Breakthrough Hydrogel Technology
• Less Retreatment Compared to Platinum1,2
• Less Recurrence Compared to Platinum1,2
• High Progressive Occlusion1,2

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

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

PH +1.714.247.8000

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

NEW
Indication for
Trevo Retrievers
®

A New Standard of Care in Stroke

FIRST

1

st

mechanical thrombectomy device
indicated to reduce disability in stroke.*

FIRST

new treatment indication for
stroke in 20 years.

*The Trevo Retriever is indicated for use to restore blood flow in the neurovasculature by removing
thrombus for the treatment of acute ischemic stroke to reduce disability in patients with a persistent,
proximal anterior circulation, large vessel occlusion, and smaller core infarcts who have first received
intravenous tissue plasminogen activator (IV t-PA). Endovascular therapy with the device should start
within 6 hours of symptom onset.
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FLOW-DEPENDENT MICROCATHETER

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
1. Magic Catheters IFU – Ind 19
MKTG-068 Rev. A
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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
Robert M. Barr, 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

Fairmont Waterfront Hotel

Pan Pacific Hotel

© 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
2018.asnr.org

51st Annual Meeting

American Society of

Head & Neck

Radiology
Head and Neck Imaging in the City of Lights

Caesars Palace • Las Vegas, NV
September 16 – 20, 2017
(Saturday - Wednesday)

Please contact Educational Symposia at 813-806-1000 or ASHNR@edusymp.com or
visit www.ASHNR.org for additional information.

We’re Inside Every Great Neuroradiologist!

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

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

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

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

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

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

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

Concentric Medical
301 East Evelyn Avenue
Mountain View, CA 94041

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

• After use, dispose of product and packaging in accordance
with hospital, administrative and/or local government
policy.
• This device should only be used by physicians
who have received appropriate training in
interventional neuroradiology or interventional
INTENDED USE / INDICATIONS FOR USE
radiology and preclinical training on the
Target Detachable Coils are intended to endovascularly
use of this device as established by Stryker
obstruct or occlude blood flow in vascular abnormalities of the
Neurovascular.
neurovascular and peripheral vessels.
• Patients with hypersensitivity to 316LVM stainless steel
may suffer an allergic reaction to this implant.
Target Detachable Coils are indicated for endovascular
• MR temperature testing was not conducted in peripheral
embolization of:
vasculature, arteriovenous malformations or fistulae
• Intracranial aneurysms
models.
• Other neurovascular abnormalities such as arteriovenous
• The safety and performance characteristics of the Target
malformations and arteriovenous fistulae
Detachable Coil System (Target Detachable Coils, InZone
• Arterial and venous embolizations in the peripheral
Detachment Systems, delivery systems and accessories)
vasculature
have not been demonstrated with other manufacturer’s
devices (whether coils, coil delivery devices, coil
CONTRAINDICATIONS
detachment systems, catheters, guidewires, and/or other
None known.
accessories). Due to the potential incompatibility of non
Stryker Neurovascular devices with the Target Detachable
POTENTIAL ADVERSE EVENTS
Coil System, the use of other manufacturer’s device(s) with
Potential complications include, but are not limited to:
the Target Detachable Coil System is not recommended.
allergic reaction, aneurysm perforation and rupture,
•
To reduce risk of coil migration, the diameter of the first
arrhythmia, death, edema, embolus, headache, hemorrhage,
and second coil should never be less than the width of
infection, ischemia, neurological/intracranial sequelae,
the ostium.
post-embolization syndrome (fever, increased white blood
•
In order to achieve optimal performance of the Target
cell count, discomfort), TIA/stroke, vasospasm, vessel
Detachable Coil System and to reduce the risk of
occlusion or closure, vessel perforation, dissection, trauma or
thromboembolic complications, it is critical that a
damage, vessel rupture, vessel thrombosis. Other procedural
continuous infusion of appropriate flush solution be
complications including but not limited to: anesthetic and
maintained between a) the femoral sheath and guiding
contrast media risks, hypotension, hypertension, access site
catheter, b) the 2-tip microcatheter and guiding catheters,
complications.
and c) the 2-tip microcatheter and Stryker Neurovascular
guidewire and delivery wire. Continuous flush also reduces
WARNINGS
the potential for thrombus formation on, and crystallization
• Contents supplied STERILE using an ethylene oxide (EO)
of infusate around, the detachment zone of the Target
process. Do not use if sterile barrier is damaged. If damage
Detachable Coil.
is found, call your Stryker Neurovascular representative.
•
Do not use the product after the “Use By” date specified
• For single use only. Do not reuse, reprocess or resterilize.
on the package.
Reuse, reprocessing or resterilization may compromise
the structural integrity of the device and/or lead to device • Reuse of the flush port/dispenser coil or use with any coil
other than the original coil may result in contamination of,
failure which, in turn, may result in patient injury, illness
or damage to, the coil.
or death. Reuse, reprocessing or resterilization may also
• Utilization of damaged coils may affect coil delivery to, and
create a risk of contamination of the device and/or cause
stability inside, the vessel or aneurysm, possibly resulting
patient infection or cross-infection, including, but not
in coil migration and/or stretching.
limited to, the transmission of infectious disease(s) from
one patient to another. Contamination of the device may
• The fluoro-saver marker is designed for use with a Rotating
lead to injury, illness or death of the patient.
Hemostatic Valve (RHV). If used without an RHV, the distal
end of the coil may be beyond the alignment marker when
the fluoro-saver marker reaches the microcatheter hub.

