed an association between angles
of ⬎15.40° and rupture (P ⫽ .005), postsiphon location (P ⫽ .034), and aneurysm size of ⬎1.001 mm (P ⫽ .015). Multivariate analysis also
showed that every 1-year increase in patient age produced an increase of 1.002 mm in aneurysm size (P ⫽ .015).
CONCLUSIONS: There was a signiﬁcant independent direct relation of greater anterior knee angle with intracranial aneurysms located
distal to the carotid siphon, larger aneurysms, and greater risk of rupture. These ﬁndings may be associated with the hemodynamic
interactions of blood ﬂow and the curvature of the carotid siphon.

ntracranial aneurysms affect approximately 6%–10% of the
world population. Fortunately, only 0.05% of patients progress
to rupture, but they face a devastating consequence, subarachnoid
hemorrhage, with mortality rates ranging from 56% to 80%.1,2
Several factors are related to the formation, development, and
rupture of intracranial aneurysms. Among these, the hemodynamic interactions of blood flow and vessel wall have received
special attention in recent years. The balance between hemodynamic stress secondary to blood flow in the water hammer pulse
and parallel shear stress caused by blood viscosity and friction
between blood and the arterial wall appears to be related to the
origin and development of aneurysms. That hemodynamic contribution can be exemplified by the preferred location of aneurysms at arterial bifurcations and curvatures.3-6 Thus, the carotid
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siphon is of particular importance because it is a tortuous vessel
segment with sharp bends through which blood enters the anterior cerebral circulation.7-9
The aim of this study was to investigate the morphologic characteristics of the carotid siphon and their possible association with
the formation, development, and occurrence of intracranial aneurysms at this site.

MATERIALS AND METHODS
The study was approved by the ethics committee of our institution, Dupuytren University Hospital, and written informed consent was obtained from each patient. Data were retrospectively
and prospectively collected for all patients with intracranial aneurysms who underwent endovascular treatment between January
2007 and May 2015. Patients with posterior circulation aneurysms, poor-quality digital subtraction angiographic images preventing angle measurement, incomplete documentation, or conditions (medical or other) precluding follow-up were excluded.
Demographic data (age and sex), type of aneurysm, and angiographic features were evaluated. The following angiographic
features were considered for analysis: aneurysm size (maximum
aneurysm sac diameter), location of the aneurysm in the carotid
AJNR Am J Neuroradiol 38:1771–75
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FIG 1. Technique for measurement of carotid siphon angles. On the left, an illustration of a carotid siphon with lines traced to cross the
midpoints of the diameters of the straight segments of the siphon. On the right, an example of an actual measurement process. A, Line through
the vertical petrous segment. B, Line through the horizontal cavernous segment. C, Line through the vertical cavernous segment. D, Line through
the supraclinoid segment. ␣, Posterior bend angle. ␤, Anterior bend angle. ␥, Anterosuperior bend angle. 1, Ascending petrous segment. 2,
Intracavernous segment. 3, Ophthalmic artery. 4, Supraclinoid segment. 5, Posterior communicating artery. 6, Anterior choroidal artery. 7,
Anterior cerebral artery. 8, Middle cerebral artery.

siphon (cavernous or supraclinoid segment) or distal to it, and
angle of the posterior and anterior knees of the carotid siphon.
Pretreatment intraoperative DSA images obtained after
contrast injection into the affected carotid artery (lateral view
with the external acoustic meatus at the same level) were assessed by 2 blinded neuroradiologists. Carotid siphon angles
were measured at the intersection of 2 lines traced through the
midpoints of the diameters of each straight segment of the
siphon (Fig 1).10 If the lines of the cavernous and supraclinoid
segments crossed posterior to the siphon due to its tortuosity,
the angle of the anterior knee of the carotid siphon received a
negative value.10

Statistical Analysis
Multivariate Poisson and logistic regression and multiple linear
regression models were used to explore the relationship between
demographic and angiographic data with respect to the measured
angles.11-13 Categoric independent variables were divided according to their classification, and continuous independent variables
were divided with the median as the cutoff value, as long as a
linearity correlation was not observed, as follows: sex (male or
female), age (55 years or younger or 55 years and older), aneurysm
rupture (yes or no), location (cavernous segment, supraclinoid
segment, or distal to the carotid siphon), and size (ⱕ5 mm,
6 –10 mm, 10 –25 mm, or ⬎25 mm), anterior angle (ⱕ15.40°
or ⬎15.40°), and posterior angle (ⱕ88.15° or ⬎88.15°). The cavernous location begins at the petrolingual ligament and extends to
the proximal dural ring, which is formed by the medial and inferior periosteum of the anterior clinoid process; the supraclinoid
location extended until carotid bifurcation and the postsiphon
location comprised the bifurcation onwards. We decided to use
the median as a cutoff value to have 2 groups with similar numbers of patients for multivariate analysis. In analysis between the
angles and a single other numeric variable, the variables were also
analyzed as continuous whenever feasible. Bivariate and multi1772
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variate analyses were performed, and in both, prevalence ratios
and their respective 95% confidence intervals were calculated.
The bivariate analysis was used to examine the association between each independent variable and the occurrence of ruptured
intracranial aneurysms, followed by multivariate analysis. Statistical analysis was performed with SPSS, Version 22.0 (IBM, Armonk, New York). P ⬍ .05 was considered significant.

RESULTS
Between January 2007 and May 2015, 703 patients with a diagnosis of intracranial aneurysm were treated at the department of
interventional neuroradiology of the institution. Of these, 640
patients were eligible and agreed to participate in the study, for a
total of 692 intracranial aneurysms.
Of 692 aneurysms, 457 occurred in women (66.04%) and 235
in men (33.96%). The mean patient age was 54.75 ⫾ 13.13 years
(men, 54.70 ⫾ 13.16 years; women, 54.66 ⫾ 13.13 years). There
were 225 (32.51%) ruptured aneurysms and 467 (67.49%) unruptured aneurysms. Regarding aneurysm location, 218 (31.50%)
were in the carotid siphon and 474 (68.50%) were distal to the
siphon. Mean aneurysm size was 7.99 ⫾ 6.95 mm (Table 1).

Aneurysm Rupture
The bivariate analysis showed a statistically significant association
between a ruptured intracranial aneurysm and an anterior knee
angle of ⬎15.40°(prevalence ratio ⫽ 1.45; 95% CI, 1.16 –1.80).
Subsequently, sex, age, location, size, and posterior and anterior
knee angles were included in the Poisson regression model, but
only an anterior knee angle of ⬎15.40° showed a significant association with ruptured intracranial aneurysms. After we adjusted
for the variables mentioned above, there was an increased association (prevalence ratio ⫽ 1.36; 95% CI, 1.09 –1.69)—that is, patients with aneurysms and an anterior knee angle of ⬎15.40°
showed a 36% higher prevalence of rupture than patients with an
anterior knee angle of ⱕ15.40° (Table 2).

In the stratified subgroup analysis by location, only aneurysms
located in the anterior communicating artery showed a greater
statistical risk of rupture in patients with an anterior angle of ⬎15.40°
(P ⫽ .049). The risk of rupture was 84% greater in patients with an
anterior angle of ⬎15.40° than in those with an angle of ⱕ15.40° at
this location (Table 3).
Table 1: Epidemiologic data
Variables
Total No. of IAs (%)
Mean age (yr)
Sex
Women with IAs (No.) (%)
Mean age (yr)
Men with IAs (No.) (%)
Mean age (yr)
Rupture (No.) (%)
Ruptured IAs
Unruptured IAs
IA location (No.) (%)
Siphon
Cavernous segment
Supraclinoid segment
Ophthalmic
PcomA
Ant. chor
Postsiphon (No.) (%)
Bifurcation
MCA
AcomA
ACA/pericallosal
IA size (No.) (%)
ⱕ5 mm
6–10 mm
11–25 mm
⬎25 mm

692 (100)
(54.75 ⫾ 13.13)
457 (66.04)
(54.66 ⫾ 13.13)
235 (33.96)
(54.70 ⫾ 13.16)
225 (32.51)
467 (67.49)
218 (31.50)
45 (6.50)
173 (25.00)
67 (9.68)
96 (13.87)
10 (1.45)
474 (68.50)
35 (5.06)
237 (34.25)
170 (24.57)
32 (4.62)
334 (48.27)
233 (33.67)
97 (14.02)
28 (4.05)

Note:—IA indicates intracranial aneurysm; PcomA, posterior communicating segment; Ant. chor, anterior choroidal segment; ACA, anterior cerebral artery; AcomA,
anterior communicating artery.

Aneurysm Location
The bivariate analysis showed a statistically significant association
between postsiphon location of the intracranial aneurysm and the
following variables: male sex (odds ratio ⫽ 2.38; 95% CI, 1.59 –
3.56), age 55 years or younger (OR ⫽ 1.46; 95% CI, 1.03–2.06),
size ⱕ5 mm (OR ⫽ 1.92; 95% CI, 1.20 –3.06), size 6 –10 mm
(OR ⫽ 2.09; 95% CI, 1.27–3.45), and an anterior knee angle
of ⬎15.40° (OR ⫽ 1.55; 95% CI, 1.09 –2.20). For the multivariate
analysis, sex, age, rupture, size, and anterior and posterior knee
angles were included in the logistic regression model.
When the postsiphon and siphon locations were compared,
being male and having an anterior knee angle of ⬎15.40° were
significantly associated with the postsiphon location. Regarding
sex, after we adjusted for the variables mentioned above, there was
a decreased association (OR ⫽ 2.23; 95% CI, 1.48 –3.37)—that is,
men were 2.23 times more likely to have an aneurysm located
distal to the siphon than women. Regarding the anterior knee
angle, after we adjusted for the variables mentioned above, there
was an increased association (OR ⫽ 1.48; 95% CI, 1.03–2.13)—
that is, patients with an anterior knee angle of ⬎15.40° had a 48%
greater chance of having an aneurysm in the postsiphon location
than patients with an anterior knee angle of ⱕ15.40°.
When the cavernous and supraclinoid segment locations were
compared, only aneurysms of ⬍25 mm were associated with the
cavernous segment. After adjustment for the variables mentioned
above and comparison with aneurysms of ⬎25 mm, aneurysms of
ⱕ5 mm had a 92% lower chance (OR ⫽ 0.08; 95% CI, 0.02– 0.28),
aneurysms of 6 –10 mm had a 91% lower chance (OR ⫽ 0.09; 95%
CI, 0.03– 0.35), and aneurysms of 11–25 mm had an 88% lower
chance (OR ⫽ 0.12; 95% CI, 0.03– 0.45) of occurring in the cavernous segment (Table 4).

Aneurysm Size

Multiple linear regression analysis showed that the following variables were predictors significantly associTable 2: Distribution of the study variables and association with aneurysm rupture based
ated with aneurysm size: 1) supraclinoid
on crude and adjusted prevalence ratios according to the Poisson regression model with
versus postsiphon location: patients with
robust variance and their respective 95% CIs
aneurysms located in the supraclinoid segCrude PR
Adjusted PR
ment had mean aneurysm size values 1.06
Variables
PR (95% CI)
P Value
PR (95% CI)
P Value
mm higher than those with aneurysms in
Sex
.428
.938
Female
1
–
1
–
the postsiphon location (P ⫽ .016); 2) cavMale
1.09 (0.88–1.37)
.428
1.01 (0.81–1.25)
.938
ernous versus supraclinoid location: paAge
.413
.640
tients with aneurysms located in the cav55 yr or younger
1.09 (0.88–1.36)
.413
1.05 (0.83–1.31)
.640
ernous segment had mean aneurysm size
Older than 55 yr
1
–
1
–
values 1.24 mm higher than those with anAneurysm location
.009
.022
Postsiphon
1.18 (0.91–1.52)
.208
1.11 (0.86–1.44)
.416
eurysms located in the supraclinoid segSupraclinoid segment
1
–
1
–
ment (P ⬍ .001); 3) aneurysm rupture: paAneurysm size
.134
.445
tients with unruptured aneurysms had
ⱕ5 mm
3.92 (1.04–14.81)
.044
2.18 (0.57–8.27)
.252
mean aneurysm size values 1.05 mm
6–10 mm
3.49 (0.92–13.27)
.066
1.96 (0.51–7.52)
.326
higher than those with ruptured aneu11–25 mm
3.20 (0.83–12.42)
.092
1.91 (0.49–7.40)
.350
⬎25 mm
1
–
1
–
rysms (P ⫽ .026); 4) anterior knee angle:
Anterior knee angle
.001
.005
every 1° increase in the anterior angle proⱕ15.40°
1
–
1
–
duced an increase of 1.001 mm in aneu⬎15.40°
1.45 (1.16–1.80)
.001
1.36 (1.09–1.69)
.005
rysm size (P ⫽ .015); and 5) age: every
Posterior knee angle
.685
.773
1-year increase in age produced an average
ⱕ88.15°
1
–
1
–
⬎88.15°
1.05 (0.84–1.30)
.685
1.03 (0.84–1.27)
.773
increase of 1.002 mm in aneurysm size
(P ⫽ .003) (Table 5).
Note:—PR indicates prevalence ratio.
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shear oscillations and lower wall shear stress. Changes in the direction of blood flow due to the curvature of the carotid siphon
would be related to the transition from laminar to turbulent flow.
These changes in blood flow patterns would lead to decreased and
oscillating wall shear stress, thus triggering the first endothelial
changes in the genesis of aneurysm and stenosis formation.4,5
Jou et al,16 using 3D images from 25 patients with paraclinoid
aneurysms, reported that mean wall shear stress is inversely dependent on aneurysm sac size and that ruptured aneurysms have
lower mean wall shear stress when they are close to the aneurysm
neck. Zhang et al,17 also using 3D images, hemodynamic studies,
and the anatomic classification in V, U, C, and S shape, showed
that stenotic lesions tend to occur right after the sharp bends of
the carotid siphon and that siphons with sharper bends, such as
the type C shape, have statistically more stenoses than siphons
with softer bends. Piccinelli et al18 individually analyzed the carotid siphon bends with aneurysms and showed that ruptured
aneurysms occur statistically more often in carotid siphon bends
Table 3: Analysis of rupture odds ratio by location subgroups
of smaller diameter and shorter length, and along the outer wall of
according to anterior angles above or below the median and
their respective 95% CIs
the curvature. In a recent study, Lauric et al,19 comparing demoLocation/
Unruptured Ruptured
P
OR
graphic data and 3D DSA images, showed that women have caAngle
(%)
(%)
Value
(95% CI)
rotid siphons with higher curvatures than men and that patients
Supraclinoid
.091
1.75 (0.91–3.36)
with siphons with aneurysms also have higher mean curvatures.
ⱕ15.40°
71 (74.74)
24 (25.26)
In the present study, we used a simple and reproducible
⬎15.40°
49 (62.82)
29 (37.18)
method
to analyze the sharpness of the 2 main curvatures through
MCA
.354
1.32 (0.73–2.40)
ⱕ15.40°
83 (77.57)
24 (22.43)
which blood enters the cerebral circulation—that is, the posterior
⬎15.40°
94 (72.31)
36 (27.69)
and anterior knee angles of the carotid siphon, associated with a
AcomA
.049 1.84 (1.00–3.38)
refined statistical analysis to identify independent variables resultⱕ15.40°
45 (55.56)
36 (59.55)
ing from angle variation. We first performed a 2D analysis of each
⬎15.40°
36 (40.45)
53 (59.55)
variable, followed by several multivariate regression analyses to
Bifurcation
.470 1.90 (0.43–8.48)
ⱕ15.40°
14 (77.78)
4 (22.22)
isolate, from all other potentially correlated factors, the conse⬎15.40°
11 (64.71)
6 (35.29)
quences of the variation of these angles in relation to intracranial
Note:—Supraclinoid indicates supraclinoid segments, including the ophthalmic, posaneurysm rupture, location, and size.
terior communicating, and anterior choroidal segments; Bifurcation, internal carotid
We found that anterior angle values above the median of the
artery bifurcation; AcomA, anterior communicating artery.
study sample (15.40°) were directly and
Table 4: Distribution of the study variables and association with aneurysm location based
independently associated with a 36%
on crude and adjusted odds ratios according to the generalized logistic regression model
higher incidence of ruptured aneurysms
and their respective 95% CIs
(P ⫽ .005, prevalence ratio ⫽ 1.36; 95%
Crude OR
Adjusted OR
CI, 1.09 –1.69), with a 48% greater
(Postsiphon/Siphon)
(Cavernous/Supraclinoid)
chance of having an aneurysm in the
Variables
OR (95% CI)
P Value
OR (95% CI)
P Value
postsiphon location (P ⫽ .034, OR ⫽
Sex
⬍.001
.427
1.48; 95% CI, 1.03–2.13), and with
Male
2.23 (1.48–3.37)
⬍.001
0.69 (0.27–1.74)
.427
Female
1
–
1
–
larger aneurysms, in which every 1° inAge
.184
.684
crease in the anterior angle produced an
55 yr or younger
1.28 (0.89–1.84)
.184
1.16 (0.57–2.38)
.684
increase of 1.001 mm in aneurysm size
Older than 55 yr
1
–
1
–
(P ⫽ .015).
Rupture
.423
We believe that the change in the
No
1
–
blood flow direction at the curvature
Yes
1.17 (0.80–1.72)
.423
Aneurysm size
points of the carotid siphon would occur
ⱕ5 mm
2.38 (0.69–8.20)
.169
0.08 (0.02–0.28)
⬍.001
by a deceleration of the linear velocity of
6–10 mm
2.54 (0.73–8.85)
.143
0.09 (0.03–0.35)
⬍.001
blood flow and loss of the linear vector
11–25 mm
1.34 (0.37–4.81)
.652
0.12 (0.03–0.45)
.002
force of the water hammer pulse. This
⬎25 mm
1
–
1
–
deceleration would occur with a change
Anterior knee angle
.034
.066
ⱕ15.40°
1
–
1
–
of laminar-to-turbulent flow in the vi⬎15.40°
1.48 (1.03–2.13)
.034
0.48 (0.22–1.05)
.066
cinity of curvatures, with higher wall
Posterior knee angle
.122
.093
shear oscillations and lower wall shear
ⱕ88.15°
1
–
1
–
stress. On the one hand, the decrease in
⬎88.15°
1.33 (0.93–1.91)
.122
1.84 (0.90–3.73)
.093
the linear vector force toward the aneurys-

DISCUSSION

Ruptured intracranial aneurysms remain one of the neurosurgical
diseases with the highest morbidity and mortality. Despite advances in the knowledge of causes and progression of aneurysms,
an understanding of the etiologic mechanisms underlying this
disorder is still a challenge in modern neurosurgery.
Recently, hemodynamic studies of the interaction of blood
flow and the endothelial wall have received increased attention as
an important element in the origin, development, and rupture of
intracranial aneurysms.14-16 Thus, studies of interactions at the
level of the carotid siphon are particularly important because of
the anatomic peculiarities of this region and approximately onethird of all intracranial aneurysms being located at this site.1,7,8
Studies such as those conducted by Lin et al,8 Bogunović et al,9
and Takeuchi and Karino3 have shown that vessels anatomically
characterized by sharper bends are associated with higher wall
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Table 5: Results of multiple linear regression analysis in relation
to aneurysm size
Variables Associated with
Larger Aneurysms
P Value
95% CI
Aneurysm location
Postsiphon/supraclinoid
.016
0.901–0.989
Cavernous/supraclinoid
⬍.001
1.133–1.350
Sex
Male/female
.103
0.993–1.081
Rupture
Yes/no
.026
0.913–0.994
Anterior knee angle
.015
1.000–1.002
Posterior knee angle
.804
1.000–1.000
Age
.003
1.000–1.003

mal sac would reduce the aneurysm size and risk of rupture; on the
other hand, a greater turbulent flow would lead to a greater initial
endothelial lesion for aneurysmal formations. Thus, more obtuse
anterior angles with less laminar flow deceleration and less generation of turbulent flow in the vicinity of the carotid siphon were statistically associated with larger aneurysms, greater risk of rupture and
a higher incidence of aneurysms distal to the carotid siphon. In turn,
more acute anterior angles with greater deceleration of laminar flow
and greater generation of turbulent flow in the siphon were shown to
be associated with smaller aneurysms, a lower risk of rupture, and a
higher incidence of aneurysms in the carotid siphon.
High-speed laminar flow due to a low tortuous carotid siphon
would lead to hemodynamic effects for other circulation bends
and bifurcations distal to the carotid siphon, explaining the higher
incidence of postsiphon aneurysms and the greater risk of rupture
in these locations in patients with higher anterior angles. The
stratified analysis of subgroups by location revealed that aneurysms located in the anterior communicating artery in patients
with an anterior angle of ⬎15.40° had an 84% greater chance of
rupture (P ⫽ .049), suggesting that the hemodynamic effects resulting from carotid siphon anatomy persist distal to the siphon.
We also expected to observe a higher incidence of cavernous segment aneurysms in patients with more acute posterior angles. However, we did not observe any statistical relationship between the posterior angle measures and the studied variables. When comparing the
values of anterior and posterior angles, we observed that posterior
angle measures were more homogeneous, with a lower SD (14.63° ⫾
26.13° versus 83.37° ⫾ 37.54°), and perhaps this lower variability was
the reason for the lack of a statistical relationship using our method.
In addition, other anatomic obstacles could be related to cavernous
aneurysm genesis, such as the angles of the petrous segment, which
unfortunately are not the focus of our study.
A relevant finding was the independent statistical relationship
between aneurysm size and patient age, in which every 1-year
increase in age produced an average increase of 1.002 mm in aneurysm size.
As a partially retrospective review, this study has some limitations related to the quality of the data collected from the available
medical records. However, the use of 2 blinded assessors for angle
measurement and a large sample were contributing factors to improve the level of information.

CONCLUSIONS
There was a significant independent direct relation of greater anterior knee angle with intracranial aneurysms located distal to the
carotid siphon, larger aneurysms, and greater risk of rupture.
These findings may be associated with the hemodynamic interactions of blood flow and the curvature of the carotid siphon.
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Carotid Plaque Morphology and Ischemic Vascular Brain
Disease on MRI
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ABSTRACT
BACKGROUND AND PURPOSE: Vulnerable carotid plaque components are reported to increase the risk of cerebrovascular events. Yet,
the relation between plaque composition and subclinical ischemic brain disease is not known. We studied, in the general population, the
association between carotid atherosclerotic plaque characteristics and ischemic brain disease on MR imaging.
MATERIALS AND METHODS: From the population-based Rotterdam Study, 951 participants underwent both carotid MR imaging and
brain MR imaging. The presence of intraplaque hemorrhage, lipid core, and calciﬁcation and measures of plaque size was assessed in both
carotid arteries. The presence of plaque characteristics in relation to lacunar and cortical infarcts and white matter lesion volume was
investigated and adjusted for cardiovascular risk factors. Stratiﬁed analyses were conducted to explore effect modiﬁcation by sex.
Additional analyses were conducted per carotid artery in relation to vascular brain disease in the ipsilateral hemisphere.
RESULTS: Carotid intraplaque hemorrhage was signiﬁcantly associated with the presence of cortical infarcts (OR, 1.9; 95% conﬁdence
interval, 1.1–3.3). None of the plaque characteristics were related to the presence of lacunar infarcts. Calciﬁcation was the only characteristic that was associated with higher white matter lesion volume. There was no signiﬁcant interaction by sex.
CONCLUSIONS: The presence of carotid intraplaque hemorrhage on MR imaging is independently associated with MR imaging– deﬁned
cortical infarcts, but not with lacunar infarcts. Plaque calciﬁcation, but not vulnerable plaque components, is related to white matter lesion
volume.
ABBREVIATIONS: PD ⫽ proton density; WML ⫽ white matter lesion

dentification of individuals who are at high risk for cerebrovascular events is an important goal in the prevention of cerebrovascular disease. There is growing awareness that the risk of a
cerebrovascular event depends on not only the severity of carotid
stenosis but also the morphology and composition of the athero-
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sclerotic plaque.1,2 Histologic studies indicate that specific “vulnerable” plaque characteristics, such as a large lipid core, thin
fibrous cap, and intraplaque hemorrhage, are key elements to
atherosclerotic plaque instability.3,4 Destabilization of plaque can
lead to plaque rupture, with thrombus formation on the disrupted
plaque surface and subsequent embolization of thrombus and/or
plaque material into the distal vessels. Currently, MR imaging can
accurately detect plaque components in the carotid arteries.5-7
Ischemic vascular brain disease, manifesting as brain infarcts
and white matter lesions (WMLs), is highly prevalent in the elderly, often occurs subclinically, and is associated with an increased risk of adverse neurologic events.8,9 It is, however, unknown whether atherosclerotic plaque composition also relates to
these vascular brain lesions in the general population. Morphologically, brain infarcts can be divided into lacunar infarcts and
cortical infarcts. Whereas lacunar infarcts are associated with
local occlusive disease of deep perforating arteries,10 cortical infarcts are primarily caused by thrombo-embolism from extracranial arteries or the heart.11 For WMLs, cerebral small-vessel disease is considered the main contributory factor. Therefore, we

hypothesized that vulnerable carotid plaque components as assessed on MR imaging are associated with cortical infarcts rather
than with lacunar infarcts or WMLs.
In 951 individuals from the population-based Rotterdam
Study,12 we studied the association of carotid atherosclerotic
plaque components, intraplaque hemorrhage, and lipid core,
with markers of ischemic brain disease on MR imaging.

MATERIALS AND METHODS
Study Population
The current study was embedded in the Rotterdam Study, a prospective, population-based study among middle-aged and elderly
participants (⬎95% of white descent), aimed at investigating determinants of various diseases among middle-aged and elderly
individuals (45 years of age or older).12 All participants are invited
at regular time intervals, every 3– 4 years, to the research center for
follow-up examinations, including carotid ultrasonography.13
From October 2007 onward, participants with carotid wall thickening (maximum thickness, ⱖ2.5 mm on sonography) in the left,
right, or both carotid arteries were invited for MR imaging of the
carotid arteries. Until August 2010, 7151 participants of the Rotterdam Study cohort had undergone ultrasonography and were
still alive. In 26.3% of these participants (n ⫽ 1882), carotid wall
thickening was present on sonography. We excluded individuals
who had MR imaging contraindications (n ⫽ 43), had dementia
(n ⫽ 12), had physical immobility (n ⫽ 50), lived in nursing
homes (n ⫽ 60), had moved outside the area (n ⫽ 54), or had
undergone a carotid endarterectomy procedure (n ⫽ 4). Of the
1659 subjects eligible for carotid MR imaging, 1451 agreed to
participate (response, 87.5%). Due to physical inabilities (eg, back
pain) or claustrophobia, imaging could not be performed or completed in 85 individuals (5.9%), so, in total, 1366 participants
underwent complete carotid MR imaging. The quality of all sequences in each carotid MR imaging was rated on a 5-point scale
(1 ⫽ worst, 5 ⫽ best).14 Scans were included in the analyses if the
image quality was scored ⱖ3 (n ⫽ 1289, 94.4%) in all carotid MR
imaging sequences. Exclusion (n ⫽ 77) was mainly due to susceptibility artifacts from dental implants and motion artifacts.
For the current study, we selected participants with carotid
MR imaging of sufficient quality who had also undergone an MR
imaging examination of their brains as a part of the Rotterdam
Scan Study,15 an ongoing study investigating age-related brain
changes on MR imaging. Invitation to the Rotterdam Scan Study
was independent of participation in the carotid MR imaging
study. The objectives and design of the Rotterdam Scan Study
have been described in detail elsewhere.16 Until August 2010, in
total, 951 participants underwent complete MR imaging examinations of both carotid arteries and brain and were included in the
current study. The median time interval between the brain and
carotid MR imaging was 9 (25th–75th percentile, 2–21) months,
with the brain MR imaging preceding the carotid MR imaging in
88.5% of the subjects.
The Rotterdam Study has been approved by the medical ethics
committee according to the Population Study Act Rotterdam
Study, executed by the Ministry of Health, Welfare and Sports of
the Netherlands. Written informed consent was obtained from all
participants.

Carotid MR Imaging
Imaging of the carotid arteries was performed on a 1.5T scanner
(Signa HD; GE Healthcare, Milwaukee, Wisconsin) with a bilateral
phased array surface coil (Machnet, Eelde, the Netherlands). We
planned the high-resolution MR imaging sequences so that the carotid plaques were imaged completely on both sides, with a previously described standardized protocol.17 First, both carotid bifurcations were identified by means of 2D time-of-flight MR
angiography. Thereafter, high-resolution MR imaging sequences
were planned to image the carotid bifurcations on both sides: a
proton density (PD)–weighted FSE black-blood sequence; a PDweighted FSE black-blood sequence with an increased in-plane
resolution; a PD-weighted EPI sequence; a T2WI EPI sequence; a
3D-T1WI gradient-echo sequence; and, finally, a 3D phased-contrast MR angiography.17

Assessment of Plaque Composition on Carotid MR
Imaging
Carotid plaques were analyzed by a single observer with ⬎3 years’
experience in rating carotid MR imaging, as previously described.17 Analysis involved examination of both carotid arteries.
The presence of atherosclerotic plaque was defined as carotid wall
thickness of ⱖ2.0 mm, and carotid plaque was quantified by measuring maximum carotid wall thickness in the PD-weighted FSE
images and by calculation of luminal stenosis with the NASCET
criteria.18 In all carotid arteries with atherosclerotic plaque on MR
imaging (n ⫽ 1752 carotids in 951 participants), the presence or
absence of 3 different plaque components (calcification, intraplaque hemorrhage, and lipid core) was assessed with criteria described elsewhere.17 For examples of assessment of vulnerable
plaque components, see Fig 1.

Brain MR Imaging
Brain MR imaging, details of which are described elsewhere,16 was
performed on the same 1.5T scanner. In short, the imaging protocol included 3 high-resolution axial scans used for assessment of
infarcts and white matter lesions (ie, a T1WI sequence, a PDweighted sequence, and a FLAIR sequence).
Lacunar and cortical infarcts were rated on FLAIR, PDweighted, and T1WI sequences by 1 of 5 trained raters according
to criteria described previously.16 The presence of infarcts and
location (left or right hemisphere) were recorded. WMLs and
intracranial volume were segmented with a validated fully automated tissue-classification technique,19,20 and total WML volume was calculated by summing all WML voxels across the
whole brain and per hemisphere. Quantification of WML volume was not possible in 41 brain scans because of susceptibility
or motion artifacts. Therefore, 1670 of 1752 carotid arteries
were used to study associations between carotid plaque characteristics and WML volumes. Readers who interpreted the
brain MR imaging were blinded to the carotid MR imaging
findings, and vice versa.

Cardiovascular Risk Factors
Cardiovascular covariates were ascertained with standard procedures as described previously.21 Risk factors used as covariates in the current study were hypertension (defined as grade 2
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Prevalent Stroke
A history of stroke was based on the definition in the World Health Organization criteria, including a syndrome of
rapidly developing symptoms, with an
apparent vascular cause, of focal or
global cerebral dysfunction lasting 24
hours or longer or leading to death. We
assessed prevalent stroke at baseline
during an interview and verified these
data with medical records.23

Statistical Analysis
We assessed the relation of carotid
plaque characteristics with ischemic vascular brain disease (cortical infarcts, lacunar infarcts, and WML volume) per
participant (in both hemispheres). In
addition, for infarcts, we also assessed
the relation of carotid plaque characteristics per carotid artery (left/right) to
brain infarcts in the ipsilateral hemisphere. For the participant-based analysis, each carotid plaque component was scored positive if present
in 1 or both carotid arteries. For the artery-based analysis, only
brain infarcts in the hemisphere ipsilateral to the examined
carotid artery were taken into account. Associations between
carotid plaque characteristics and brain infarcts were analyzed
with logistic regression models, and the associations with
WML volume were analyzed with linear regression models.
WML volume was natural log-transformed because of skewness of the untransformed measure. For the analyses with
WML volume as a dependent variable, persons with cortical
infarcts were excluded to avoid misclassification from gliosis
around the infarct area.
All analyses were adjusted for age, sex, and time interval between brain MR imaging and carotid MR imaging (model A).
Associations with WML volumes were also adjusted for intracranial volume to take differences in head size into account. In addition, all analyses were adjusted for major cardiovascular risk factors (model B) and were adjusted for carotid luminal stenosis
(model C). Additional stratified analyses were performed to assess
effect modification by sex. Also, analyses were repeated after exclusion of individuals with a history of clinical stroke at baseline to
compare associations with individuals with and without a history
of stroke. To correct for within-person correlated carotid plaque
data in the artery-based analyses, we followed the generalized estimation equation approach with an unstructured working correlation matrix. The unit in the analysis was the presence of ischemic brain disease in the left and/or right hemisphere. Each
participant yielded a maximum of 2 U in the dataset. In case of
missing values for the cardiovascular risk factors, values were imputed by using the expectation-maximization method (⬍1% of
the data). Analyses were performed with SPSS for Windows, Version 22.0 (IBM, Armonk, New York). The P value threshold used
for significance was .05.

FIG 1. MR imaging of the carotid artery with atherosclerotic plaque containing vulnerable plaque
components. Examples of the presence of intraplaque hemorrhage and lipid core in a carotid
plaque. A, Axial images of the left carotid artery of a 72-year-old subject with carotid plaque
formation in the carotid bifurcation. On the T1-weighted gradient-echo image (T1w-GRE), the
carotid plaque has a high signal intensity, identifying intraplaque hemorrhage (white arrow). B,
Axial images of the right carotid artery of a 67-year-old subject with carotid plaque formation in the proximal internal carotid artery. There is no high signal intensity in the carotid
plaque on the T1-weighted gradient-echo image. There is a region of low signal intensity in
the plaque burden on both PD-weighted (PDw)-EPI and T2-weighted (T2w)-EPI images in the
absence of high signal on the T1-weighted gradient-echo image, identifying the presence of
a lipid core (white arrows).
Table 1: Characteristics of the study population (n ⴝ 951)a
Characteristics
Age (mean) (yr)
71.2 ⫾ 10.3
Women (No.) (%)
444 (46.7)
Cardiovascular risk factors (No.) (%)
489 (51.4)
Hypertension, grade 222
Smoking
Past
474 (49.8)
Current
233 (24.5)
Diabetes mellitus
142 (14.9)
Hypercholesterolemia
307 (32.3)
Cerebrovascular disease
History of clinical stroke
57 (6.0)
MRI carotid characteristics
Intraplaque hemorrhage (No.) (%)
306 (32.2)
Lipid core (No.) (%)
359 (37.7)
Calciﬁcations (No.) (%)
769 (80.9)
Maximum plaque thickness (mean) (mm)
3.6 ⫾ 1.0
Carotid stenosis of 0%–29% (No.) (%)
766 (80.5)
Carotid stenosis of 30%–49% (No.) (%)
114 (12.0)
Carotid stenosis of 50%–69% (No.) (%)
51 (5.4)
Carotid stenosis of 70%–99% (No.) (%)
20 (2.1)
MRI brain characteristics
Cortical infarct on MRI (No.) (%)
62 (6.5)
Lacunar infarct on MRI (No.) (%)
125 (13.1)
4.66 (2.24–12.49)
WML volume (median)b (interquartile
range) (mL)
a

Categoric variables are presented as numbers. Continuous values are expressed as means.
WML volume measurements were possible in 910 of 951 subjects because of susceptibility or motion artifacts.

b

according to European Society of Cardiology criteria22), smoking (classified as current, past, and never), diabetes mellitus
(defined as the use of blood glucose–lowering medication
and/or a nonfasting serum glucose level of 11.1 mmol/L or
higher and/or a fasting serum glucose level of ⱖ7 mmol/L
[ⱖ126 mg/dL]), and hypercholesterolemia (defined as a serum
total cholesterol above 6.2 mmol/L [ⱖ239 mg/dL]).
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Table 2: Associations between carotid characteristics and cortical infarctsa
Per Participant (n = 951)
Model
Ab
Plaque components
Intraplaque hemorrhage 2.0 (1.2–3.5)
Lipid core
1.3 (0.8–2.2)
Calciﬁcation
1.1 (0.5–2.3)
Measures of plaque size
1.3 (1.1–1.6)
Maximum carotid wall
thicknesse
ⱖ30% stenosisf
1.9 (1.1–3.3)

Per Carotid Artery (n = 1752)

P
Value

Model
Bc

P
Value

Model
Cd

P
Value

Model
Ab

.012
.337
.863

1.9 (1.1–3.3)
1.3 (0.8–2.2)
1.0 (0.5–2.2)

.019
.318
.977

1.7 (1.0–3.2)
1.1 (0.6–1.9)
1.0 (0.5–2.0)

.059
.697
.911

2.0 (1.1–3.6)
1.6 (0.9–2.8)
1.6 (0.8–3.1)

.006

1.3 (1.1–1.6)

.009

1.2 (1.0–1.6)

.090

1.6 (1.3–1.9)

.033

1.8 (1.0–3.2)

.048

NA

NA

3.1 (1.6–6.0)

P
Value

Model
Bc

P
Value

.033 1.9 (1.0–3.6)
.076 1.6 (0.9–2.8)
.162 1.6 (0.8–3.0)

Model
Cd

P
Value

.052
.077
.177

1.2 (0.6–2.4)
1.0 (0.6–1.9)
1.2 (0.6–2.5)

.633
.881
.552

0.8 (0.6–1.2)

.320

NA

NA

⬍.001

1.6 (1.3–1.9)

⬍.001

.001

3.1 (1.6–6.1)

.001

Note:—NA indicates not applicable.
a
Values represent odds ratios (95% conﬁdence intervals).
b
Model A is adjusted for age, sex, and time interval between brain MRI and carotid MRI.
c
Model B is adjusted for age, sex, time interval between brain MRI and carotid MRI, and major cardiovascular risk factors (hypertension, smoking, diabetes mellitus, and
hypercholesterolemia).
d
Model C is adjusted for age, sex, carotid stenosis (when appropriate), and time interval between brain MRI and carotid MRI.
e
Odds ratio per millimeter increase.
f
Odds ratio of carotid stenosis of ⱖ30%.