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

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.

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

• After use, dispose of product and packaging in accordance
with hospital, administrative and/or local government
policy.
CAUTIONS / PRECAUTIONS
• Federal Law (USA) restricts this device to sale by or on the
order of a physician.
• Besides the number of InZone Detachment System units
needed to complete the case, there must be an extra
InZone Detachment System unit as back up.

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

A Complete Coil Portfolio
MicroVention’s comprehensive portfolio features clinically proven
Hydrogel coils, which can be used exclusively or in combination with
our trusted Platinum coils to treat a wide range of aneurysms and
neurovascular lesions.

REFERENCES:
1. Brinjikji et al, GEL-THE-NEC: a prospective registry evaluating the safety, ease of use
and efﬁcacy of the HydroSoft coil as a ﬁnishing device. JNIS 2017.
2. ISC 2017 Meeting – Houston, TX – MV Symposium – Results of the GREAT Study – Presented by Christian Taschner,
MD, Department of Neuroradiology, Medical Centre – University of Freiburg, Germany

INDICATIONS FOR USE:
The HydroCoil® Embolic System (HES) and MicroPlex Coil System (MCS) are intended for the endovascular embolization of intracranial aneurysms and other
neurovascular abnormalities such as arteriovenous malformations and arteriovenous ﬁstulae. The HES and MCS are also intended for vascular occlusion of
blood vessels within the neurovascular system to permanently obstruct blood ﬂow to an aneurysm or other vascular malformation and for arterial and venous
embolizations in the peripheral vasculature.
The device should only be used by physicians who have undergone pre-clinical training in all aspects of HES/MCS procedures as prescribed by MicroVention.
MICROVENTION, MicroPlex and HydroCoil 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.

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

Copyright © 2016 Stryker
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THE PROVEN LEADER
The STAR™ Tumor Ablation System is the proven leader in
spine RF ablation with thousands of patients treated.

Steerable and
navigational RF
ablation instrument

SpineSTAR® delivers
RF energy directly
to the tumor

D l th
Dual
thermocouples
therm
l
for activ
active temperature
monitoring on a single
mon
instrument
in

STAR Clinical Studies Demonstrate1-4:
• Fast, durable pain relief
• Rapid improvement in mobility and quality of life
• Reduction or discontinuation of pain medication
• Site-specific ablation zones and real time temperature monitoring
• May be combined with radiation and/or chemotherapy

Tumor is
debulked

Merit.com/star
Indications for Use: The STAR™ Tumor Ablation System is indicated for palliative treatment in spinal procedures by ablation of metastatic malignant lesions in a vertebral
body. As with most surgical procedures, there are risks associated with the STAR procedure, including serious complications. For complete information regarding risks,
contraindications, warnings, precautions, and adverse events please review the System’s Instructions for Use.
References
1 Pain Physician 2014 Jul-Aug; 17(4):317-27 2 Radiology 2014 Oct; 273 (1): 261-7 3 J. Vasc Interv Radiol 2015; 18: 573-581 4 Pain Physician 2015; 18: 573-581
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REVIEW ARTICLE

Autoimmune Encephalitis: Pathophysiology and Imaging
Review of an Overlooked Diagnosis
X B.P. Kelley, X S.C. Patel, X H.L. Marin, X J.J. Corrigan, X P.D. Mitsias, and X B. Grifﬁth

ABSTRACT
SUMMARY: Autoimmune encephalitis is a relatively new category of immune-mediated disease involving the central nervous system that
demonstrates a widely variable spectrum of clinical presentations, ranging from the relatively mild or insidious onset of cognitive
impairment to more complex forms of encephalopathy with refractory seizure. Due to its diverse clinical features, which can mimic a
variety of other pathologic processes, autoimmune encephalitis presents a diagnostic challenge to clinicians. Imaging ﬁndings in patients
with these disorders can also be quite variable, but recognizing characteristic ﬁndings within limbic structures suggestive of autoimmune
encephalitis can be a key step in alerting clinicians to the potential diagnosis and ensuring a prompt and appropriate clinical work-up. In this
article, we review antibody-mediated encephalitis and its various subtypes with a speciﬁc emphasis on the role of neuroimaging in the
diagnostic work-up.
ABBREVIATIONS: NMDA ⫽ N-methyl D-aspartate; NMDAr ⫽ N-methyl D-aspartate receptor; VGKC ⫽ voltage-gated potassium channel

utoimmune encephalitis is an important cause of new-onset
altered mental status, the scope of which has only recently
begun to be recognized in the medical literature.1-3 Despite this
increased recognition, it has yet to become an established diagnostic consideration outside of large tertiary referral centers.1-5
The term “autoimmune encephalitis” generally refers to a family
of closely related disease processes that share overlapping clinical
features and neuroimaging findings but are ultimately differentiated by the specific antibody subtypes driving the underlying immune-mediated attack on different CNS structures.6-8 This antibody-mediated attack on neuronal structures results in a localized
inflammatory response. Thus, the clinical and imaging manifestations are dictated by the specific location of the underlying immune response within the nervous system, which leads to substantial variability. While limbic dysfunction is the single most
consistent finding in autoimmune encephalitis, varying degrees of
involvement are seen within the neocortex, striatum, hindbrain,
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spine, and peripheral nervous system based on the unique antibody profile.3,9-12 In addition, certain antibody subtypes consistently lack imaging manifestations, while others characteristically
demonstrate prominent “extralimbic” involvement.3,7,13-15
Although it was initially thought to be relatively rare, there is
growing consensus that autoimmune encephalitis is responsible
for a subset of altered mental status previously considered idiopathic.3-5 Despite its growing recognition as a rare cause of altered
mental status, autoimmune encephalitis remains a diagnosis of
exclusion with more common causes often identified during the
standard diagnostic evaluation.16,17 However, more complex presentations of altered mental status may display atypical features
without a clear etiology identified after routine testing.16,17 In
these situations, recognition of potential cases of autoimmune
encephalitis by the radiologist can be the first step to optimizing
clinical outcomes through ensuring that a prompt and appropriate clinical work-up is performed, including the use of specialized
serum/CSF antibody panels, with the ultimate goal of establishing
an effective treatment regimen before the onset of devastating
complications.3,5,8,18
The purpose of this article is to discuss the subset of immunemediated CNS conditions with features of autoimmune encephalitis (ie, antibody-mediated inflammation of the brain), provide
a framework for radiologists to understand the relevant neuroimmunology, review the major antibody subtypes, and describe the
constellation of clinical and imaging features that are most suggestive of this diagnosis.

plastic limbic encephalitis across different antibody profiles that found that 39
of 50 patients (79%) had similar T2FLAIR hyperintense signal changes in
their temporal lobes and limbic structures.19 This study, conducted by
Gultekin et al19 in 2000, proposed the
first diagnostic criteria for paraneoplastic limbic encephalitis, which included
the following: 1) short-term memory
loss, seizures, or psychiatric symptoms;
2) ⬍4 years between symptom onset and
cancer diagnosis; 3) exclusion of metastases, infection, metabolic, or other
causes; and 4) one of the following: inflammatory CSF findings, temporal lobe
T2 or FLAIR hyperintensity on MR imaging, or electroencephalogram abnormality in the temporal lobes.19 Tüzün
and Dalmau27 subsequently modified
FIG 1. Anti-Hu encephalitis. A 68-year-old man with chronic obstructive pulmonary disease
presented with gradually worsening memory deﬁcits and confusion, with subclinical seizures. MR these criteria in 2007 to account for the
imaging of the brain demonstrates T2-FLAIR hyperintensity and mild expansion in the right medial growing subset of nonparaneoplastic
temporal lobe (A), right insular cortex (not shown), and left dorsal thalamus (not shown), without forms of autoimmune encephalitis,
restricted diffusion (not shown) or postcontrast enhancement (not shown). FDG-PET of the brain
demonstrates a hypermetabolic focus within the right medial temporal lobe lesion (B). PET of the which also demonstrated prominent
body demonstrates a hypermetabolic focus in the left lung (E), consistent with biopsy-proved limbic involvement.
small-cell lung cancer. The patient was in remission following treatment with intravenous immuIn addition to the “paraneoplasticnoglobulin infusions, oral steroids, and chemotherapy, but he presented approximately 2.5 years versus-nonparaneoplastic” categorizalater with worsening memory decline. MR imaging at that time (C and D) shows new T2-FLAIR
hyperintensity in the left medial temporal lobe (white arrow) with volume loss within the right tion, antibody-mediated encephalitides
medial temporal lobe (white arrowhead). An old right occipital lobe infarct is also incidentally can also be characterized as either group
noted.
I or group II according to the location of
their neuronal antigens (On-line Table),
Pathophysiology: Models for Disease Classiﬁcation
with group I antibodies targeting intracellular antigens and group
Antibody-mediated CNS disorders can be classified into 2 broad
II antibodies targeting antigens on the cell surface.1,2,6,7,9,27 This
categories, paraneoplastic or nonparaneoplastic, based on the
distinction is clinically relevant because it has implications for
presence or absence of an underlying malignancy, respectivetreatment response, association with an underlying malignancy,
ly.18-20 Paraneoplastic syndromes affecting the CNS are generally
and overall long-term prognosis.9,20,22,28
thought to develop in cancer when antigens shared by tumor cells
and native nonneoplastic neuronal cells result in an antibodyGroup I Antibodies: Autoimmune Encephalitis with
mediated attack on previously immune-privileged neuronal
Intracellular Antigens
Group I antibodies target intracellular neuronal antigens, are more
structures.2,6-8,19 Initially thought to occur in ⬍1% of patients
with cancer, more recent data suggest that the true incidence is
closely associated with an underlying malignancy, and use the same
likely much higher.3-6 Paraneoplastic syndromes are most often
cytotoxic T-cell mechanisms when targeting the intracellular neuroseen in small-cell lung cancer but can also be seen in a variety of
nal antigens and onconeuronal antigens as part of the immune reother cancers as well, such as neuroblastoma, germ cell tumor of
sponse to cancer.1,7,9,29 Group I antibodies are also associated with
the testis, breast cancer, Hodgkin lymphoma, thymoma, and impoor clinical outcomes, characterized by a decreased response to immature ovarian teratomas.19-22
munomodulatory therapy and an increased prevalence of “irreversRegardless of the etiology and antibody profile, there is a clear
ible” neuronal damage, and often have the additional burden of an
predilection in autoimmune encephalitis for antigens within the
underlying malignancy.9,19,21 Compared with group II antibodies,
3,10,23,24
limbic system (Figs 1 and 2).
Paraneoplastic limbic engroup I antibodies are less specific clinical markers of disease for
cephalitis, a specific paraneoplastic syndrome affecting the temautoimmune encephalitis and can also be seen in patients with cancer
poral lobe and limbic structures, was first described by the British
without paraneoplastic syndromes.29,30
25
neuropathologists Corsellis et al in 1968 after identifying
postinflammatory changes in the mesial temporal lobes of paAnti-Hu
Anti-Hu (anti-neuronal nuclear antibody 1) encephalitis is the
tients with progressive memory loss after being diagnosed with
most common paraneoplastic form of autoimmune encephalitis,
lung cancer. Kohler et al26 later correlated these inflammatory
has a relatively poor prognosis compared with other subtypes, and
changes with T2-weighted hyperintense signal changes on MR
is associated with small-cell lung cancer in most cases (75%).19,31
imaging of the brain. These characteristic neuroimaging findings
were later validated by a larger study of 50 patients with paraneoAnti-Hu syndrome is a distinct clinical phenotype described in
AJNR Am J Neuroradiol 38:1070 –78
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minority of patients (26%) had classic
symptoms of limbic encephalitis, and
most patients with brain stem involvement had ophthalmoplegia (92%).13
Abnormal findings on brain MR imaging were common (74%) and often involved classic T2-FLAIR hyperintense
lesions in the medial temporal lobes
with variable involvement of the thalamus and brain stem.13 Although not
classic, nodular postcontrast enhancement that can mimic tumor or infection
has also been described.13,35,36