RESULTS
Table 1 shows baseline variables for the 951 participants. Mean
age was 71.2 ⫾ 10.3 years, and 444 (46.7%) were women. Intraplaque hemorrhage was present in 306 (32.2%); lipid core, in 359
(37.7%); and calcification, in 769 (80.9%) participants. Cortical
infarcts were present in 62 subjects (6.5%), and lacunar infarcts,
in 125 subjects (13.1%). Median WML volume was 4.66 mL (interquartile range, 2.24 –12.49). In 1752 carotid arteries with wall
thickening, 57 cortical infarcts (3.3%) and 85 lacunar infarcts
(4.9%) were present in the ipsilateral hemisphere.
Results of the multivariate adjusted analysis on the association
between carotid plaque characteristics and cortical infarcts are
presented in Table 2. The presence of intraplaque hemorrhage
(OR, 1.9; 95% CI, 1.1–3.3), maximum carotid wall thickness (OR
per millimeter increase, 1.3; 95% CI, 1.1–1.6), and carotid stenosis of ⱖ30% (OR, 1.8; 95% CI, 1.0 –3.2) was all significantly associated with cortical infarcts in the subject-based multivariate analysis. When the association between intraplaque hemorrhage and
cortical infarcts was adjusted for carotid stenosis, the estimate
barely changed (OR, 1.7; 95% CI, 1.0 –3.2; P ⫽ .059), though the
association became borderline significant. When we excluded
participants with a history of clinical stroke at baseline from the
analyses (n ⫽ 57), the association between intraplaque hemorrhage and cortical infarcts became stronger (OR, 2.4; 95% CI,
1.2– 4.6; P ⫽ .01, model B), whereas it did not change for maximum wall thickness (OR, 1.3; 95% CI, 1.0 –1.6; P ⫽ .05) and
became nonsignificant for ⬎30% stenosis (OR, 1.5; 0.7–3.0; P ⫽
.29).
In the carotid-based analysis, intraplaque hemorrhage was
also significantly associated with the presence of ipsilateral cortical infarcts (Table 2). Lipid core presence and plaque calcification
were not associated with cortical infarcts in the subject-based
analyses, though the association for the lipid core was borderline
significant in the carotid-based analysis (OR, 1.6; 95% CI, 0.9 –
2.8; P ⫽ .08) (Table 2). After additional adjustments for carotid
luminal stenosis, the association for intraplaque hemorrhage was
nonsignificant (OR, 1.2; 95% CI, 0.6 –2.4; P ⫽ .633).
In Table 3, the relation between carotid characteristics and
lacunar infarcts on MR imaging is shown. There were no associations between any of the carotid plaque characteristics and
the presence of lacunar infarcts. These results did not change

after additional adjustment for carotid stenosis or exclusion of
persons with clinical stroke or when performing artery-based
analysis.
The association between carotid characteristics and WML
volume is shown in Table 4. Subjects with calcifications had
significantly larger WML volume (regression estimate, 0.21;
95% CI, 0.05– 0.38). The presence of intraplaque hemorrhage
was borderline significantly associated with higher WML volume (regression estimate, 0.13; 95% CI, ⫺0.01– 0.28; P ⫽ .07),
but this was further attenuated when adjusting for cardiovascular risk factors (P ⫽ .145). These results did not change after
additional adjustment for carotid stenosis or exclusion of those
with clinical stroke. Maximum carotid wall thickness was significantly associated with higher WML volume (regression estimate, 0.08; 95% CI, 0.01– 0.15; P ⫽ .032) when adjusting for
carotid stenosis. This result was not present without adjustments for carotid stenosis.
In a sensitivity analysis in 311 subjects, excluding subjects with
a time interval of ⬎1 month between carotid and brain MR imaging, the estimates of the associations did not change (On-line
Tables 1 and 2).
Stratification for sex did not show significant interaction by
sex in any of the analyses (data not shown).

DISCUSSION
In a large sample of the general population of predominantly
white descent, we studied, with MR imaging, the association between vulnerable carotid plaque components and ischemic vascular brain disease. We found that carotid intraplaque hemorrhage
was associated with the presence of cortical infarcts, but not with
lacunar infarcts. Plaque calcification and carotid wall thickness
but not vulnerable plaque components were related to higher WML
volume.
One of the major strengths of our study is the large sample of
middle-aged and elderly subjects from the general population.
Compared with small clinical studies of patients with symptomatic brain ischemia, the use of a community-dwelling population
provides information on associations between carotid plaque
characteristics and ischemic brain disease that are less biased by
the effects of medical intervention or lifestyle modifications. Furthermore, apart from participant-based analyses, we also assessed
AJNR Am J Neuroradiol 38:1776 – 82
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Table 3: Associations between carotid characteristics and lacunar infarctsa
Per Participant (n = 951)
Model
Ab

Per Carotid Artery (n = 1752)

P
Value

Model
Bc

P
Value

Model
Cd

P
Value

Model
Ab

P
Value

Model
Bc

P
Value

Model
Cd

P
Value

.922
.782
.885

1.0 (0.6–1.5)
1.0 (0.7–1.5)
1.0 (0.6–1.7)

.855
.974
.992

1.1 (0.7–1.7)
1.0 (0.7–1.6)
1.1 (0.6–1.9)

.562
.832
.705

1.1 (0.6–1.7)
1.1 (0.6–1.8)
1.0 (0.6–1.6)

.412
.815
.890

1.1 (0.7–1.9)
1.0 (0.6–1.8)
1.1 (0.6–1.5)

.464
.766
.773

1.1 (0.6–1.8)
1.0 (0.6–1.7)
0.9 (0.5–1.4)

.856
.946
.573

.815

1.0 (0.8–1.1)

.605

1.1 (0.9–1.4)

.307

1.1 (0.9–1.3)

.581

1.0 (0.8–1.2)

.771

1.0 (0.8–1.4)

.825

.168

0.7 (0.4–1.2)

.166

NA

NA

0.8 (0.4–1.6)

.582

0.8 (0.4–1.5)

.450

NA

NA

Plaque components
Intraplaque hemorrhage 1.0 (0.6–1.4)
Lipid core
0.9 (0.6–1.4)
Calciﬁcation
1.0 (0.6–1.8)
Measures of plaque size
1.0 (0.8–1.2)
Maximum carotid wall
thicknesse
ⱖ30% stenosisf
0.7 (0.4–1.2)

Note:—NA indicates not applicable.
a
Values represent odds ratios (95% conﬁdence intervals).
b
Model A is adjusted for age, sex, and time interval between brain MRI and carotid MRI.
c
Model B is adjusted for age, sex, time interval between brain MRI and carotid MRI, and major cardiovascular risk factors (hypertension, smoking, diabetes mellitus, and
hypercholesterolemia).
d
Model C is adjusted for age, sex, carotid stenosis (when appropriate), and time interval between brain MRI and carotid MRI.
e
Odds ratio per millimeter increase.
f
Odds ratio of carotid stenosis of ⱖ30%.

Table 4: Associations between subjects’ carotid plaque characteristics and WML load (n ⴝ 887)a
Model Ab
P Value
Model Bc
P Value
Plaque components
Intraplaque hemorrhage
0.13 (⫺0.01–0.28)
.070
0.11 (⫺0.04–0.25)
.145
Lipid core
⫺0.09 (⫺0.22–0.05)
.203
⫺0.06 (⫺0.19–0.07)
.353
Calciﬁcation
0.23 (0.06–0.39)
.007
0.21 (0.05–0.38)
.010
Measures of plaque size
0.05 (⫺0.02–0.12)
.131
0.04 (⫺0.03–0.10)
.235
Maximum carotid wall thicknesse
ⱖ30% stenosis
⫺0.10 (⫺0.26–0.07)
.241
⫺0.11 (⫺0.27–0.05)
.181

Model Cd

P Value

0.13 (⫺0.02–0.27)
⫺0.08 (⫺0.20–0.05)
0.21 (0.05–0.37)

.083
.277
.008

0.08 (0.01–0.15)
NA

.032
NA

Note:—NA indicates not applicable.
a
Values represent increase in white matter lesion load (natural log-transformed) (95% conﬁdence intervals) for the presence of plaque components, the presence of carotid
stenosis of ⱖ30%, or per-millimeter increase in maximum wall thickness.
b
Model A is adjusted for age, sex, and time interval between brain MRI and carotid MRI.
c
Model B is adjusted for age, sex, time interval between brain MRI and carotid MRI, and major cardiovascular risk factors (hypertension, smoking, diabetes mellitus and
hypercholesterolemia).
d
Model C is adjusted for age, sex, carotid stenosis (when appropriate), and time interval between brain MRI and carotid MRI.
e
Regression coefﬁcients per millimeter increase.

the relation between left/right carotid plaque and ipsilateral ischemic brain disease, enabling us to investigate vascular brain disease in the corresponding vascular territory.
A potential limitation of our study is that a lipid core is best
detected with contrast-enhanced MR imaging.24 Although we did
not administer a contrast agent in our population-based sample,
the non-contrast-enhanced sequences we used were shown to
have good accuracy in validation studies.5,6,14 Furthermore, we
assessed the presence of hemorrhage and lipid core but did not
measure the size of each plaque component, which may have affected our sensitivity to detect relevant associations. Another potential limitation is the time interval between brain MR imaging
and carotid MR imaging, which was, on average, 9 months, with
brain MR imaging preceding carotid MR imaging in 89% of participants. Thus, brain infarcts could potentially have preceded
plaque abnormalities in time, influencing our results. However,
because the main aim of our study was not risk prediction but
investigating etiologic parallels between plaque vulnerability and
stroke, we believe that this sequencing will not have seriously influenced our results. Also, adjustment for time interval and sensitivity analysis in subjects with short time intervals between carotid and brain MR imaging did not change our results. Last, our
cross-sectional study design makes it difficult to interpret cause
and effect of the associations found.
In our study, the presence of intraplaque hemorrhage was related to cortical infarcts, and this seemed primarily true for men.
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A small cross-sectional study in patients with recent ischemic
events and carotid stenosis found that the size of intraplaque
hemorrhage and not the presence of a lipid core was associated
with symptomatic plaques.25 On the other hand, in a prospective
MR imaging study in subjects with 50%–79% carotid stenosis,
both intraplaque hemorrhage and the size of the lipid core were
related to the risk of a cerebrovascular event, albeit not the presence of a lipid core itself.1 In our study, we only found a borderline
significant association between the presence of a lipid core and
cortical infarcts, and only for the ipsilateral hemisphere. Thus, on
the basis of our findings and those of others, it may be hypothesized that carotid intraplaque hemorrhage, rather than the presence of a lipid core, is a more relevant indicator of plaque vulnerability. However, other studies with a more sensitive measure of
lipid core and assessing lipid core size should further explore the
relation between lipid core and cortical infarcts.
The association we found between intraplaque hemorrhage
and the presence of cortical infarcts is in line with the presumed
etiology of cortical infarcts, which are primarily regarded as being
caused by large-vessel disease. In contrast, lesions in subcortical
brain regions, such as lacunar infarcts and white matter lesions,
are considered the sequelae of cerebral small-vessel disease.26 In
our study, none of the vulnerable plaque characteristics—intraplaque hemorrhage and lipid core— or measures of plaque size
were associated with the presence of lacunar infarcts, supporting

extracranial carotid embolic disease not being an important factor
in the development of lacunar infarcts.
We did not find important differences between the participant-based analyses and the analyses restricted to the ipsilateral
hemisphere of each carotid artery, though the degree of carotid
stenosis was a confounder for the association between intraplaque
hemorrhage and ipsilateral cortical infarcts. Previously, a relationship between plaque burden expressed as severity of stenosis
and the presence of intraplaque hemorrhage has been demonstrated.27 Intraplaque hemorrhage instead of the severity of
stenosis must be considered as the link between atherosclerotic
disease and brain infarcts. The predictive power of intraplaque
hemorrhage versus stenosis should be evaluated in future studies. In addition, atherosclerosis in one vessel bed is known to
reflect atherosclerotic activity in other vascular regions.28
Thus, carotid plaques are not per se only related to ischemic
disease in the ipsilateral vascular territory. If we extended this
concept of atherosclerosis as a generalized disease, intraplaque
hemorrhage could be regarded as a focal manifestation of an
underlying systemic disease process that includes several vulnerable lesions.29
In the ongoing discussion on the pathogenesis of WMLs, the
most generally accepted concept is that they reflect a process of
ischemic demyelination, predominantly with small-vessel disease
as the etiologic factor.30 There is, however, also some evidence
that large-vessel disease may contribute to the development of
WMLs,31 especially via embolic events from unstable carotid
plaques (ie, those with intraplaque hemorrhage).32 Although
we found a borderline significant relation between carotid intraplaque hemorrhage and WML volume, this association attenuated when adjusting for cardiovascular risk factors. This
finding may suggest that there is a shared etiology for atherosclerosis and the development of WMLs, rather than a direct
causal connection between intraplaque hemorrhage and WML
development.
In the current literature, all available data on this topic are
from small studies in clinical patients, with 2 thoughts being put
forward. Altaf et al32 found, in 187 symptomatic subjects, an association between carotid intraplaque hemorrhage and WML
volume, supporting the large-vessel disease and unstable plaque
concept. Kwee et al33 found, in 50 patients with symptomatic
carotid stenosis, that carotid plaque burden was significantly associated with WML severity but that there was no causal relationship between carotid plaque vulnerability and the occurrence of
WMLs. In contrast, Patterson et al34 found MR imaging plaque
morphology (ie, plaque size, the presence of intraplaque hemorrhage, or lipid core) in 80 carotid arteries to be not independently
predictive of the severity of WMLs, refuting the large-vessel disease and unstable plaque concept. Our results suggest no significant relation between intraplaque hemorrhage or lipid component and WML volume; therefore, our results contribute to this
discussion in that they do not support the hypothesis of a role of
vulnerable large-vessel atherosclerotic plaque in the development
of WMLs. In the current study, carotid plaque calcification is
associated with WMLs, also demonstrated in a previous CT-based
study by Bos et al.35 This is possibly the association between luminal stenosis and brain MR imaging markers of ischemia rather

than vulnerable plaque, because previous studies have suggested
that for a given volume of plaque, the greater the proportion of
calcification, the more “stable” the plaque is.36,37

CONCLUSIONS
The presence of carotid intraplaque hemorrhage and measures of
carotid plaque size, as defined with MR imaging, are associated
with MR imaging– defined cortical infarcts, but not with lacunar
infarcts. Plaque instability does not seem to play a role in WML
development.
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HEAD & NECK

Sigmoid Sinus Diverticulum, Dehiscence, and Venous Sinus
Stenosis: Potential Causes of Pulsatile Tinnitus in Patients with
Idiopathic Intracranial Hypertension?
X J.A. Lansley, X W. Tucker, X M.R. Eriksen, X P. Riordan-Eva, and X S.E.J. Connor

ABSTRACT
BACKGROUND AND PURPOSE: Pulsatile tinnitus is experienced by most patients with idiopathic intracranial hypertension. The pathophysiology remains uncertain; however, transverse sinus stenosis and sigmoid sinus diverticulum/dehiscence have been proposed as
potential etiologies. We aimed to determine whether the prevalence of transverse sinus stenosis and sigmoid sinus diverticulum/
dehiscence was increased in patients with idiopathic intracranial hypertension and pulsatile tinnitus relative to those without pulsatile
tinnitus and a control group.
MATERIALS AND METHODS: CT vascular studies of patients with idiopathic intracranial hypertension with pulsatile tinnitus (n ⫽ 42),
without pulsatile tinnitus (n ⫽ 37), and controls (n ⫽ 75) were independently reviewed for the presence of severe transverse sinus stenosis
and sigmoid sinus diverticulum/dehiscence according to published criteria. The prevalence of transverse sinus stenosis and sigmoid sinus
diverticulum/dehiscence in patients with idiopathic intracranial hypertension with pulsatile tinnitus was compared with that in the
nonpulsatile tinnitus idiopathic intracranial hypertension group and the control group. Further comparisons included differing degrees of
transverse sinus stenosis (50% and 75%), laterality of transverse sinus stenosis/sigmoid sinus diverticulum/dehiscence, and ipsilateral
transverse sinus stenosis combined with sigmoid sinus diverticulum/dehiscence.
RESULTS: Severe bilateral transverse sinus stenoses were more frequent in patients with idiopathic intracranial hypertension than in
controls (P ⬍ .001), but there was no signiﬁcant association between transverse sinus stenosis and pulsatile tinnitus within the idiopathic
intracranial hypertension group. Sigmoid sinus dehiscence (right- or left-sided) was also more common in patients with idiopathic intracranial hypertension compared with controls (P ⫽ .01), but there was no signiﬁcant association with pulsatile tinnitus within the idiopathic
intracranial hypertension group.
CONCLUSIONS: While our data corroborate previous studies demonstrating increased prevalence of sigmoid sinus diverticulum/dehiscence and transverse sinus stenosis in idiopathic intracranial hypertension, we did not establish an increased prevalence in patients with
idiopathic intracranial hypertension with pulsatile tinnitus compared with those without. It is therefore unlikely that these entities
represent a direct structural correlate of pulsatile tinnitus in patients with idiopathic intracranial hypertension.
ABBREVIATIONS: IIH ⫽ idiopathic intracranial hypertension; PT ⫽ pulsatile tinnitus; SSDD ⫽ sigmoid sinus diverticulum/dehiscence; TSS ⫽ transverse sinus
stenosis

ulsatile tinnitus (PT) is the perception of an abnormal sound
that is synchronous with the heartbeat. The phenomenon
may result from abnormal mechanical somatosound production
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(due to abnormal turbulence or location of vascular flow) or enhanced perception (due to increased transmission of the somatosound or reduced conduction of normal sound).1 PT is a wellrecognized feature of idiopathic intracranial hypertension (IIH),
being present in approximately 60% of patients.2-4 The pathophysiology of PT in these patients is unknown; however, observed
variations in transverse and sigmoid sinus anatomy seen in IIH
have been proposed as a possible underlying cause.
Transverse sinus stenosis (TSS) is well-described as a cause of
PT, and resolution of symptoms has been reported following successful venous sinus stent placement.5-8 Venous sinus stent placement performed as a treatment for IIH has also resulted in resolution of PT in affected patients,7,8 which lends support to the
AJNR Am J Neuroradiol 38:1783– 88
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A cohort of control subjects was generated by using contemporaneous CT
angiograms obtained on the same CT
scanner for reasons other than suspected
venous pathology or pulsatile tinnitus. A
list of CTA examinations was generated
by searching the PACS archive for intracranial CTAs performed in the study period (January 1, 2005, to May 22, 2015)
that contained the text “normal” in the
body of the report. The resulting 1250
studies were ranked by age with subjects
younger than 16 and older than 45 years
of age excluded to closely model the IIH
cohort. The report text of the remaining
scans was manually screened, and studies with abnormal findings were excluded. The resulting 183 CTAs were reFIG 1. A, Superior sagittal sinus height measurement (2 cm above the torcula). B, Transverse sinus viewed, and further exclusions were
made if there was confounding patholstenosis measurement.
ogy or if venous opacification was insufproposal that the resulting turbulent venous flow may be the soficient (defined as ⬍160 HU measured at the torcula). After this
matosound responsible for PT in IIH.9,10 However, PT is not seen
process, 75 control subjects were available for evaluation.
in all patients with IIH with TSS, and other factors may be reThe study was reviewed by the local National Health Service
quired for the symptom to manifest.
Research Ethics Committee and was considered to represent “serMore recently, sigmoid sinus diverticulum and/or dehiscence
vice evaluation.”
(SSDD) has been shown to be associated with PT.1,11-16 This association has been noted to be particularly frequent in patients
Radiologic Assessment
with elevated body mass indices and those with imaging features
CTAs and CT venograms were obtained with a LightSpeed 16
of IIH,1,14,15 leading some authors to suggest that SSDD may rescanner (GE Healthcare, Milwaukee, Wisconsin). Scanning paflect a manifestation of subclinical IIH.2,14
rameters were 0.625-mm collimation; pitch, 0.938:1; noise index,
Interventional studies have revealed that endovascular
2.2; automilliampere limit, 380.
stenting of TSS or surgical correction of SSDD may resolve
The presence of venous sinus stenosis, sigmoid plate dehisPT5,7,8,13,17-19; however, these procedures are not without
cence, and diverticula was assessed by 2 neuroradiologists indecomplications.12 Understanding the underlying mechanism is
pendently (J.A.L. and M.R.E., with 9 and 15 years of radiology
therefore essential to enable appropriate targeting of therapy.
experience, respectively). Venous sinus luminal dimensions were
We aimed to determine whether the prevalence of TSS
first evaluated with maximum-intensity-projection reconstrucand SSDD was increased in patients with IIH with PT relative
tions to provide an overview of the narrowest portion of the sinus
to patients with IIH without PT and a control group without
encountered from the torcula to the distal sigmoid sinus. MultiIIH.
planar reformats (0.6 mm thick) at standard magnifications and

MATERIALS AND METHODS
Subjects
One hundred seventy consecutive patients diagnosed with IIH
were identified from a clinical data base at our institution and
selected for retrospective review. IIH diagnosis was made with
the support of CSF pressure measurements and according to
the modified Dandy criteria20 in all except 1 patient in whom
lumbar puncture was precluded due to cerebellar tonsillar herniation. Case notes were reviewed for demographic and clinical details, including a history of pulsatile tinnitus. Laterality of
PT was not consistently recorded and hence not documented.
Patients were excluded if there was no CT venogram available
for evaluation. When ⬎1 CT venogram had been obtained on
the same patient, the examination closest to the diagnosis of
IIH was selected for analysis. Seventy-nine patients with IIH
(mean, 32 ⫾ 5.8 years of age; male/female ratio, 4:75) were
available for evaluation.
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perpendicular to the plane of the skull vault were then used to
assess the height of the sinuses. Percentage stenoses were calculated as the ratio of the maximal narrowing relative to the maximal height of the superior sagittal sinus (measured 2 cm above the
torcula, Fig 1). Stenoses were categorized as ⬎50% and ⬎75%
relative to the superior sagittal sinus according to previously published criteria.21
A rigorous, objective radiographic classification of SSDDs is
yet to be established. For this study, we adapted a previously described methodology,1 using MPR reconstructions and an edgesharpening tool available on our PACS. Assessments were made
with standard bone windows (width, 4000 HU centered at 400
HU). Dehiscence was characterized as complete absence of cortical bone adjacent to the sigmoid sinus (air-on-sinus sign) evident
on at least 2 consecutive 0.6-mm sections in 2 orthogonal planes
(Fig 2). “Sigmoid sinus diverticulum” was defined as a focal outpouching of the normal semicircular sigmoid sinus groove ex-

The prevalence of TSS (⬎75% and
⬎50%), sigmoid sinus dehiscence, and
sigmoid sinus diverticulum in patients
with IIH was compared with that in
the control group to see whether the
previously reported associations were
replicated in our cohort. Further subgroup analyses were performed to
compare the PT-IIH group with the
controls and the non-PT IIH group.
Group comparisons were also performed to compare the prevalence of
ipsilateral TSS and SSDD in the cohorts in case simultaneous abnormalities were needed for PT to manifest.
Statistical comparison was performed
with 2 or Fisher exact tests as appropriate, with P ⬍ .05 being required for
significance.
We performed further exploratory beFIG 2. Dehiscence of the sigmoid sinus wall: “air-on-sinus“ sign in the axial (A) and sagittal planes tween-group comparisons, taking into ac(B).
count variations in the laterality of TSS
and SSDD (ie, left, right, unilateral, bilateral, and either unilateral or bilateral).

RESULTS

FIG 3. Example of a right sigmoid diverticulum.

panding into the mastoid air cells and/or temporal bone cortex
(Fig 3).18
Consensus review was undertaken for all discrepant cases derived from the initial independent readings.

Statistical Analysis
Data were entered into an Excel spreadsheet (Excel for Mac, 2011;
Microsoft, Redmond, Washington). The statistical package StatPlus (AnalystSoft, Walnut, California) was used for descriptive
statistics.

There was no significant difference in the average age of the IIH
group (32 ⫾ 5.8 years) and control group (32 ⫾ 10.2 years). Of the
79 patients with IIH, 42 had PT. The average body mass index in
the IIH group was 37, and there was no significant difference in
body mass indices between patients with IIH with and without
PT. The IIH group was almost exclusively female (75:4), whereas
the control group comprised 35 men and 40 women.
The characteristics and imaging analysis results of the groups
are summarized in the Table.
Patients with IIH were significantly more likely to have a severe grade of venous sinus stenosis (⬎50% and ⬎75%) compared
with controls. When both left and right transverse sigmoid sinus
drainage pathways were considered together, 49% of patients with
IIH had ⬎75% stenosis affecting 1 side compared with just 7% of
controls (P ⬍ .001). This significance was maintained for the PTIIH subgroup analysis, but there was no significant association
between severe dural venous sinus stenosis and PT within the IIH
group.
Dehiscence, as defined by the “air-on-sinus” sign, was more
common on the right in all groups. In the IIH group, 41% of all
temporal bones were dehiscent, compared with 27% of controls
(P ⫽ .01). The significance of this difference was retained when
controls were compared with the PT-IIH subgroup, but there was
no significant difference between patients with and without PT in
the IIH group.
Sigmoid sinus diverticula were twice as common in patients
with IIH compared with controls (8% versus 4%); however, the
difference was not significant, and no other significant differences
were found in the subgroup analyses.
There was no significant difference in the prevalence of ipsiAJNR Am J Neuroradiol 38:1783– 88
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Characteristics and imaging analysis results of the groups
Subgroup 1
Subgroup 2
(IIH with PT)
(IIH without PT)
(n = 42)
(n = 37)
Rt stenosis ⬎75%
21 (50%)
14 (38%)
Lt stenosis ⬎75%
21 (50%)
21 (57%)
Rt or Lt stenosis ⬎75%
42 (50%)
35 (47%)
Unilateral ⬎75% stenosis
16 (38%)
15 (41%)
Bilateral ⬎75% stenoses
13 (31%)
9 (24%)
Unilateral or bilateral ⬎75% stenosis
29 (69%)
24 (65%)
Rt stenosis ⬎50%
30 (71%)
28 (76%)
Lt stenosis ⬎50%
33 (78%)
32 (86%)
Rt or Lt stenosis ⬎50%
63 (75%)
60 (81%)
Unilateral ⬎50% stenosis
7 (17%)
10 (27%)
Bilateral ⬎50% stenoses
28 (67%)
25 (68%)
Unilateral or bilateral ⬎50% stenoses
35 (83%)
35 (94%)
Rt diverticulum
5 (12%)
3 (8%)
Lt diverticulum
2 (5%)
2 (5%)
Rt or Lt diverticulum
7 (8%)
5 (7%)
Unilateral diverticulum
5 (12%)
5 (14%)
Bilateral diverticula
1 (2%)
0
Unilateral or bilateral diverticula
6 (14%)
5 (14%)
Rt dehiscence
24 (57%)
16 (43%)
Lt dehiscence
12 (29%)
12 (32%)
Rt or Lt dehiscence
36 (42%)
28 (38%)
Unilateral dehiscence
18 (43%)
12 (32%)
Bilateral dehiscence
9 (21%)
8 (22%)
Unilateral or bilateral dehiscence
27 (64%)
20 (54%)

Patients with
IIH (Combined)
(n = 79)
35 (44%)
42 (53%)
77 (49%)
33 (42%)
22 (28%)
55 (70%)
58 (73%)
65 (82%)
123 (78%)
17 (22%)
53 (67%)
70 (89%)
8 (10%)
4 (5%)
12 (8%)
10 (13%)
1 (1%)
11 (14%)
40 (51%)
24 (30%)
64 (41%)
30 (38%)
17 (22%)
47 (60%)

Controls
(n = 75)
3 (4%)
7 (9%)
10 (7%)
10 (13%)
0
10 (13%)
6 (8%)
19 (25%)
25 (16%)
21 (28%)
2 (3%)
23 (31%)
6 (8%)
0
6 (4%)
6 (8%)
0
6 (8%)
28 (37%)
12 (16%)
40 (27%)
26 (35%)
7 (9%)
33 (44%)

P
.28
.55
.73
.82
.51
.69
.67
.36
.36
.26
.93
.12
.72
1
.71
.83
1
.92
.22
.71
.52
.34
.98
.36

P1
⬍.001a
⬍.001a
⬍.001
.002a
⬍.001a
⬍.001a
⬍.001a
⬍.001a
⬍.001a
.17
⬍.001a
⬍.001a
.48
.13
.17
.49
.36
.28
.04a
.11
.01a
.38
.07
.04a

P2
⬍.001a
⬍.001a
⬍.001a
⬍.001a
⬍.001a
⬍.001a
⬍.001a
⬍.001a
⬍.001a
.35
⬍.001a
⬍.001a
.65
.12
.18
.34
1
.24
.10
.04a
.01a
.70
.04a
.05a

Note:—P indicates IIH with PT vs IIH without PT; P1, IIH with PT vs controls; P2, IIH (combined) vs controls; Rt, right; Lt, left.
a
Signiﬁcant.

lateral stenosis and dehiscence or ipsilateral stenosis and diverticulum between IIH patients with PT and those without PT.

DISCUSSION
Venous tinnitus in IIH has been determined to be the most frequent cause of PT in some series,4 and it is proposed that this may
have a direct anatomic correlate with either TSS or SSDD. An
increased prevalence of TSS and SSDD has been noted in patients
with PT,12,22 and the symptoms of PT have responded to previous
targeted treatments to the transverse sigmoid sinus in patients
with and without IIH.5,7,8,17-19
Although both TSS and SSDD have been linked to IIH, to the
best of our knowledge, no previous studies have investigated the
frequency in patients with IIH with and without PT. We aimed to
evaluate whether the prevalence of either entity could explain the
occurrence of PT in a cohort of patients with confirmed IIH.
Alternatively, TSS and SSDD may have a noncausal association
with PT and CSF, or brain pulsation may be transmitted to the
inner ear structures by alternative mechanisms.22,23
TSS is present in most patients with IIH21,24,25; however, the
etiology remains controversial. Pre-existing areas of TSS may be
implicated in the development of IIH7,26; however, it is also postulated that they occur secondary to raised CSF pressure, and
reversibility of stenoses has been demonstrated by lowering CSF
pressure.27 Patients with TSS secondary to IIH may experience PT
due to turbulent venous flow directly related to the venous stenoses or due to periodic narrowing caused by arterial pulsations
transmitted to the venous sinuses across the CSF.28
Patients with PT and SSDD have been found to have clinical
and imaging characteristics of IIH.1,12,15 A number of mechanisms have been proposed to explain this association. It is possible
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that the impact of pulsatile, turbulent blood flow on the sinus wall
could cause the formation of SSDD.15,18 Alternatively the presence of SSDD may be a direct result of raised CSF pressures.12,16,29
It has also been postulated that sigmoid sinus dehiscence could
cause PT in these patients due to increased transmission of turbulent flow to the inner ear after loss of the insulating properties
afforded by cortical bone.1,16,30 Although our findings did demonstrate an association between dehiscence and IIH, there was no
association within the IIH group to support a direct causal relationship. We also investigated the suggestion that a combination
of TSS and SSDD may be required to cause PT,1 but we found no
increased frequency of ipsilateral TSS and SSDD in our PT cohort
with IIH to support this.
It is possible that dehiscence involving specific locations on the
curve of the sigmoid sinus results in PT symptoms.13 We did not
categorize dehiscence in this way; this choice could have reduced
our ability to detect a significant association. We also found that
tiny focal areas of dehiscence were commonly present, even in
control subjects, which casts some doubt about their clinical
significance.
We did not distinguish different types of stenosis: tapered
“extraluminal” narrowing versus “intraluminal” narrowing
typified by arachnoid granulations.21 This could also have limited our ability to detect a significant association between stenosis and PT.
It is unclear whether sigmoid sinus diverticula and dehiscence
represent separate entities or whether there is an underlying
pathophysiologic spectrum of disease.1,15 Diverticula may cause
turbulent venous flow and lead to symptomatic PT when coexisting with elevated intracranial pressure, independent of TSS; how-

ever, our IIH cohort did not reveal any association between PT
and diverticula to lend support to this theory.
We explored the combined effect of TSS and ipsilateral SSDD,
but it is possible that a more complex combination of anatomic
features is required to cause PT or that the pathophysiology differs
between patients. It has been shown that ipsilateral venous outflow dominance, high jugular bulb, and temporal bone hyperpneumatization may also be important in the manifestation of
SSDD as PT.13,16 Complex interactions with venous dominance,
the site and size of dehiscence, and the type of stenosis (intraluminal versus extraluminal) were not fully evaluated in our study.
Although we did not document venous dominance directly, diverticula and dehiscence were observed more frequently on the
right; this feature is of interest because this is more likely to be the
dominant sinus.31
Our findings reveal a high prevalence of PT in IIH, which is in
line with previous studies.3 The data also corroborate previous
research indicating a high frequency of transverse sinus stenosis
and sigmoid sinus wall abnormalities in IIH. However, we found
no significant association between PT and venous sinus or sinus
wall abnormalities within the IIH group, suggesting that a direct
causal link is unlikely. Furthermore, ipsilateral dehiscence and
TSS abnormalities were not significantly more frequent in the PT
group; this finding suggests that even when combined, these factors are not sufficient to cause PT.
Our dataset contained a large validated cohort of patients diagnosed with IIH, corroborated by CSF pressure measurements;
however, the study design has some important limitations. First,
the retrospective nature meant that there was nonuniformity of data.
Most important, we had limited information on the laterality of PT.
It is recognized that PT in IIH is most commonly unilateral,32 and
this information would have allowed a greater confidence in relating
PT to the venous correlates. The lack of well-defined criteria and the
subjective nature of the scoring for SSDD are also potential drawbacks; however, these were similarly applied across groups with standardized viewing parameters, and a consensus review was undertaken in cases of disagreement.
Another potential bias was introduced by including only patients with IIH who had undergone CT venography, which a large
number of patients in the data base had not undertaken. The use
of CTAs for the control group meant that observer blinding was
not possible, and cases could be distinguished from controls. Nevertheless, observers were blinded to the presence of PT within the
IIH group, and the question of this association was the primary
aim of this study.
No previous studies describe the incidence of SSDD/TSS in
confirmed IIH cases, to our knowledge; therefore, we were unable
to perform a power calculation, and the sample size was determined by the size of the clinical data base.
Finally, the control group was not matched for sex, resulting in
a female bias for the IIH cohort. Previous control cohorts have
comprised subjects with middle ear symptoms referred for ear,
nose, and throat investigations. The relatively high proportion of
SSDD abnormalities found in these subjects (up to 18%) may
misrepresent the general population.14 We thought it was important to know the prevalence of SSDD in the general population to
better understand the likelihood of SSDD as a coincidental find-

ing. A mixed-sex control group was therefore used to provide data
about the incidence of SSDD.
Four percent of controls in our cohort had a combined conduit score of ⬍5, in line with the 7% of controls in the study by
Farb et al.21 Sigmoid sinus dehiscence was more common in our
control cohort (44% of patients, 53% of ears) compared with
1.2% and 18% of incidental SSDD reported in previous studies.12,14 This discrepancy is likely to reflect shortcomings of CT
assessment. Only tiny focal areas of apparent bone loss were required to be categorized as dehiscence; however, as previously
shown in temporal bone histologic studies, bone thickness of
⬍0.1 mm can be falsely read as dehiscent.33,34 We also found a
higher incidence of sigmoid sinus diverticula in our control cohort than described in previous studies: 8% compared with 0.5%
reported by Grewal et al,14 which may reflect differences in the
demographic studied or possibly be due to sampling bias inherent
in our smaller sample size.

CONCLUSIONS
Although TSS and sigmoid sinus dehiscence were shown to be
more frequently present in patients with IIH compared with controls, our findings do not support the proposed pathophysiologic
mechanism that SSDD or TSS are directly responsible for PT in
IIH. The finding of SSDD in a patient with PT may be coincidental, and patients considering surgical intervention should be
counseled accordingly.
Disclosures: Marianna R. Eriksen—UNRELATED: Employment: Aleris Roentgen Institut Stavanger, Norway.
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Increased Curvature of the Tentorium Cerebelli in Idiopathic
Intracranial Hypertension
X P.P. Morris, X N. Lachman, X D.F. Black, X R.A. Carter, X J. Port, and X N. Campeau

ABSTRACT
BACKGROUND AND PURPOSE: Transverse sinus effacement is detectable on MRV examinations in almost all patients with idiopathic
intracranial hypertension. This effacement of the transverse sinus is presumed to be mediated by elevation of intracranial pressure,
resulting in compression and inward collapse of the dural margins of the sinus. We sought to establish whether supratentorial broad-based
downward deformity of the tentorium might explain transverse sinus effacement in idiopathic intracranial hypertension.
MATERIALS AND METHODS: MRV examinations of 53 adult patients with idiopathic intracranial hypertension were reviewed retrospectively and compared with 58 contemporaneously acquired controls. The curvature of the tentorium with reference to a line connecting
the transverse sinus laterally with the conﬂuence of the tentorial leaves medially was calculated as a segment of a circle. The height and
area of the segment and the angle subtended by the midpoint of the tentorium from the falx were calculated.
RESULTS: The height and area of the segment described by the chord connecting the transverse sinus with the apex of the tentorial
conﬂuence and subtended midtentorial angle were greater in the idiopathic intracranial hypertension group; this ﬁnding supports the
hypothesis that increased tentorial bowing is present in idiopathic intracranial hypertension.
CONCLUSIONS: Increased bowing of the tentorium in patients with idiopathic intracranial hypertension compared with controls is a new
observation, lending itself to new hypotheses on the nature and localization of elevated intracranial pressure in idiopathic intracranial
hypertension. Bowing of the tentorium may play a part in distorting the contour of the transverse sinuses, resulting, at least in part, in the
effacement of the transverse sinuses in idiopathic intracranial hypertension.
ABBREVIATIONS: ICP ⫽ intracranial pressure; IIH ⫽ idiopathic intracranial hypertension

diopathic intracranial hypertension (IIH), alternatively known
as pseudotumor cerebri, is a poorly understood condition characterized by elevation of intracranial pressure (ICP) in the absence of a definable intracranial mass or other anatomic explanation.1,2 The diagnosis is established by the Modified Dandy
criteria, revised in 2013 to incorporate imaging findings, but the
essence of the diagnosis is an opening CSF pressure of ⬎250 mm
H2O in adults or 280 mm H2O in children without obvious
cause.3,4 The diagnosis can be elusive on clinical grounds due to
the nonspecific and fluctuating nature of the clinical symptoms.
Neuroradiologic diagnosis of IIH can also be difficult on MR imaging because it relies on inconsistently present anatomic corre-
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lates of chronically elevated ICP, such as flattening of the diaphragm sellae, distension of the optic nerves sheaths, flattening of
the posterior sclera, or signs of papilledema.5,6 Remodelling of the
pituitary gland contour or of the sella turcica itself may be seen in
40%– 60% of patients, and ocular findings, though reportedly
present in 88% of pediatric patients under anesthesia, are less
consistently perceived in adult patients.7 Vascular studies, specifically gadolinium-bolused MR venography, have shown that 94%
of adult patients with IIH demonstrate a very characteristic appearance of bilateral effacement/attenuation of the contours of
the transverse sinuses, so-called “transverse sinus stenosis.”8-10
This finding has been the subject of potential therapeutic focus in
some patients with IIH refractory to medical therapy alone, with
clinical improvement or stabilization reported in most severely ill
patients treated with transvenous stent placement. It is a curious
observation that this dural sinus effacement is consistently and
exclusively confined to the lateral margins of the transverse sinuses where the upward sweep of the sinus is maximal on a sagittal
view and the scope of the suspension curve or “hammock-sling”
of the tentorial cerebelli is maximal on a coronal view.
AJNR Am J Neuroradiol 38:1789 –93
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FIG 2. A midline sagittal view from the source image data was used
for orientation of the oblique coronal plane and then for measurements. The oblique coronal plane (continuous line) intersects the
junction of the great vein of Galen and the straight sinus and runs in a
plane orthogonal to the subcallosal line (dotted line).