Anti-CV2
Anti-CV2 (collapsin response mediator
protein 5) encephalitis is a unique subtype associated with small-cell lung cancer and malignant thymoma that has
prominent T2-FLAIR hyperintense lesions in the striatum and clinically resembles choreiform movement disorders.3,37 MR imaging features are also
atypical
compared with other types of
FIG 2. Graves ophthalmopathy with anti-Hu encephalitis. A 63-year-old woman with severe
autoimmune
encephalitis in that there is
encephalopathy and diffuse enlargement of the extraocular muscles developed fatal autonomic
dysfunction. MR imaging of the brain demonstrates prominent T2-FLAIR abnormalities in the less prominent involvement of the memesial temporal lobes (A), right thalamus (B), right ⬎ left insular cortex (B), and posterior right
3,37
Most important,
temporal lobe (B), without enhancement (C) and with T2 shinethrough but no restricted diffusion dial temporal lobe.
there
is
typically
no
restricted diffusion
on DWI (D) and the corresponding ADC map (E). There is also diffuse symmetric enlargement of
the extraocular muscles, resulting in exophthalmos (F).
or T2-FLAIR hyperintense lesions in the
striatum, which can help differentiate
patients with cancer expressing anti-Hu antibodies and has
this condition from prion diseases like Creutzfeldt-Jakob disfeatures of paraneoplastic encephalomyelitis, paraneoplastic subease.3,16 When one considers this relatively rare diagnosis, it is
acute sensory neuropathy, and paraneoplastic cerebellar degenerimportant to first rule out more common toxometabolic disation.19,31,32 While anti-Hu encephalitis is not as closely associorders such as hyperammonemia, carbon monoxide poisonated with seizures as some of the other major subtypes of
ing, and hypoglycemia.
autoimmune encephalitis, a subset of patients with anti-Hu encephalitis can present with epilepsia partialis continua, a specific
Anti-Glutamic Acid Decarboxylase
seizure disorder characterized by extended focal motor epileptic
Glutamic acid decarboxylase (GAD) is an intracellular enzyme
seizures prominently involving the face and distal extremities that
that catalyzes the synthesis of ␥-aminobutyric acid, the major inrecur every few seconds/minutes.32,33 MR imaging findings corhibitory neurotransmitter in the CNS. Anti-glutamic acid decarrelate with clinical features and typically include T2-FLAIR hyboxylase antibodies are unique because they are a group I antiperintense lesions in the medial temporal lobes with variable inbody not typically associated with malignancy and are also
volvement of the cerebellum and brain stem (Figs 1 and
associated with other nonneoplastic autoimmune conditions
2).3,19,21,23
such as type 1 diabetes mellitus.9,38 The anti-glutamic acid decar-

Anti-Ma/Ta
Anti-Ma (Ma1/Ma2/Ma3) encephalitis has a better prognosis
than anti-Hu and is strongly associated with testicular tumors in
young men and small-cell lung cancer or breast cancer in older
patients.7,9,34,35 The association with testicular tumors in young
men is so strong that some authors have advocated empiric orchiectomy in refractory cases of severe anti-Ma encephalitis for presumed microscopic neoplastic testicular tumors if certain diagnostic criteria are met and no other etiology is found.36 According
to a review of 38 patients with anti-Ma encephalitis, most patients
(62%) presented with neurologic symptoms before the identification of their malignancy, which included any combination of
limbic, diencephalic, or brain stem dysfunction.13 Notably, only a
1072
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boxylase antibody subtype can cause a form of autoimmune encephalitis with classic temporal lobe lesions on MR imaging with
the expected clinical findings of limbic encephalitis plus additional features of stiff person syndrome with early and prominent
development of seizures (Fig 3).9,38

Additional Type I Antibody Subtypes
Amphiphysin antibodies are most often seen in breast cancer and
small-cell lung cancer with associated clinical features of stiff person
syndrome, myelopathy, myoclonus, and encephalomyelitis.7,39 Ri
(anti-neuronal nuclear antibody 2) antibodies are also most often
seen in breast cancer and small-cell lung cancer, with features of brain
stem encephalitis and opsoclonus-myoclonus syndrome.7,39 Yo (pa-

FIG 3. Anti-glutamic acid decarboxylase encephalitis. A 61-year-old
woman presented with headaches, mild confusion, and nystagmus
without development of psychosis, severe encephalopathy, or seizures. MR imaging of the brain demonstrates T2-FLAIR hyperintensity
in the right ⬎ left hippocampus (A and B), right ⬎ left insular cortex
(B), and bilateral cingulate gyrus (C and D) without restricted diffusion
(not shown), hemorrhage (not shown), or postcontrast enhancement
(not shown).

rietal cell autoantibodies 1) antibodies are most often seen in ovarian
cancer and breast cancer, with characteristic features of paraneoplastic cerebellar degeneration, but they can also demonstrate features of
autoimmune encephalitis.7,39,40

FIG 4. Anti-N-methyl D-aspartate receptor encephalitis. A 32-yearold woman presented with headaches, vertigo, and psychosis with
subsequent development of encephalopathy and seizures. MR imaging of the brain performed after the onset of seizures 2 weeks after
initial presentation demonstrates T2-FLAIR hyperintensity in the left
inferior temporal lobe (A), left ⬎ right insular cortex (B and C), and
left ⬎ right cingulate gyrus (B–D), without restricted diffusion (not
shown), hemorrhage (not shown), or postcontrast enhancement (not
shown).

body or malignancy is not identified but the diagnosis is strongly
suggested by a combination of characteristic clinical features, typical neuroimaging findings, good empiric treatment response,
and no convincing alternative diagnosis.43-45

Group II Antibodies: Autoimmune Encephalitis with
Cell-Surface Antigens

N-Methyl D-Aspartate Receptor

Group II antibodies target cell-surface neuronal antigens, are less
likely to be associated with an underlying malignancy, and use
more “restricted” humoral immune mechanisms of neurotoxicity
that typically respond better to early immunomodulatory therapy.9,20,41 Group II antibodies also represent a more specific clinical marker of disease for antibody-mediated encephalitis, with
reduction in serum antibody titers following treatment directly
associated with improved neurologic outcomes.41,42 Group II antibodies often target synaptic proteins and can result in the downregulation of receptors that leads to altered synaptic transmission
associated with epileptiform activity.9,11,15 Patients with nonneoplastic forms of autoimmune encephalitis associated with
group II antibodies may have an underlying systemic autoimmune disorder or can develop symptoms following a viral infection or vaccination, but in many cases, no clear etiology is identified.1,4,11,43 The current list of group II antibodies will likely
continue to grow on the basis of the number of case reports in the
medical literature of “suspected autoimmune encephalitis” or
“steroid-responsive limbic encephalitis,” in which a specific anti-

N-methyl D-aspartate receptor (NMDAr) encephalitis is one of
the most common and best characterized subtypes of autoimmune encephalitis classically seen in young women and children
with autoimmunity not associated with cancer (Fig 4).20,28,46 This
subtype is mediated by immunoglobulin G antibodies against the
GluN1 subunit of the neuronal NMDAr, with inflammatory neuronal dysfunction that is thought to be initially reversible but
potentially progresses to permanent neuronal destruction if untreated, due to prolonged inflammation and N-methyl D-aspartate (NMDA)-mediated glutamate excitotoxicity.9,47,48 NMDAr
encephalitis has a well-characterized progression of features characterized by an initial viral-like prodrome (fever, malaise, headaches, and anorexia), followed by psychiatric symptoms (anxiety,
depression, schizophrenia, and psychosis), which progress to include temporal lobe dysfunction (amnesia and seizures) and
ultimately culminate in severe neurologic deficits, including
autonomic dysfunction, dystonia/dyskinesia, and profound encephalopathy.3,20,49,50 There are many cautionary reports in the
medical literature of young women with NMDAr encephalitis and
AJNR Am J Neuroradiol 38:1070 –78
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FIG 5. Anti-voltage-gated calcium channel encephalitis. A 39-year-old woman presented with left-sided weakness and left visual ﬁeld deﬁcits
with subsequent development of encephalopathy and seizures. Initial MR imaging of the brain (A–D) demonstrates multifocal T2-FLAIR
hyperintense lesions in the right parieto-occipital region (A), with associated pial/sulcal enhancement (B) and mild cortical restricted diffusion
and T2 shinethrough within the subcortical white matter on DWI (C) and the corresponding ADC map (D). Follow-up MR imaging of the brain
performed 34 days later (E–H) demonstrates decreased T2-FLAIR hyperintensity (E) with cortical laminar necrosis and petechial hemorrhage (F)
at the original lesion, with progressive development on subsequent examinations of similar cortical lesions in the contralateral frontal, parietal,
and occipital lobes (E–H).