FIG 1. Image from an anatomic dissection of a human cadaver viewed
from above and behind. The cerebral hemispheres and diencephalon
have been removed, exposing the tentorial margin and cut surface of
the midbrain (M). The lesser wing of the sphenoid (S) and optic chiasm
(O) lie on the upper aspect of the image. The falx cerebri is folded
posteriorly in the midline, causing retraction of the tentorial incisura
(I). The approximate course of the hidden transverse sinus is represented by the broken line. The point of the image is to emphasize the
smooth, featureless sweep of the tentorium as it splits around the
margins of the transverse sinus and continues laterally as the dural
margin of the right hemicranium. The transition is so featureless that
the margins of the transverse sinus cannot be either visualized or
easily palpated in this example, raising the question of how even
mildly elevated intracranial pressure could cause a focal indentation
on this featureless span of “tough” tissue to bring about effacement
of the buried transverse sinus.

During anatomic brain dissection, the sweep of the tentorium
cerebelli blends so seamlessly with the margins of the transverse
sinus (Fig 1) that it becomes difficult to envision how moderately
elevated ICP could efface the transverse sinus in such a focal manner. This force would have to exert a focal indentation on the
margins of the transverse sinus and create a definable furrow
along the sinus, thus requiring a marked degree of local dural
stretching. It is more cogent to invoke the Laplace Law pertaining
to tension along a curved surface and to suggest that supratentorial pressure would be more likely to exert a generalized effect on
the broad expanse of the tentorium. If such an effect were present,
it should be most robustly detectable where the sweep of the tentorium is at its widest, which, coincidentally or otherwise, also
corresponds with the characteristic location of the effacement of
1790
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the transverse sinus seen in IIH. To advance this hypothesis, that
the effacement of the transverse sinus in IIH may be, in some part,
secondary to diffusely distributed ICP effects on the tentorium
rather than a focal effect on the margins of the transverse sinus, we
sought to determine whether a greater degree of curvature of the
tentorium could be detected in patients with IIH compared with a
control group.

MATERIALS AND METHODS
A retrospective review of MR images and clinical records with institutional review board approval was conducted on 53 patients with IIH and 58 adult controls. Subjects were identified
through a key word search of the electronic medical records
spanning a 5-year period, 2010 –2015. Patients with IIH (n ⫽
53; 16 – 60 years of age) were diagnosed by meeting the Modified Dandy diagnostic criteria in the absence of other identifiable explanations for their symptoms or elevated ICP. Control
subjects (n ⫽ 58; 16 – 60 years of age) were all diagnosed with
migraine-type headache or other nonspecific headaches and
were gathered sequentially in chronologic order from a list of
non-IIH subjects with MR imaging and MRV during the same
period. Controls did not demonstrate identifiable intracranial
pathology, elevation of ICP, dural sinus thrombosis, or other
anatomic causes for headache.

Image Review
Source images from 3D gadolinium-bolused MRV examinations
were used for analysis. Data files were imported into an independent Advantage Windows Workstation (GE Healthcare, Milwaukee, Wisconsin) and reformatted in multiplanar reconstructions
at a resolution of 0.6 mm per pixel.

sagittal view passes at or near the widest
transverse diameter of the cerebellar
tentorium and was used to define the
measurement landmarks of the tentorium (Fig 2). The curvature of the tentorium was determined from the theoretic
chord segment length and height of an
imperfect circle inscribing the curvature of
the tentorium (Fig 3A). Specifically, the
chord length of the circle segment passing
between the midline apposition points of
the tentorial leaves above the venous confluence and the lateral point where the tentorium splits to enfold the transverse sinus
was measured with workstation tools. The
height of the segment was measured orthogonal to and at the midpoint of segment length. With the segment of a circle
defined by segment length and height, it is
thus possible to calculate the radius of curvature of this theoretic circle and the area
of the segment. These measurements were
performed bilaterally.

FIG 3. Illustration of the geometric landmarks used to calculate the curvature of the tentorium.
A, A segment of a theoretic circle of chord length (L) and height (H) is constructed by using
landmarks for the insertion points of the tentorium cerebelli, as described in the text. The
conformity of the circle perimeter to the actual sweep of the tentorial curve may be imperfect,
but this is of no consequence because its role is primarily illustrative, to help envision the
geometric relationship of the primary anatomic points. B, With the same anatomic points illustrated in A, an angle subtended by the midpoint of the tentorium is calculated with the midline
tentorial convergence as an apex and the vertical falx cerebri as a baseline. C, Illustration of these
measurements in a control subject, a 22-year-old male patient with an ultimate diagnosis of
migraine headaches. D, Illustration of same measurements in a patient with IIH, a 22-year-old
female patient with a body mass index of 48.2 and an opening CSF pressure of 338 mm H2O.
Table 1: Characteristics of patients with idiopathic intracranial
hypertension and controls
Variable
Controls (n = 58) IIH (n = 53)
P
Age (mean) (yr)
34.8 ⫾ 9.7
31.3 ⫾ 10.3
.06
Sex (male/female)
44:14
50:3
.008
28.1 ⫾ 7.6
36.9 ⫾ 8.9 ⬍.0001
BMI (mean) (kg/m2)
Weight (mean) (Kg)
80.4 ⫾ 28.4
101.7 ⫾ 28.7
.0002
NA
363.2 ⫾ 84
NA
Opening CSF pressure
(mean) (mm H2O)
Note:—BMI indicates body mass index; NA, not applicable.

Measurements
Tentorial Radius of Curvature. The apex of the tentorial convergence in the midline was selected by finding the midline sagittal
image showing the confluence of the great vein of Galen and the
straight sinus. An oblique coronal plane passing through this
point and lying orthogonal to the subcallosal line11 on the midline

Falx-to-Midtentorium Angle. To circumvent potential bias in defining the
lateral point of the chord segment
length, we devised a second index of tentorial curvature (Fig 3B). With the same
oblique coronal image defined above,
the angle defined with the vertex at
the midline confluence of the tentorial
leaves and rays subtending the midpoint
of the tentorial curve and the midline
falx cerebri was measured bilaterally in
all cases. An increase in this angle was
expected to indicate a greater degree of
bowing of the tentorium in the patients
with IIH group, independent of the
measurement technique described in
“Tentorial Radius of Curvature” above
(Fig 3C, -D).

Statistics
Summarized data are presented as mean (⫾ SD) or frequency
(percentage). Two-sample t tests and Fisher exact tests were used
for differences in demographic and imaging findings between
controls and subjects with IIH. Multiple linear regression was
used to adjust for the effects of age, body mass index, and sex.
Two-sided P values ⬍ .05 were considered statistically significant.
Statistical analysis was conducted with JMP Pro 11.2 for Mac (SAS
Institute, Cary, North Carolina).

RESULTS
Group comparisons are presented in Table 1. A greater representation of male subjects was present in the control group compared
with patients with IIH, but mean ages were comparable. Body
AJNR Am J Neuroradiol 38:1789 –93
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Table 2: Measurement of the tentorial curvature
Height Right
Height Left
(Mean) (mm)
(Mean) (mm)
Controls (n ⫽ 58)
11.6 ⫾ 1.7
11.5 ⫾ 1.8
IIH (n ⫽ 53)
14.6 ⫾ 2.2
14.2 ⫾ 2.1
.31
.33
R2
⬍.0001
⬍.0001
Pa
a

Area of Segment
Right (Mean) (mm2)
515.6 ⫾ 104.2
676.1 ⫾ 130.5
.32
⬍.0001

Area of Segment
Left (Mean) (mm2)
515.6 ⫾ 113.3
688.2 ⫾ 131.4
.33
⬍.00001

Falx-Tentorium
Angle (Mean) (mm)
151.5 ⫾ 4.4
154.1 ⫾ 3.4
.091
⬍.0007

P values are signiﬁcant.

Table 3: Regression analysis controlling for the effect of BMI, age, and sex
Controls (Mean)
IIH (Mean)
(n = 58)
(n = 53)
Height right (mm)
11.6 ⫾ 1.7
14.5 ⫾ 2.2
Height left (mm)
11.5 ⫾ 1.7
14.2 ⫾ .1
515.6 ⫾ 104.2
676.1 ⫾ 130.5
Area of segment right (mm2)
515.6 ⫾ 113.3
688.2 ⫾ 131.4
Area of segment left (mm2)
Falx-tentorium angle
151.5 ⫾ 4.4
154.1 ⫾ 3.4

mass index levels were significantly higher in the IIH group as
expected.
All parameters of tentorial curvature, height of the segment,
area of the segment, and the angle subtended by the midpoint of
the tentorium showed a consistent indication of greater bowing in
the IIH group compared with controls (Table 2). The distance
from the baseline defined by the medial and lateral tentorial insertion points to the tentorial curvature itself was significantly
greater in the IIH group. The angle subtended by the tentorial
midpoint and the falx cerebri was also demonstrably greater, indicating a deeper degree of curvature compared with controls.
With multiple linear regression analysis, this effect persisted after
adjustment for sex, age, and body mass index (Table 3).

DISCUSSION
Our observations appear to be in agreement with our initial hypothesis that a downward deflection of the tentorium cerebelli is
detectable in patients with IIH. This leads us to the hypothesis that
this deflection could explain, in part or in whole, the distortion or
effacement of the transverse sinuses seen in IIH.
From a mechanical point of view, this hypothesis is reasonable
in that a diffuse supratentorial mass effect, likely mediated
through a broad-based change in brain volume in patients with
IIH, would be more likely to exert a deflection on the entire span
of the tentorium rather than on a focal indentation along a segment of the transverse sinus. A broad-based mass effect of this
nature would be expected to show itself where the “suspension
bridge” configuration or hammock-like span of the tentorium is
at its greatest. The secondary distortion of the anatomic structures
(ie, dural leaves of the transverse sinus) at the insertion of the
tentorial span would also be most prominent at this point of maximal span. This feature is consistent with the observed transverse
sinus stenosis seen in patients with IIH, which is characterized by
its location at the widest point of the tentorium in almost all
patients, where surface tension of the dura would be predicted to
be maximal. Simple generalized venous compression of the transverse sinuses does not appear to explain such a phenomenon,
because venous compression/effacement of the dural sinuses elsewhere does not appear to be a variant expression of this pathologic
epiphenomenon, at least not prominently.
Our observations raise intriguing questions as to the nature of
1792

Morris

Sep 2017

www.ajnr.org

Unadjusted
Difference
2.64
2.69
160.48
172.24
2.62

P
⬍.0001
⬍.0001
⬍.0001
⬍.0001
⬍.0007

Adjusted
Difference
2.21
2.60
133.92
161.98
2.22

Adjusted
P Value
⬍.0001
⬍.0001
⬍.0001
⬍.0001
⬍.023

the intracranial volumetric changes associated with IIH. Volumetric changes in CSF content of the intracranial cavity have been
previously suggested as instrumental to the genesis of elevated
ICP in this condition,12 but these results have been inconsistent.13
Oversecretion of CSF on the one hand or impaired absorption of
CSF14 on the other do not seem to furnish satisfactory explanations for the observations made in IIH because oversecretion of
CSF in cases of choroid plexus papilloma in the first instance or
underabsorption of CSF following subarachnoid hemorrhage in
the second do not give the same clinical or imaging appearance as
IIH.15,16 Greater interest has focused on brain parenchymal
changes, with hypothesized alterations in extracellular or intracellular fluid shifts in IIH17,18 and possibly more unexplored dynamic changes of the posited brain “glymphatic” system.19,20 Our
results would seem to point to a supratentorial compartmental
predilection for such changes, but this is not necessarily the only
interpretation of these data. A supratentorial mass effect in IIH,
suggested by this study, could be simply a reflection of the greater
magnitude of brain parenchymal volumetric change expressed in
the supratentorial structures based on innate volume, compared
with the intratentorial space.
Our study is limited on several counts. The characteristic effacement of the transverse sinuses, universally present in the patients with IIH group, prevented the use of a blinded process for
measuring the geometry of the tentorium of interest in this study.
The technique used is relatively simple and rudimentary and warrants confirmation with an automated technique if possible. A
difficulty with consistent measurement of the landmarks of the
transverse sinus between patients with IIH and controls is inevitable, with manual or automated techniques, by virtue of the necessity to measure a structure that is distorted and displaced by the
disease process. The conformity of the tentorial curvature to the
geometric circle construed in our measurements is variable and
imperfect within both patient groups. However, the use of the
geometric circle is conceptually illustrative, and variations of anatomic curvature away from a theoretic circle do not affect the
core observations pertaining to the bowing of the tentorium. An
additional potential limitation is that the controls were not
matched for the subjects as to sex or body mass index.
The significance of our observations is 2-fold. First, the hy-

pothesis advanced in this article answers many of the questions
previously posed as to the genesis of the transverse sinus effacement seen in patients with IIH and explains its characteristic
location. A mechanical distortion of the transverse sinus by a deflection of the tentorium, rather than exclusively by venous compression of the transverse sinus by elevated ICP, makes more sense
in view of many of the clinical observations made during transvenous manometry in patients with IIH, such as incongruity between fluctuating ICP readings and elevated venous pressures.
Elevated ICP alone does not seem to explain adequately the degree
of venous effacement seen in many patients. Second, these results
could suggest why some patients with IIH are more vulnerable to
the development of secondary venous obstruction and hypertension if, for instance, the transverse sinus is innately narrowed by a
pre-existing arachnoid granulation. Innate elasticity of the dura
mater would also explain the reversibility of this venous stenotic
phenomenon seen with effective medical or CSF diversionary
procedures in IIH.21 Last, it behooves us to better understand the
mechanical basis for venous stenoses in IIH, particularly if the
transvenous stent treatment of this disorder continues its advance
as a potential intervention for patients with medically refractory
conditions.22-28

9.

10.

11.

12.
13.

14.

15.

16.
17.

CONCLUSIONS
Our data support the original hypothesis that a downward bowing
or deflection of the tentorium cerebelli is detectable in patients
with IIH compared with similarly aged controls. This observation
points to a supratentorial mass effect of the disease or at least a
preferential expression in that location. It also suggests that deformity of the tentorial insertion around the transverse sinus
could be a fundamental mechanism for the genesis of venous
stenotic changes that are well-recognized in this condition.
Disclosures: Pearse Morris—UNRELATED: Royalties: Lippincott, Williams & Wilkins
(textbook royalties).
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Ethanol Ablation of Ranulas: Short-Term Follow-Up Results
and Clinicoradiologic Factors for Successful Outcome
X K.H. Ryu, X J.H. Lee, X J.Y. Lee, X S.R. Chung, X M.S. Chung, X H.W. Kim, X Y.J. Choi, and X J.H. Baek

ABSTRACT
BACKGROUND AND PURPOSE: Surgical excision of an affected sublingual gland for treatment of a ranula can carry a potential of a nerve
damage or postoperative complications. However, there have been little studies about effective minimally invasive therapeutic method,
yet. Our aim was to evaluate the efﬁcacy and safety of ethanol ablation of ranulas and the clinicoradiologic factors that can predict
outcome.
MATERIALS AND METHODS: This retrospective study evaluated 23 patients with ranulas treated by percutaneous ethanol ablation.
Treatment outcome was assessed in 20 patients followed for at least 6 months. The duration of symptoms before ethanol ablation,
pretreatment volume, and parapharyngeal extension on sonography and/or CT were correlated with the outcome. The Mann-Whitney U
test and Fisher exact test were used for comparison of the factors according to the outcome.
RESULTS: The study evaluated 14 males and 9 females with a median age of 26 years (range, 3– 41 years). Among 20 patients who were
followed for at least 6 months (median, 20 months; range, 6 –73 months), 9 patients (45%) demonstrated complete disappearance of
the ranulas and 11 (55%) showed an incomplete response. When the patients were divided according to the duration of symptoms
before ethanol ablation, the complete response rate was signiﬁcantly higher in patients with ⱕ12 months of symptoms (73%, 8/11)
than that in others (11%, 1/9) (P ⫽ .010). Pretreatment volume and parapharyngeal extension were not signiﬁcantly different between
the 2 groups.
CONCLUSIONS: Ethanol ablation is a safe and noninvasive treatment technique for ranulas with a signiﬁcantly better outcome in patients
with ⱕ12 months of symptoms. Therefore, it could be considered an alternative nonsurgical approach for ranulas with recent onset of
symptoms.
ABBREVIATION: EA ⫽ ethanol ablation

ranula is a pseudocyst or mucous-retention cyst that arises
from leakage of saliva from the sublingual or minor salivary
gland.1 Ranulas have traditionally been surgically treated by excision of the affected sublingual gland with or without the excision
of the ranula.1,2 Surgical excision is a definitive treatment with
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very low recurrence rates, ranging from 0% to 2%.3,4 However,
excision of the sublingual gland can be technically difficult and
carries a potential risk of damage to the surrounding vital structures, including the lingual nerve and the submandibular duct,
with postoperative complication rates ranging from 11% to
29%.3,4 Therefore, there is a need for a nonsurgical minimally
invasive treatment of ranulas.
Among chemical ablation agents, picibanil (OK-432; Chugai
Pharmaceutical Co, Tokyo, Japan) has been most commonly reported for minimally invasive treatment of ranulas.1,3,5-9 Intracystic
injection of OK-432 is safe without serious complications, but the
recurrence rate is relatively high, from 23% to 48%.1,3,8 Therefore,
more effective sclerosing agents are necessary for successful minimally invasive treatment of ranulas.
Ethanol is an effective sclerosing agent2,10; its effects include instantaneous cellular dehydration and protein denaturation that result in the clumping of blood cells and vessel wall necrosis, followed

by thrombosis and occlusion of vessels.10,11 It has been reported that
ethanol ablation (EA) is effective and safe for the treatment of benign
cervical cystic lesions, including cystic thyroid nodules, thyroglossal
duct cysts, and lymphatic malformations.12-18
To the best of our knowledge, no previous studies have examined the treatment efficacy and safety of EA for ranulas. The purpose of this study was to evaluate these features and the clinicoradiologic factors that can predict its outcome in a retrospective
cohort.

MATERIALS AND METHODS
Patients
This study was approved by the institutional review board of our
institution (University of Ulsan College of Medicine, Asan Medical Center), and written informed consent for EA was obtained
from all patients before the procedure. We searched the electronic
medical records from 2010 to 2015 to find consecutive patients
treated with EA after confirmation of a ranula by aspiration of
thick mucus fluid.

Preprocedural Evaluation
In addition to basic demographic data, we also evaluated the duration of symptoms before EA and the history of prior treatment.
In all patients, the preprocedural sonography was performed by 1
radiologist (J.H.L., with 14 years of experience in performing
sonography-guided procedures of the head and neck regions)
with 1 of 2 sonographic systems: an Acuson S3000 Ultrasound
System (Siemens, Erlangen, Germany) or an EUB-7500 unit (Hitachi Medical Systems, Tokyo, Japan) equipped with a linear,
high-frequency probe (6 –18 or 5–14 MHz). The sonographic examination was performed to determine the location of the ranula,
the presence of direct contact with the sublingual gland, and the
volume of the cystic lesion. If available, contrast-enhanced CT
was also evaluated for the aforementioned imaging findings.

Ethanol Ablation and Follow-Up
All EAs were performed by the same radiologist (J.H.L), with the
patient in a supine position and the neck extended under local
anesthesia with 2% lidocaine. Moderate sedation was used for an
uncooperative child. A 16- to 18-gauge needle was inserted into
the ranula to aspirate the thick mucus fluid with a 30-mL syringe
via a short connector. Internal debris and residual thick mucus
material were cleared by irrigation with saline. Before the ethanol
injection, 2% lidocaine was injected and retained inside the
pseudocyst for 30 seconds to check for any sensory or motor
changes induced by the lidocaine anesthesia and for pain control.
After re-aspiration of the lidocaine, 100% ethanol was slowly injected into the ranula. The amount injected was determined to be
approximately 50% of the volume of the aspirate. The injected
ethanol was completely re-aspirated after remaining in the ranula
for 10 minutes.
Patients were re-evaluated at 1-, 6-, and 12-month intervals
after EA and then annually with sonography and/or CT examination to check for the recurrence of the lesion or of symptoms. EA
was reperformed if there was a cystic cavity of ⬎50% of the initial
volume at the 1-month follow-up or if there was a recurrence of a
cystic lesion with an estimated volume of ⬎1–2 mL during the

FIG 1. A 19-year-old man with a plunging ranula in the right submandibular space developed 1 month previously. A and B, Pretreatment contrast-enhanced axial CT images. A, Axial CT image shows
a well-deﬁned cystic mass in the right submandibular (thick arrow)
space. B, Another CT image demonstrates the cystic mass continuing into the sublingual space (thin arrow), showing direct contact
with bilateral sublingual glands (arrowheads). C, Pretreatment
oblique sonogram shows a ﬂuid collection with internal debris in
the right submandibular space (arrows). D, Sonogram 1 month after
2 sessions of ethanol ablation in the same plane as C shows complete disappearance of the ranula in the submandibular space. E, A
sonogram 12 months after D in the same plane shows complete
disappearance of the ranula in the submandibular and sublingual
spaces. SMG indicates submandibular gland; M, mylohyoid muscle;
D, anterior belly of the digastric muscle.

AJNR Am J Neuroradiol 38:1794 –98

Sep 2017

www.ajnr.org

1795

sponse was only assessed in patients who
were followed up for at least for 6
months after the last EA. We tested for
an association between the final outcome and the duration of symptoms before EA, pretreatment volume, and extension to the parapharyngeal space on
sonography or CT with a Mann-Whitney U test and Fisher exact test.
All statistical analyses were performed
with the SPSS, Version 12.0 (IBM, Armonk, New York). The Mann-Whitney U
test and Fisher exact test were used for
comparison of the factors according to the
outcome. A P value ⬍ .05 was considered
statistically significant.

RESULTS
Twenty-three patients were treated with
EA, including 14 males and 9 females
with a median age of 26 years (range,
3– 41 years). Among the 23 patients, 19
had a plunging ranula continuous with a
herniated sublingual gland in the submandibular space, 2 had simple ranulas,
and 2 had ranulas with direct contact
with the submandibular gland instead of
the sublingual gland.
Seven of the 23 patients had a history
of prior treatment, including 5 patients
who had been treated with chemical ablation with OK-432 and 2 patients who
had been surgically treated (one via intraoral excision of the ranula and the
other via excision of the submandibular
gland). The number of EA sessions was 1
in 11 patients, 2 in 10 patients, and 3 in 2
patients. There were no procedure-related complications in any patients.
Twenty of the 23 patients were followed up for at least 6 months after EA
and were assessed for the final treatment
FIG 2. A 32-year-old man with a plunging ranula in the right submandibular space for the past 16
months. A, Pretreatment contrast-enhanced axial CT image shows a well-deﬁned lobulated cystic outcome at the last follow-up. The memass (arrow) in the right submandibular space showing direct contact with the herniated right dian follow-up time after the last EA was
sublingual gland (arrowhead). B, Pretreatment oblique sonogram shows a ﬂuid collection in the 20 months (range, 6 –73 months). Nine
right submandibular space. C, Sonogram 1 month after ethanol ablation demonstrates the remaining ﬂuid in the same space (asterisk). D, Contrast-enhanced axial CT image 34 months after of 20 (45%) patients demonstrated
ethanol ablation shows the cystic mass in the right submandibular space, adjacent to the herni- complete disappearance of the ranula
ated right sublingual gland (arrowheads). E, Oblique sonogram 34 months after ethanol ablation (Fig 1), but 11 (55%) demonstrated an
also demonstrates a cystic mass in the same space, showing an increase in size compared with C.
incomplete response (Fig 2). Four of 11
SMG indicates submandibular gland.
patients with an incomplete response
remainder of the follow-up period. However, none of the patients
underwent surgical excision of the sublingual gland after recurwere treated with EA ⬎3 times.
rence. The clinicoradiologic characteristics and outcome of all
patients are summarized in the Table.
Among the 9 patients with complete response, EA was perStatistical Analysis
formed once in 7 patients and twice in 2 patients. Both patients
The final treatment outcome was assessed at the last follow-up as
with simple ranulas showed a complete response after a single
a complete response (complete disappearance of the cystic cavsession of EA. Among the 11 patients with incomplete responses,
ity), an incomplete response (decreased volume of the cystic cavthe number of EA sessions was 1 in 2 patients, 2 in 7 patients, and
ity), or no response (unchanged cystic cavity). Treatment re1796
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Summary of clinicoradiologic factors and outcome after ethanol ablation
Prior Treatment
No Sex Age (yr) OK-432
Surgery
Symptom Duration (mo)
1
M
22
Yes
1
2
F
7
1
3
M
19
1
4
F
34
SLG excision
2
5
F
18
2
6
F
32
2
7
M
27
3
8
M
3
8
9
M
28
12
10
M
32
16
11
F
25
2
12
M
23
4
13
F
31
Yes
7
14
F
28
12
15
M
17
12
16
M
23
13
17
M
38
Yes
SMG excision
36
18
M
41
36
19
F
13
42
20 M
37
Yes
240
21
M
27
Yes
13
22 F
32
13
23 M
16
24

Pretreatment
Characteristics of Ranulas
Type
PPS Extension Volume (mL)
Plunging
Yes
4.5
Plunging
Yes
10.5
Plunging
15.0
Simple
7.1
Plunging
9.4
Simple
6.5
Plunginga
Yes
30.0
Plunging
3.0
Plunging
Yes
19.6
Plunging
30.0
Plunging
20.0
Plunging
Yes
8.8
Plunging
Yes
3.1
Plunging
Yes
14.4
Plunging
Yes
8.2
Plunging
3.3
Plunging
45.1
Plunging
2.1
Plunginga
8.9
Plunging
9.4
Plunging
Yes
27.0
Plunging
Yes
9.0
Plunging
11.0

No. of
EAs
1
1
2
1
1
1
2
1
1
1
2
2
1
3
1
2
2
2
2
2
3
1
2

Outcome F/U Duration (mo) Imaging F/U
Complete
73
US
Complete
25
US
Complete
13
US
Complete
27
–
Complete
15
US
Complete
19
US
Complete
29
US
Complete
6
US
Complete
32
US
Incomplete
34
US/CT
Incomplete
8
US
Incomplete
21
US
Incomplete
32
US
Incomplete
7
US
Incomplete
15
–
Incomplete
6
US
Incomplete
46
US
Incomplete
22
US
Incomplete
16
US/CT
Incomplete
8
US
Incomplete
1
US/CT
Incomplete
1
US
Complete
1
US

Note:—F/U indicates follow-up; PPS, parapharyngeal space; SLG, sublingual gland; SMG, submandibular gland; US, ultrasound.
a
The ranula was in contact with the hilum of the submandibular gland.

3 in 2 patients, which was significantly different from that in those
with complete responses (P ⫽ .026).
When the clinical and radiologic factors were compared between the complete and incomplete response groups, the duration of symptoms before EA was significantly shorter in the complete response group (median, 2 months; range, 1–12 months)
than in the incomplete response group (median, 13 months;
range, 2–240 months; P ⫽ .001). When the patients were divided
according to the duration of symptoms, the complete response
rate was significantly higher in patients with ⱕ12 months of
symptoms (73%, 8/11) than in those with ⬎12 months of symptoms (11%, 1/9) (P ⫽ .010). The complete response rate was not
significantly different between pediatric (3/5, 60%) and nonpediatric (6/15, 40%) patients (P ⬎ .05). The other factors, including
pretreatment volume and the presence of a parapharyngeal extension, were not significantly different between the complete (median, 9 mL; range, 3–30 mL; n ⫽ 4, 44%) and the incomplete
(median, 9 mL; range, 3– 45 mL; n ⫽ 4, 36%) response groups
(P ⬎ .05).

DISCUSSION
In this study, we demonstrated that EA could be safely performed
without any adverse events and could achieve complete disappearance of ranulas in 45% of patients at the 6-month follow-up.
We also found that EA was significantly more effective and had a
significantly higher complete response rate in patients with ⱕ12
months of symptoms, compared with those with a longer duration of symptoms (73% versus 11%, respectively). Although longterm follow-up results are still unknown, EA could be an alternative nonsurgical approach for patients experiencing symptoms for
ⱕ12 months, given the potential risk of damage to the lingual
nerve and the submandibular duct in an operation.
Two studies have previously reported a complete response rate
of 52%–77%1,8 after chemical ablation of ranulas with OK-432 at
a median follow-up of 10 –12 months. The studies reported ad-

verse events such as early rupture of the ranula (37%), fever lasting 2–3 days after injection (57%), injection site swelling for 1
week (47%), mild odynophagia (33%), and 1 incident of severe
swallowing difficulty, which required admission for treatment.1,8
Neither of the previous studies correlated the clinical or radiologic
characteristics with the treatment outcome or reported the pretreatment duration of symptoms among the enrolled patients.
OK-432 is a lyophilized mixture of a low-virulence strain of
group-A Streptococcus pyogenes incubated with benzylpenicillin.2
The sclerosing effect of OK-432 retained in the cystic cavity is due
to a strong local inflammatory reaction by activated neutrophils
and monocytes, which secondarily produce cytokines and induce
transient flulike symptoms or early rupture of the treated ranula.
In addition, the use of OK-432 is contraindicated in those with
penicillin allergy.5,8 On the other hand, ethanol acts as a sclerosing
agent by instantaneous dehydration of the cyst wall, protein denaturation, clumping of blood cells, and vessel wall necrosis,2
which allow us to re-aspirate the injected ethanol after 5–10 minutes of retention. We believe that re-aspiration of the ethanol may
reduce the potential for adverse events, such as facial flushing or
dizziness, due to systemic absorption of the chemical ablation
agent or site swelling or odynophagia from leakage at the injection
site.
Another technique that may minimize local complications is
the injection of lidocaine into the ranula after aspiration of the
thick mucus fluid. We used 2% lidocaine at half the volume of the
aspirate for 30 seconds before the ethanol injection in all cases,
first, to check for the presence of the hypoglossal or the lingual
nerve and, second, to locally anesthetize the surrounding soft tissues. No motor or sensory changes were noted in any of the patients after lidocaine injection in this study.
To our knowledge, this is the first report to evaluate the efficacy of EA in the treatment of ranulas. Although the overall complete response rate at 6-month follow-up was lower than anticiAJNR Am J Neuroradiol 38:1794 –98
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pated, we were able to determine that the duration of symptoms
was the only clinicoradiologic factor predicting a better outcome
after EA in patients with ranulas. Neither the pretreatment volume nor the parapharyngeal extension was associated with the
treatment outcome. Given that ductal disruption by trauma is a
major causative factor of ranulas, persistent leakage of mucus
fluid might hinder the sealing off of the leaking point with
ethanol.
This study has several limitations in addition to its retrospective nature. First, we did not evaluate the long-term follow-up
outcome after EA. However, we demonstrated the safety of EA for
treating ranulas and described some techniques that may improve
its safety. We believe our results could be the basis of promoting
further studies with larger groups of patients and longer follow-up periods. Second, our study included 7 patients with a history of prior treatment, including surgery or chemical ablation
with OK-432. Because the number of enrolled patients was small,
we could not evaluate the potential confounding effects of previous treatments. This should be further investigated in future studies. Last, the sample size of this study was too small to generalize
our results, which should be proved with further larger studies.

CONCLUSIONS
EA is a safe noninvasive treatment technique for ranulas, showing
significantly better outcomes in patients with ⱕ12 months of
symptoms. Given the potential risk of damage to the lingual nerve
and the submandibular duct during an operation, EA could be
considered an alternative nonsurgical approach for patients with
symptoms for ⱕ12 months.
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T1 Signal Measurements in Pediatric Brain: Findings after
Multiple Exposures to Gadobenate Dimeglumine for Imaging
of Nonneurologic Disease
X G.K. Schneider, X J. Stroeder, X G. Roditi, X C. Colosimo, X P. Armstrong, X M. Martucci, X A. Buecker, and X P. Raczeck

ABSTRACT
BACKGROUND AND PURPOSE: Signal intensity increases possibly suggestive of gadolinium retention have recently been reported on
unenhanced T1-weighted images of the pediatric brain following multiple exposures to gadolinium-based MR contrast agents. Our aim was
to determine whether T1 signal changes suggestive of gadolinium deposition occur in the brains of pediatric nonneurologic patients after
multiple exposures to gadobenate dimeglumine.
MATERIALS AND METHODS: Thirty-four nonneurologic patients (group 1; 17 males/17 females; mean age, 7.18 years) who received
between 5 and 15 injections (mean, 7.8 injections) of 0.05 mmol/kg of gadobenate during a mean of 2.24 years were compared with 24
control patients (group 2; 16 males/8 females; mean age, 8.78 years) who had never received gadolinium-based contrast agents. Exposure
to gadobenate was for diagnosis and therapy monitoring. Five blinded readers independently determined the signal intensity at ROIs in the
dentate nucleus, globus pallidus, pons, and thalamus on unenhanced T1-weighted spin-echo images from both groups. Unpaired t tests
were used to compare signal-intensity values and dentate nucleus–pons and globus pallidus–thalamus signal-intensity ratios between
groups 1 and 2.
RESULTS: Mean signal-intensity values in the dentate nucleus, globus pallidus, pons, and thalamus of gadobenate-exposed patients
ranged from 366.4 to 389.2, 360.5 to 392.9, 370.5 to 374.9, and 356.9 to 371.0, respectively. Corresponding values in gadolinium-based
contrast agent–naïve subjects were not signiﬁcantly different (P ⬎ .05). Similarly, no signiﬁcant differences were noted by any reader for
comparisons of the dentate nucleus–pons signal-intensity ratios. One reader noted a difference in the mean globus pallidus–thalamus
signal-intensity ratios (1.06 ⫾ 0.006 versus 1.02 ⫾ 0.009, P ⫽ .002), but this reﬂected nonsigniﬁcantly higher T1 signal in the thalamus of
control subjects. The number of exposures and the interval between the ﬁrst and last exposures did not inﬂuence signal-intensity values.
CONCLUSIONS: Signal-intensity increases potentially indicative of gadolinium deposition are not seen in pediatric nonneurologic patients after multiple exposures to low-dose gadobenate.
ABBREVIATIONS: DN ⫽ dentate nucleus; GBCA ⫽ gadolinium-based contrast agent; Gd ⫽ gadolinium; GP ⫽ globus pallidus; NSF ⫽ nephrogenic systemic ﬁbrosis;
SI ⫽ signal intensity

ecent reports have detailed high signal intensity (SI) in certain brain areas (primarily the dentate nucleus [DN] and
globus pallidus [GP]) on unenhanced T1-weighted images following multiple exposures to gadolinium-based contrast agents
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(GBCAs).1-20 Many of these reports have focused on apparent
differences between macrocyclic and open-chain “linear”
GBCAs,4-13 invariably associating progressive T1 hyperintensity
with multiple exposures to linear GBCAs and concluding that
observed T1 signal reflects the lower stability of these agents and
thus a greater propensity for gadolinium (Gd) release and, subsequently, deposition in the brain. Among the more recent reports
are several that describe retrospective assessments in pediatric patients.15-19 Although each patient evaluated received just 1 specific linear GBCA (gadopentetate dimeglumine; Magnevist; Bayer
HealthCare, Wayne, New Jersey), the study-based recommendations in each case were to consider carefully the use of all linear
agents in pediatric subjects.
Gadobenate dimeglumine (MultiHance; Bracco Diagnostics,
Monroe, New Jersey) is an ionic open-chain, linear GBCA that
AJNR Am J Neuroradiol 38:1799 – 806
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differs fundamentally from gadopentetate and other extracellular
GBCAs in having an aromatic substituent on the chelating molecule.21 Unique properties conferred by this substituent include
increased R1-relaxivity,22 which permits the acquisition of diagnostically valid images with a reduced dose,23 and liver-specificity, which permits gadobenate use for hepatobiliary-phase liver
applications.24 An additional benefit is increased molecular stability compared with gadopentetate, other linear agents, and certain macrocyclic agents.25 Studies that have evaluated brain T1
signal intensities after multiple exposures to gadobenate have
yielded conflicting results with one report demonstrating T1 signal increases, albeit to a lesser extent than with gadopentetate,10
and others demonstrating no direct changes.11,12
We aimed to determine whether multiple exposures to lowdose gadobenate for nonneurologic pathology results in T1 signal
changes in the DN and GP of pediatric patients relative to that in
age- and weight-matched GBCA-naïve control subjects.