no significant medical history who present with initial psychiatric
symptoms that prompt admission to a psychiatric facility but later
require transfer to the intensive care unit after development
of the more severe neurologic deficits associated with this
condition.18,20,48,51
With early diagnosis and treatment, patients with NMDAr encephalitis have a relatively good prognosis and can experience a return to their baseline functional status with complete resolution of
neuroimaging abnormalities on follow-up examinations.20,41,49 Relapsing forms of nonparaneoplastic NMDAr encephalitis have been
reported, and long-term prophylaxis with steroid-sparing agents like
rituximab may be required in a subset of cases.42,48,50 A minority of
cases of NMDAr encephalitis can be associated with an underlying
malignancy, especially in older patients.20,52,53 According to 1 study,
45% of adult women with NMDAr encephalitis had an underlying
ovarian teratoma but only 9% of young girls had this finding.53 In
women older than 45 years of age, this same study found that 23% of
women had an ovarian carcinoma instead of a teratoma.53 This finding highlights the need to screen all patients with autoimmune encephalitis for an underlying malignancy, regardless of the antibody
profile, and even to consider the possibility of a contralateral or concurrent tumor with a poor response to treatment despite removal of
a tumor.27,49 NMDAr encephalitis is an especially important diagnosis to consider in young patients with limbic encephalitis because the
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California Encephalitis Project found that the number of young patients in the study with NMDAr encephalitis was greater than those
with any single viral etiology.54 Anti-NMDAr antibodies have even
been found in patients with herpes simplex virus encephalitis55 and
Rasmussen encephalitis,56 which can further complicate the diagnostic work-up.
One unique feature of the NMDAr encephalitis subtype is that
it is unlikely to have associated neuroimaging abnormalities on
initial presentation (89%) or follow-up MR imaging of the brain
(79%).14 The lack of neuroimaging findings in NMDAr encephalitis is consistent across the medical literature, with another study
reporting that most patients with NMDAr encephalitis (66%) had
normal brain MR imaging findings, and the remaining 44% had
wide variation in the distribution and degree of T2-FLAIR hyperintense signal changes throughout the brain.53 Recognizing this
established progression of specific symptoms and a lack of neuroimaging findings is essential to prospectively consider the diagnosis in the appropriate clinical setting, particularly when patients
demonstrate characteristic electroencephalogram findings.57
When brain MR imaging abnormalities are present, these T2FLAIR hyperintense lesions can typically demonstrate mild transient cortical enhancement without restricted diffusion or hemorrhage (Fig 4).3,14,53 When brain MR imaging findings are
absent but the clinical findings suggest the possibility of an auto-

FIG 6. Anti-voltage-gated calcium channel cerebellitis. A 23-year-old woman with a history of
autoimmune hepatitis presented with altered mental status. Initial brain MR imaging (A–E) demonstrates T2-FLAIR hyperintensity within the bilateral cerebellar hemispheres with mass effect on
the fourth ventricle (A and B), without evidence of postcontrast enhancement (C) and with mild
restricted diffusion on DWI (D) and the corresponding ADC map (E). A follow-up scan 1 month
later (F) demonstrates resolution of the T2-FLAIR hyperintensity and associated mass effect on
the fourth ventricle following a steroid taper.

immune encephalitis, brain FDG-PET imaging may be indicated,
especially early in the disease process if clinical suspicion for autoimmune encephalitis is high, because it appears to be a more
sensitive imaging technique for detecting temporal lobe abnormalities with normal brain MR imaging findings.29,40,44,58

Voltage-Gated Potassium Channel
Voltage-gated potassium channel (VGKC) encephalitis is one of
the most common group 2 subtypes of autoimmune encephalitis,
which can demonstrate classic features of limbic encephalitis but
is primarily defined by the early and prominent development of
medically intractable epilepsy.24 The near-universal development
of seizures in patients with VGKC encephalitis is partially explained by the high concentration of potassium channels in the
limbic structures, and the epileptogenic potential of these antibodies is further supported by the observation that up to 6% of
patients with a long-standing history of epilepsy were found to
have circulating VGKC autoantibodies.59 It remains unclear
whether VGKC antibodies directly contribute to neuronal dysfunction independent of seizure activity, but there is growing consensus that a genetic predisposition to VGKC autoimmunity is
probably an independent risk factor for the development of temporal lobe epilepsy.9,59
According to a recent review of 42 patients with VGKC encephalitis, most (69%) demonstrated MR imaging findings classic
for autoimmune encephalitis in the acute setting (T2-FLAIR hyperintense lesions in 1 or both medial temporal lobes) and had an
increased propensity to develop chronic findings of mesial tem-

poral sclerosis on follow-up imaging
(48%).24 A subset of patients with medial temporal lobe lesions demonstrated
additional findings of restricted diffusion and postcontrast enhancement
(21%) that was highly associated with
the development of mesial temporal
sclerosis (66%).24 Another important
finding was that “extralimbic” involvement in VGKC encephalitis was exceedingly rare (5%).24 The number of specific antibodies within the spectrum of
VGKC encephalitis continues to grow,
with distinction now being made for antibodies to particular antigens like leucine-rich glioma-inactivated 1, contactin-associated protein-like 2, and
dipeptidyl-peptidase-like
protein-6,
which represent distinct subtypes of autoimmune encephalitis because these
antibodies bind not to the Kv1 neuronal
antigens of the VGKC but to other juxtaparanodal proteins with a different
clinical profile.6,60-63