MATERIALS AND METHODS
Participants
This single-center (Saarland University Medical Center, Homburg/Saar, Germany) prospective study was approved by the institutional review board. Written informed consent for the use of
imaging data was obtained routinely from all parents or legal
guardians at the time of the first examination. Pediatric (younger
than 18 years of age), mainly oncologic patients referred for diagnosis and subsequent therapy monitoring who had undergone at
least 5 MR imaging examinations enhanced solely with gadobenate and who had no known neurologic disease or symptoms
were identified from our electronic data base. Initial exposure to
the first patient meeting these criteria was in August 2008. Patients with unsatisfactory images because of motion artifacts, an
unknown history of GBCA administration, or severely impaired
renal function (glomerular filtration rate ⬍ 30 mL/min) were
excluded. All eligible patients underwent unenhanced T1weighted imaging of the brain as a prospective adjunctive acquisition immediately before the next scheduled routine follow-up
examination (performed in all cases between September 2015 and
March 2016). Thirty-four patients met the inclusion criteria
(group 1). A further 24 age- and weight-matched subjects with no
known neurologic disease or symptoms who had never been administered any GBCA composed a GBCA-naïve control group
(group 2). Patients in group 1 received 5 (n ⫽ 9), 6 (n ⫽ 7), 7 (n ⫽
3), 8 (n ⫽ 4), 9 (n ⫽ 2), 10 (n ⫽ 3), 11 (n ⫽ 1), 12 (n ⫽ 2), 13 (n ⫽
1), 14 (n ⫽ 1), and 15 (n ⫽ 1) injections of gadobenate each at a
dose of 0.05 mmol/kg of body weight (0.1 mL/kg of body weight).

Imaging Protocol
All brain MR imaging examinations were performed on 1.5T
whole-body MR imaging systems (Magnetom Aera or Magnetom
Symphony, Siemens, Erlangen, Germany). All examinations used
an unenhanced axial T1-weighted spin-echo sequence (TR/TE,
450 – 650/7–12 ms; section thickness, 5 mm with a 1.5-mm gap).
Unenhanced axial T2-weighted images were acquired with TR/
TE, 4000 –5400/80 –100 ms; section thickness, 5 mm; FOV, 230
mm).
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Data Collection
Four general consultant radiologists (A.B., P.R., G.R., and P.A.,
with 25, 4, 20, and 3 years’ experience, respectively) and 2 neuroradiologists in consensus (C.C., M.M., with 35 and 5 years’ experience, respectively; considered reader 5), who were all blinded to
patient diagnoses and details of all contrast administrations, determined SI values in operator-defined oval ROIs positioned
within the DN, GP, thalamus, and pons of all patients and control
subjects, as described by Kanda et al.1 Each reader was instructed
to make ROIs as large as possible (mean size, 10 mm2; range, 6 –18
mm2). ROIs in the DN were placed on the right side whenever
possible and were positioned as far as possible from pulsating
vessels (if present), without including rim aspects. ROIs in the GP
were placed in the capsula interna; ROIs in the central pons and
thalamus were adjusted as appropriate to ensure homogeneity. If
T1-weighted images were considered inconclusive for visualization, T2-weighted images were available to each reader for correlation, with ROIs then placed on the corresponding T1-weighted
image.
Image sets for gadobenate-exposed and GBCA-naïve subjects
were randomized, transcribed to a CD-ROM, and sent by mail to
each blinded reader for viewing and independent evaluation on
each reader’s personal PACS workstation.

Statistical Analysis
Comparison of demographic characteristics between groups 1
and 2 was performed by using a Student t test for age and weight
and a Fisher exact test for sex. The primary outcome measure was
whether repeat exposure to gadobenate (group 1) resulted in statistically significant increases in brain intraparenchymal SI relative to that in age- and weight-matched GBCA-naïve control subjects (group 2). To evaluate the primary outcome measure, we
calculated DN-pons and GP-thalamus SI ratios for all subjects. SI
values determined in the DN, GP, thalamus, and pons as well as
DN-pons and GP-thalamus SI ratios were compared between
groups 1 and 2 with unpaired t tests. Differences were considered
significant for P ⬍ .05. Generalized multivariate linear regression
was used to determine whether SI ratios were influenced by the
number of gadobenate injections (control group considered as
zero injections), age, sex, or weight. The interreader reliability of
SI measurements was determined from the intraclass correlation
coefficient, obtained from the generalized random effects regression model.

RESULTS
Demographic details of patients in groups 1 and 2 are presented in
Table 1. The gadobenate-exposed subjects included 6 infants (2
years of age or younger at first exposure), 11 subjects from 2 to 8
years of age at first exposure, and 17 subjects 9 years of age or older
at first exposure. No significant differences were noted for age,
weight, or sex distribution between groups 1 and 2. Each patient
in group 1 was administered MultiHance at a dose of 0.05
mmol/kg of body weight. Given that 1 mL of MultiHance solution
for injection contains 334 mg of gadobenate,26 this corresponds
to 33.4 mg of gadobenate/kg of body weight. On the basis of patient weight at each examination, a mean total accumulated dose
of 9.8 ⫾ 8.33 g of gadobenate (range, 1.67–37.41 g) was adminis-

Table 1: Summary of group characteristicsa
Gadobenate-Exposed
Characteristic
(n = 34)
Age
7.18 ⫾ 5.93 yr
9 mo to 17 yr
Sex (M/F)
17:17
Body weight (kg)
30.55 ⫾ 18.57
7.8–68
No. of administrations
7.8 ⫾ 2.9
5–15
Interval between ﬁrst and last
2.24 ⫾ 1.97 yr
administrations
9 mo to 7 yr
Accumulated volume of gadobenate
29.35 ⫾ 24.95
administered (mL)
5–112
9.8 ⫾ 8.33
Accumulated gadobenate dose (g)b
1.67–37.41

GBCA-Naïve
Control (n = 24)
8.78 ⫾ 5.78 yr
7 mo to 17 yr
16:8
26.71 ⫾ 17.23
8.1–64
NA

P Value
.31
.28
.43
NA

NA

NA

NA

NA

NA

NA

Note:—NA indicates not applicable.
a
Data are mean ⫾ SD and range.
b
One milliliter of MultiHance solution for injection contains 334 mg of gadobenic acid as the meglumine salt.39

Table 2: Summary of patient diagnosesa
Group 1 (Gadobenate-Exposed)

Group 2 (GBCA-Naïve Controls)

Diagnosis
No.
Diagnosis
No.
T-cell non-Hodgkin lymphoma
1 Chronic recurrent osteomyelitis
3
Hodgkin lymphoma
3 Pelvic trauma
1
Coccygeal teratoma
1 Cystic ﬁbrosis
2
Nephroblastoma
4 DORV/VSD
1
Neuroblastoma
3 Polycystic kidney disease
1
Chronic recurrent osteomyelitis 2 Melanoma
1
Hepatoblastoma
2 Non-Hodgkin lymphoma
2
Mesoblastic nephroma
1 Skull base osteoid osteoma
1
ALL
1 Germ cell tumor
1
Paravertebral schwannoma
1 Polytrauma, knee distortion, ACL rupture
1
Angioma of the spleen
1 Myocarditis
2
Germ cell tumor
2 Hemophilia A
1
Renal clear cell sarcoma
1 Blunt head trauma
2
Ewing sarcoma
3 Osler disease
1
Osteosarcoma
2 Multiple osteochondroma, whole-body staging
1
Rhabdoid tumor of the kidney
1 Congenital aortic malformation, whole-body
1
imaging
Dermatoﬁbrosarcoma
1 Persistent left superior vena cava, thoracic and
1
head/neck imaging
ARVD/ARVC
1 Hypertension work-up
1
Hemangioendothelioma
1
Renal leiomyosarcoma
1
Focal nodular hyperplasia
1

part to nonsignificantly higher mean T1
signal intensity in the thalamus of control subjects. Generalized multivariate
linear regression confirmed no influence of the number of gadobenate exposures on SI ratios across readers after adjusting for age, sex, and weight. Strong
agreement among all readers was noted
for SI assessments in the DN, GP, pons,
and thalamus with intraclass correlation
coefficient values ranging from 0.84 to
0.97 for gadobenate-exposed subjects
and from 0.86 to 0.92 for GBCA-naïve
control subjects.
Figures 1 and 2 show representative
T1- and T2-weighted images of pediatric
brain regions after multiple injections of
0.05 mmol/kg of gadobenate in patients
younger than 2 years of age (8 injections;
total, 3.34 g of gadobenate) and ⬃7 years
of age (14 injections; total, 27.39 g of
gadobenate), respectively.

DISCUSSION

To date, no clinical signs or symptoms
associated with T1 signal increases in the
brain have been reported and no consequences for patient health, including
neurologic function, have been identified. Nevertheless, the latest version of
the American College of Radiology
Manual on Contrast Media27 recommends careful consideration of the clinical benefit versus the unknown potential risk of Gd deposition when deciding
to perform a Gd-enhanced MR imaging
study and particular attention paid to
pediatric and other patients who may receive many GBCA-enhanced MR imagNote:—ALL indicates acute lymphoblastic leukemia; DORV, double outlet right ventricle; VSD, ventricula septal defect;
ing studies during their lifetime. It furACL, anterior cruciate ligament; ARVD, arrhythmogenic right ventricular dysplasia; ARVC, arrhythmogenic right venther recommends taking into account
tricular cardiomyopathy.
a
multiple factors when selecting a GBCA,
Patients in group 1 underwent multiple gadobenate-enhanced MR imaging studies for therapy follow-up or remission
control. Patients in group 2 underwent preliminary unenhanced imaging as part of the initial work-up at the ﬁrst visit.
including diagnostic efficacy, relaxivity,
rate of adverse reactions, dosing/contered per patient at a mean volume of 3.85 ⫾ 3.14 mL/examinacentration, and propensity to deposit in more sensitive organs
such as the brain. Our findings in 34 nonneurologic pediatric
tion (1.27 ⫾ 1.05 g gadobenate/examination). Patient diagnoses
patients who received between 5 and 15 administrations of lowand reasons for follow-up imaging of patients in group 1 are given
dose (0.05 mmol/kg of body weight) gadobenate revealed no difin Table 2.
ferences in T1 signal intensity in the DN, GP, pons, and thalamus
SI values determined in the DN, GP, pons, and thalamus as
relative to the SI measurements in 24 age- and weight-matched
well as the DN-pons and GP-thalamus SI ratios are reported in
control subjects who had never been exposed to GBCA. Likewise,
Table 3. No significant differences (P ⬎ .05) in T1 signal intensity
no significant differences in DN-pons SI ratios were noted, while
between gadobenate-exposed and GBCA-naïve control subjects
just 1 of 5 blinded readers reported a significantly higher GPwere noted in any brain region by any reader. Similarly, no signifthalamus SI ratio, which could be ascribed to higher T1 signal
icant differences between gadobenate-exposed and GBCA-naïve
intensity in the thalamus of control subjects.
control subjects were noted by any reader for DN-pons SI ratios.
Our findings are in contrast to those of Flood et al,18 who
A significant difference in GP-thalamus SI ratios was noted by 1 of
5 readers (reader 5), but this was considered anomalous due in
found an increased DN-pons SI ratio in patients exposed to gadoAJNR Am J Neuroradiol 38:1799 – 806

Sep 2017

www.ajnr.org

1801

Table 3: Comparison of brain SI values and DN-pons and GP-thalamus SI ratios between gadobenate-exposed and GBCA-naïve control
subjectsa
Reader/Patient Group
DN
Pons
GP
Thalamus
DN-Pons Ratio
GP-Thalamus Ratio
Reader 1
Exposed
366.4 ⫾ 8.62
370.5 ⫾ 8.59
360.5 ⫾ 10.2
360.3 ⫾ 9.99
0.989 ⫾ 0.004
1.0 ⫾ 0.003
Control
374.3 ⫾ 8.12
377.0 ⫾ 8.65
364.4 ⫾ 10.3
363.2 ⫾ 9.88
0.994 ⫾ 0.004
1.0 ⫾ 0.002
P value
.526
.609
0.796
.842
.383
.572
Reader 2
Exposed
367.8 ⫾ 9.33
373.6 ⫾ 8.84
392.3 ⫾ 11.17
370.5 ⫾ 10.66
0.984 ⫾ 0.006
1.06 ⫾ 0.009
Control
370.9 ⫾ 9.70
381.9 ⫾ 10.25
380.5 ⫾ 11.59
373.3 ⫾ 11.1
0.972 ⫾ 0.007
1.02 ⫾ 0.009
P value
.826
.547
.476
.859
.217
.185
Reader 3
Exposed
389.2 ⫾ 9.79
374.5 ⫾ 8.63
383.6 ⫾ 10.68
356.9 ⫾ 9.06
1.04 ⫾ 0.009
1.07 ⫾ 0.012
Control
386.3 ⫾ 10.14
380.9 ⫾ 10.73
383.5 ⫾ 12.98
365.6 ⫾ 11.67
1.02 ⫾ 0.009
1.05 ⫾ 0.011
P value
.839
.642
.996
.555
.101
.134
Reader 4
Exposed
365.3 ⫾ 8.40
372.6 ⫾ 8.71
381.1 ⫾ 9.95
369.9 ⫾ 9.54
0.98 ⫾ 0.006
1.03 ⫾ 0.006
Control
368.3 ⫾ 9.47
378.5 ⫾ 10.28
381.8 ⫾ 10.57
376.3 ⫾ 9.28
0.97 ⫾ 0.005
1.01 ⫾ 0.007
P value
.816
.661
.959
.644
.388
.083
Reader 5
Exposed
386.5 ⫾ 9.82
374.9 ⫾ 9.04
392.9 ⫾ 10.64
371.0 ⫾ 9.68
1.03 ⫾ 0.013
1.06 ⫾ 0.006
Control
386.3 ⫾ 10.85
383.4 ⫾ 10.71
385.4 ⫾ 12.47
376.8 ⫾ 11.17
1.01 ⫾ 0.007
1.02 ⫾ 0.009
P value
.987
.547
.647
.699
.147
.002
a

Values are mean ⫾ standard error of the mean.

FIG 1. Oncologic male patient (1 year 9 months of age at his ﬁrst visit) undergoing follow-up imaging for cervical neuroblastoma in remission.
Unenhanced T1- and T2-weighted transverse images of the DN-pons (A and B) and GP-thalamus (C and D) after 8 injections of 0.05 mmol/kg of
gadobenate reveal no evidence of SI changes.

FIG 2. Oncologic female patient (7 years 2 months of age at her ﬁrst visit) undergoing follow-up imaging for non-Hodgkin lymphoma in
remission. Unenhanced T1- and T2-weighted transverse images of the DN-pons (A and B) and GP-thalamus (C and D) after 14 injections of 0.05
mmol/kg of gadobenate reveal no evidence of SI changes.

pentetate relative to GBCA-naïve control subjects (though no differences in GP-thalamus SI ratio were found) and in contrast to
those of Hu et al,19 who found significantly higher T1 signal in the
DN and GP of patients after serial exposure to gadopentetate than
in the DN and GP of control subjects.
There are at least 2 possible reasons for the different findings.
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First, our patient population was different. Whereas Flood et al18
and Hu et al19 evaluated patients who had undergone multiple
brain examinations, our patient cohort comprised mainly oncologic patients with no known brain abnormalities. It is thus possible that the patients evaluated by Flood et al and Hu et al were
more prone to brain Gd deposition due to a more compromised

blood-brain barrier. On the other hand, studies have demonstrated T1-signal increases in the DN and GP even in the presence
of a seemingly intact BBB,14,28 implying that the potential for
T1-hyperintensity may be independent of the patient’s clinical
status and dependent solely on the amount of Gd administered.
However, most of the Gd found deposited in the brain is actually
in the perivascular space and has not passed the BBB,29,30 while
Gd that does appear to have crossed an intact BBB is found primarily in the neural tissue interstitium rather than in neural
cells.14
Second, whereas gadobenate and gadopentetate are both ionic
open-chain GBCAs, they differ fundamentally in that an aromatic
substituent is present on the gadobenate molecule. On the one
hand, this substituent influences the elimination profile of gadobenate, facilitating its excretion in part (typically up to 5% of the
injected dose in subjects with normal renal function) via the hepatobiliary route.31 More pertinently, it also leads to markedly
higher R1-relaxivity in vivo,22 which, in turn, leads to markedly
increased SI enhancement on T1-weighted images for equivalent
administered doses. A proven benefit of this higher relaxivity is
that a lower gadobenate dose can be used to obtain diagnostically
valid images.23,24 In our study, the mean accumulated dose across
all patients was 9.8 ⫾ 8.33 g, administered across a mean of 7.8 ⫾
2.9 examinations (mean, 3.85 ⫾ 3.14 mL of MultiHance/examination, corresponding to 1.27 ⫾ 1.05 g of gadobenate/examination). This is considerably lower than the mean accumulated
gadopentetate dose of 16.2 ⫾ 10.1 g across a mean of 5.9 ⫾ 2.7
examinations (mean, 2.75 g gadopentetate/examination) given by
Flood et al18 and would similarly be lower than that administered
by Hu et al,19 given that they injected a standard dose of 0.1
mmol/kg of gadopentetate/examination. At our institution, we
routinely administer 0.05 mmol/kg of gadobenate for pediatric
oncologic imaging.
An additional feature conferred by the aromatic substituent,
which is invariably overlooked when simplistic comparisons are
made between “linear” and macrocyclic GBCAs,4-10,32 is improved steric hindrance and thus increased kinetic inertia. An
increased steric effect conferred by a bulky substituent potentially
hinders unwrapping of the ligand around the gadolinium, thereby
increasing molecular stability.33 Improved kinetic inertia due to
an aromatic substituent has previously been demonstrated for
gadofosveset.34 Unfortunately, accurate in vivo measurements of
the kinetic stability of gadobenate are currently lacking, though its
thermodynamic and conditional stability constants in vitro are
the highest of all open-chain GBCAs and higher also than the
macrocyclic agent gadobutrol.25 Further evidence of the inherent
stability of gadobenate comes from the fact that this GBCA, unlike
all other GBCAs except gadoterate meglumine (Dotarem; Guerbet, Aulnay-sous-Bois, France), does not contain any excess
chelating agent in its formulation.25 Excess chelating agent is an
indirect indicator of the potential of a GBCA to release Gd; that
the gadobenate formulation does not contain excess chelate implies that it does not release Gd to the same extent as other GBCAs.
Our findings are in stark contrast to those of Weberling et al,10
who found significantly increased DN-pons and DN-CSF SI ratios after serial exposures of gadobenate to adults. However, several factors should be borne in mind when evaluating the results

of Weberling et al. First, the patients evaluated were only required
to have had a minimum of 5 consecutive gadobenate-enhanced
MR imaging scans; each patient’s first included scan was not necessarily the first scan the patient received, and prior scans with
other GBCAs might have been performed. The likelihood that
patients might have had prior MR imaging exams with other
GBCAs is clearly a major confounding factor. Ramalho et al12
showed that significant T1 hyperintensity in deep brain nuclei
occurred after the use of gadobenate in patients who had received
prior administration of gadodiamide (Omniscan; GE Healthcare,
Piscataway, New Jersey), but not in patients who had not previously received gadodiamide. An earlier report by Ramalho et al11
demonstrated significant SI increases in the DN and GP of patients who had received gadodiamide but not in patients who had
received gadobenate. The lack of adequate patient screening by
Weberling et al10 means that possible potentiating effects of prior
exposure to other GBCAs could not be excluded.
Second, each patient evaluated by Weberling et al10 received a
standardized volume of 15 or 20 mL of gadobenate per examination irrespective of body weight, resulting in a mean accumulated
volume of 136.9 ⫾ 57.6 mL (ie, a mean accumulated dose of 45.72
g of gadobenate) between the first and last MR imaging examinations. Given that an approved gadobenate dose for all indications
other than the liver, kidneys, urinary tract, and adrenal glands is
0.1 mmol/kg of body weight,26 which corresponds to 15 mL for a
75-kg patient, any patient below 75 kg in weight would have received more than the approved dose (ie, more than the approved
amount of Gd). Third, all except 1 of the patients evaluated by
Weberling et al had brain metastases from melanoma, with many
undergoing radiation therapy. These patients would certainly
have had a more severely compromised BBB, potentially allowing
easier GBCA access to deep brain nuclei.
Weberling et al10 ascribed their observed SI increases to Gd
retention, speculating that their findings reflect the specific potential of gadobenate to release Gd. In drawing parallels with the
postulated causative role of GBCAs in nephrogenic systemic fibrosis (NSF), they noted that gadobenate is classified as being of
intermediate risk for NSF by the European Medicines Agency35;
and in referring to 1 in vitro determination of kinetic stability
conducted by a competitor to the manufacturer of gadobenate,36
they suggested that the potential for Gd release is similar for gadobenate and gadopentetate. Unfortunately, in vitro determinations
of kinetic stability are inherently limited in that they cannot replicate normal physiologic conditions in vivo and cannot account
for differing and unique routes of elimination among GBCAs.
Although Weberling et al10 acknowledged that no unconfounded
cases of NSF have been reported for gadobenate,37 they failed to
point out that other relevant regulatory authorities, including the
US Food and Drug Administration, classify gadobenate as having
a low risk of NSF.38,39 In this regard, most (73%) of the unconfounded published NSF cases were reported in the United
States,40 and at the height of the NSF crisis (2006 –2010), just 1
macrocyclic GBCA (gadoteridol, ProHance; Bracco Diagnostics)
had FDA approval for commercial use. Gadobutrol (Gadavist;
Bayer Healthcare) and gadoterate (Guerbet) were approved in
2011 and 2013, respectively. The other approved GBCAs besides
gadobenate were gadodiamide (GE Healthcare), gadoversetamide
AJNR Am J Neuroradiol 38:1799 – 806

Sep 2017

www.ajnr.org

1803

(OptiMARK; Covidien), and gadopentetate (Bayer Healthcare),
which were avoided and subsequently contraindicated in patients
with severe renal impairment,38 leaving only gadobenate as an
approved open-chain GBCA for routine applications in this
population.
If, as is widely accepted, NSF occurs because of Gd release from
the chelating molecule,35 then at least 1 unconfounded case might
have been expected for gadobenate if, as postulated by Weberling
et al,10 Gd is released in vivo to an extent similar to that seen with
gadopentetate. That no unconfounded cases have been reported
despite exhaustive investigation41-43 suggests that Gd is not released from gadobenate to the same extent and that any observed
T1 hyperintensity reflects retention of the intact molecule. Roberts et al44 recently reported high levels of Gd in the skin of a
patient who underwent 61 enhanced brain examinations with a
variety of GBCAs and that speciation analysis revealed intact
gadobenate.
Further studies are required to determine whether T1 hyperintensity is seen in some patients after serial gadobenate exposure,
and if so, whether this reflects accumulation of intact gadobenate
or released Gd bound to macromolecules (eg, neuromelanin). In
this regard, it is possible that Gd released from less stable GBCAs
binds to macromolecules and that the observed T1 hyperintensity
reflects elevated T1-signal due to slowing of the molecular tumbling rate of these Gd-macromolecule complexes.30 This hypothesis might explain why elevated T1 signal is observed with less
stable GBCAs despite the very small Gd concentrations shown to
be retained20 and, conceivably, why detectable high signal is less
evident with more stable GBCAs if these are retained as fully intact
molecules rather than as Gd-macromolecular complexes.45 Of
note, however, is the study by Stojanov13 and a recent study in
pediatric subjects by Rossi Espagnet et al.46 that demonstrate
quantifiable T1 signal increases after multiple exposures to the
macrocyclic GBCAs gadobutrol and gadoterate, respectively.
Also worthy of study is the possible differential impact of
GBCA R1-relaxivity on T1 hyperintensity if GBCAs are retained
as intact molecules; it is likely that retained GBCAs that have low
R1-relaxivity may be less detectable than retained intact GBCAs
that have higher R1-relaxivity. Finally, T1 signal increases are
merely suggestive of Gd retention, and T1 hyperintensity might
alternatively reflect various disease-related processes.47-49 While
imaging studies can be considered, at best, an indirect secondlevel marker of Gd deposition, a true picture can only come from
direct tissue analysis. In this regard, studies have demonstrated
measurable Gd not only in the DN and GP but also in other brain
areas and body organs.14,20,28 Most important, Murata et al20
have shown that deposition occurs with both linear and macrocyclic GBCAs and that it is up to 23 times higher in organs such as
bone than in the brain.
Despite excellent interreader agreement regarding the reproducibility of SI measurements and despite the absence of significant differences in SI values between gadobenate-exposed and
GBCA-naïve control subjects across any of the 4 evaluated brain
regions, a significant difference in the GP-thalamus SI ratio was
nevertheless still observed in 1 of the 5 blinded assessments. Although this can be explained by higher T1 signal in the thalamus
of control subjects, it highlights the potential impact of even min1804
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imal differences in SI measurements on study interpretation.
This, in turn, points to the importance of multiple readers when
performing quantitative evaluations and to the dangers of drawing conclusions based on evaluations performed by just 1 or 2
readers, particularly if such readers are not blinded to information
regarding the images under evaluation. Accurate placing of ROIs
for quantitative assessment is a highly subjective procedure,
which is susceptible to considerable interreader variation.
Our study has some limitations. First, this was a single-center
study. Second, because we assessed nonneurologic patients who
had not previously undergone MR imaging of the brain, it was not
possible to compare unenhanced T1-weighted images after multiple gadobenate administrations with baseline unenhanced
images acquired before the first gadobenate administration.
However, the lack of significant SI differences between gadobenate-exposed and GBCA-naïve control subjects suggests that
no differences would have been seen. Third, we determined DNpons and GP-thalamus SI ratios despite Gd retention being
observed in both the pons and thalamus.14,20 However, the T1
signal changes in these brain areas are much lower than in the
DN and GP, and these ratios are commonly calculated parameters.1-4,8-13,16-18 Finally, we did not normalize the SI values of the
DN and GP against the SI of the CSF to account for possible intraand intersequence signal-intensity differences, differences between MR units, and magnetic field inhomogeneity as described
by McDonald et al.14 SI normalization might be appropriate for
future studies.

CONCLUSIONS
Our study of 34 pediatric patients who received between 5 and 15
administrations of 0.05 mmol/kg of body weight gadobenate revealed no differences in T1 signal in the DN, GP, pons, and thalamus relative to measurements in 24 age- and weight-matched
control subjects who had never been exposed to any GBCA. Likewise, no meaningful differences were seen in the DN-pons and
GP-thalamus SI ratios. If T1 hyperintensity and Gd retention in
deep brain nuclei occur in an exposure-dependent fashion, with
greater T1 shortening observed following greater prior exposure
to GBCAs,1 it would seem prudent to administer the lowest possible dose of a GBCA to achieve diagnostically valid studies, particularly when repeat MR imaging studies are required for follow-up or screening purposes. To this end, a recent
intraindividual crossover study in which patients received 2 MR
imaging contrast agents in 2 otherwise identical MR imaging examinations has demonstrated similar diagnostic imaging performances for a half-dose (0.05 mmol/kg of body weight) of gadobenate relative to a full dose (0.1 mmol/kg of body weight) of the
standard relaxivity macrocyclic GBCA, gadoterate, for morphologic imaging of brain tumors.23 Similarly, a prior study50 demonstrated significant superiority for a three-quarter dose (0.075
mmol/kg of body weight) of gadobenate relative to a full dose (0.1
mmol/kg of body weight) of gadoterate for cranial MR imaging.
In both studies, similar or improved imaging performance was
achieved with a lower total administered dose of gadolinium
when gadobenate was used. We consider half-dose gadobenate
safe and effective for diagnosis and routine follow-up of pediatric
oncologic patients.
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New Ultrasound Measurements to Bridge the Gap between
Prenatal and Neonatal Brain Growth Assessment
X I.V. Koning, X J.A. Roelants, X I.A.L. Groenenberg, X M.J. Vermeulen, X S.P. Willemsen, X I.K.M. Reiss, X P.P. Govaert,
X R.P.M. Steegers-Theunissen, and X J. Dudink

ABSTRACT
BACKGROUND AND PURPOSE: Most ultrasound markers for monitoring brain growth can only be used in either the prenatal or the
postnatal period. We investigated whether corpus callosum length and corpus callosum–fastigium length could be used as markers for
both prenatal and postnatal brain growth.
MATERIALS AND METHODS: A 3D ultrasound study embedded in the prospective Rotterdam Periconception Cohort was performed at
22, 26 and 32 weeks’ gestational age in fetuses with fetal growth restriction, congenital heart defects, and controls. Postnatally, cranial
ultrasound was performed at 42 weeks’ postmenstrual age. First, reliability was evaluated. Second, associations between prenatal and
postnatal corpus callosum and corpus callosum–fastigium length were investigated. Third, we created reference curves and compared
corpus callosum and corpus callosum–fastigium length growth trajectories of controls with growth trajectories of fetuses with fetal
growth retardation and congenital heart defects.
RESULTS: We included 199 fetuses; 22 with fetal growth retardation, 20 with congenital heart defects, and 157 controls. Reliability of both
measurements was excellent (intraclass correlation coefﬁcient ⱖ 0.97). Corpus callosum growth trajectories were signiﬁcantly decreased
in fetuses with fetal growth restriction and congenital heart defects (␤ ⫽ ⫺2.295; 95% CI, ⫺3.320 –1.270; P ⬍ .01; ␤ ⫽ ⫺1.267; 95% CI,
⫺0.972– 0.562; P ⬍ .01, respectively) compared with growth trajectories of controls. Corpus callosum–fastigium growth trajectories were
decreased in fetuses with fetal growth restriction (␤ ⫽ ⫺1.295; 95% CI, ⫺2.595– 0.003; P ⫽ .05).
CONCLUSIONS: Corpus callosum and corpus callosum–fastigium length may serve as reliable markers for monitoring brain growth from
the prenatal into the postnatal period. The clinical applicability of these markers was established by the signiﬁcantly different corpus
callosum and corpus callosum–fastigium growth trajectories in fetuses at risk for abnormal brain growth compared with those of controls.
ABBREVIATIONS: CC ⫽ corpus callosum; CCF ⫽ corpus callosum–fastigium; CHD ⫽ congenital heart defect; FGR ⫽ fetal growth restriction; GA ⫽ gestational age;
US ⫽ ultrasound

n preterm infants and those small-for-gestational age, brain
growth is an important predictor of neurodevelopmental
outcome.1-4 Although prenatal growth often predicts postnatal
growth, there is a traditional division between fetal and neonatal
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growth charts.5 This is mainly due to the lack of consistent measures of brain growth that can be used in both the prenatal and
postnatal periods.
Markers of brain growth that can theoretically be used in both
the prenatal and postnatal periods include head circumference
and a few ultrasound (US) and MR imaging measures. Head circumference measured postnatally, however, lacks precision and
does not correspond well with neurodevelopmental outcome.6,7
Prenatal and postnatal US markers are largely based on individual
brain structures, only reflecting growth of a specific part of the
brain.8-12 Moreover, these brain structures are not measured consistently during the prenatal and postnatal periods due to the
absence of corresponding standard US planes. Although MR imaging provides more precise measures of brain growth, volume,
and development, this technique is expensive and therefore not
suitable for serial measurements.
Recently, we demonstrated that corpus callosum–fastigium
AJNR Am J Neuroradiol 38:1807–13

Sep 2017

www.ajnr.org

1807

or estimated fetal weight percentile of ⬍5
according to Hadlock et al.15
For this analysis, we excluded pregnancies ending in intrauterine fetal death,
termination of pregnancy, or only preterm birth (without FGR or CHD). We
also excluded fetuses with congenital
anomalies other than CHD, with trisomy 21, and without US images.

Study Parameters
According to Dutch clinical practice, GA
in spontaneously conceived pregnancies
was calculated on the basis of the first
trimester crown-rump length measurements before 13 weeks’ GA.16 In pregnancies conceived through in vitro fertilization, with or without
intracytoplasmic sperm injection procedures, GA was calculated
from the date of oocyte retrieval plus 14 days or from the day of
embryo transfer plus 17 or 18 days after cryopreserved embryo
transfer, depending on the number of days between oocyte retrieval and cryopreservation.
Data were collected on maternal characteristics, medical and
obstetric history, pregnancy course, and neonatal outcome from
self-administered questionnaires in the first trimester, second trimester, and around delivery. Follow-up data on pregnancy outcomes were validated on the basis of a US report of the routine
second trimester anomaly scan and on obstetric medical records.

FIG 1. Prenatal measurement of CC and CCF lengths. 1, Corpus callosum length, outer-outer
border. 2, Corpus callosum–fastigium length, from the genu of the corpus callosum to the fastigium (roof of the fourth ventricle).

(CCF) length is a reliable bedside-available US marker that can be
used to monitor brain growth in preterm infants during neonatal
intensive care unit stays.13 CCF length is considered a composite
marker of diencephalon and mesencephalon size and thereby
adds information to the more widely used corpus callosum (CC)
length.13 We hypothesized that these 2 cranial ultrasound measures are feasible for use during prenatal US examinations.
Thereby, these markers would provide a continuum for monitoring brain growth, bridging the period before and after birth.
Our main aim was to investigate whether CC and CCF lengths
can be used as reliable US markers for monitoring fetal and neonatal brain growth. First, we assessed the reliability of the measurements. Second, we created reference curves from 22 to 42
weeks’ gestational age (GA) by combining fetal and neonatal measurements. Finally, as a first step to evaluate the clinical applicability of these US markers, we investigated CC and CCF growth
trajectories in fetuses at risk of abnormal brain growth and compared them with those of control fetuses.

MATERIALS AND METHODS
Study Design
This 3D-US study was embedded in the Rotterdam Periconceptional Cohort (Predict Study), an ongoing prospective cohort
study at the Department of Obstetrics and Gynecology, Erasmus
MC, University Medical Center, Rotterdam, the Netherlands.14
At enrollment, all participating women and their partners gave
written informed consent on behalf of themselves and their unborn child. This study was approved by the regional medical ethical committee and institutional review board of the Erasmus MC,
University Medical Center in Rotterdam (MEC 2004-227; date of
approval, January 25, 2013).
Pregnant women were enrolled between November 2013 and
July 2015. They were either enrolled before 12 weeks’ GA or between 22 and 32 weeks’ GA. Controls were enrolled before 12
weeks’ GA and were defined as fetuses without fetal growth restriction (FGR) before 32 weeks’ GA, born after 37 weeks’ GA, and
without congenital anomalies. Cases included those pregnancies
referred to our outpatient clinic with FGR or an isolated fetal
congenital heart defect (CHD) between 22 and 32 weeks’ GA. The
diagnosis was confirmed by an extended structural US examination at our hospital. FGR was defined as abdominal circumference
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Prenatal Sonography
Prenatal 3D-US examinations were performed on the Voluson E8
system (GE Healthcare, Milwaukee, Wisconsin) by using a 1 to 7
MHz transabdominal transducer or a 6 to 12 MHz transvaginal
transducer. Primarily, we used an abdominal approach, but a
transvaginal approach was considered when the fetus was in a
head-down presentation. Serial prenatal 3D-US examinations
and measurements were performed at 22, 26, and 32 weeks of
gestation by 1 certified sonographer (I.V.K.). Standard biometry
was measured, including biparietal diameter, head circumference, abdominal circumference, and femur length. An estimation
of fetal weight was calculated with the Hadlock equation.15 Biometry was followed by detailed 3D neurosonography. Standard
planes were obtained according to the International Society of
Ultrasound in Obstetrics and Gynecology guidelines.17 CC and
CCF length measurements were performed off-line in an exact
midsagittal plane (Fig 1). CC length is measured from the genu to
the splenium, outer-outer border. CCF length represents the
length between the genu of the CC and the fastigium (roof of the
fourth ventricle).13 CCF length was only measured in images in
which CC measurement was performed successfully. Manipulation of the 3D-US volume to ensure an exact midsagittal plane for
the measurements was performed in 4D View, Version 5.0 (GE
Healthcare).

Postnatal Assessments
After birth, cranial ultrasound was planned between 42 ⫹ 0 and
42 ⫹ 6 weeks’ postmenstrual age, independent of GA at birth.

Table 1: Baseline characteristicsa
Characteristics
Maternal
Age at enrollment (yr)
Nulliparous
Mode of conception (IVF/ICSI)
Geographic background
Western
Non-Western
Educational level
Low
Intermediate
High
Prepregnancy BMI (kg/m2)
Periconception folic acid initiation (yes)
Periconception smoking (yes)
Periconception alcohol consumption (yes)
Neonatal
Birth weight (g)
Gestational age at birth (wk)
Males

Controls
(n = 157)
32.3 (21–44)
69 (44)
48 (31)
126 (81)
29 (19)

FGR
(n = 22)

CHD
(n = 20)

29.7 (21–41)
13 (68)
2 (10)

33.0 (22–48)
11 (58)
2 (11)

15 (79)
4 (21)

18 (90)
2 (10)

Missing
7
6
3
6

8
20 (13)
56 (36)
79 (51)
22.9 (15.2–39.7)
149 (96)
25 (16)
44 (29)

4 (20)
12 (60)
4 (20)
22.9 (17.6–43.4)
15 (79)
3 (16)
4 (21)

0
7 (39)
11 (61)
23.4 (18.0–35.8)
18 (95)
3 (16)
10 (53)

19
6
8
9

3345 (2035–4380)
39⫹1 (37⫹0–41⫹5)
82 (52)

1400 (400–2900)
34⫹2 (26⫹3–39⫹3)
11 (50)

3420 (1650–4140)
38⫹6 (28⫹4–41⫹5)
13 (65)

2
2
0

Note:—BMI indicates body mass index; IVF/ICSI, in vitro fertilization with or without intracytoplasmic sperm injection; ICSI, intracytoplasmic sperm injection.
a
Data are presented as median and range or number and percentage. Missing data were due to incomplete questionnaires.

Cranial ultrasound was performed by an experienced team of researchers with MyLab 70 (Esaote, Genoa, Italy) with a convex
neonatal probe (7.5 MHz). CC and CCF length measurements
were performed off-line by 1 researcher (J.A.R.) according to the
method described above, with MyLab software.
To enhance precision, we repeated all prenatal and postnatal
measurements 3 times. The mean values were used in the statistical analyses.

Statistical Analysis
For data analyses, we used SPSS (Release 21 for Windows; IBM,
Armonk, New York) and R statistical and computing software,
Version 3.1.3 (http://www.r-project.org). Results with P values ⬍
.05 were considered statistically significant.
Previously, we demonstrated that postnatal measurements of
CC and CCF length had good intra- and interobserver agreement.13 To evaluate the reliability and reproducibility of prenatal
measurements, we randomly selected 30 US examinations of 30
different fetuses, equally divided across the 3 prenatal time points
from the whole study population. CC and CCF length measurements were then performed in 3-fold by 2 independent observers
(I.V.K. [1] and J.A.R. [2]). We performed analyses for intra- and
interobserver reliability, calculating the mean differences with
95% CIs and intraclass correlation coefficients. Moreover, the extent of agreement was examined with the Bland-Altman method.
Generalized Additive Models for Location and Scale were used
to create reference ranges of CC and CCF length measurements
between 22 and 42 weeks’ GA in controls.18 To investigate
whether cases showed deviations in CC and CCF growth, we created growth trajectories for each subject of the serial measurements of CC and CCF lengths between 22 and 42 weeks’ GA. A
maximum-likelihood approach was used to test whether polynomials of GA contributed to the best model fit. In the same manner,
we tested the contribution of random and fixed effects of the
intercept and slopes for all included polynomials. A quadratic
model of GA with random intercept and slopes was designated as

the best model. We placed the origin of the GA scale at 140 days’
GA. In this model, the variable indicating whether a fetus was
FGR, CHD, or control was used as the covariate of interest (model
1). Last, the final model (model 2) was adjusted for serial measurements of fetal weight and sex.

RESULTS
Study Population
In total, 227 pregnant women were enrolled prenatally. After excluding pregnancies ending in intrauterine fetal death (n ⫽ 1),
termination of pregnancy (n ⫽ 1), preterm birth (n ⫽ 14), and
those with congenital anomalies other than CHD (n ⫽ 4), trisomy
21(n ⫽ 2), and withdrawals (n ⫽ 6), the study population consisted of 199 pregnancies. Of these 199 fetuses, 22 had FGR, 20 had
CHD, and 157 were controls. The general characteristics of the
study populations are listed in Table 1.

Success Rates and Reliability Analyses
Of 542 prenatal 3D-US scans, 377 contained a high-quality midsagittal plane eligible for CC and CCF length measurements.
Means and success rates of CC and CCF length measurements per
gestational age are listed in Table 2. Success rates ranged between
61% and 75% for prenatal CC length measurements and between
59% and 72% for prenatal CCF length measurements. Postnatally, CC and CCF length measurements were successful in 97%.
In 83% of the subjects, CC length was measured at least at 2 time
points during the whole study period, and CCF length, in 65%.
The intra- and interobserver reliability and agreement are
shown in Table 3. CC lengths measured by observer 1 were slightly
smaller (mean difference, ⫺1.109 mm; mean percentage difference, ⫺3.4%) than those measured by observer 2. Ninety-five
percent limits of agreement for all measurements represented excellent agreement when the CC and CCF length measurements
were repeated by the same observer and good agreement when
repeated by a second observer. Intraclass correlation coefficient
AJNR Am J Neuroradiol 38:1807–13
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values of both intra- and interobserver were ⱖ0.97, which represents excellent reliability.

Linear Mixed-Model Analyses
In Fig 2A, -B, the reference curves and individual growth trajectories of CC and CCF lengths are shown. The results of the linear
mixed-models estimating differences in the mean growth trajectories of CC and CCF lengths among controls and fetuses with
FGR and CHD are shown in Table 4. Growth trajectories of CC
length were significantly decreased in fetuses with FGR and CHD
compared with growth trajectories of controls. CCF growth trajectories were only significantly decreased in fetuses with FGR
compared with those of controls. In Fig 2C, these trajectories are
graphically displayed.

DISCUSSION
Here, we demonstrate that CCF and CC length may serve as reliable markers for monitoring prenatal and postnatal brain growth.
Fetuses with FGR showed decreased growth of both CC and CCF
length, while in fetuses with CHD, only CC growth was decreased
between 22 and 42 weeks’ GA.
Our findings suggest that we are able to bridge the traditional
division between fetal and neonatal US growth charts. To date,
studies that combine fetal and neonatal US markers of brain
growth in a single cohort are scarce. One explanation is that standard prenatal US planes containing easily recognizable landmarks
of the brain do not correspond well with the standardized planes
accessible by cranial ultrasound. This lack of correspondence reTable 2: Success rates and means of corpus callosum and corpus
callosum–fastigium length per gestational agea
Length (mm)/ US Scans Measurements Success
Mean
GA (wk)
(No.)
(No.)
Rate (%) (SD) (mm)
CC
22
166
124
75
26.35 (1.22)
26
188
138
73
34.33 (1.86)
32
188
115
61
41.56 (2.19)
42
143
138
97
48.09 (3.15)
CCF
22
124
89
72
33.09 (1.61)
26
138
82
59
39.39 (1.92)
32
115
81
70
45.86 (2.07)
42
143
138
97
52.26 (3.12)
a

Presented are the success rates, means, and corresponding SD values of the CC and
CCF measurements per full week of gestation. The success rates for CC length and
postnatal CCF length were calculated by the number of successful measurements
divided by the total number of US images. Success rates of prenatal CCF measurements were calculated by dividing the number of successful CCF measurements by
the number of midsagittal images eligible for CC length.

sults in differences in prenatal and postnatal measures and measuring methods. For example, head circumference assessed prenatally, calculated from the biparietal diameter and occipital
frontal diameter, correlates poorly with direct postnatal measurements with a tape measure.7,19 Furthermore, changes in head
shape can be induced by delivery (eg, skull molding, edematous
swelling, and hematomas).
In contrast to other prenatal US measurements, excellent reliability was shown for CC and CCF lengths, comparable with the
reliability of the postnatal measurements.13 On the basis of our
data, we suggest that CCF length is the most reliable and relevant
marker for monitoring brain growth. CCF length can be assumed
to be a composite marker of multiple brain structures with different embryologic origins. Therefore, CCF length may be a better
representative of global brain growth than previous sonographic
markers based on individual brain structures.8-12
Growth trajectories of CC and CCF length were decreased in
fetuses at risk for abnormal brain growth and impaired long-term
neurodevelopmental outcome. While studies using CCF length
have not been published in the literature before, CC length findings are in line with those in previous literature. The decreased CC
growth trajectories in fetuses with FGR are in accordance with
findings of a recent MR imaging study that showed significantly
reduced CC length in fetuses with FGR compared with CC length
of appropriate-for-gestational-age controls.20 Results from our
previous study in preterm infants demonstrated a similar association between CCF length and birth weight SD score.13 There are,
to the best of our knowledge, no publications on CC length in
fetuses with CHD with which to compare our results, though
previous studies did report anomalies of the CC and reduction of
CC volume in children with CHD.21,22 The decreased growth trajectory of CC length in fetuses with CHD is, however, supported
by accumulating evidence reporting that fetuses with CHD are at
risk for abnormal brain growth and development.23-26
Brain growth is an important predictor of neurodevelopmental outcome.1,3,27 We hypothesize that the decreased CC and CCF
growth trajectories observed in cases may have consequences for
long-term outcome. In preterm infants, a shorter CC length is
related to a higher risk of an adverse neurodevelopmental outcome at 2 years’ corrected age.4 Moreover, a significantly smaller
corpus callosum was found in individuals with schizophrenia and
autism.28,29 CCF length represents the diencephalon and thus includes thalamus development, which is crucial for cognitive functioning. Derangements in thalamus development are associated
with adverse neurodevelopmental outcome.30 Yet, the clinical rele-

Table 3: Intraobserver and interobserver reliability for prenatal measurements of corpus callosum and corpus callosum–fastigium
lengtha
Absolute Difference
Relative Difference
Mean
Difference (mm)
Intraobserver
CC
CCF
Interobserver
CC
CCF

0.011
0.180
⫺1.109
⫺0.125

95% CI Mean
Difference (mm)

P

95% Limits of
Agreement (mm)

⫺0.228 to 0.250
⫺0.157 to 0.517

.923
.284

⫺1.373, 1.396
⫺1.711, 2.071

⫺1.702 to ⫺0.515
⫺0.741 to 0.492

.001
.684

⫺4.546, 2.329
⫺3.589, 3.340

Mean
Difference (%)

95% Limits
of Agreement (%)

ICC

0.1
0.4

⫺4.1, 4.3
⫺4.7, 5.4

⬎0.99
⬎0.99

⫺3.4
⫺0.4

⫺14.9, 8.1
⫺9.5, 8.6

0.97
0.97

Note:—ICC indicates intraclass correlation coefﬁcient.
a
Intra- and interobserver reliability analyses for prenatal CC and CCF measurements in a random selection of 30 ultrasound scans.
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vance for neurodevelopmental outcome
of differences in CC and CCF growth trajectories needs further investigation.

Clinical Applicability
The landmarks used for CC and CCF
length measurements are relatively easy
to distinguish on US images. Prenatally,
the main challenge is obtaining an exact
midsagittal plane. The prenatal success
rates are predominantly influenced by
acoustic shadowing and the position of
the fetus. 3D-US can enhance precision
by manipulating volumes to reconstruct
the exact midsagittal plane.31-33 When a
midsagittal plane is obtained, both measurements take ⬍1 minute in experienced hands. Postnatally, a standard
midsagittal plane is easy to obtain
through the anterior fontanelle; also, the
off-line measurements of CC and CCF
lengths take ⬍1 minute. Newly developed software that enables the identification of the midline automatically
could still improve the measurements
for clinical practice.34

Strengths and Limitations

FIG 2. Growth curves. A, Reference curves between 22 and 42 weeks of gestation for CCF (left)
and CC (right) length, with the 5th, 10th, 50th, 90th, and 95th percentiles. B, Individual growth
trajectories of CCF (left) and CC (right) length between 22 and 42 weeks of gestation. C, Growth
trajectories for controls (black) and fetuses with FGR (striped blue) and CHD (dotted red).

Table 4: Linear mixed models— growth trajectories of CC and CCF inﬂuenced by the
presence of fetal growth restriction and congenital heart defectsa
Model 1
Model 2
CC
FGR
CHD
CCF
FGR
CHD

␤

95% CI

P Value

␤

95% CI

P Value

⫺2.384
⫺1.252

⫺3.26 to ⫺1.505
⫺1.954 to ⫺0.549

⬍.01b
⬍.01b

⫺2.295
⫺1.267

⫺3.320 to ⫺1.270
⫺1.972 to ⫺0.562

⬍.01b
⬍.01b

⫺1.413
0.012

⫺2.500 to ⫺0.326
⫺0.829 to 0.963

.01b
.98

⫺1.295
0.000

⫺2.595 to 0.003
⫺0.835 to 0.835

.05
.99

a
Data are presented in ␤ values with corresponding 95% CI and P values, compared with controls. Model 1 represents
the crude model with GA and its polynomials as predictor and type of case as covariate of interest. Model 2 is the fully
adjusted model for the covariates in model 1 and for serial measurements of fetal weight and sex.
b
Signiﬁcant.

Some considerations should be taken
into account. First, our study was conducted in a tertiary hospital population,
with a relatively high maternal age,
mainly of Western origin, and a high educational level. Therefore, replication of
the data is warranted to validate our
findings for the general population. Second, the small number of cases limits the
conclusions of our study. We cannot exclude that absence of statistically significant findings may be due to lack of
power. Third, the growth charts are
based on measurements at 4 time points
and may improve by including intermediate time points to further smooth the
curves. Finally, the US scans and measurements were performed by experienced observers, which potentially enhanced the quality of the midsagittal
images and thus success rates and reliability. Clinical applicability may be
overestimated as a consequence. Success
rates of the measurements were mostly
influenced by fetal position, which we
assume to be independent of the variables in this study. We consider the prospective and longitudinal study design
as a strength of our study. Combining
prenatal and postnatal measurements in
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1 reference curve is an innovative method to facilitate monitoring
of fetuses at risk of impaired brain growth.

Future Implications for Clinical Care and Research
Tight collaboration between obstetric and neonatal researchers
and caregivers is needed for bridging the gap when monitoring
fetal and neonatal brain growth. This is of great importance for
optimizing neurodevelopmental care in fetuses and infants at risk
of abnormal brain growth and neurodevelopmental impairment.
Easily applicable US tools that can be used independent of the
prenatal or postnatal period will have clinical implications. We
consider our reference curves useful for age-equivalent preterm
infants because they are largely comparable with the postnatal
reference curves between 24 and 32 weeks in preterm infants from
Roelants et al.13 In addition, CC and CCF length measurements
may be applicable from midgestation onward and may theoretically be prolonged until closure of the anterior fontanelle in the
first year of life. Future research should correlate these measurements to commonly used MR imaging markers and explore the
link between the growth measures and functional neurodevelopmental outcome.

CONCLUSIONS
In this prospective cohort, we demonstrated that CC and CCF
length measurements are reliable markers for brain growth from
the fetal into the early neonatal period. By combining prenatal
and postnatal CC and CCF length measurements in 1 reference
curve, we created a continuum for monitoring brain growth, irrespective of the intra- or extra-uterine environment. We demonstrated that fetuses at risk of abnormal brain growth (ie, those
with CHD and FGR) showed significantly decreased CC and CCF
growth between 22 and 42 weeks’ GA. Whether these markers
could serve as early predictors of neurodevelopmental outcome in
later life warrants further research.
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SPINE

Analysis of 30 Spinal Angiograms Falsely Reported as Normal in
18 Patients with Subsequently Documented Spinal Vascular
Malformations
X P. Barreras, X D. Heck, X B. Greenberg, X J.-P. Wolinsky, X C.A. Pardo, and X P. Gailloud

ABSTRACT
BACKGROUND AND PURPOSE: The early diagnosis of spinal vascular malformations suffers from the nonspeciﬁcity of their clinical and
radiologic presentations. Spinal angiography requires a methodical approach to offer a high diagnostic yield. The prospect of falsenegative studies is particularly distressing when addressing conditions with a narrow therapeutic window. The purpose of this study was
to identify factors leading to missed ﬁndings or inadequate studies in patients with spinal vascular malformations.
MATERIALS AND METHODS: The clinical records, laboratory ﬁndings, and imaging features of 18 patients with spinal arteriovenous
ﬁstulas and at least 1 prior angiogram read as normal were reviewed. The clinical status was evaluated before and after treatment by using
the Aminoff-Logue Disability Scale.
RESULTS: Eighteen patients with 19 lesions underwent a total of 30 negative spinal angiograms. The lesions included 9 epidural arteriovenous ﬁstulas, 8 dural arteriovenous ﬁstulas, and 2 perimedullary arteriovenous ﬁstulas. Seventeen patients underwent endovascular (11)
or surgical (6) treatment, with a delay ranging between 1 week and 32 months; the Aminoff-Logue score improved in 13 (76.5%). The
following factors were identiﬁed as the causes of the inadequate results: 1) lesion angiographically documented but not identiﬁed (55.6%);
2) region of interest not documented (29.6%); or 3) level investigated but injection technically inadequate (14.8%).
CONCLUSIONS: All the angiograms falsely reported as normal were caused by correctible, operator-dependent factors. The nonrecognition of documented lesions was the most common cause of error. The potential for false-negative studies should be reduced by the
adoption of rigorous technical and training standards and by second opinion reviews.
ABBREVIATIONS: PmAVF ⫽ perimedullary arteriovenous ﬁstula; SDAVF ⫽ spinal dural arteriovenous ﬁstula; SEAVF ⫽ spinal epidural arteriovenous ﬁstula

pinal vascular malformations can be subdivided into highflow and low-flow lesions. The high-flow group includes spinal arteriovenous malformations and prominent perimedullary
arteriovenous fistulas (PmAVF, Merland type 2 and 31). The lowflow group is principally made of spinal dural (SDAVF) and spinal
epidural arteriovenous fistulas (SEAVF) as well as less common
small PmAVFs (Merland type 1). Although the detection of fastflow lesions is generally straightforward with noninvasive imaging because of the large size of the vessels involved, low-flow
anomalies—which are more frequent— can represent a major

S

Received December 30, 2016; accepted after revision April 24, 2017.
From the Transverse Myelitis Center, Department of Neurology (P.B., C.A.P.), Division
of Interventional Neuroradiology (D.H., P.G.), and Department of Neurosurgery (J.P.W.), The Johns Hopkins Hospital, Baltimore, Maryland; and Transverse Myelitis Center
(B.G.), University of Texas Southwestern Medical Center, Dallas, Texas.
Please address correspondence to Philippe Gailloud, MD, Johns Hopkins University
School of Medicine, 1800 E Orleans St, Bloomberg Building Room 7216, Baltimore,
MD 21287; e-mail: phg@jhmi.edu
http://dx.doi.org/10.3174/ajnr.A5275

1814

Barreras

Sep 2017

www.ajnr.org

diagnostic challenge. Low-flow arteriovenous fistulas typically
occur in older men presenting with a venous hypertensive myelopathy secondary to the drainage of the fistula into the perimedullary venous system.2-5 They are characterized by progressive
courses and narrow therapeutic windows, yet their diagnoses are
often established with considerable delay, if at all.5 This situation
is in large part related to their nonspecific clinical presentations
and the ambiguous noninvasive imaging characteristics of venous
hypertensive myelopathy. Spinal DSA, the “gold standard” technique for the investigation of spinal vascular anomalies, remains
necessary to identify and characterize these lesions. Modern spinal DSA is associated with extremely low risks of neurologic or
systemic complications,6 but it is a technically demanding procedure that requires a methodical approach to offer a high diagnostic yield.
This article analyzes the clinical and imaging characteristics of
18 patients with proved spinal vascular malformations but initial
angiographic investigation reported as normal. The purpose of
this review was to identify the factors that led to missed findings or

inadequate studies and propose strategies aimed at reducing their
impact.

MATERIALS AND METHODS
This is a retrospective study including 18 patients treated at our
institution (The Johns Hopkins Hospital) between August 2009
and April 2016 for a vascular malformation and having at least 1
initial spinal angiogram read as normal. The final angiographic
study unequivocally documenting the vascular malformation was
performed by the senior author (P.G.) in all cases; the procedures
were all performed under conscious sedation. The negative studies were reviewed and classified by 2 authors who were both aware
of the final angiographic diagnoses (P.B., P.G.). In situations
combining multiple sources of error, the visibility of the lesion
was used as the dominant criterion to categorize the cause of the
erroneous result. In case 15 for example, the quality of the angiographic image was reduced by the nonselective nature of the injection, yet the lesion was documented; this case was classified as a
documented but not identified lesion.
Seventeen patients had their vascular malformations treated, including 1 patient with 2 separate anomalies, whereas 1 lesion
Table 1: Aminoff-Logue Disability Scale
Disturbances of Gait
1. Leg weakness, abnormal stance, or gait without restriction
of locomotor activity
2. Restricted exercise tolerance
3. Requires stick or some support for walking
4. Requires crutches or 2 sticks for walking
5. Unable to stand, conﬁned to bed or wheelchair
Micturition
1. Mild: hesitancy, urgency, or frequency
2. Moderate: occasional incontinence or retention
3. Severe: total incontinence or persistent retention
Bowel
1. Mild: constipation
2. Moderate: occasional incontinence or severe constipation
3. Persistent fecal incontinence

spontaneously resolved without intervention. The clinical status of each patient was evaluated before treatment and at the
last follow-up visit by using the Aminoff-Logue Disability
Scale based on data gathered retrospectively from chart review
(Table 1).7 Updated follow-up information was obtained by
telephone interviews. The difference between the mean preand posttreatment Aminoff-Logue scores was calculated by using a standard Student t test. A P value ⬍.05 was used to define
statistical significance.
Besides the presence of an abnormal medullary signal on T2weighted images, 2 additional MR imaging characteristics were
recorded: the presence of parenchymal enhancement after gadolinium administration and flow voids on T2-weighted images,
categorized as absent (⫺), subtle (⫹), focal (⫹⫹), or diffuse
(⫹⫹⫹) (Fig 1).

RESULTS
Demographic and Clinical Features
We found 18 patients with 19 angiographically confirmed spinal
vascular malformations and at least 1 angiographic study read as
normal, for a total of 30 negative angiograms (median, 1; average,
1.7; range, 1– 6) (Table 2). The cohort included 15 men and 3
women, aged from 25– 89 years. Most patients were men (83%)
with an average age of 63 years at the time of presentation. Past
medical history—available for all patients—included cardiovascular risk factors, notably arterial hypertension in 12 cases (67%)
and smoking in 11 cases (61%).
The following symptoms and clinical features were recorded
in the patients’ charts: leg weakness (n ⫽ 17; 94%), leg numbness
(n ⫽ 12; 67%), bladder dysfunction (n ⫽ 12; 67%), neurogenic
claudication (n ⫽ 7; 39%), abnormal sensory examination (n ⫽
16; 89%), and a sensory level noted in 11 cases (61%). Urinary
retention and/or decreased rectal tone was noted in 7 cases (39%).
The beginning of clinical manifestation according to the chart was
greater than 21 days in 15 patients (83%), less than 48 hours in 1
(5%), and acute in 2 (11%).
The CSF— collected in 14 patients—
showed elevated protein (⬎45 mg/dL)
in 11 patients (79%) and pleocytosis
(⬎5 cells/mm3) in 5 (36%).
The initial diagnosis was transverse
myelitis in 15 cases (83%). Of the 13
patients initially treated with IV methylprednisolone, 1 improved (8%), 7
showed no response (54%), and 5 experienced immediate and substantial
clinical worsening (38%).

Noninvasive Imaging
Characteristics

FIG 1. Grading of ﬂow voids on sagittal T2-weighted images (⫺, ⫹, ⫹⫹, ⫹⫹⫹). Left, 50-year-old
man (patient 2) with a left L5 SDAVF. Center left, 73-year-old man (patient 8) with a left L4 SEAVF.
Center right, 75-year-old man (patient 10) with a right T12 SDAVF. Right, 49-year-old man (patient
12) with a right S2 SDAVF.

MR imaging documented a myelopathy
extending over at least 4 vertebral levels,
with a central pattern of abnormal signal
involving the thoracic and/or lumbar
spinal cord in all patients. Enhancement
after the gadolinium injection was noted
in 15 cases (83%). Flow voids were present in 11 cases (61%). They were focal
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Table 2: Imaging and treatment characteristics
Aminoff-Logue
Score
Case
1
2
3
4
5
6b
7
8
9
10
11
12
13
14
15
16
17
18

Age/Sex
40/M
50/M
73/M
80/M
60/M
56/F
89/M
73/F
58/M
75/M
75/M
49/M
69/M
56/M
66/F
71/M
61/M
25/M

Gad
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹

Flow Voids
⫺
⫺
⫹
⫹⫹
⫹
⫹

Initial Diagnosis
TM
TM
TM
TM
TM
TM

Negative DSA
2
2
1
2
1
1

Final Diagnosis
SEAVF
SDAVF
SDAVF
SEAVF
SDAVF
SEAVFs

⫺
⫺
⫹
⫹⫹
⫺
⫹⫹
⫺
⫹⫹
⫺
⫹
⫺
⫹⫹

Tumor
TM
TM
TM
TM
TM
TM
Syrinx
TM
TM
NMO
TM

1
1
1
1
3
6
2
1
1
2
1
1

SEAVF
SEAVF
PmAVF
SDAVF
SDAVF
SDAVF
SEAVF
PmAVF
SDAVF
SEAVF
SDAVF
SEAVF

Loca
T9
L5
L4
L5
T4
L2
L4
S1
L4
T10
T12
L3
S2
L5
T8
T10
S1
T4
T12

Treat
Surg
Endo
Endo
Endo
Endo
Endo
Endo
Endo
Endo
Surg
Endo
Surg
Endo
Endo
Surg
Endo
None
Surg
Surg

Pre
8
8
8
9
9
10

Post
6
8
5
7
8
8

3
10
10
10
8
6
11
5
11
10
9
11

1
5
10
7
9
4
11
1
7
None
6
4

Note:—Endo indicates endovascular; Gad, spinal cord enhancement after gadolinium; Loc, lesion location; NMO, neuromyelitis optica; Pre, pretreatment; Post, posttreatment;
Surg, surgery; TM, transverse myelitis; Treat, treatment.
a
For the 2 PmAVFs, the indicated level corresponds to the feeding artery.
b
Patient 6 had 2 separate SEAVFs treated in separate endovascular procedures.

(⫹⫹) in 4 cases (22%) and diffuse (⫹⫹⫹) in 2 (11%). Subtle
flow voids (⫹) were retrospectively observed in 5 instances
(28%), but reported only once.

Vascular Malformation Characteristics
All the lesions were low-flow arteriovenous fistulas, including 9
SEAVFs (47%), 8 SDAVFs (42%), and 2 PmAVFs (Merland Type
1; 1%) (Table 2). No spinal arteriovenous malformation or prominent PmAVF (Merland Type 2 or 3) was observed. The delay
between presentation and treatment ranged between 1 week and
32 months (median, 9.0; average, 11.1).
Both PmAVFs were located on the anterior aspect of the tip of
the conus medullaris and were supplied by the anterior spinal
artery via anterior radiculomedullary arteries originating from a
thoracic intersegmental artery (T8 and T10, respectively). The
SDAVF/SEAVFs were thoracic (T2 through T12) (n ⫽ 6; 35.3%),
lumbar (L1 through L5) (n ⫽ 8; 47.1%), or sacral (S1 through S2)
(n ⫽ 3; 17.6%). Nine of these 17 lesions (52.9%) were located at
L4 or below, including 6 supplied either by an iliolumbar artery
(n ⫽ 3) or by a lateral sacral artery branch (n ⫽ 3).
Eighteen of the 19 lesions were treated either endovascularly (n ⫽ 12; 66.7%) or surgically (n ⫽ 6; 33.3%). One patient
had 2 separate SEAVFs; another patient had a pelvic SEAVF
that thrombosed spontaneously.
After treatment, the clinical condition measured by the
Aminoff-Logue scale improved in 13 of the 17 patients
(76.5%), with an average gain of 3 points (P ⫽ .01) (Table 2).
Three patients were unchanged (17.6%), and 1 got worse immediately after surgery, likely as a result of spinal venous
thrombosis. Of note, 5 patients reported a subjective improvement in their pain level as well as increased sensation in previously numb areas, 2 elements not captured by the AminoffLogue scale. The patient with the spontaneously thrombosed
lesion showed no clinical improvement.
1816
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Analysis of Missed Findings or Inadequate Studies
Thirty spinal angiograms falsely reported as normal were obtained in 18 patients (median, 1; average, 1.7; range, 1– 6), 26 of
them performed in various academic centers (86.7%). Twentyseven of these angiograms were available for review. The factors
identified as the cause of the missed findings or inadequate studies
could be categorized as follows:
1) The lesion was angiographically documented but not identified (n ⫽ 15; 55.6%). In some instances, the anomaly went unnoticed (Fig 2), whereas in others, the abnormal vessel was seen
but misinterpreted (Fig 3).
2) The region of interest was not documented (n ⫽ 8; 29.6%),
including: a) the level of interest was not investigated (n ⫽ 7;
25.9%), the lesion being located at or below L3 in all instances
(L3 ⫽ 1, L4 ⫽ 2, L5 ⫽ 3, S2 ⫽ 1); or b) the level was accidentally
skipped (n ⫽ 1; 3.7%).
3) The level was investigated, but the injection was technically
inadequate (n ⫽ 4; 14.8%). In 3 cases, the supplying branch was
not studied selectively (Fig 4), whereas in 1 of the 2 PmAVFs, the
anterior spinal artery was well opacified, but the lesion was not
included in the field-of-view.
As noted earlier, in situations combining multiple technical
and/or cognitive factors, the lesion’s visibility was used as the
dominant criterion to categorize the cause of the false-negative
study.

DISCUSSION
Patient Demographics and Type of Vascular Malformations
This report analyzed 30 spinal angiograms read as normal in 18
patients later diagnosed with a spinal vascular malformation. All
of the lesions diagnosed were slow-flow vascular malformations;
besides 2 small PmAVFs (Merland Type 1; 10%) located at the
conus medullaris, they were either SEAVFs or SDAVFs. This finding is not surprising because the detection of conspicuous anom-

FIG 2. 66-year-old woman (patient 15) with a right T10 SDAVF and 1 prior negative spinal angiogram. A, DSA, nonselective injection at the T9 level, posteroanterior view, arterial phase (ﬁrst
study). The right T10 intersegmental artery supplies an arteriovenous shunt with early opaciﬁcation of perimedullary venous structures (arrow). The anomaly was not detected. B, DSA, right T10
injection, posteroanterior view, arterial phase (second study). Selective angiography conﬁrms the
presence of an SDAVF fed by the right T10 radicular artery (arrowhead) and documents its
extensive perimedullary drainage (arrow).

FIG 3. 60-year-old man (patient 5) with a right T4 SDAVF and 1 prior negative angiogram. The
patient consulted for a second opinion after substantial clinical pejoration during intravenous steroid therapy. A, DSA, right T4 injection, posteroanterior view, arterial phase (ﬁrst
study). A midline vessel (arrows) was noted but interpreted as being the anterior spinal
artery. B, DSA, right T4 injection, posteroanterior view, arterial phase (second study). A right
T4 radiculomeningeal branch (white arrowhead) supplies an arteriovenous shunt draining
into a posterior radiculomedullary vein (black arrowhead) and the posterior-median spinal
vein (black arrows).

alies such as spinal arteriovenous malformations or PmAVFs (Merland Type
2 or 3) does not usually represent a challenge for noninvasive imaging, spinal
DSA being then used to characterize
their angioarchitecture and plan their
management.
Our patients’ demographic characteristics (predominantly older men) are
consistent with previously published
data on slow-flow vascular malformations.5 From a diagnostic perspective,
the high prevalence of elevated CSF proteins (79%) and gadolinium enhancement on MR imaging (83%) probably
explains the frequent misdiagnosis of
transverse myelitis (83%).8 Flow voids,
often considered as essential to the diagnosis of vascular malformation, were
retrospectively detected in 11 cases
(61%) but, because of their subtle nature, were correctly identified at the time
of initial MR imaging interpretation in
only 7 cases (39%).
Of particular interest is the preponderance of low lumbar and sacral lesions
in our cohort; most of the missed
SEAVFs/SADVFs (52.9%) were found at
or below the L4 level. Besides certain
technical considerations discussed separately, this finding seems to correlate
with the relatively common misconception that a thoracic myelopathy cannot
be accounted for by a pelvic lesion.
In terms of functional outcome, it is
important to note that despite the significantly delayed diagnosis (11 months on
average) and the clinical worsening
caused in some cases by inadequate initial measures (notably steroid therapy),
patients did still significantly benefit
from the treatment of their vascular
malformation. First and foremost, the
progressive clinical deterioration typically associated with venous hypertensive myelopathy was stopped in all cases
but 1, the exception being a patient who
got worse shortly after treatment, likely
from spinal venous thrombosis. Besides
stopping the disease progression, endovascular or surgical therapy was able to
bring a functional improvement in 13 of
the 17 patients treated, with a significant
difference retrospectively noted between the pre- and posttreatment Aminoff-Logue scores retrospectively (mean
follow-up, 20 months; P ⫽ .012). This
finding is consistent with the previously
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FIG 4. 75-year-old man (patient 11) with a right L3 spinal dural arteriovenous ﬁstula (SDAVF) and 3
prior negative angiograms. A, DSA, nonselective injection at the level of L3, posteroanterior view,
arterial phase (ﬁrst study), showing no evidence of vascular malformation. In 1 of the other
negative angiograms, L3 was not investigated at all, and the third study was not available for
review. B, DSA, right L3 injection, posteroanterior view, arterial phase (second study), an arteriovenous shunt supplied by a right L3 radiculomeningeal branch and draining into a right L3 radiculomedullary vein (arrowheads). C, DSA, right L3 injection, posteroanterior view, arterial phase
(second study). The congested perimedullary venous system surrounding the lumbosacral spinal
cord is documented by this acquisition with a larger ﬁeld of view.

held view that even patients with severe disabilities can show significant improvement.9

Technical Factors Leading to Missed Findings or
Inadequate Studies
This review identified several factors behind the missed findings
or inadequate results. All were operator-dependent and potentially avoidable. The principal cause of missed diagnoses was a
documented yet unrecognized lesion (55.6%). In other words, the
anomaly was visible in the recorded images, but not identified as a
vascular malformation. The same mechanism was responsible for
false-negative studies in 3 additional cases of SDAVFs not included in our cohort because of a lack of detailed clinical information. This finding serves as a strong reminder of the complexity
of spinal angiographic images, considering notably that most
studies (86.7%) were obtained in academic centers.
The vessel of interest not being investigated was the second
most frequent cause of inadequate study (29.6%). In 1 case, the
vertebral levels were mislabeled and the feeding artery skipped by
mistake. In the other 7 instances (25.9%), the intersegmental artery supplying the lesion was not included in the planned angiogram. Interestingly, the lesion was located at or below L3 in all of
these cases. This finding has an important implication besides the
fact that low lumbar or sacral vascular malformations are frequent; it suggests that low lumbar and pelvic vessels are often
ignored during spinal angiography. Although this may be partly
attributed to the technically more demanding catheterization of
these branches, notably in older patients, the main reason behind
this disregard appears to be the misconception that a pelvic flush
angiogram supplemented by selective internal iliac injections is
not an integral component of a full spinal angiogram. In our practice, spinal DSA performed in older patients with a suspicion of
1818
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low-flow vascular malformation starts
with a pelvic flush angiogram, which not
infrequently establishes the diagnosis
during the first few minutes of the procedure. Finally, in 4 cases (14.8%), the
vessel of interest was investigated, but
the angiograms were technically inadequate. In 1 of the PmAVFs, the feeding
artery (left T10) was injected, but considered as normal, and the conus medullaris (site of the lesion) was not included in the field of view. In the other
3 instances, the feeding vessels were
studied with nonselective injections,
the small amount of contrast passing
through the vessel of interest being considered of diagnostic value. In each case,
a lesion was subsequently identified by
selective angiography.

How to Limit the Risk of
Inadequate Spinal Angiograms?

Our findings suggest that missed findings or inadequate studies might be
avoided in most cases by the adoption of
a rigorous angiographic protocol. The
following recommendations— easily implementable in daily angiographic practices—should significantly reduce the risk of falsenegative studies:
1) Carefully identify the vertebral levels investigated at the
beginning of the procedure. Although the use of a ruler is in our
opinion mandatory, it may not prevent skipping a level if one does
not meticulously document the progress of the study and record
the explored branches.
2) Avoid, as much as possible, poor angiographic visualization
related to nonselective injections.10 It is also critical to document
radiculomedullary arteries in their entirety, as exemplified by the
PmAVF left out of the field of view during the injection of the
artery of Adamkiewicz in 1 of the negative angiograms.
3) In most instances, it is necessary to perform a complete spinal
angiogram— even if a lesion has already been documented—including the pelvis and the cervical region and, in selected cases, the carotid
arteries as well. There is no strict correlation between the site of an
arteriovenous fistula and the location and extent of the resulting spinal cord damage. A cervical SDAVF can, for example, induce
midthoracic or lumbar cord edema with a normal MR imaging appearance of the cervical and upper thoracic spinal parenchyma. The
potential for multiple synchronous spinal lesions must also be kept in
mind.
4) Finally, the fact that most of the missed lesions were actually
documented by the initial “negative” studies emphasizes the importance of a meticulous analysis of angiographic images, optimized by electronic means such as best mask selection and pixel
shifting. It also stresses the value of second readings and second
opinions. Second opinions also represent an educative tool, in
keeping with Pinto and Brunese’s11 opinion that “a radiology
safety culture will only exist when the radiologist who made the

error views such feedback positively as a learning experience.”
With angiographic images as complex and findings as subtle as the
ones acquired during spinal angiography, no level of proficiency
can prove completely immune to faulty interpretation.

Spinal Angiography as the “Gold Standard” Spinal
Vascular Technique
Although no imaging technique is exempt from the risk of falsenegative studies, it seems that various technical and cognitive factors render spinal angiography more prone to misleading interpretation than, for example, cerebral angiography. This fact
directly impacts patient care because there is a justified tendency
to rely on a “gold standard” technique. The number of patients
with vascular malformations who remain misdiagnosed after a
spinal angiogram falsely read as normal is unknown but likely not
anecdotal. Spinal angiography should therefore only be considered as a “gold standard” technique when performed by experienced angiographers following strict technical guidelines.