Voltage-Gated Calcium Channel

Voltage-gated calcium channel (VGCC)
encephalitis is a relatively rare subtype
described in women and young children, which is associated with the classic
clinical progression of symptoms described in group II antibodies
(viral prodrome 3 neuropsychiatric symptoms 3 limbic dysfunction 3 seizures) and can have prominent “migratory” extralimbic involvement with gyriform postcontrast enhancement and
cortical laminar necrosis (Figs 5 and 6).64,65

␥-Aminobutyric Acid Receptor

␥-aminobutyric acid encephalitis (GABAr) has 2 subtypes that
both have clinical features similar to those of VGKC encephalitis
but are less common and have a better overall prognosis.3,15,43,66
The 2 ␥-aminobutyric acid receptor subtypes have different clinical profiles and are characterized by antibodies to either the
␥-aminobutyric acid A-receptor or B-receptor subunits.3,15,43,66
Patients with antibodies to the ␥-aminobutyric acid B-receptor
present with classic features of limbic encephalitis defined by early
and frequent seizures with the development of T2-FLAIR hyperintense signal changes in 1 or both temporal lobes.3,43,66 Patients
with ␥-aminobutyric acid B-receptor antibodies have a higher
association with cancer than most other group II antibodies and
are more often seen with small-cell lung cancer or pulmonary
neuroendocrine tumors.3,43,66 The development of autoimmune
encephalitis in these patients usually precedes the diagnosis of
cancer but responds well to immunosuppression and removal of
the underlying tumor.66 Patients with ␥-aminobutyric acid A-receptors also have a good prognosis with adequate treatment, are
not associated with cancer, and are unique because in addition to
classic MR imaging findings, these patients often demonstrate
AJNR Am J Neuroradiol 38:1070 –78
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FIG 7. Hashimoto encephalitis. A 41-year-old woman presented with gradually worsening headaches and memory impairment without the
development of psychosis or seizures. MR imaging of the brain (time, 0) demonstrates T2-FLAIR hyperintensity in the inferior left temporal lobe
(A) without evidence of restricted diffusion (B and C). MR imaging of the brain (time, 21 days) demonstrates enlargement of the lesion on
T2-FLAIR (not shown) without postcontrast enhancement (D). MR imaging of the brain (time, 3 months) demonstrates resolution of the prior
lesion (not shown) but development of similar T2-FLAIR hyperintensity in the right frontoparietal junction (E). A subsequent scan at approximately 5 months shows near-complete resolution of that lesion with a new T2-FLAIR hyperintense lesion more posteriorly (F). A follow-up scan
(G and H) nearly 1 year from onset shows complete resolution of the imaging abnormalities.

extensive T2-FLAIR hyperintense lesions outside of the limbic
system.3,15

drome, stiff person syndrome, or progressive encephalomyelitis
with rigidity and myoclonus.6

Alpha-Amino-3-Hydroxy-5-Methyl-4-Isoxazolepropionic
Acid Receptor

Systemic Autoimmunity with Encephalopathy

Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAr) encephalitis is an uncommon subtype characterized by the subacute onset of purely psychiatric symptoms with
T2-FLAIR hyperintensities isolated to the hippocampus. This
subtype has a higher association with cancer than other cell-surface antibody subtypes and is most often seen in women with
lung, breast, or thymic tumors.3,67

Additional Type II Antibody Subtypes
Anti-glutamate receptor 3 (GluR3) antibodies have been associated with Rasmussen encephalitis.7 Anti-metabotropic glutamate
receptor 1 (mGluR1) antibodies have been described in patients
with lymphoma with cerebellar ataxia.7 Anti-metabotropic glutamate receptor 5 (mGluR5) antibodies have been linked to limbic
encephalitis associated with Hodgkin lymphoma (Ophelia syndrome).7 Anti-D2 dopamine receptor antibodies represent a rare
subtype associated with basal ganglia encephalitis.8 Anti-glyoxylate reductase 1 (GlyR1) antibodies can be seen in 3 related groups
distinguished by having dominant clinical features of stiff leg syn1076
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Neuropsychiatric manifestations of systemic autoimmune
conditions such as systemic lupus erythematosus can occur
and may be mediated by an antibody profile that includes antiphospholipid antibodies and anti-glutamate receptor antibodies.68 Catastrophic antiphospholipid antibody syndrome is
a condition that can present with strokelike symptoms and
multifocal petechial hemorrhages throughout the brain, which
are best seen on susceptibility-weighted MR imaging sequences.68 Patients with thyroid dysfunction and antithyroid
antibodies in conditions like Graves disease or Hashimoto thyroiditis can develop encephalopathy associated with their autoimmune thyroid disease that has a characteristic “migratory
pattern” of neuroimaging findings with cortical T2-FLAIR lesions in different regions of the brain on sequential MR imaging examinations (Fig 7).11,69 Hashimoto encephalopathy, in
particular, is closely associated with autoimmune encephalitis,
given its propensity for the combination of encephalopathy,
psychiatric symptoms, and seizures.69,70 MR imaging findings
in Hashimoto encephalopathy often have more prominent fea-

tures of leukoencephalopathy (patchy and confluent T2FLAIR hyperintense lesions in the subcortical, periventricular,
and deep white matter).2,43,70