CONCLUSIONS
In the spinal angiograms analyzed for this study, the causes of
missed findings or inadequate studies were all avoidable operatorrelated factors, most notably the nonrecognition of an angiographically documented lesion. The potential for inadequate
studies should be reduced by the adoption of rigorous technical
and training standards and by second opinion reviews.
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ORIGINAL RESEARCH

SPINE

Diagnostic Utility of Increased STIR Signal in the Posterior
Atlanto-Occipital and Atlantoaxial Membrane Complex on
MRI in Acute C1–C2 Fracture
X Y.-M. Chang, X G. Kim, X N. Peri, X E. Papavassiliou, X R. Rojas, and X R.A. Bhadelia

ABSTRACT
BACKGROUND AND PURPOSE: Acute C1–C2 fractures are difﬁcult to detect on MR imaging due to a paucity of associated bone marrow
edema. The purpose of this study was to determine the diagnostic utility of increased STIR signal in the posterior atlanto-occipital and
atlantoaxial membrane complex (PAOAAM) in the detection of acute C1–C2 fractures on MR imaging.
MATERIALS AND METHODS: Eighty-seven patients with C1–C2 fractures, 87 with no fractures, and 87 with other cervical fractures with
acute injury who had both CT and MR imaging within 24 hours were included. All MR images were reviewed by 2 neuroradiologists for the
presence of increased STIR signal in the PAOAAM and interspinous ligaments at other cervical levels. Sensitivity and speciﬁcity of increased
signal within the PAOAAM for the presence of a C1–C2 fracture were assessed.
RESULTS: Increased PAOAAM STIR signal was seen in 81/87 patients with C1–C2 fractures, 6/87 patients with no fractures, and 51/87
patients with other cervical fractures with 93.1% sensitivity versus those with no fractures, other cervical fractures, and all controls.
Speciﬁcity was 93.1% versus those with no fractures, 41.4% versus those with other cervical fractures, and 67.2% versus all controls for the
detection of acute C1–C2 fractures. Isolated increased PAOAAM STIR signal without increased signal in other cervical interspinous
ligaments showed 89.7% sensitivity versus all controls. Speciﬁcity was 95.3% versus those with no fractures, 83.7% versus those with other
cervical fractures, and 91.4% versus all controls.
CONCLUSIONS: Increased PAOAAM signal on STIR is a highly sensitive indicator of an acute C1–C2 fracture on MR imaging. Furthermore,
increased PAOAAM STIR signal as an isolated ﬁnding is highly speciﬁc for the presence of a C1–C2 fracture, making it a useful sign on MR
imaging when CT is either unavailable or the ﬁndings are equivocal.
ABBREVIATIONS: IDEAL ⫽ iterative decomposition of water and fat with echo asymmetric and least squares estimation; NF ⫽ no fracture; OF ⫽ other cervical
fracture; PAOAAM ⫽ posterior atlanto-occipital and atlantoaxial membrane complex

njuries at the craniocervical junction occur in approximately
30% of patients presenting with blunt cervical spine trauma
resulting in osseous and/or ligamentous injury.1,2 Given the high
potential for neurologic morbidity associated with these injuries,
accurate and timely assessment is critical for improved patient
outcomes.3,4 Due to its high sensitivity for detecting acute fractures or dislocations by virtue of its high spatial resolution, ability
to obtain multiplanar reformations, and speed, multidetector CT
is the established initial imaging technique in patients suspected
of having craniocervical and other cervical spine injuries.5-7 Although MR imaging has superior ability for the evaluation of soft-
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tissue and spinal cord injuries and the determination of fracture
acuity, its use is generally limited to cases with evidence of severe
injuries on CT, abnormal neurologic findings, or equivocal CT
findings. This secondary role of MR imaging in screening cervical
spine injuries is driven not only by its higher cost, lower speed,
and decreased availability compared with CT, but also by its decreased sensitivity for craniocervical junction and posterior element fractures.8,9
Recent work has shown that type II odontoid fractures in
older patients may not exhibit STIR hyperintense marrow signal at the fracture site, limiting the utility of MR imaging in the
evaluation of the presence and acuity of a fracture.10,11 Nevertheless, because of the potential for concomitant ligamentous
and neurologic injuries associated with craniocervical fractures, MR imaging is frequently used as a complementary technique to CT at many tertiary care centers.12,13 In some of these
instances, the initial CT or report obtained at an outside hospital may not be available for review by the radiologist inter-

preting follow-up MR imaging in a timely fashion, or CT may
have equivocal findings, creating a perfect scenario for missing
C1–C2 fractures on MR imaging, with the potential for medicolegal implications.
We have observed increased signal on STIR images in the region of the posterior atlanto-occipital and atlantoaxial membranes, considered in the current study as a single complex
(PAOAAM), in patients with acute C1–C2 fractures. However,
this finding is typically not seen in patients presenting with
trauma without cervical fractures, leading us to hypothesize that
this may be a useful diagnostic indicator of acute C1–C2 fracture
on MR imaging. Based on this hypothesis, the purpose of the
study was to determine the diagnostic utility of increased
PAOAAM STIR signal in the detection of acute C1–C2 fractures,
the presence of which may prompt the reader to repeat or reinterpret CT cervical spine studies with equivocal findings.

MATERIALS AND METHODS
Patients and Control Groups
Following institutional review board approval for this Health Insurance Portability and Accountability Act– compliant study, a
retrospective review from 2008 to 2015 of our institutional imaging data base was performed for patients with acute isolated
C1–C2 fractures who had both CT and MR imaging of the cervical
spine within 24 hours of each other. Per review of the medical
records, the CT examinations were performed within 24 hours of
trauma. CT performed at an outside hospital before transfer was
included if it had been performed within 24 hours. All MR images
were obtained at our institution. The presence of acute C1–C2
fractures was determined by the CT report and history/clinical
examination documented in the medical records. One hundred
two patients with C1–C2 fractures were identified. Nine fractures
were determined to be chronic on the basis of review of prior
imaging and/or clinical history and were excluded from analysis.
Six additional patients were excluded due to the absence of diagnostic STIR images, leaving 87 patients.
Two control groups with CT scans obtained within 24 hours of
blunt cervical spine trauma and MR images within 24 hours of the
CT were selected consecutively by reviewing the imaging data base
from 2013 to 2015 until each group included 87 patients. The
controls consisted of a no fracture (NF) group and an other fracture (OF) group. The NF group included patients with a clinical
history of blunt cervical spine trauma without reported fractures
on CT. The OF group included all fractures isolated in the cervical
spine (regardless of fracture morphology), excluding concomitant C1–C2 fractures.

CT and MR Imaging
Noncontrast CT of the cervical spine was performed on a 128 –
detector CT scanner (Discovery HD750; GE Healthcare, Milwaukee, Wisconsin). Images were acquired helically with a section
thickness of 2.5 mm, a pitch of 0.984, a gantry rotation time of 1
second, at 120 kV with a tube current of 340 mA. All outside CT
scans were also helically acquired and obtained on 64 – or 128 –
detector CT scanners.
All MR imaging examinations were performed on one of two
1.5T MR imaging scanners with our standard departmental pro-

FIG 1. Overview of the anatomy at the craniocervical junction. The
posterior atlanto-occipital membrane (PAOM) is a thickened band of
the ligamentum ﬂavum extending from the posterior arch of the atlas
to the posterior occipital bone. The posterior atlanto axial membrane
(PAAM) is a correlate extending from the posterior arch of the atlas to
the posterior elements of C2. The PAOM and PAAM are considered a
single complex in this article (PAOAAM).

tocol of T1- and T2-weighted and STIR or STIR-equivalent iterative decomposition of water and fat with echo asymmetric and
least squares estimation (IDEAL) sagittal water-selective images
and axial T2-weighted and gradient recalled-echo images. On the
Signa HDx scanner (GE Healthcare), STIR (2008 –2012) imaging
parameters were TR/TE ⫽ 3750/60 ms and TI ⫽ 150 ms, and
IDEAL (2012–2015) imaging parameters were TR/TE ⫽ 4222/85
ms. For both sequences, the matrix was 320 ⫻ 256. For the Magnetom Espree (Siemens, Erlangen, Germany) scanner, the parameters were TR/TE ⫽ 5570/64 ms, TI ⫽ 150 ms, and matrix ⫽
320 ⫻ 224. For both GE Healthcare and Siemens scanners, the
FOV was 220 mm and the section thickness was 3 mm.

Image Analysis
All CT scans obtained in our institution were interpreted by a boardcertified radiologist (emergency department radiologist or neuroradiologist). The subspecialty training of outside institution interpreters was not known. The CT studies were not independently
re-reviewed by the investigators. For simplicity, STIR and IDEAL
images will be collectively referred to as STIR images. STIR images
from MR images were independently reviewed by 2 board-certified,
fellowship-trained neuroradiologists (with 25 and 2 years of postfellowship experience), blinded to the CT reports and images, for the
presence of increased signal on STIR images in the region of the
PAOAAM. The increased STIR signal in the PAOAAM was defined
as increased signal in one or both of the posterior atlanto-occipital
and the posterior atlantoaxial membranes, which are considered in
the current study as a single complex (PAOAAM) (Fig 1). STIR images were also used to assess the presence of increased signal in interspinous ligaments at other cervical levels (Figs 1– 4).
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lated C1, and combined C1 and C2 fractures with presence of increased STIR
signal in the PAOAAM was performed
with the 2 test. Additional analysis of
patients with NF separated into midcervical (C3 through C4), lower cervical
(C5 through C7), and mixed (C3
through C4 and C5 through C7) level
fractures with presence of increased
STIR signal in the PAOAAM was also
performed. Statistical significance was
set at P ⱕ .05.

RESULTS
Demographic characteristics of patients
with C1–C2 fractures, NF, and OF are
shown in Table 1. There were no significant age differences among the C1–C2
fracture, NF, and OF groups (P ⱕ .2, Table 1). With terminology established by
Landis and Koch,14 there was “almost
perfect” interobserver agreement between
readers in the detection of PAOAAM
signal ( ⫽ 0.91; 95% CI, 0.88 – 0.97)
and interspinous ligament signal at
other cervical levels ( ⫽ 0.93; 95% CI,
0.89 – 0.98).
The 87 C1–C2 fractures were the following: odontoid type II (n ⫽ 27), odontoid type III (n ⫽ 19), C2 pars interarticular (hangman) (n ⫽ 7), C2 lamina or
transverse process fractures (n ⫽ 3), C2
comminuted vertebral body (n ⫽ 8),
isolated C1 (n ⫽ 20), and combined C1
FIG 3. Increased PAOAAM signal. A, STIR midline sagittal image of a 17-year-old adolescent girl, and C2 (n ⫽ 3). Twenty-five of 27 odonpresenting after a motor vehicle collision. There is an increased STIR signal at the PAOAAM (circle toid type II, 18/19 odontoid type III, 7/7
and dashed arrow) and at the interspinous ligaments (circle and solid arrow). B, CT demonstrates
hangman, 3/3 C2 lamina or transverse
comminuted fractures of the bilateral C2 pedicles (dotted arrows).
process, 8/8 C2 comminuted vertebral
body, 19/20 isolated C1, and 3/3 comData Analysis
bined C1 and C2 fractures demonstrated increased PAOAAM
Differences in age among C1–C2, NF, and OF groups were asSTIR signal. No significant difference was found in the presence of
sessed by using 1-way ANOVA. Interobserver reliability for both
PAOAAM signal among the C1–C2 fracture groups (2 ⫽ 1.52,
increased PAOAAM and interspinous ligament STIR signal was
P ⫽ .96).
measured with  coefficients. Disagreements were resolved by
Fractures at other cervical levels included 16 mid- (C3 through
consensus agreement between the 2 interpreters, and the reconC4),
59 lower- (C5 through C7), and 12 mixed-level fractures.
ciled data were used for subsequent analyses. The frequency of
Nine
of 16 mid-, 33/59 lower-, and 9/12 mixed-level fractures
increased STIR signal in the PAOAAM and the presence of inwere
associated
with increased PAOAAM STIR signal. No signifcreased STIR signal in the interspinous ligaments at other cervical
icant
difference
in the presence of PAOAAM signal among fraclevels were determined for all patients. The sensitivity and specitures involving mid-versus-lower cervical spine was noted (2 ⫽
ficity of increased STIR signal in the PAOAAM, both isolated to
1.54, P ⫽ .46).
the PAOAAM and in the presence of STIR hyperintensity at other
Two patterns of increased STIR signal were observed in pacervical levels, were assessed for the C1–C2, NF ⫹ OF (all contients with acute C1–C2 fractures: 1) increased STIR signal in the
trols), NF, and OF groups. We also assessed the sensitivity and
PAOAAM with increased STIR signal in ligaments at other cervispecificity of isolated increased STIR signal in the PAOAAM ascal levels (Fig 3), and 2) isolated increased STIR signal localized to
sociated with C1–C2 fractures by comparing these groups. Subthe PAOAAM without increased signal in ligaments at other cergroup analysis of C1–C2 fracture types separated into odontoid
vical levels (Fig 2).
type II, odontoid type III, C2 pars interarticular (hangman), C2
lamina or transverse process, C2 comminuted vertebral body, isoIncreased STIR signal in the PAOAAM was seen in 81/87

FIG 2. Isolated increased PAOAAM signal. A, STIR midline sagittal image of a 26-year-old man,
presenting after assault. There is an isolated increased STIR signal (circle and dashed arrows) at
the PAOAAM and none at the interspinous ligaments. B, CT demonstrates the anterior and
posterior arches of C1 fractures, with an avulsed transverse ligament (circle and dotted arrow) and
lateral subluxation of the lateral masses.
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signal in the PAOAAM should make a
radiologist suspicious of the presence
of a cervical spine fracture when interpreting a cervical spine MR imaging
study. Furthermore, when the increased STIR signal in the PAOAAM is
an isolated finding, a C1–C2 fracture
should be suspected until proved otherwise by CT.
The STIR sequence on MR imaging
is known to be very sensitive for the detection of a marrow edema pattern in
subtle compression or micro-/insufficiency fractures, particularly of the thoracic and lumbar spines and appendicular skeleton, such as the pelvis and
femur.15-18 Conversely, in the cervical
spine, prior work has shown not only the
FIG 4. Other interspinous ligament signal. A, STIR midline sagittal image of a 66-year-old man
presenting after a fall secondary to intoxication. There is no STIR signal at the PAOAAM (gray superiority of CT in the detection of
circle and dashed arrow), but only at the interspinous ligaments (white circle and short solid bony injuries, but also that STIR imagarrow). There is an interruption at the anterior longitudinal ligament at C5– 6 (long solid arrow). B, ing is much less sensitive for the detecCT demonstrates a fracture of the ossiﬁed anterior longitudinal ligament at C5– 6 (circle and
tion of acute fractures. Holmes et al,9
dotted arrow).
showed that of 66 patients with both
Table 1: Patient characteristics: sex distribution
CT and MR imaging examinations, the sensitivity for osseous
Age
Mean
fractures was 95% on CT versus 50% on MR imaging, with
Male Female Range (yr) Age (yr)
SD
most of the missed lesions involving the lateral and posterior
C1–C2 fracture
44
43
18–96
66
21.4
elements, with the caveat that the specific time interval beNo fracture
57
30
24–96
62
17.5
tween the CT and MR imaging studies was not reported by the
Other fracture
50
37
21–102
61
21.2
authors.
Limitations of the STIR sequence were first demonstrated by
(93.1%) patients with C1–C2 fractures, 6/87 (6.9%) with NFs,
Peri et al in 2009 in type II and III odontoid fractures in which
and 51/87 (58.6%) with OFs. The sensitivity and specificity of
STIR abnormalities were not seen in 22% of acute fractures and
increased STIR signal in the PAOAAM in detecting acute fracwere limited to the fracture cleft in 11/18 patients.10 In addition, a
tures at C1–C2 are shown in Table 2. Isolated increased STIR
more recent study reported that the sensitivity of STIR signal for
signal in the PAOAAM was seen in 52/87 (59.8%) patients with
demonstrating acute type II odontoid fractures was only 82% in
C1–C2 fractures, 4/87 (4.6%) with NFs, and 7/87 (8.0%) with
patients younger than 57 years of age and became significantly
OFs. The sensitivity and specificity of isolated increased STIR siglower at 54% in patients older than 57 years of age.11 The mechnal in the PAOAAM in detecting acute fractures at C1–C2 are
anism underlying this difference in the sensitivity of MR imaging
shown in Table 3.
for the detection of acute fractures in the cervical spine versus the
thoracic and lumbar spine is unclear; however, Lensing et al11
DISCUSSION
postulated that this issue may be due to a combination of progresOur results show that increased STIR signal is observed in most
sive decreased vascularity at the odontoid base and age-related
patients with C1–C2 fractures and that this finding is a highly
osteopenia.
sensitive MR imaging sign of fractures in this area. We also obOur findings also suggest that increased PAOAAM signal
served that this finding has high specificity when compared with
associated with C1–C2 fractures is not related to fracture morpatients without cervical spine fracture (patients with NF). Howphology. Of note, prior work in the thoracolumbar spine reever, the specificity decreases when compared with patients with
ports that interspinous ligamentous injuries associated with
other cervical fractures (OF group) and all controls (NF ⫹ OF).
fracture are correlated with the degree of kyphotic angulation
This decreased specificity in relation to all controls and the OF
and similar measures rather than fracture type.19,20 It is likely
group was due to the presence of increased STIR signal in the
that the lack of correlation between C1–C2 fracture types and
PAOAAM in many patients with other cervical spine fractures,
PAOAAM signal is due to the understanding that most cervical
suggesting that this structure is frequently affected in any type
fractures are associated with high energy trauma, secondary to
of cervical spine fracture. We also observed that when inextreme flexion, extension, shearing, and rotation forces.
creased PAOAAM STIR signal is an isolated finding in patients
Therefore, we believe that the findings outlined on our study
with cervical spine injury and there is no associated increased
can be generalized to any C1–C2 cervical fracture.21 In further
signal in ligaments at other cervical levels, this finding has high
support, cervical trauma associated with whiplash injury, prespecificity in indicating the presence of a C1–C2 fracture. On
the basis of our observations, we believe that increased STIR
sumably resulting from lower energy trauma than that associAJNR Am J Neuroradiol 38:1820 –25
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Table 2: Diagnostic utility of increased stir signala at the PAOAAM in detecting the
presence of an acute C1–C2 fracture
C1–C2 (n = 81/87) vs
C1–C2 (n = 81/87) vs C1–C2 (n = 81/87) vs
All Controls (n = 57/174)
NF (n = 6/87)
OF (n = 51/87)
Sensitivity (95% CI)
93.1% (85.6%–97.4%)
93.1% (85.6%–97.4%) 93.1% (85.6%–97.4%)
Speciﬁcity (95% CI)
67.2% (59.7%–74.2%)
93.1% (85.6%–97.4%) 41.4% (30.9%–52.5%)
Note:—C1–C2 indicates all patients with C1–C2 fractures on CT, with or without PAOAAM or another posterior
ligament signal; NF, patients with a history of trauma without fracture on CT, with or without PAOAAM or another
interspinous ligament signal; OF, patients with cervical spine fracture other than C1–C2 on CT, with or without
PAOAAM or another interspinous ligament signal; controls, no cervical fracture plus other cervical fracture with or
without PAOAAM or another interspinous ligament signal.
a
Increased STIR Signal in PAOAAM with or without increased signal in other cervical ligaments.

Table 3: Diagnostic utility of isolated increased STIR signala at the PAOAAM in detecting
the presence of an acute C1–C2 fracture
C1–C2 (n = 52/87) vs
C1–C2 (n = 52/87) vs C1–C2 (n = 52/87) vs
All Controls (n = 11/174)
NF (n = 4/87)
OF (n = 7/87)
Sensitivity (95% CI)
89.7% (78.8%–96.1%)
89.7% (78.8%–96.1%) 89.7% (78.8%–96.1%)
Speciﬁcity (95% CI)
91.4% (85.1%–95.6%)
95.3% (78.8%–96.1%) 83.7% (69.3%–93.2%)
a

Isolated increased STIR signal in the PAOAAM without increased signal in other posterior cervical ligaments.

ated with fractures, is not associated with PAOAAM injury
compared with controls.22
The study has several limitations. First, we only looked at the
STIR hyperintense signal of the PAOAAM and interspinous ligaments at other cervical levels and did not assess the marrow edema
pattern or other soft-tissue signal in the current study. Although
we specifically chose not to assess the marrow edema pattern in
this study given the relatively lower sensitivity for odontoid and
other craniocervical fractures on previous reports, such findings
parenthetically noted may have resulted in some confirmation
bias. Second, given that the OF and NF control groups were chosen consecutively among patients and not randomly, this method
may have resulted in unforeseen selection bias. Third, because this
report was focused on C1–C2 fractures, we did not analyze
whether there were additional fracture types at the level of the
craniocervical junction or skull base that may be associated with
increased PAOAAM STIR signal. This omission could potentially
result in lowered specificity of the findings for C1–C2 fractures.
Further work elucidating this question will be required. We also
did not independently review CT scans to confirm a diagnosis of
cervical spine fracture, potentially resulting in over-/underestimation of the sensitivity and specificity of PAOAAM STIR signal
for C1–C2 fractures. Finally, diagnosis of the acuity of the fracture
was based on history/clinical findings, and we did not obtain a
follow-up MR imaging to confirm whether and when PAOAAM
increased signal subsequently resolved.
In our current study, we anecdotally noted 9 patients with a
questionable history of prior C2 fracture whose cervical CT findings at the time of the new trauma were equivocal and later were
determined to be chronic on the basis of prior imaging and/or
clinical history and, therefore, were not included in the study. In
these patients, the MR imaging performed within 24 hours of
cervical CT did not demonstrate increased PAOAAM signal. Due
to the small number of patients in this group, no definite conclusions could be drawn from this observation. Nevertheless,
this finding suggests that increased signal at the PAOAAM is
correlated with acute injury and is unlikely to be confounded
by superimposed subacute-to-chronic injury. However, further study is required to address this issue. Furthermore, 6/87
patients in the C1–C2 fracture group did not demonstrate as1824
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sociated increased PAOAAM signal.
The mechanism underlying this difference is uncertain and likely multifactorial, including mechanism of injury,
cervical alignment, and bone density.
For example, this subset of patients
all demonstrated subjective decreased
bone mineralization on CT examinations, though this was not confirmed
by bone density examinations in the
available medical records. Thus, it is
possible that C1–C2 fractures in this
false-negative group may occur with
lower energy trauma and are less likely
to result in ligamentous injury. Correlation with bone density in future
studies would help elucidate these
findings.

CONCLUSIONS
The presence of an increased PAOAAM signal on STIR images is
a highly sensitive indicator of an acute C1–C2 fracture on MR
imaging. As an isolated finding, increased PAOAAM signal is
highly specific for the presence of a C1–C2 fracture, making it a
diagnostically useful imaging sign for possible re-interpretation of
reportedly negative/equivocal CT findings or repeat CT imaging if
not available.
Disclosures: Rafael Rojas—UNRELATED: Consultancy: Guerbet, Comments: Guerbet
MRI Advisory Board meeting, Chicago, July 2016.
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Prospective Comparison of Changes in Lumbar Spine MRI
Findings over Time between Individuals with Acute Low Back
Pain and Controls: An Exploratory Study
X J. Panagopoulos, X J.S. Magnussen, X J. Hush, X C.G. Maher, X M. Crites-Battie, X J.G. Jarvik, X T.S. Jensen, and X M.J. Hancock

ABSTRACT
BACKGROUND AND PURPOSE: The clinical importance of lumbar MR imaging ﬁndings is unclear. This study was an exploratory investigation of whether lumbar spine MR imaging ﬁndings change more commonly during a 12-week period in individuals with acute low back
pain compared with pain-free controls.
MATERIALS AND METHODS: Twenty individuals with recent-onset low back pain and 10 pain-free controls were recruited into an
exploratory prospective cohort study. All participants had a lumbar spine MR imaging at baseline and repeat MR imaging scans at 1, 2, 6, and
12 weeks. The proportion of individuals who had MR imaging ﬁndings that changed during the 12-week period was compared with the same
proportion in the controls.
RESULTS: In 85% of subjects, we identiﬁed a change in at least 1 MR imaging ﬁnding during the 12 weeks; however, the proportion was
similar in the controls (80%). A change in disc herniation, annular ﬁssure, and nerve root compromise was reported more than twice as
commonly in the subjects as in controls (65% versus 30%, 25% versus 10%, and 15% versus 0%, respectively). Caution is required in
interpreting these ﬁndings due to wide conﬁdence intervals, including no statistical difference. For all other MR imaging ﬁndings, the
proportions of subjects and controls in whom MR imaging ﬁndings were reported to change during 12 weeks were similar.
CONCLUSIONS: Changes in MR imaging ﬁndings were observed in a similar proportion of the low back pain and control groups, except
for herniations, annular ﬁssures, and nerve root compromise, which were twice as common in subjects with low back pain.
ABBREVIATIONS: HIZ ⫽ high-intensity zone; LBP ⫽ low back pain

ow back pain (LBP) is very common and the leading cause of
disability worldwide.1 Nevertheless, little progress has been
made in identifying highly effective treatments.2,3 Currently
⬎90% of LBP is classified as nonspecific back pain, indicating that
it is not possible to identify a specific cause of the pain for most
individuals.4 A better understanding of the nociceptive contribu-
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tors to LBP may result in the development of more effective
treatments.
MR imaging has the potential to identify pathoanatomic contributors to LBP, yet the importance of these MR imaging findings
remains unclear.5-7 It is possible that certain MR imaging findings
are part of the normal aging process, and various studies have
highlighted the presence of pathoanatomic lumbar spine findings in the MR images of asymptomatic patients.5-7 Therefore,
it is unclear whether “abnormal” MR imaging findings reflect
nociceptive contributors to the experience of back pain or
whether they are normal structural variants unrelated to the
pain experience.
Most previous MR imaging studies were cross-sectional in design and, thus, provide limited evidence of the clinical importance
of MR imaging findings. A recent systematic review and metaanalysis of these studies concluded that while many findings were
common in individuals without LBP, several findings were substantially more common in those with LBP.8
Relatively few longitudinal studies have investigated the clinical importance of MR imaging findings.9 There are even fewer

studies that have performed repeat MR imaging investigations on
the same individuals across time, and those that have reported
them had mostly long follow-up periods between scans. Long
follow-ups provide little evidence about the clinical importance of
MR imaging changes with time. Therefore, there is a need to investigate whether MR imaging findings change during the shortterm in individuals with a recent-onset episode of LBP. Change
could be either an improvement or worsening of an MR imaging
finding with time. Comparison with pain-free participants is required to distinguish whether any changes in MR imaging findings are clinically relevant.
Therefore, the aims of this exploratory study were to determine the following:
1) Whether lumbar spine MR imaging findings change more
commonly during a 12-week period in individuals with acute
nonspecific LBP compared with a pain-free control group.
2) Which MR imaging findings change most commonly during the 12-week period in individuals with acute nonspecific LBP.

MATERIALS AND METHODS
This exploratory study followed an inception cohort of 20 individuals with recent-onset LBP and compared them with a cohort
of 10 pain-free controls. Subjects were assessed by a physiotherapist and then underwent an MR imaging scan on the same day.
Repeat MR imaging scans at 1-, 2-, 6-, and 12-week follow-ups
were obtained for all participants. Ethics approval for this study
was obtained from Macquarie University Human Research Ethics
Committee (reference No. 5201300630).

Participants
Subject Participants. Potential participants were identified by
physiotherapists or chiropractors working in primary care. A researcher contacted interested potential participants as soon as
possible after their referral to screen them for eligibility. Those
who met the inclusion criteria were scheduled for a baseline MR
imaging scan as soon as possible.
Inclusion Criteria. Individuals were eligible for the study if they
met all of the following criteria: presented to a primary care practitioner with recent-onset LBP of ⬍2 weeks’ duration, with or
without associated leg pain; available to enroll in the study and
undergo initial MR imaging within 3 weeks from the onset of the
pain episode; average pain intensity of ⱖ4 on an 11-point Numerical Pain Rating Scale 24 hours before the initial MR imaging;
sudden-onset episode of LBP (pain intensity increased by ⱖ4
points on the Numerical Pain Rating Scale during ⬍24 hours);
and age younger than 55 years.
Exclusion Criteria. Patients were excluded if they had a clinical
presentation suggesting the presence of the following conditions:
radiculopathy (myotomal weakness/loss of reflexes/paraesthesia),
canal stenosis (bilateral leg pain or symptoms, worsened with
extension and improved with flexion), fracture, cancer, inflammatory joint diseases, infection, or cauda equina syndrome; contraindication to MR imaging; previous spinal
surgery; or lumbar symptoms that could not be reproduced
during physical examination.

Control Participants. Control participants were a convenience
sample recruited from students and staff in the university department where the study was performed. To be eligible, they needed
to have had no LBP during the past 12 months. Because we had 20
subjects and 10 controls, we recruited the controls to achieve
matching with subjects in terms of average age, sex, and history of
previous episodes of LBP.

MR Imaging Evaluation
All participants were imaged on a high-field-strength system (3T
Verio; Siemens, Erlangen, Germany). The study used the spine
coil in combination with an anterior phased array coil. A standardized protocol was used for all participants, which commenced with a sagittal short tau inversion recovery sequence (TR,
3000 ms; TE, 35 ms; TI, 215 ms) and a sagittal T2 FSE sequence (TR,
4500 ms; TE, 101 ms). Both sagittal sequences used a 320-mm FOV
with a 4-mm section thickness and a 1-mm intersection gap.
After the sagittal scans, the study was reviewed by an experienced radiologist who made a clinical judgment of the spinal level
that appeared most involved. The protocol then included ultrahigh-resolution focused axial T2 imaging (2-mm sections with an
intersection gap of 0.2 mm through the ROI; TR, 3000 ms; TE, 87
ms; in-plane resolution, 0.54 ⫻ 0.43 mm).
An axial-volume steady-state sequence was undertaken with
the ROI in the midsection of the axial acquisition. This was designed to cover 1 disc above and below the level of interest, with
the sequence angled to the disc of interest. The parameters were
section thickness, 1 mm with no gap; FOV, 100 mm; TR, 5.58 ms;
and TE, 2.41 ms. A sagittal high-resolution acquisition was also
acquired, centered on the ROI. The parameters were section
thickness, 2 mm; intersection gap, 0.5 mm; FOV, 100 mm; TR,
5800 ms; and TE, 88 ms.
All participants received their baseline MR imaging findings in
the form of reported scans at the week 1 follow-up MR imaging
appointment. To reduce the likelihood of reported MR imaging
findings causing concern in participants,10 we included, with the
report, a letter stating: “Your MR imaging has been reviewed by a
specialist radiologist and there is no evidence of any serious cause
of your pain such as a fracture or cancer. We have included a full
report; however, it is very important that you realize these findings discussed are common in people with and without back pain
and it is best to consider them normal age-related findings.”

Repeat Images
Repeat images were obtained with the same MR imaging scanner sequences for both the standard MR imaging and the focused MR imaging at follow-up time points: 1 week, 2 weeks, 6
weeks, and 12 weeks from the baseline scan for all participants.
Participants did not receive the images or reports of follow-up
MR imaging scans.

Reporting of Scans
MRIs were evaluated by an experienced radiologist (J.S.M.). All
images were de-identified during coding so that the radiologist
was blinded to whether a person was a subject or control. The
radiologist first reported on the presence of all MR imaging findings of interest (high-intensity zone [HIZ],11 Modic change, disc
AJNR Am J Neuroradiol 38:1826 –32
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Table 1: MRI ﬁndings and the method of assessment at each spinal level
MRI Finding
Method of Scoring at Each Spinal Level
Disc degeneration
Scale of Pﬁrrmann et al; 1–513
Signal intensity loss
Hypointense, intermediate, hyperintense13
Disc height loss
Absent, mild, moderate, severe13
Modic changes
According to Fardon et al14 combined task force; present or absent
Annular ﬁssure
According to Fardon et al14 combined task force; present or absent
HIZ
According to April and Bogduk11 and Fardon et al14 combined task force; present or absent
Disc herniation
According to Fardon et al14 combined task force; normal, protrusion, extrusion, sequestration
Canal stenosis
None, mild, moderate, severe12
Spondylolisthesis or retrolisthesis
Present or absent12
Edema (posterior elements)
Present or absent
Nerve root compression
No contact, contact, contact and deviation, compression15
Facet joint arthropathy
None, mild, moderate, severe12
Table 2: Baseline characteristics and MRI ﬁndings of participants
LBP Participants
Variable
(n = 20)
Female sex (No.) (%)
9 (45%)
Age (mean) (SD) (yr)
37.4 (9.4)
ⱖ2 previous episodes (%)
55%
Pain intensity (mean) (SD) (NPRS)
5.95 (1.47)
Duration of current episode (median) (IQR) (day)
6.5 (3.3–9.5)
Disc degeneration ⱖ3 (No.) (%)
16 (80%)
Signal intensity loss (No.) (%)
12 (60%)
Disc height loss (No.) (%)
2 (10%)
Modic changes (No.) (%)
6 (30%)
Annular ﬁssure (No.) (%)
3 (15%)
HIZ (No.) (%)
10 (50%)
Disc herniation total (No.) (%)
20 (100%)
Canal stenosis (No.) (%)
2 (10%)
Spondylolisthesis or retrolisthesis (No.) (%)
6 (30%)
Facet joint arthropathy (No.) (%)
11 (55%)
Bone edema (posterior elements) (No.) (%)
0 (0%)
Nerve root compression (No.) (%)
10 (50%)

Control Participants
(n = 10)
5 (50%)
39.8 (9.4)
50%
0
0
6 (60%)
4 (40%)
2 (20%)
2 (20%)
1 (10%)
6 (60%)
9 (90%)
0 (0%)
4 (40%)
4 (40%)
1 (10%)
2 (20%)

Note:—IQR indicates interquartile range; NPRD, Numerical Pain Rating Scale.

degeneration, disc height, disc signal intensity, annular fissure,
disc herniation [protrusions and extrusions], central canal stenosis, spondylolisthesis or retrolisthesis, facet joint pathology, and
nerve root compromise12-15) at baseline, following standardized
protocols. A description of the MR imaging findings and the
methods by which they were scored can be found in Table 1. We
reported HIZs when there was an area of high intensity in the
outer annulus with no clear connection to the signal of the nucleus pulposus.11 Each follow-up MR imaging was then compared
with the baseline scan to identify whether any change had occurred. All findings were documented on a standardized reporting form, and the radiologist was asked to report whether the
change in MR imaging from baseline to follow-up was definite or
probable.
To determine the intrarater reliability of the change scores
assessed, the same radiologist reported on all images a second
time ⬎2 months after the original reporting. He remained
blinded to whether the participant was a subject or control, and to
the original reports.

Outcome
We assessed whether each individual had an MR imaging finding (any type) that the radiologist considered a definite or
probable change at any time point from baseline. A change
could be an appearance, disappearance, improvement, or a
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worsening of a pathoanatomic finding
on MR imaging. We also assessed definite changes and probable changes
separately. For each individual MR
imaging finding (eg, HIZ), we determined whether each individual had
the following: 1) definite or probable
change, 2) definite change, or 3) probable change at any time point.
Each definite or probable MR imaging change that occurred with time was
also reported as either an improvement
or a worsening compared with baseline
MR imaging. If an MR imaging finding
both improved and worsened at different follow-up time points (compared
with baseline), we reported the change at
or closest to the 12-week time point.

Analysis
Logistic regression models were used to compare the proportion
of subjects who had any MR imaging finding that definitely or
probably changed to the same proportion in the controls. Similar
models were used to compare the proportions of subjects and
controls with definite or probable changes of specific MR imaging
findings (eg, HIZ). Because this was an exploratory study, we
emphasized the magnitude of differences between subjects and
controls rather than the statistical significance when presenting
and interpreting the results.
The intrarater reliability for MR imaging findings was investigated with the  statistic. All analyses were conducted with SPSS,
Version 22.0 (IBM, Armonk, New York).

RESULTS
Between March 2014 and May 2015, twenty subject participants
and 10 control participants were enrolled into the study. Baseline
characteristics of the participants, including baseline MR imaging
findings, are shown in Table 2. The groups were well-matched for
sex, age, and history of ⱖ2 previous episodes. All 20 subjects had
pain in the lumbar region, and 3 had pain extending below the
knee. The median duration of pain in the subjects was 6.5 days.
Seventeen of the 20 subjects (85%) reported ⬎50% reduction in
pain at the 12-week follow-up (or last follow-up conducted), and
3 of the 20 subjects (15%) reported minimal or no change in their

FIG 1. Bar chart showing proportions of subjects and controls for whom a deﬁnite or probable change occurred in MR imaging ﬁndings with
time. DD indicates disc degeneration; SI, signal intensity; DH, disc herniation; MC, Modic changes; Spondy/Retro, spondylolisthesis or
retrolisthesis.

FIG 2. Images of an annular ﬁssure from 1 participant with LBP showing an example of deﬁnite change.

Visual Analog Scale (ⱕ1-point change). All control participants
remained pain-free. The reliability was moderate for identifying
change in the HIZ ( ⫽ 0.60), annular fissures ( ⫽ 0.51), Modic
changes ( ⫽ 0.53), and disc herniations ( ⫽ 0.67). For all other
findings, there were no findings reported on at least 1 reading, so
 values could not be calculated.
Of the 20 subjects, 17 (85%) completed all 5 MR imaging scans.
One participant withdrew after his 2-week scan. Two further subjects
and 2 control participants missed 1 scan each. Thus, a total of 144 of
a possible 150 (96%) MR imaging scans were performed.
The On-line Table and Fig 1 present the data on definite, probable, and definite or probable change for subjects and controls for
each MR imaging finding and any MR imaging finding during the
12-week period. Change was most commonly reported for the
MR imaging findings of disc herniations, HIZ, and annular fissures. Examples of definite change in serial MR images are shown
in Figs 2 and 3. An example of probable change is shown in Fig 4.
For the outcome of definite or probable change in any MR imag-

FIG 3. Images of disc herniation from 1 participant with LBP showing
evidence of deﬁnite change.

FIG 4. Images of a high-intensity zone from 1 participant with LBP
showing evidence of probable change.

ing finding during the 12 weeks, similar proportions were found
for subjects (85%) and controls (80%) (odds ratio, 1.4; 95% CI,
0.2–10.2). When we investigated specific MR imaging findings, a
change in disc herniation, annular fissure, or nerve root compromise was reported more than twice as commonly in subjects as in
controls (65% versus 30%; OR, 4.3; 95% CI, 0.8 –22.2; and 25%
AJNR Am J Neuroradiol 38:1826 –32
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Table 3: Proportion of participants in whom MRI ﬁndings worsened or improved during a 12-week perioda
Controls
Subjects with LBP
MRI Findings/Subjective Change
Disc degeneration
Disc signal intensity
Disc height
HIZ
Annular ﬁssure
Modic changes
Disc herniation
Facet joint arthropathy
Central canal stenosis
Spondylolisthesis or retrolisthesis
Edema
Nerve root compromise

Worsened
1/10
⫽ 10%
1/10
⫽ 10%
1/10
⫽ 10%
0/10
⫽ 0%
0/10
⫽ 0%
1/10
⫽ 10%
0/10
⫽ 0%
0/10
⫽ 0%
0/10
⫽ 0%
0/10
⫽ 0%
0/10
⫽ 0%
0/10
⫽ 0%

Improved
0/10
⫽ 0%
0/10
⫽ 0%
0/10
⫽ 0%
4/10
⫽ 40%
1/10
⫽ 10%
1/10
⫽ 10%
3/10
⫽ 30%
0/10
⫽ 0%
0/10
⫽ 0%
0/10
⫽ 0%
1/10
⫽ 10%
0/10
⫽ 0%

Worsened or
Improved
1/10
⫽ 10%
1/10
⫽ 10%
1/10
⫽ 10%
4/10
⫽ 40%
1/10
⫽ 10%
2/10
⫽ 20%
3/10
⫽ 30%
0/10
⫽ 0%
0/10
⫽ 0%
0/10
⫽ 0%
1/10
⫽ 10%
0/10
⫽ 0%

Worsened
2/20
⫽ 10%
2/20
⫽ 10%
0/20
⫽ 0%
5/20
⫽ 25%
2/20
⫽ 10%
1/20
⫽ 5%
7/20
⫽ 35%
0/20
⫽ 0%
0/20
⫽ 0%
0/20
⫽ 0%
0/20
⫽ 0%
2/20
⫽ 20%

Improved
0/20
⫽ 0%
0/20
⫽ 0%
0/20
⫽ 0%
3/20
⫽ 15%
3/20
⫽ 15%
2/20
⫽ 10%
6/20
⫽ 30%
0/20
⫽ 0%
0/20
⫽ 0%
0/20
⫽ 0%
0/20
⫽ 0%
1/20
⫽ 10%

Worsened or
Improved
2/20
⫽ 10%
2/20
⫽ 10%
0/20
⫽ 0%
8/20
⫽ 40%
5/20
⫽ 25%
3/20
⫽ 15%
13/20
⫽ 65%
0/20
⫽ 0%
0/20
⫽ 0%
0/20
⫽ 0%
0/20
⫽ 0%
3/20
⫽ 15%

a

If a particular MRI ﬁnding both improved and worsened at different follow-up time points (compared with baseline), we reported the change at or closest to the 12-week time
point.

versus 10%; OR, 3.0; 95% CI, 0.3–29.9, respectively); however,
confidence intervals were very wide, so they must be treated with
caution. A change in nerve root compromise was reported in 15%
of subjects and no controls. For all other MR imaging findings, the
proportions of subjects and controls in whom MR imaging findings were reported to change during 12 weeks were relatively similar. When findings were evaluated separately for definite and
probable changes, the results were similar (On-line Table). No
MR imaging changes (definite or probable) were reported in either subjects or controls for facet joint arthropathy, canal stenosis,
and spondylolisthesis or retrolisthesis.
Table 3 presents the number of MR imaging findings that either improved or worsened during the 12-week follow-up. For the
MR imaging findings, such as herniations, annular fissures, HIZs,
Modic changes, and nerve root compromise, in which change
with time was common, we noted both worsening and improvement during the follow-up period.

DISCUSSION
Principal Findings
Changes in most MR imaging findings were observed in a similar
proportion of the LBP and control groups, except for herniations,
annular fissures, and nerve root compromise, which were more
than twice as frequent in the LBP subjects. Caution is required in
interpreting these novel findings due to the wide confidence
intervals and nonstatistically significant differences. No MR
imaging changes were reported in either subjects or controls
for facet joint arthropathy, canal stenosis, and spondylolisthesis or retrolisthesis.
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Study Strengths and Weaknesses
One important strength of this study is the prospective design,
in which MR imaging changes were tracked longitudinally for
5 serial images, for both those with an acute episode of LBP and
a control group. We are not aware of any previous study like
this. Furthermore, the control group was well-matched for age,
sex, and previous episodes of LBP. Additional strengths include use of the same MR imaging scanner for all imaging and
very high rates of follow-up (96% of all possible follow-up
occasions).
The use of a subjective evaluation of changes in MR imaging
findings could be considered a weakness of the study, despite
being made by a highly experienced radiologist with a strict
protocol and standardized reporting form. MR imaging reporting was only conducted by 1 radiologist, which is a limitation of the study. The sample size was small because this was an
exploratory study, which has likely resulted in our findings
being underpowered. The subjects with LBP were selected and
were not a consecutive series presenting to care. We aimed to
recruit a relatively young sample, with recent sudden-onset
pain because we thought that this population provided the best
opportunity to identify changes in MR imaging findings during a relatively short time if they occurred. Our findings are
unlikely to generalize to a more heterogeneous population of
individuals with LBP. Our study also used focused imaging
performed on 5 occasions during 12 weeks. This type and frequency of imaging are not representative of, or proposed for,
clinical practice. Instead, the study aimed to provide a novel
understanding of pathology identifiable on MR imaging.

Comparison with Other Studies
We are not aware of any study that has compared change in MR
imaging findings in subjects with LBP and controls without LBP.
Only 1 other study, by Modic et al,16 has used repeat MR imaging
in patients with LBP during the short-term (6 weeks). In the
Modic study, it was reported that disc herniations reduced or
disappeared in 15% of subjects during the 6-week observation
period.16 In comparison, we report a definite or probable change
in disc herniation in 65% (13/20) of subjects during 12 weeks. In
our study, 46% of the definite or probable changes (6/13) reported were the result of herniations reducing or disappearing,
while in 54% (7/13) of subjects, the herniation appeared or worsened. Modic et al reported that nerve root compromise reduced
or disappeared in 17% of patients with LBP. In our study, we
found that 15% (3/20) of subjects had a definite or probable
change in nerve root compromise. However, in 1 subject, this was
a result of the nerve root compromise reducing or disappearing,
while in the other 2 subjects, the nerve root compromise
worsened.

Interpretation and Implications
An interesting and somewhat unexpected finding of our study was
that some MR imaging findings changed in a relatively high proportion of our controls, as well as our cases. This was particularly
the case for disc-based MR imaging findings such as disc herniation. One possible reason for the changes in MR imaging findings
in pain-free controls is that they were “true” changes across time
occurring despite the controls having no current LBP. Another
possibility is that the changes over time in both groups were artifacts of the repeat imaging sectioning being at slightly different
points on follow-up scans, so the images looked different, but the
appearance was not due to any real change over time. Future
studies may choose to compare subjects with acute LBP to a control group with no history of previous LBP to provide a clearer
contrast.
Most patients reported substantial clinical improvement in
pain during the 12 weeks; however, some MR imaging findings
that changed were reported as worsening. This discrepancy questions the clinical importance of the MR imaging findings of worsening or improving, as reported. This study did not aim to investigate the direct relationship between changes in MR imaging
findings over time and change in clinical symptoms; very large
studies are required to examine this relationship adequately. Although speculative, it is possible that what was reported as a worsening may, in fact, be a marker of the healing process, like bone
fractures that can become more evident on x-ray during the first
few weeks after a fracture despite healing occurring and pain reducing. This is an important area for future research.
In the past 2 decades, there has been growing understanding
that LBP is a complex perceptual experience influenced by environmental and psychological factors, in addition to nociceptive
signal generation from peripheral lumbar structures.17,18 It is
possible that the influence of such factors may, at least in part,
explain the study finding that changes in some MR imaging findings over time were observed in a similar proportion of subjects
with LBP and controls.
The focused imaging protocol used in this study is novel and

may provide insight into important MR imaging changes with
time. However, it may also be overly sensitive and identify unimportant changes. Future investigation into the optimal methods
of imaging to identify important changes in MR imaging findings
is required.
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Syringohydromyelia in Patients with Chiari I Malformation:
A Retrospective Analysis
X K.A. Gad and X D.M. Yousem

ABSTRACT
BACKGROUND AND PURPOSE: The association of syringohydromyelia with Chiari I malformation has a wide range, between 23% and
80% of cases in the current literature. In our experience, this range might be overestimated compared with our observations in clinical
practice. Because there is an impact of Chiari I malformation–associated syringohydromyelia on morbidity and surgical intervention, its
diagnosis is critical in this patient population. Identifying related variables on the basis of imaging would also help identify those patients
at risk of syrinx formation during their course of disease.
MATERIALS AND METHODS: We performed a retrospective analysis of the MR imaging studies of 108 consecutive cases of Chiari I
malformation. A multitude of factors associated with syrinx formation were investigated, including demographic, morphometric, osseous,
and dynamic CSF ﬂow evaluation.
RESULTS: Thirty-nine of 108 (36.1%) patients with Chiari I malformation had syringohydromyelia. On the basis of receiver operating
characteristic curve analysis, a skull base angle (nasion-sella-basion) of 135° was found to be a statistically signiﬁcant classiﬁer of
patients with Chiari I malformation with or without syringohydromyelia. Craniocervical junction osseous anomalies (OR ⫽ 4.3, P ⫽
.001) and a skull base angle of ⬎135° (OR ⫽ 4.8, P ⫽ .0006) were most predictive of syrinx formation. Pediatric patients (younger than
18 years of age) who developed syringohydromyelia were more likely to have associated skull base osseous anomalies than older
individuals (P ⫽ .01).
CONCLUSIONS: Our ﬁndings support evidence of the role of foramen magnum blockage from osseous factors in the development of
syringohydromyelia in patients with Chiari I malformation.
ABBREVIATION: CMI ⫽ Chiari I malformation

he association of syringohydromyelia with Chiari I malformation (CMI) is estimated in the literature, with a wide range
between 23% and 80% of cases.1-5 The heterogeneity of values
may imply either inconsistent methodologic criteria for defining
CMI with discrepancy of measurements or a possible overlap
among cases with true syrinx and central canal dilation, and those
with cord edema and a clinical presyrinx state. Moreover, the true
prevalence of syrinx in this population remains poorly defined
due to factors related to characteristics of the studied populations.
Selecting only patients who have myelopathic symptoms may
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falsely increase the prevalence. Similar selection bias can also occur when including only patients who are referred for neurosurgical consultation because of spinal pathology.
A large-scale survey for the Pediatric Section of the American Association of Neurologic Surgeons concluded that syringohydromyelia is considered an indication for surgery in
CMI.6 Recent DTI studies have shown significantly decreased
fractional anisotropy values at the level of a syrinx, which appeared more evident in symptomatic patients.7 The critical
association of syringohydromyelia secondary to CMI with regard to surgical intervention makes early diagnosis crucial in
choosing the management plan for these patients.
In the current study, we sought to determine the prevalence of
syringohydromyelia associated with symptomatic CMI by a retrospective analysis of 108 MR imaging cases diagnosed at our
institution with the most widely accepted diagnostic criteria. A
multitude of demographic, morphometric, osseous, and functional neuropathologic factors associated with the condition were
AJNR Am J Neuroradiol 38:1833–38
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FIG 1. A graph plotting age and sex demographics of all study
subjects.

investigated to better understand the pathophysiology of CMIassociated syringohydromyelia. We hypothesized that skull base
anomalies may be related to syrinx formation in symptomatic
patients with CMI.

MATERIALS AND METHODS
Following institutional review board approval and with Health
Insurance Portability and Accountability Act compliance, 108
consecutive patients with the MR imaging diagnosis of CMI were
retrospectively identified in radiology records at the Johns Hopkins Medical institution. A request form was submitted to search
for patients with CMI in radiology reports with the following
keywords: Chiari 1, Chiari I, CM1, and CMI.
Inclusion criteria were herniation of at least 1 cerebellar tonsil
ⱖ5 mm below the McRae line (basion-to-opisthion) on sagittal
T1-weighted images, and supporting clinical findings including
the following: 1) posterior headache worse with the Valsalva maneuver, coughing, sneezing, or exercise; 2) neck pain, tingling,
numbness, or burning; 3) generalized weakness or unrelenting
fatigue; 4) dizziness worse with lying down; 5) peripheral motor/
sensory deficit; 6) sleep apnea; or 7) lower cranial neuropathy.
Thirty-seven males and 70 females with a median age of 15.5 years
(95% CI, 12.3–19.0 years) were included from January 2014 to
May 2016 (Fig 1). Any tonsillar herniation secondary to a spaceoccupying lesion was excluded. Exclusion criteria also included
previous decompressive, cranial, or spinal surgeries. MR images
were evaluated, including sagittal T1, axial T1, and axial T2 of the
brain and T1 (sagittal and axial) and T2 (sagittal and axial) of the
spine. Dynamic phase-contrast CSF flow studies were also evaluated when available.
After we excluded 7 studies due to poor technical quality, only
69 patients with technically accepted phase-contrast images at a
velocity-encoding threshold of 5 cm/s were analyzed. CSF flow
was evaluated qualitatively on the basis of phase-contrast cine
images. A normal flow pattern must be a clear bidirectional flow
signal: caudal and cranial (black and white with the cardiac cycle)
at the ventral and dorsal columns within the foramen magnum.
Any deviation from this strict criterion was considered abnormal
CSF flow.
Two blinded subspecialty-certified neuroradiologists (with
1834

Gad

Sep 2017

www.ajnr.org

FIG 2. A 12-year-old male patient with CMI. The skull base angle from
the nasion to the center of the pituitary fossa to the clivus (anterior
wall of the foramen magnum) measures 169°. The odontoid tip is
retroverted; this feature results in compression on the cervicomedullary junction (arrow).

15 and 11 years of neuroradiology practice) read the cases followed by a third reading by an expert subspecialty-certified
neuroradiologist (with 27 years of neuroradiology practice) if
there was any interrater discordance. The main dependent
variable was the presence of syringohydromyelia. Any measurable intramedullary sharply demarcated fluid cavity of ⬎2-mm
width in the axial plane that followed CSF signal in both T1 and
T2 imaging was considered a syrinx. We identified the following independent variables: degree (in millimeters) of tonsillar
herniation, the presence of hydrocephalus, the location and
size of the syrinx, and associated craniocervical osseous anomalies including the following: 1) platybasia defined as abnormal
flattening of the skull base with a basal angle measuring ⬎143°
between intersecting lines from the nasion to the sella (in the
center of the pituitary gland and from the sella to the anterior
margin of the foramen magnum) (Fig 2)8; 2) a retroverted
odontoid defined as a posterior inclination of the odontoid
relative to the body of C2 with a retroversion angle measuring
⬍70° (Fig 3)9; 3) a short hypoplastic clivus defined as ⬍1.5-cm
clival length measured from the sphenoclival synchondrosis to
the basion10; and 4) basilar invagination defined as a protrusion of the odontoid tip of at least 5 mm above the Chamberlain line between the posterior end of the hard palate and the
posterior lip of the foramen magnum (Fig 4).10 All measurements were made with the VitreaView platform 2010 –2016
(Vital Images, Minnetonka, Minnesota), with electronic calipers and electronic measurement of angulation.

Statistical Analysis
We calculated the prevalence of syringohydromyelia in our sample. We examined the likelihood of an association of the variables
defined above with the occurrence of syringohydromyelia using
2 analysis. For continuous variables, receiver operating charac-

Frequency of syrinx formation according to location
Syrinx Location (n = 39)
Cervicothoracic
Cervical
Thoracic
Whole cord

No.
23
9
6
1

ware package for Windows, Version 16.4.3–2016, (MedCalc
Software, Mariakerke, Belgium).

RESULTS

FIG 3. Sagittal T1-weighted MR image demonstrating an abnormally
small odontoid retroversion angle (⬃60°) between a horizontal line
parallel to the inferior endplate of C2 and the long axis of the odontoid process passing through its tip in a child with CMI and associated
cervical syrinx.

FIG 4. Sagittal T1 at the level of craniocervical junction in an 18-yearold male patient with CMI showing a retroverted odontoid (arrow)
with its tip protruding into the foramen magnum 22 mm above the
Chamberlain line (dotted line), resulting in basilar invagination and
anterior brain stem compression. Note multilevel syrinx formation of
the upper cord. The clivus (not completely shown) is short and
deformed.

teristic curves were generated to identify cutoff points with the
best performance of sensitivity and specificity. At these cutoff
points, logistic regression analysis was performed to identify the
best-fitting model that affects the occurrence of syringohydromyelia in patients with CMI. Odds ratios were calculated. All statistical tests were performed by using the MedCalc statistical soft-

Syringohydromyelia was present in 39 (36.1%) of 108 symptomatic patients with CMI (Table). Hydrocephalus was present in
only 7/108 patients (6.5%); 3 of 7 had no syringohydromyelia. No
statistically significant association was found between the patient
age or sex and syrinx formation. Among our total sample of 108
symptomatic patients with CMI, 30 had ⱖ1 bony anomaly identified at the craniocervical junction as follows: retroverted odontoid (n ⫽ 23, with the retroversion angle ranging from 59° to 68°);
platybasia (n ⫽ 15, with the skull base angle ranging from 145 to
164°); short clivus (n ⫽ 7, with clival length ranging from 9 to 43
mm); and basilar invagination (n ⫽ 6, with the protrusion distance above the Chamberlain line ranging from 5 to 22 mm). The
presence of any type of craniocervical bony anomaly was statistically associated with syringohydromyelia (P ⫽ .001). A skull base
angle at a cutoff point of 135° was identified by the receiver operating characteristic curve as having the best performance for the
prediction of syringohydromyelia (P ⫽ .02) with a sensitivity of
50% and a specificity of 82.6% (Fig 5). Above this cutoff point
(⬎135°), there was a strong 2 association with syrinx formation
(P ⫽ .0002). With univariate logistic regression analysis, craniocervical junction osseous anomalies (odds ratio ⫽ 4.3, P ⫽ .001)
and a skull base angle of ⬎135° (odds ratio ⫽ 4.8, P ⫽ .0006) were
the most predictive of syrinx formation. With multivariate analysis, the only predictive variable was a skull base angle of ⬎135°.
Among patients with syringohydromyelia (n ⫽ 39), the patient age was associated with craniocervical anomalies based on
logistic regression (P ⫽ .01). Receiver operating characteristic
curve analysis showed a cutoff point of 18 years as patients
younger than 18 years of age with syringohydromyelia were more
likely to have associated craniocervical bony anomalies compared
with older individuals (P ⫽ .04).
There was no statistically significant association between the
degree of tonsillar herniation or abnormal phase-contrast CSF
flow at the foramen magnum and syrinx formation.
Of our 39 cases of syringohydromyelia, 25 had a large syrinx
with the widest dimension on axial scans of ⬎6 mm. The smallest
syrinx size encountered in 1 case measured 3 mm in width. However, no statistically significant association could be found between the size of syrinx and any of the tested variables.

DISCUSSION
Prevalence of Syringohydromyelia
Identifying syrinx formation in patients with symptomatic CMI is
critical in working up their management plan. In our descriptive
study of 108 symptomatic patients who were clinically diagnosed
with CMI, syringohydromyelia was present in 39 (36.1%) paAJNR Am J Neuroradiol 38:1833–38
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FIG 5. Receiver operating characteristic curve (left) and plot graph
(right) demonstrating the skull base angle in the prediction of syrinx
formation among our total sample (n ⫽ 108). AUC indicates area under the curve; Sens, sensitivity; Spec, speciﬁcity.

tients. We believe that our prevalence is not affected by any selection bias that may falsely overestimate or underestimate the true
figures because our patients were identified by MR imaging as well
as clinical criteria in a specific 2014 –2016 timeframe, including all
referred individuals based on MR imaging findings and clinical
assessment. They were not selected from neurosurgical archives
or data bases in a trial, to avoid commonly encountered overestimation of syringohydromyelia in studies in which patients were
surgical candidates. Our sample also included those patients who
were incidentally diagnosed while undergoing MR brain imaging
for any other reason and then referred for clinical consultation
and diagnosed as having CMI based on confirming clinical signs
and symptoms. Patients with secondary CMI such as those with
an intracranial space-occupying lesion were also excluded.
Several studies have been attempted, with different criteria, to
explore the imaging prevalence of syringohydromyelia among patients with CMI. In a study by Strahle et al,3 most patients underwent MR imaging of the cervical spine and almost half of them
underwent full spine imaging, resulting in 22.9% of patients with
CMI having a syrinx detected. Aitken et al11 identified spinal syringes in 12% of children with CMI in their study; the authors
relied on reviewing only radiology reports in many patients without having access to their images.

Craniocervical Bony Anomalies
In our study, the presence of craniocervical bony anomalies was
statistically associated with syringohydromyelia. A retroverted
odontoid with an angle of ⬍70° was found to be the most common developmental osseous anomaly (n ⫽ 23) of the craniocervical junction among our series, while basilar invagination was
present in only 6 cases. With logistic regression, craniocervical
junction osseous anomalies and a skull base angle of ⬎135° were
most predictive of syrinx formation. Since 1896, when Arnold
Chiari highlighted insufficient bone growth and insufficient enlargement of portions of the skull during development as additional mechanisms that cause increased intracranial pressure and
subsequent tonsillar herniation, it has been accepted that developmental morphometric anomalies of the posterior fossa are
linked to CMI.
In the classic study on 364 patients with CMI by Milhorat et
al,1 in which syringohydromyelia was found in 65% of patients,
the authors highlighted commonly associated problems, including scoliosis (42%), a retroflexed odontoid process (26%), basilar
invagination (12%), and varying degrees of bony dysplasia of the
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Gad

Sep 2017

www.ajnr.org

posterior cranial fossa based on volumetric calculations. Vega et
al12 studied 42 patients with CMI compared with 46 controls and
found that patients with CMI had shorter clivus lengths and a
shorter Chamberlain line. The concept of complex Chiari malformation is being widely accepted in the neurosurgery literature. A
complex severe craniocervical anomaly would add more burden
to the disease.13 We believe that a complex Chiari malformation
might represent a separate entity of the disease that requires a
different surgical approach. Brockmeyer14 defined the complex
Chiari malformation as “cerebellar tonsil herniation combined
with one or more of the following radiographic findings: brain
stem herniation through the foramen magnum (Chiari 1.5 malformation), medullary kink, retroflexed odontoid, abnormal
clival-cervical angle, occipitalization of the atlas, basilar invagination, syringohydromyelia or scoliosis.” The authors differentiated
patients with complex Chiari malformation from those with typical CMI as being more likely to require advanced surgical interventions other than standard suboccipital decompression.
In another study by Moore and Moore,15 odontoid retroflexion, craniovertebral junction osseous anomalies, and syringohydromyelia were more often observed in patients with complex
Chiari malformation than in those with typical CMI. These observations are in parallel with our findings. Our odds ratios were
4.8 and 4.3 for craniocervical anomalies and a skull base angle of
⬎135°, respectively, in the prediction of syringohydromyelia.
These findings might give importance to the variant of complex
Chiari malformation as a special research entity and should be a
point of emphasis in the radiology report when these findings are
present. The position of the obex was described in the same study
by Moore and Moore15 as a characteristic imaging feature that
was present in all complex cases. However, we did not evaluate the
obex level in our study due to interobserver variability.
CSF flow studies indicated that the tonsils in CMI partially
obstruct the free movement of CSF across the foramen magnum.
Normally, the cardiac systole delivers blood to the brain; most of
the new volume is absorbed by the venous system of the brain,
however, during systole; and about 0.75–1.0 mL of CSF gets rapidly moved from the cisterna magna across the subarachnoid
space and into the spinal subarachnoid space at the level of the
foramen magnum. This extra amount of spinal CSF should move
back to the cranial space during diastole. Blocking this backward
rapid movement of CSF partially entraps the spinal intrathecal
space, resulting in reduced compliance in the spinal CSF space.
The tonsillar movement is against a partially entrapped CSF space
with reduced compliance and increased intrathecal pressure. It is
the complex interplay between clivus inclination and odontoid
angulation that can create a point of mechanical stress and tension
leading to anterior brain stem compression.
The presence of associated skull base anomalies makes CMI
defined by neurosurgeons a “complex” Chiari malformation,
which requires more advanced surgical decompressive approaches. According to Bollo et al,13 the presence of basilar invagination puts the patient at risk of craniocervical fusion. In our
study, we evaluated the presence of craniocervical kyphosis by
identifying platybasia and odontoid retroversion and by measuring the skull base angle (intersecting lines from the nasion to the
sella and from the sella to the anterior margin of the foramen

magnum). A normal angle lies between 125° and 143°. Although
an angle of ⬎143° is required to quantitatively diagnose platybasia, we found that higher angles are more commonly associated
with syrinx formation using logistic regression among our cases of
CMI. Our findings are in full support of the suggested pathophysiology of CMI, in which an obtuse angle results in an upward tilt of
the clivus with a relatively higher location of the opisthion. This
aberrant osseous configuration is associated with 2 abnormal
morphometric changes: 1) narrowing or ventral compromise to
the foramen magnum with corresponding downstream CSF flow
resulting in syrinx formation, and 2) a smaller posterior fossa
volumetric capacity with corresponding cerebellar herniation and
crowding of structures at the already compromised foramen magnum, leading to more blockage.
A cutoff point of 135° was statistically significant, showing a
relatively high specificity of 82.6% in predicting an associated
syringohydromyelia. Although its sensitivity was not high (50%),
there were only 12/69 (17.4%) patients without syrinx who
showed a skull base angle above 135°. Sgouros et al16 noted that
skull base angles were larger in 30 patients with CMI compared
with controls. The authors used a modified angle with the dorsum
sella as a reference midpoint for intersecting lines. Their angle was
slightly higher than ours where lines intersect more inferiorly in
the pituitary center; however, in their results, the presence of syringohydromyelia was also associated with a larger angle (151°)
compared with CMI without syringohydromyelia (145°). We believe that measuring the skull base angle in CMI can help identify
those patients at risk of developing syrinx (OR ⫽ 4.8, P ⫽ .0006).

Impaired CSF Flow by Tonsillar Herniation
Disturbed CSF flow dynamics remain a standard phenomenon by
which patients with CMI can develop syringohydromyelia. Bunck
et al17 revealed pronounced alteration of CSF flow dynamics with
4D phase-contrast quantitative MR imaging in 12 patients with
CMI with syringohydromyelia compared with 8 without it. In our
study, we could not establish a statistically significant association
between impaired CSF flow in cine phase-contrast MR imaging
and syrinx formation. The association between the degree of mechanical blockage and the formation of syrinx has been debatable
in the literature. Our finding of the lack of association may shed
light on a noncompressive etiology of syringohydromyelia.
Schuster et al18 presented a systematic review of residual syringohydromyelia after decompressive surgery, in which the rate
of postoperative persistent syrinx ranged between 0% and 22%,
raising the possibility of a noncompressive etiology in the development of syrinx. We believe that CSF flow dynamics at the foramen magnum is a complicated process that would have been
more accurately evaluated if quantitative indicators were considered. Due to this technical limitation of our study besides the
relatively small number of cases with available technically acceptable phase-contrast MR images (69/108), a clear interpretation of
these findings was not possible.
Clarke et al19 presented a computational model in CMI, in
which the presence and absence of syringohydromyelia were
compared. This study introduced an advanced understanding of
the pressure gradient and peak pressure timing differences between CMI with or without syringohydromyelia. The authors

found that the dynamic profile of subarachnoid spinal pressure
relative to the cardiac cycle (in which intraspinal arteriolar pressure varies) is more critical in regard to the chance of fluid accumulation and the development of a presyrinx or syrinx state.19
The association between the degree of mechanical blockage
and the formation of syrinx has been debatable in the literature.
Although the degree of tonsillar herniation in our results gives an
insight into the mechanical perspective of CSF flow compromise
at the foramen magnum, it is still insufficient to predict syringohydromyelia on the basis of how far cerebellar tonsils have descended, possibly because of the complex mechanical-versusnonmechanical algorithms determining the pathogenesis of the
condition.

Study Limitations
Our study had a few technical limitations related to the partial
inhomogeneity of the data (such as fewer CSF flow studies) as well
as the cross-sectional design with a lack of longitudinal follow-up.
The development of syringohydromyelia in CMI is a dynamic
process. Further longitudinal studies are needed to follow up patients with CMI, trying to identify different trends in relation to
syrinx formation in those patients and how these trends could be
affected by the degree of mechanical blockage and the age of the
patient. Quantitative assessment of CSF flow would also represent
a valid parameter compared with the qualitative method we used.
Assessment of the obex level by quantitative measurement of its
position relative to the foramen magnum would have been an
important variable that we recommend in future studies because
it might be linked to the diagnosis of complex Chiari malformation besides other craniocervical anomalies.

CONCLUSIONS
Our prevalence of syringohydromyelia associated with CMI
(36.1%) lies in the low range compared with existing values in
the literature. In view of the statistically significant association
between syrinx formation and craniocervical osseous abnormalities, our findings support the role of developmental foramen magnum compromise in the pathophysiology of CMIrelated syringohydromyelia.
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Characteristics of CSF Velocity-Time Proﬁle in
Posttraumatic Syringomyelia
X J. Yeo, X S. Cheng, X S. Hemley, X B.B. Lee, X M. Stoodley, and X L. Bilston

ABSTRACT
BACKGROUND AND PURPOSE: The development of syringomyelia has been associated with changes in CSF ﬂow dynamics in the spinal
subarachnoid space. However, differences in CSF ﬂow velocity between patients with posttraumatic syringomyelia and healthy participants remains unclear. The aim of this work was to deﬁne differences in CSF ﬂow above and below a syrinx in participants with
posttraumatic syringomyelia and compare the CSF ﬂow with that in healthy controls.
MATERIALS AND METHODS: Six participants with posttraumatic syringomyelia were recruited for this study. Phase-contrast MR imaging
was used to measure CSF ﬂow velocity at the base of the skull and above and below the syrinx. Velocity magnitudes and temporal features
of the CSF velocity proﬁle were compared with those in healthy controls.
RESULTS: CSF ﬂow velocity in the spinal subarachnoid space of participants with syringomyelia was similar at different locations despite
differences in syrinx size and locations. Peak cranial and caudal velocities above and below the syrinx were not signiﬁcantly different (peak
cranial velocity, P ⫽ .9; peak caudal velocity, P ⫽ 1.0), but the peak velocities were signiﬁcantly lower (P ⬍ .001, P ⫽ .007) in the participants
with syringomyelia compared with matched controls. Most notably, the duration of caudal ﬂow was signiﬁcantly shorter (P ⫽ .003) in the
participants with syringomyelia.
CONCLUSIONS: CSF ﬂow within the posttraumatic syringomyelia group was relatively uniform along the spinal canal, but there are
differences in the timing of CSF ﬂow compared with that in matched healthy controls. This ﬁnding supports the hypothesis that syrinx
development may be associated with temporal changes in spinal CSF ﬂow.

yringomyelia is a neurologic condition characterized by the
development of a syrinx, a fluid cyst in the spinal cord. It is
commonly associated with conditions that obstruct spinal CSF
flow such as spinal cord injury,1 Chiari type I malformation, and
spinal tumors. Syrinxes form and enlarge in either the central
canal of the spinal cord or in the cord parenchyma. For a syrinx to
enlarge, the laws of mechanics require that the syrinx pressure
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exceed the pressure in the surrounding cord tissue and spinal
subarachnoid space. However, the mechanism of CSF flow into a
syrinx in the presence of this reverse pressure gradient is poorly
understood and remains controversial. Computational models
suggest that CSF could be driven by cardiac pulsations from
the spinal subarachnoid space into the spinal cord via periarterial
spaces, including toward a syrinx.2 Besides CSF, another possible
source of syrinx fluid could be extracellular fluid. It has recently
been shown that after spinal cord injury, the blood–spinal cord barrier is damaged for an extended time3 and fluid could hence pass
from the vasculature into a syrinx. However, the source of fluid in the
syrinx has yet to be identified because the chemical composition of
CSF and extracellular fluid is indistinguishable.4
Understanding the characteristics of CSF dynamics in the spinal subarachnoid space and the way they change in conditions
associated with syringomyelia may help elucidate the mechanism
of the disease. Characterizing CSF flow in syringomyelia may also
improve clinical management because syrinx morphology from
MR anatomic images alone is insufficient to predict disease progression and surgical outcomes. Current treatment techniques for
posttraumatic syringomyelia, such as shunting, are associated
AJNR Am J Neuroradiol 38:1839 – 44
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with syrinx recurrence. Therefore, understanding the CSF flow
characteristics in these patients may help in developing effective
techniques to manage this complex condition.
CSF flow in the spinal subarachnoid space consists of pulsatile
caudal and rostral flow during systole and diastole, respectively.5
Caudal flow in the spinal subarachnoid space commences approximately 100 ms after the onset of systole in healthy individuals, and the timing of its onset is affected by age and CSF obstructions in the spinal subarachnoid space. Detailed mechanisms that
underpin the earlier onset of peak caudal CSF are not yet wellestablished and may be influenced by compliance in the craniospinal system. In the spinal subarachnoid space of healthy individuals, peak caudal and cranial velocities and their onset vary
with spinal level. However, these variables are different in those
with Chiari malformation.6
Despite numerous studies in the literature of CSF flow in participants with Chiari type I malformation with and without syrinxes, there is a lack of understanding of spinal CSF dynamics in
those who have sustained a spinal cord injury. Therefore, this
study aimed to determine the CSF velocity-time profiles adjacent
to the syrinx in participants with spinal cord injury and compare
them with those in healthy controls. It is hypothesized that the
peak CSF velocities and timing of the profile would be significantly altered in patients with posttraumatic syringomyelia.

MATERIALS AND METHODS
Participants
This study was approved by the South Eastern Sydney Local
Health District Human Research Ethics Committee (Sydney, New
South Wales, Australia). Participants were recruited from the spinal injury outpatient clinic at the Prince of Wales Hospital, Sydney, New South Wales, Australia. All patients had an American
Spinal Injury Association (ASIA) impairment scale score of A
except for 1 participant with no recorded ASIA score.7 None had
past spinal surgery. They were informed about the details of the
study on at least 2 separate occasions before their scan, and written informed consent was obtained. They were also carefully
screened for MR imaging safety. Six participants (4 men, 2
women; mean age, 46.5 ⫾ 13.9 years) previously diagnosed with
posttraumatic syringomyelia were selected for the study.
The participants with syringomyelia were recruited prospectively. Their data were compared with retrospectively reanalyzed
scanned data of 6 healthy controls (3 men, 3 women) matched for
age (mean age, 45 ⫾ 18.1 years) and weight. On the basis of a
statistical power analysis, a sample size of 6 was determined to
adequately demonstrate significant differences in the characteristics of the CSF velocity-time profile between the participants with
syringomyelia and healthy controls based on a mean difference of
0.15 ⫾ 0.09 cm/s and 80% power in a 2-tailed t test.

Imaging Protocols
MR imaging measurements were performed on a 3T MR imaging
scanner (Achieva TX; Philips Healthcare, Best, the Netherlands).
Depending on the syrinx location, participants were scanned with
a neurovascular coil and/or a 32-channel thoracic coil. Meanwhile, the healthy controls were retrospectively scanned with a
neurovascular coil. All participants were scanned without any an1840
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FIG 1. Representative CSF velocity proﬁle from a healthy control volunteer showing measurements collected for analysis.

esthesia. A T1-weighted sequence was performed in the midsagittal plane to verify the syrinx location. The parameters of the
sequence were the following: flip angle ⫽ 10°, FOV ⫽ 200 ⫻ 200
mm, TR/TE ⫽ 21/7.3 ms, and section thickness ⫽ 5 mm. Phasecontrast MR imaging was used to measure CSF flow velocity, and
cardiac gating was achieved with vector cardiogram leads. Thirty
cardiac phase images were obtained from the onset of the R
wave. CSF flow velocities at the base of the skull and above and below
the syrinx spinal level were measured with an axial imaging plane
aligned perpendicular to the spinal cord. The encoding velocities for the scans were 10 cm/s for the base of the skull and
12–14 cm/s for other spinal levels. Control flows were measured at the base of skull and the C5 spinal level. The imaging
parameters for this sequence were the following: flip angle ⫽
10°, matrix ⫽ 240 ⫻ 176, FOV ⫽ 250 ⫻ 250 mm, TR ⫽ 21 ms,
TE ⫽ 6.8 ms, and section thickness ⫽ 5 mm. The duration of
each scan session, including setup and subject positioning, varied among participants and ranged from 1 to 1.5 hours. The
heart rates of the participants with syrinx and the controls
during the scan were 64.3 ⫾ 4.6 beats per minute and 69.0 ⫾
15.0 beats per minute, respectively, and they were not significantly different (P ⫽ .4).

Data Analysis
CSF velocity-time profiles were measured from phase-contrast
MR images with Segment.8 ROIs were defined (2 lateral, 1 anterior, 1 posterior) with circular monitoring points of approximately 2 mm in diameter. The average CSF velocity-time profiles of the 4 ROIs were obtained at the 3 spinal levels (base of
the skull and above and below the syrinx), and features of the
profile were analyzed with the same protocol as that of Clarke
et al.9 The features measured were maximum velocities in the
cranial and caudal direction and their timing, onset time and
duration of caudal flow, and time of return to cranial flow. A
representative CSF velocity-time profile from a healthy control
is shown in Fig 1.
Features of the velocity-time profiles were compared for the
following: 1) above and below the syrinx in participants with syringomyelia, 2) the base of the skull in participants with syringomyelia and healthy controls, and 3) the spinal level near the syrinx
in participants with syringomyelia (between C4 and T12) and
healthy controls (C5). A paired t test was used to analyze differences in CSF flow above and below the syrinx, and an unpaired t

test was used for all other statistical analyses. A Bonferroni post
hoc correction was performed by adjusting the significance level
of the t tests from .05 to .007. This was obtained by dividing .05 by
7 because there were 7 hypotheses (representing the 7 features of
the CSF velocity-time profile) that would be tested using the average velocity-time profile.
Table 1: Syrinx maximum transverse diameter and location in
participantsa
Maximum
Patients
Syrinx
with
Syrinx
Spinal Diameter
Syrinx Location Injury
(mm)
Flow Measurements
SP1
T6–T7
T6
4.2
BOS, T5b (AS), T7 (BS)
SP2
C6–T1
C6
17.1
BOS, C4b (AS), T2 (BS)
SP3
C1–C6
C6
23.4
BOS (AS), C4,b T1 (BS)
SP4
T2–T6
T5
8.2
BOS, T1b (AS), T7 (BS)
SP5
T1–T4
T3
15.0
C7b (AS), T5 (BS)
SP6
L1–L2
L1
9.2
BOS, T12b (AS), L2 (BS)
Note:—AS indicates above the syrinx; BS, below the syrinx; BOS, base of skull.
a
Data obtained at these levels were used to compare ﬂow in the participants with
syrinx (Fig 2).
b
CSF ﬂow measurements obtained at this spinal level were used to compare ﬂow
with that of controls at C5 (Fig 3).

FIG 2. Mean CSF velocity-time proﬁles in participants with syrinx for
above and below the syrinx. SDs are represented by error bars.
Table 2: Summary of features of CSF velocity-time proﬁle above
and below the syrinxa
Above
Below
P
Syrinx
Syrinx
Value
Timing of peak cranial velocity
8.8 (2.5)
9.0 (1.8)
.9
Timing of peak caudal velocity
2.3 (1.1)
2.3 (0.7)
1.0
Duration of caudal ﬂow
3.5 (0.5)
4.3 (2.5)
.5
Onset time of caudal ﬂow
1.0 (0.2)
1.1 (0.5)
.6
Time of return to cranial ﬂow
4.6 (0.6)
5.5 (2.2)
.3
Peak cranial velocity (cm/s)
0.6 (0.3)
0.7 (0.40)
.7
Peak caudal velocity (cm/s)
1.6 (0.9)
1.7 (0.9)
.7

RESULTS
Syrinxes were observed in the T1-weighted MR images in all participants with syringomyelia. Syrinx size varied among participants. Table 1 summarizes the location of the syrinx and spinal
levels where flow measurements were obtained. CSF flow velocity
at the base of the skull was not measured for participant SP5
because of an existing irregular heartbeat, which made cardiac
gating difficult. The scan was terminated due to prolonged scan
time and patient discomfort. In addition, CSF velocity was measured 2 spinal levels (C4) above the syrinx for participant SP2
because the immediate spinal level (C5) above the syrinx could
not be visualized because the spinal cord was obscured by spinal
injury.

CSF Velocity in Participants with Syrinx
Figure 2 shows the average CSF flow velocity above and below the
syrinxes. Despite differences in syrinx size, location, and spinal
subarachnoid space geometry in the participants with syringomyelia, there was very little difference in CSF flow velocity above and
below the syrinx, and this is demonstrated by the small SDs in Fig
2. In addition, there were no significant differences in any features
of the CSF velocity-time profiles above and below the syrinx
(paired t tests, all P ⬎ .1, see Table 2 for details). In general, CSF
flow was initially cranially directed (positive velocity); then, it was
reversed to caudal flow at ⬃10% of the cardiac cycle and then
reversed again to cranial flow at ⬃40% of the cardiac cycle. There
was little variation in this timing along the spinal canal in the
patients with syrinx (Table 2). The peak caudal and cranial velocities above and below the syrinx were similar despite the differences in syrinx location along the spine. In addition, in the participants with syrinx, the CSF flow velocity at the base of the skull
(Fig 3A, black line) was also similar to the CSF flow velocity above
and below the syrinx.

CSF Velocity in Patients with Syringomyelia and
Healthy Participants

Figure 3A shows the comparison between CSF flow velocity at the
base of the skull in the controls and the participants with posttraumatic syringomyelia. Although the onset time of caudal flow
appeared to be ⬃3% earlier in the participants with syringomyelia
than in the controls, this was not significantly different (P ⫽ .15).
However, the average peak cranial and caudal velocities in the
participants with syringomyelia were 46% and 65% lower than
those in controls, respectively, and these were significantly different between groups (peak cranial velocity, P ⫽ .01; peak caudal
a
Data are mean (SD). All temporal features are expressed as % R-R interval.
velocity, P ⫽ .03).
The average CSF flow-velocity profiles obtained at the syrinx level (spinal
levels between C4 and T12) in the participants with syringomyelia and at spinal level C5 in the controls are shown in
Fig 3B. All the features of the CSF velocity-time profile at this level were significantly different between patients and
controls (see Table 3 for details) except
for the timing of peak cranial velocity
FIG 3. Average CSF velocity-time proﬁle in participants with syrinx (black line) and controls
(dotted line) at the skull base (A) and near the syrinx (B) (see Table 1 for locations of measurements (8.8 ⫾ 2.5 seconds for participants with
syringomyelia, 8.3 ⫾ 4.5 seconds in conin participants with syrinx) and at the C5 spinal level in controls. Error bars represent SDs.
AJNR Am J Neuroradiol 38:1839 – 44
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Table 3: Summary of features of CSF velocity time-proﬁle in participants with syrinx and controls at the base of the skull and syrinx
spinal levela
Base of Skull
Syrinx Spinal Level
Timing of peak cranial velocity
Timing of peak caudal velocity
Duration of caudal ﬂow
Onset time of caudal ﬂow
Time of return to cranial ﬂow
Peak cranial velocity (cm/s)
Peak caudal velocity (cm/s)
a

Patients with Syrinx
8.8 (2.3)
2.3 (0.9)
3.5 (0.9)
1.3 (0.5)
4.8 (1.3)
0.6 (0.2)
1.1 (0.2)

Controls
4.2 (5.2)
3.7 (1.2)
5.4 (0.5)
1.6 (0.4)
7 (0.9)
1.3 (0.3)
1.7 (0.2)

P Value
.21
.07
.05
.15
.04
.01
.03

Patients with Syrinx
8.8 (2.5)
2.3 (1.1)
3.5 (0.5)
1.0 (0.2)
4.6 (0.6)
0.6 (0.3)
1.6 (0.9)

Controls
8.3 (4.5)
3.6 (0.7)
4.9 (0.6)
1.7 (0.4)
6.6 (0.9)
2.0 (0.5)
3.2 (0.7)

P Value
.4
.03
.003
.002
.002
.00004
.007

Data are mean (SD). All temporal features are expressed as % R-R interval. P values are from unpaired t tests between participants with syrinx and controls.

trols, unpaired t test, P ⫽ .4). The average peak cranial and caudal
velocities in the controls were 3.3 and 2 times higher, respectively,
than those in the participants with syringomyelia. The CSF flow
profile relative to the cardiac cycle was shifted earlier in the participants with syrinx relative to the controls (Fig 3B).

DISCUSSION
There were 2 key observations in this novel study of CSF flow
profiles in patients with posttraumatic syringomyelia. First, all the
features of the CSF velocity-time profile were significantly different between the participants with syringomyelia and matched
controls, with most flow features occurring earlier in the cardiac
cycle in participants with syringomyelia than in healthy controls.
In addition, while there were obvious differences in CSF flow
velocity at different spinal levels (base of the skull and C5) in
healthy controls, CSF flow along the spine was more uniform in
the participants with syringomyelia.
Results from this study support the hypothesis that syrinxes
are associated with altered CSF flow. This study shows that the
timing of the peak caudal velocity in the participants with syringomyelia was earlier by 3%–5% of the cardiac cycle than in
matched controls. This difference in timing of the CSF flow implies that there will also be an earlier arrival of peak spinal CSF
pressure relative to cardiac systole in the participants with syringomyelia.10 A modest change in the time of arrival of peak CSF
pressure relative to the arrival of peak arterial pressure in systole
may enhance CSF flow into the spinal cord through the perivascular spaces,11,12 though this possibility remains to be confirmed
experimentally. Syringomyelia is associated with CSF flow obstructions. CSF flow obstructions in Chiari malformation,10,13
spinal stenosis, and arachnoiditis14 are associated with increased
velocity at the level of obstruction and a large pressure drop across
the obstruction on the basis of existing computational modeling
studies on CSF flow in the spinal subarachnoid space. According
to existing hypotheses, syrinxes occur due to the development of
pressure differences along the spinal subarachnoid space. This
pressure difference could either drive CSF into the spinal cord15
or distend the spinal cord radially due to Venturi effects.16
Most interesting, this study shows that both the peak caudal
and cranial CSF velocities above and below the syrinx were similar; therefore, any CSF pressure drop across the syrinx in the spinal subarachnoid space would be small. In fact, the CSF pressure
drop along the spinal subarachnoid space would be higher in the
healthy controls because of a significant change in CSF flow velocity. This can be observed in the average peak caudal velocity,
1842
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where the velocity at C5 was almost 2 times higher compared with
that in the base of the skull. It is therefore tempting to believe that
the CSF pressure drop across a syrinx has little to do with the
pathogenesis of syringomyelia, at least in posttraumatic participants. Longitudinal monitoring of patients after spinal cord injury would be required to confirm this belief by capturing any
differences in CSF flow before the formation of a syrinx and during syrinx enlargement. However, this was not possible in this
cross-sectional study design. Furthermore, this study was unable
to investigate specific changes in the temporal features of CSF flow
as a syrinx enlarges.
Nevertheless, although there were minimal differences in CSF
velocity (and therefore pressure) above and below the syrinx, the
absolute CSF pressure in the participants with syringomyelia may
be higher than in controls because the disease is known to be
related to decreased craniospinal compliance.17 The decrease in
craniospinal compliance may increase the effects of arterial pulsations, which may increase perivascular flow into the spinal cord
parenchyma and syrinx.
Most interesting, alterations in the CSF flow profile in patients
with posttraumatic syringomyelia differed from those in studies
that compared patients with Chiari type I malformation with
matched controls.9 In patients with posttraumatic syringomyelia,
peak caudal velocity occurred earlier in the cardiac cycle than in
matched controls. Conversely, there was no significant difference
in the timing of peak caudal velocity between patients with Chiari
malformation and matched controls. Nevertheless, several temporal features of the CSF velocity profiles being different between
patients with Chiari malformation with and without a syrinx suggests that the temporal effects of CSF flow velocity are still likely to
play a role in syrinx development. In patients with Chiari malformation without a syrinx, the onset of caudal flow, return to cranial
flow, and peak caudal velocity all occurred significantly earlier in
the cardiac cycle compared with patients with a syrinx. It is unclear whether treatment can effectively reverse the temporal
changes in CSF flow dynamics in syringomyelia, but there are at
least 2 studies that showed that treatment of CSF flow disorders
could delay the onset time of caudal flow and peak caudal velocity.
A study that investigated CSF flow velocity in patients with Chiari
malformation (after a decompression operation) showed that the
duration of caudal CSF flow appeared to be shorter than that in
flow measured postoperatively.18 Temporal changes in CSF flow
may also be associated with other CSF disorders, such as hydrocephalus. A computational modeling study of hydrocephalus
found that the peak caudal velocity occurred later in the cardiac

cycle after a simulated endoscopic third ventriculostomy at the
third ventricle.19
There were several limitations to this study. First, the primary
motivation of this research was to understand CSF flow velocity
above and below the syrinx in posttraumatic patients. However,
there was a discrepancy in the comparison of spinal levels between
participants with syringomyelia and healthy controls in some
cases. Although the average CSF flow velocity obtained adjacent
to the syrinx varied between C4 and T12 in our participants, it was
compared with CSF flow velocity at a standard spinal location
(C5) in the matched controls. Nevertheless, given that there was
minimal difference in CSF flow velocities along the spine in the
patients with syrinx, we expected the effect of these differences in
measurement locations to be small. Comparing the magnitude of
CSF velocity measurements in the participants with syringomyelia with that in the healthy controls at a different spinal location
(eg, T1) may yield different results because CSF velocity is highest
at the C5 level in healthy humans and can be reduced by as much
as 20%–30% at the thoracic spinal region.20 However, when CSF
velocity in the participants with syringomyelia was compared
with a simulated CSF velocity-time profile that has peak velocity
reduced by 20%, the results were still significantly different for
both the cranial and caudal velocities.
Second, it was not anticipated before this study that the CSF velocity of participants with posttraumatic syringomyelia would be in
the range of 1–3 cm/s, and because this was only identified as a consistent observation midway in the study, the encoding velocity was
left unchanged to ensure consistencies in the protocol used. While
this feature may affect the measurement accuracy of the velocity
magnitude, it is unlikely to change the conclusions of this study.
Another limitation was that data were not collected from spinal patients without a syrinx for comparison. Because this was a
cross-sectional study and neither prior nor subsequent measurements of syrinx dimensions were available from the participants’
clinical records, we are unable to comment on whether syrinxes in
the participants were stable. Understanding longitudinal changes
in CSF flow measurements and syrinx size in the participants with
syringomyelia may help provide insights into the mechanisms of
syrinx development, but this was not designed as part of this
study. It would also be ideal to compare the CSF velocity-time
profile with spinal arterial blood flow to assess the theory that
change in the relative timing of arterial blood and CSF pulses is
important for syrinx development and progression.2 However,
neither arterial blood flow nor additional spinal level scans were
measured in this study because patient discomfort precluded additional scan acquisitions. Finally, the sample size of this study,
though small, was appropriate, and while a lager sample size will
provide a more robust conclusion to the study, it is unlikely to
affect the key findings.

CONCLUSIONS
This study provides new information on CSF flow profiles in patients with a syrinx with spinal cord injuries. In the participants
with syringomyelia, there was very little difference in peak caudal
and cranial velocities above and below the syrinx. This suggests
that there was an absence of a large pressure drop across the syrinx. However, peak CSF caudal and cranial velocities in the par-

ticipants with syringomyelia were significantly lower compared
with those in the healthy controls. Furthermore, temporal features of the CSF flow profile were significantly different between
the 2 groups; peak flow and change in flow direction were earlier
in the cardiac cycle in participants with syringomyelia. Additional
work to study the specific changes in the temporal features of CSF
flow when a syrinx enlarges and posttreatment is important to
further elucidate the mechanisms of syringomyelia development.
This work could assist in predicting treatment response.
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SPINE

Syringomyelia Fluid Dynamics and Cord Motion Revealed by
Serendipitous Null Point Artifacts during Cine MRI
X C.M. Honey, X K.W. Martin, and X M.K.S. Heran

ABSTRACT
SUMMARY: Dynamic MR imaging was used to evaluate a cervical syrinx in an adolescent boy with an associated hindbrain herniation. Null
artifacts were present on one of the sequences that allowed simultaneous high-resolution visualization of syrinx ﬂuid motion and the
anatomy of the syrinx walls. A brief review of the theories of syrinx formation and propagation is provided with a comment on why the
Williams “slosh” theory of syrinx progression is supported by our unique imaging.

yringomyelia” was originally coined by Ollivier1 in 1827
and has come to be defined as a tubular cavitation of the
spinal cord extending over many segments.2 A variety of conditions may cause syringomyelia, including hindbrain herniations,
trauma, arachnoiditis, and tumors.3 Many different theories have
been advanced to explain their cause and growth.4,5 The more
modern theories all revolve around abnormal fluid dynamics
within the spinal canal. MR imaging sequences, which can visualize and measure CSF flow, have been used to elucidate the
pathophysiology underpinning syringomyelia.6 Unfortunately,
these sequences often trade anatomic detail for quantification of
CSF movement. During the investigation of a case of syringomyelia associated with a Chiari I malformation, the patient was
imaged with dynamic cine balanced steady-state free precession
sequences.7 Unexpected null artifacts were present that placed a
band of low signal through the middle of the syrinx. The dephased
water protons could then be visualized as they moved during the
cardiac cycle. We describe this hydrodynamic motion of the syrinx fluid and the associated movements of the surrounding spinal
cord walls and briefly review the various theories of syrinx formation and growth.
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MATERIALS AND METHODS
A 17-year-old adolescent boy with an asymptomatic C5– 6 syrinx
detected during screening for a known Chiari I malformation
was studied with dynamic MR imaging.7 Sequences included a
cardiac-gated cine balanced steady-state free precession study on
a 1.5T scanner (Intera; Philips Healthcare, Best, the Netherlands).
Images were viewed in a video loop to correlate any motion with
the cardiac cycle.

RESULTS
Examples of the sagittal cine MR imaging with and without the
null artifacts8 are presented in On-line Videos 1 and 2, respectively. During systole, the cerebellar tonsils descended. At the
same time, the dilated spinal cord walls surrounding the superior
portion of the syrinx collapsed. Within the syrinx, a jet of fluid
then moved rostral to caudal, hitting and dilating the inferior
walls of the syrinx. During diastole, the syrinx fluid then “sloshed”
rostrally, re-expanding the superior walls and allowing the inferior walls to recoil.
Representative diagrams highlighting the spinal cord wall motion and syrinx fluid pulsation at rest (Fig 1A), during systole (Fig
1B), and during diastole (Fig 1C) are presented.

DISCUSSION
The mechanisms causing and enlarging syringes may be different,
but most authors have considered them together. Early theories
favored a congenital or neoplastic origin.3 Gardner and Angel4
popularized the “hydrodynamic theory.” In patients with a hindbrain abnormality obstructing CSF egress from the fourth ventricle, they postulated that fluid was pushed down into the central
canal of the cord, dilating the canal to produce a syrinx. Williams5
argued that these mechanisms should cause hydrocephalus not
hydromyelia. He measured pressure gradients of ⬎100 mm Hg
AJNR Am J Neuroradiol 38:1845– 47
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FIG 1. Diagram of the syrinx wall and ﬂuid movement during the cardiac cycle. A, The syrinx “at rest” during late diastole with its classic ovoid
shape. B, During systole, the superior portion of the syrinx is compressed, forcing a ﬂuid jet caudally, which distends the inferior portion of the
syrinx. C, During early diastole, the ballooned inferior portion of the syrinx recoils and forces the ﬂuid rostrally to re-expand the superior portion
of the syrinx. Images courtesy of Ms Vicky Earle (vearlemedicalart.com).

across the foramen magnum during Valsalva maneuvers in patients with hindbrain hernias and postulated that this craniospinal pressure dissociation, a force he called “suck,” caused fluid to
be pulled into the syrinx from the ventricle. The subsequent enlargement of the syrinx was thought to be due to fluid movement
within the syrinx during Valsalva maneuvers, what he called
“slosh.”
Subsequent authors have highlighted the lack of communication between the syrinx and fourth ventricle and postulated
that the fluid entered the syrinx from the spinal subarachnoid
space.6,9,10 With the advent of dynamic MR imaging and intraoperative sonography, Oldfield et al6 proposed that the downward
movement of the tonsils seen during systole caused a “pistonlike”
effect, resulting in a CSF pressure wave that contracted the cord
and forced fluid into it. Researchers argued, however, that if fluid
pressure caused the cord to contract, it would be unlikely that any
fluid could enter the cord. Grietz11 and Koyanagi and Houkin12
suggested that the syrinx fluid was extracellular in nature rather
than CSF. Grietz proposed the “intramedullary pulse pressure
theory,” in which CSF moving abnormally rapidly past the cord
caused a low pressure within the cord, promoting extracellular
fluid (not CSF) to build up and eventually form a syrinx.11
We now know that various etiologies can produce syringes.
The pathophysiology causing a fluid-filled cavity to form within
the spinal cord is undoubtedly different following the absorption
of a traumatic hematoma, the secretion of proteinaceous fluid
from a neoplasm, or the altered CSF dynamics accompanying a
hindbrain herniation. The pathophysiology underpinning the
enlargement of syringes, however, may have a common theme.
Across the years, imaging studies have helped elucidate the
pathophysiology underpinning syrinx enlargement.
Initially, fluoroscopic images of dye within syringes were
documented to pulsate with each heartbeat, and the rostral
movement induced by cough was described as “impressive.”5
With the advent of MR imaging and quantification of spinal CSF
pulsations,11 the noninvasive analysis of CSF hydrodynamics became possible.13 MR imaging studies have measured the pulsatile motion of the cerebellar tonsils14 and lamina terminalis15
and have documented sinusoidal CSF flow linked to the cardiac cycle within syringes, along the spinal subarachnoid space,
and across the foramen magnum.16,17 Most studies have used
1846
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phase contrast techniques, which have allowed quantification
of CSF velocities but with reduced anatomic resolution.
Our imaging was able to simultaneously demonstrate high anatomic resolution and fluid movement within the syrinx and spinal subarachnoid space. On-line Video 1 shows that during systole and concurrent with the downward displacement of the
tonsils, the superior portion of the outer syrinx wall was initially
impacted by the CSF systolic pulse pressure. This force distorted
the shape of the syrinx, collapsing its upper portion and forcing
the fluid within to jet inferiorly, impacting and ballooning the
lower portion of the syrinx. During diastole, as the pressure gradient reversed, the distended lower portion of the syrinx recoiled
and pushed fluid rostrally to expand the upper portion of the
syrinx. The unexpected null artifacts extending through the syrinx
and adjacent subarachnoid space (On-line Video 1) produced
contrast in the syrinx fluid, enabling visualization of its movement. With each heartbeat, the syrinx walls were distorted unevenly, causing a jet of syrinx fluid to impact the inferior pole of
the cavity. Slow caudal growth of the syrinx may follow 42 million
such impacts during a year. Greater CSF pressure gradients follow
Valsalva maneuvers, and asymmetric contraction of the syrinx
may be responsible for the sudden rostral expansion described in
the literature.18 Our study did not visualize the cord during a
Valsalva maneuver. The current study provides direct visual confirmation of the CSF movement previously calculated by phase
contrast MR imaging studies. Although the technique may not
have had the necessary sensitivity to be definitive, there was no
obvious transparenchymal movement of CSF visualized during
our study, in keeping with the theories postulating that syrinx
fluid accumulates from within the cord rather than from CSF
being forced into it.

CONCLUSIONS
This novel imaging study of a cervical syrinx allowed simultaneous high-resolution visualization of syrinx fluid motion and the
anatomy of the syrinx walls. The study supports the hypothesis
that syrinx enlargement is due to the slosh of fluid with each
heartbeat (and the Valsalva maneuver). The external asymmetric
contraction of the rostral portion of the cord around the syrinx
during systole caused a jet of fluid within the syrinx to extend
caudally impacting and dilating the caudal portion of the syrinx.

With diastole, the fluid moved more slowly to its original position
as the dilated caudal portion of the syrinx returned to its original
shape.

9.

10.
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LAST2 CH2ANCE: A Summary of Selection Criteria for
Thrombectomy in Acute Ischemic Stroke

n 2015 and 2016, six randomized controlled trials (MR CLEAN,
ESCAPE, SWIFT PRIME, REVASCAT, EXTEND-IA, and
THRACE), which focused on the endovascular treatment of patients with acute ischemic stroke caused by large vessel occlusion,
were published in The New England Journal of Medicine1 and Lancet Neurology.2 All of these trials favor thrombectomy for patients
with acute ischemic stroke with large vessel occlusion, which can
significantly improve patients’ 90-day outcomes. The impact of
these trials is huge. Cerebrovascular physicians all over the world
have started putting more efforts on thrombectomy. However,
there are many indications and contraindications for thrombectomy, which are a challenge for the physician to remember and
may cause potential errors and delays in the process of selecting
candidates.
To handle this problem, we carefully reviewed the literature
and guidelines3,4 and summarized the indications and contraindications as “LAST2 CH2ANCE,” which represents different aspects of patient selection. The details of “LAST2 CH2ANCE” are
shown in the Table.
We have used this to do many training sessions in China. During the posttraining survey, most physicians were impressed by
this summary. They can remember complex patient selection criteria in a few minutes even though they knew very little before the
training. Therefore, we feel it is better to let the entire community
know this system to make rapid and accurate patient selection for
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thrombectomy. Because thrombectomy is the last chance for
patients with acute ischemic stroke with large vessel occlusion
to recover, we hope this patient selection summary, “LAST2
CH2ANCE,” will be helpful.
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Details of LAST2 CH2ANCE
Symbol
L
A
S
T
T2
C
H
H2
A
N
C
E

Meaning
Large vessel occlusion
Age
Symptom
Time
Thrombocytopenia
Crippled/disabled
Hypoglycemia
Hypertension
Anticoagulation
Nonsalvageable brain tissue
Collateral
Expectancy of life

Details
Internal carotid artery or proximal MCAa
ⱖ18 yrsa
NIHSS score ⱖ6a
Onset to groin puncture time ⬍6 ha
PLT ⱖ40*109/Lb
mRS ⬍2a
CBG ⱖ2.7 mmol/Lb
BP ⱕ185/110 mmHgb
INR ⱕ3.0b
ASPECTS ⱖ6a
ACG ⬎1c
⬎90 db

Note:—ACG indicates American Society of Interventional and Therapeutic Neuroradiology collateral grading; BP, blood pressure; CBG, capillary blood glucose; INR, international normalization ratio; PLT, platelet count.
a
Criterion from the American Heart Association/American Stroke Association guidelines.
b
Criterion from the protocol of MR CLEAN trial.
c
Criterion we use in our daily practice but without consensus in the literature.
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Is Hippocampal Volumetry Really All That Matters?

read with interest the recent article in AJNR, “Predictive Utility of Marketed Volumetric Software Tools in Subjects at
Risk for Alzheimer Disease: Do Regions Outside the Hippocampus Matter?”1
It is an interesting study, yet I will elaborate below why I do not
fully agree with the conclusions of this article: “Therefore, future
prognostic studies in mild cognitive impairment, combining
such tools with demographic and other biomarker measures,
are justified in using hippocampal volume as the only volumetric biomarker.”1
The authors demonstrated that 2 different MR volumetry software packages provide equivalent results with respect to hippocampal volumetry. As a consequence, the conclusion is justified that the postprocessing software does not systematically bias
the MR morphometry results, at least for the 2 implemented software packages.
The second finding is that hippocampal atrophy alone performed as well as the additionally performed analysis of other
anatomic regions. However, it must be noted that the regions used
in the tested software packages are anatomically defined regions
that only partially overlap with the established Alzheimer disease
(AD) signature regions (ie, those regions that are consistently
found to be abnormal in AD).2,3 Because of partial volume effects,
these large anatomic regions are not necessarily the most sensitive
regions for this specific purpose. The current study assessed 3D T1
voxel-based morphometry (VBM)– derived gray matter concentration, whereas the more demanding analyses of 3D T1-derived
cortical thickness and related volume estimates are generally more
sensitive with less interindividual variability.4 A direct comparison between the presented VBM-type hippocampal volumetry
and cortical thickness– derived volumetry (eg, in AD signature
regions) was not performed. Consequently, I challenge the conclusion that hippocampal volume can be suggested as the only
volumetric biomarker because the authors did not demonstrate
that the presented hippocampal volumetry outperforms, for instance, AD signature regions.
When looking into the data in more detail, the area under the
curve (AUC) for hippocampal volumetry is 0.69 or 0.68, depend-
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ing on the software. In the abstract, this is not noted, yet it is stated
in the manuscript that the AUC was 0.76 and 0.68 for the Alzheimer’s Disease Assessment Scale–13 (ADAS-13) and the MiniMental State Examination (MMS), respectively. The MMS is a
very simple and fast clinical test that costs almost nothing and can
be done everywhere. The MMS performed as well as the much
more time-consuming and expensive hippocampal volumetry.
Moreover, the MMS worked in all cases, whereas MR hippocampal volumetry was impossible in 30% of cases. Based on the provided results, it can be concluded that MR volumetry provided no
added value with respect to the simple and established MMS. The
ADAS-13 clearly outperformed hippocampal volumetry. So,
playing the devil’s advocate, one might conclude that hippocampal MR volumentry is useless because it provided no added value.
Moreover, the dataset is derived from the Alzheimer’s Disease
Neuroimaging Initiative dataset, a strongly preselected dataset
with “super-patients” and “super-controls” excluding all microvascular lesions. Such microvascular lesions contribute to cognitive decline and are very frequent in this age group in typical
clinical populations.5 MR parameters are strictly standardized in
this dataset, yet in clinical application, even small modifications of
MR parameters significantly bias estimated volumetry results.6
Therefore, I might speculate that the presented results for MR
morphometry in this current article are over-optimistic with respect to typical real-world clinical applications. I would like to
repeat that already in this specific and preselected sample, the
simple MMS performed as well as MR volumetry, and the
ADAS-13 even outperformed MR volumetry.
Personally, I do believe that MR volumetry can provide added
value. Yet, I argue that simple hippocampal volumetry is not the
best MR biomarker, notably for the detection of individual cases.
On average, there is a normal interindividual variation in hippocampal volume of approximately 20% in controls, but also in
patients with mild cognitive impairment (MCI) and AD,7
whereas the disease-related change (eg, for patients with MCI
versus controls) is in the range of 7%. This means that direct
hippocampal volumetry may identify a substantial volume difference of 7% at the group level, yet because of the larger interindividual variability of approximately 20% per group, this measure is
of limited use for the diagnosis of individual cases. Moreover, the
current results of hippocampal atrophy are not compared with

patterns of atrophy, such as the AD signature regions mentioned
above, DTI,8,9 arterial spin labeling,10-12 and, ideally, a combination of multiple MR parameters and advanced data analysis.13
Finally, MR imaging in dementia is used for more than discriminating MCI/AD versus controls, but should also include a
differential diagnosis between various types of dementia. This differential diagnosis can be challenging, particularly in the early
stages of the disease. As indicated by the authors, future treatment
trials of MCI should therefore also discriminate Alzheimer type–
MCI/AD pathology from other types of dementia to include only
the desired treatment group. For example, behavioral variant
frontotemporal dementia (bvFTD) is characterized by predominant frontotemporal atrophy, yet, in most cases, has associated
mesiotemporal atrophy. Consequently, hippocampal atrophy
alone cannot discriminate AD versus bvFTD, but the volumetry
assessment of atrophy pattern has added value. This means that
hippocampal volumetry alone might lead to the false inclusion of
patients with bvFTD in MCI/AD trials. In Lewy body dementia,
hippocampal volumetry will be noncontributive. However, because of the pathologic overlap with Parkinson disease, susceptibility-weighted imaging of nigrosome 1 has added value,14,15 and
quantitative volumetric assessment tools for nigrosome 1 based
on quantitative susceptibility mapping are under development.
Likewise, vascular pathology often coexists with, for example, AD
pathology and cannot be detected by using hippocampal volumetry alone, and volumetric tools exist to assess vascular burden.
In summary, I agree with the conclusion that the 2 tested software tools provide equivalent results for hippocampal volumetry.
Hippocampal volumetry alone was as good as the analysis of a
predefined anatomic region, with the limitation that anatomically
defined regions are not necessarily the most sensitive approach for
this specific purpose. I disagree with the statement that hippocampal volumetry alone can be suggested as the only volumetric biomarker for future prognostic studies. This is not supported
by the presented results and is an oversimplification of the available evidence.

REFERENCES
1. Tanpitukpongse TP, Mazurowski MA, Ikhena J, et al; Alzheimer’s
Disease Neuroimaging Initiative. Predictive utility of marketed volumetric software tools in subjects at risk for Alzheimer disease: do
regions outside the hippocampus matter? AJNR Am J Neuroradiol
2017;38:546 –52 CrossRef Medline
2. Dickerson BC, Bakkour A, Salat DH, et al. The cortical signature of
Alzheimer’s disease: regionally specific cortical thinning relates to
symptom severity in very mild to mild AD dementia and is detectable in asymptomatic amyloid-positive individuals. Cereb Cortex
2009;19:497–510 CrossRef Medline
3. Dickerson BC, Stoub TR, Shah RC, et al. Alzheimer-signature MRI

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

biomarker predicts AD dementia in cognitively normal adults.
Neurology 2011;76:1395– 402 CrossRef Medline
Hutton C, Draganski B, Ashburner J, et al. A comparison between
voxel-based cortical thickness and voxel-based morphometry in
normal aging. Neuroimage 2009;48:371– 80 CrossRef Medline
Haller S, Barkhof F. Interaction of vascular damage and Alzheimer
dementia: focal damage and disconnection. Radiology 2017;282:
311–13 CrossRef Medline
Haller S, Falkovskiy P, Meuli R, et al. Basic MR sequence parameters
systematically bias automated brain volume estimation. Neuroradiology 2016;58:1153– 60 CrossRef Medline
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e thank Dr Haller for his recent letter regarding our publication, “Predictive Utility of Marketed Volumetric Software Tools in Subjects at Risk for Alzheimer Disease: Do Regions
Outside the Hippocampus Matter?”
We restricted our study to NeuroQuant (CorTechs Labs, San
Diego, California) and Neuroreader (Brainreader, Horsens, Denmark) because they have received FDA 510(k) marketing clearance and physicians are likely to use them in everyday practice.
Also, these packages use a probabilistic atlas-based segmentation
on non-uniformity-corrected 3D T1-weighted images to derive
absolute volumes of a variety of cortical and subcortical structures
(and are not voxel-based morphometry– derived gray matter concentrations, as stated by Dr Haller).
We fully agree with Dr Haller that areas outside the medial
temporal lobe play a role in the evolution of Alzheimer disease
(AD); indeed, we and others have previously documented the
value of using multiple markers, including other brain regions.1,2
Nevertheless, the earliest synaptic lesions in AD are thought to be
in the medial temporal lobe, and MR imaging hippocampal volumes are one of the markers used in newer diagnostic criteria for
mild cognitive impairment (MCI) due to AD.3
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Clearly, MCI and dementia are heterogeneous in their pathology, presentation, and outcomes; using multiple anatomic and
molecular biomarkers will no doubt help us better personalize
diagnosis and therapy.4
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FDG-PET/CT or MRI for the Diagnosis of Primary
Progressive Aphasia?

e have read with interest the article by Sajjadi et al1 concerning the use of MR imaging for the diagnosis of primary
progressive aphasia (PPA). The authors studied the sensitivity and
specificity of the visual analysis of MR imaging for the diagnosis of
each PPA variant. They found that accuracy values were appropriate for the semantic variant, but somewhat disappointing for
logopenic and nonfluent aphasia. Although specificity values
were above 90% for the 3 variants, sensitivity for nonfluent and
logopenic PPA was 21% and 49%, respectively. This issue is relevant because a biomarker showing focal neurodegeneration (eg,
MR imaging) is included in the current diagnostic criteria and
clinical diagnosis of PPA variants may be difficult.2
We published a similar study 2 years ago, but with FDG-PET/
CT.3 In our study, FDG-PET images from a cohort of 33 patients
with PPA and 11 controls were visually reviewed by 5 nuclear
medicine physicians to evaluate the diagnostic accuracy of the
technique and the interrater agreement. Another 5 raters also reviewed the maps using Statistical Parametric Mapping (SPM),
comparing each patient individually with a healthy control group
(statistical analysis). Interrater agreement was moderate for visual
analysis (Fleiss  ⫽ 0.568) and substantial for statistical analysis
( ⫽ 0.756 – 0.881). Sensitivity and specificity for the diagnosis of
PPA (to discriminate it from healthy controls) was 87.8% and
89.9%, respectively, in the visual analysis. Interrater agreement
was high in semantic and logopenic variants (at least 4 of 5 raters
agreed in 100% and 84% of cases, respectively), and it was lower
in nonfluent aphasia (at least 4 of 5 raters agreed in only 20% of
cases). Furthermore, using images statistically preprocessed by
SPM improved the agreement among raters, especially in the nonfluent variant.
We reanalyzed the data of our previous study2 with the same
method as that used by Sajjadi et al.1 We estimated the sensitivity
and specificity for the diagnosis of each type of PPA. Mean sensitivity and specificity of expert raters using FDG-PET was, respectively, 65% and 98.5% for the nonfluent variant, 62.5% and 96.2%
for the semantic variant, and 89.4% and 86% for the logopenic
type. With statistical analysis, the mean sensitivity and specificity
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were 70% and 94.1% for nonfluent, 75% and 93.5% for semantic,
and 82.1% and 88% for the logopenic variant.
Thus, our study revealed higher diagnostic accuracy, especially
regarding sensitivity, for the diagnosis of PPA and its variants with
FDG-PET than that reported by Sajjadi et al1 with MR imaging.
This might support a better diagnostic performance of FDGPET/CT compared with MR imaging in the specific setting of
diagnosing and classifying PPA. However, studies directly comparing FDG-PET/CT and MR imaging accuracy are necessary to
clarify the superiority of one technique over the other4 or to evaluate a potential benefit of the combination of both techniques at
an individual level. Furthermore, the assessment of statistical
maps may reduce some of the limitations encountered when performing direct visual analysis of images.
Disclosures: Jorge Matias-Guiu—UNRELATED: Board Membership: Spanish Neurological Society, Comments: Editor-in-Chief of Neurologia, ofﬁcial journal of the
Spanish Neurological Society; Employment: Hospital Clinico San Carlos, Universidad
Complutense de Madrid, Comments: Professor of Neurology, Director of Neuroscience Institutes, Head of Neurology Department.
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e thank Dr Matias-Guiu et al for their interest in our study
on the role of MR imaging in the syndromic classification
of primary progressive aphasia (PPA).1 Their proposal that FDGPET might be a more sensitive method than structural MR imaging is highly plausible. We also agree with Matias-Guiu et al that
direct comparison would be necessary to definitively resolve the
issue. For instance, both structural MR imaging and FDG-PET
measure neurodegeneration. The greater the degree of neurodegeneration, therefore, the more likely it is to be detectable with
these types of imaging. In other words, the sensitivity of any technique that operates through detecting degeneration is also a function of disease severity. To this end, it is possibly relevant that their
PPA group as a whole was more advanced than those with PPA in
our series—mean Mini-Mental State Examination and Addenbrookes cognitive examination scores of 18.5 ⫾ 8.1 and 46.1 ⫾
22.0,2 respectively, compared with scores of 22.1 ⫾ 3.9 and 56.4 ⫾
14.1.1 Whether this confounder offers a credible explanation for
the apparent increased sensitivity of FDG-PET of Matias-Guiu
et al is perhaps debatable, but nonetheless important to address
with a direct comparison.
A further methodologic feature that we would strongly advocate in designing a future study is the inclusion of a good number
of negative (healthy age-matched) and positive (non-PPA degenerative dementia) controls. If raters know a priori that the scans
they are evaluating come from a few predefined groups, the rating
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essentially becomes a forced-choice paradigm; this, in turn, may
artificially inflate the accuracy compared with a real-world clinical
environment in which the differential diagnosis is more
open-ended.
Finally, as noted by Matias-Guiu et al, a new study could also
assess the potential benefit of the combination of FDG-PET and
MR imaging. To this end, we would add the possibility that the
decision of whether to combine them is likely to vary according to
the precise clinical question. For instance, our study showed that
MR imaging returns near-perfect accuracy in detecting the lesions
of semantic-variant PPA, making FDG-PET redundant in this
scenario. In contrast, the terrible sensitivity yet good specificity
for nonfluent and logopenic PPA with MR imaging suggest that a
hierarchic algorithm in which one proceeds to FDG-PET if the
MR imaging is nonspecific might be sensible.
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