CONCLUSIONS
Autoimmune encephalitis is an important diagnostic consideration in patients presenting with new onset of altered mental status of unclear etiology. It includes a myriad of clinical conditions
that have a common pathophysiology (ie, antibodies directed
against CNS structures). The 2 distinct groups (group I, intracellular directed antibodies, and group II, cell-surface directed antibodies) have overlapping clinical and imaging features. Neuroimaging findings will most often involve the limbic structures, but
involvement of the striatum, diencephalon, or rhombencephalon
can be seen. A subset of patients with autoimmune encephalitis
will have no neuroimaging findings despite profound neuropsychiatric dysfunction, but serum antibody testing can still ultimately lead to the diagnosis of autoimmune encephalitis. While
there is no single diagnostic feature that can make this diagnosis in
isolation, recognizing a certain constellation of findings during
the work-up of complex and atypical cases of new-onset altered
mental status is crucial to confirm the diagnosis with serologic
testing and initiate treatment in a timely fashion.

ACKNOWLEDGMENTS
We are grateful to our clinical colleagues in the Department of
Neurology within the Henry Ford Health System for their role in
diagnosing and treating patients with autoimmune encephalitis at
our institution. We would specifically like to acknowledge Dr
Daniel Newman, Director of the Henry Ford Hoenselaar ALS
Clinic, for his enthusiastic clinical support and expertise. We
would also like to thank Dr Chunhai Hao, Chief of Neuropathology in the Department of Pathology and Laboratory Medicine at
Henry Ford Hospital, for his work characterizing the histopathology of brain biopsy specimens in cases of suspected autoimmune
encephalitis at our institution.

REFERENCES
1. Dalmau J, Rosenfeld MR. Autoimmune encephalitis update. Neuro
Oncol 2014;16:771–78 CrossRef Medline
2. Caselli RJ, Drazkowski JF, Wingerchuk DM. Autoimmune encephalopathy. Mayo Clin Proc 2010;85:878 – 80 CrossRef Medline
3. da Rocha AJ, Nunes RH, Maia AC Jr, et al. Recognizing autoimmune-mediated encephalitis in the differential diagnosis of limbic
disorders. AJNR Am J Neuroradiol 2015;36:2196 –205 CrossRef
Medline
4. Glaser CA, Gilliam S, Schnurr D, et al; California Encephalitis Project,
1998 –2000. In search of encephalitis etiologies: diagnostic challenges in the California Encephalitis Project, 1998 –2000. Clin Infect
Dis 2003;36:731– 42 CrossRef Medline
5. Armangue T, Leypoldt F, Dalmau J. Autoimmune encephalitis as
differential diagnosis of infectious encephalitis. Curr Opin Neurol
2014;27:361– 68 CrossRef Medline
6. Vincent A. Autoimmune channelopathies: new antibody-mediated
disorders of the central nervous system. F1000 Biol Rep 2009;1:61
CrossRef Medline
7. Graus F, Saiz A, Dalmau J. Antibodies and neuronal autoimmune
disorders of the CNS. J Neurol 2010;257:509 –17 CrossRef Medline
8. Ramanathan S, Mohammad SS, Brilot F, et al. Autoimmune
encephalitis: recent updates and emerging challenges. J Clin Neurosci 2014;21:722–30 CrossRef Medline

9. Bien CG, Vincent A, Barnett MH, et al. Immunopathology of autoantibody-associated encephalitides: clues for pathogenesis. Brain
2012;135:1622–38 CrossRef Medline
10. Demaerel P, Van Dessel W, Van Paesschen W, et al. Autoimmunemediated encephalitis. Neuroradiology 2011;53:837–51 CrossRef
Medline
11. Moscato EH, Jain A, Peng X, et al. Mechanisms underlying autoimmune synaptic encephalitis leading to disorders of memory, behavior and cognition: insights from molecular, cellular and synaptic
studies. Eur J Neurosci 2010;32:298 –309 CrossRef Medline
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Thalamic Iron Differentiates Primary-Progressive and
Relapsing-Remitting Multiple Sclerosis
X A. Burgetova, X P. Dusek, X M. Vaneckova, X D. Horakova, X C. Langkammer, X J. Krasensky, X L. Sobisek, X P. Matras,
X M. Masek, and X Z. Seidl

ABSTRACT
BACKGROUND AND PURPOSE: Potential differences between primary progressive and relapsing remitting multiple sclerosis are the
subject of ongoing controversial discussions. The aim of this work was to determine whether and how primary-progressive and relapsingremitting multiple sclerosis subtypes differ regarding conventional MR imaging parameters, cerebral iron deposits, and their association
with clinical status.
MATERIALS AND METHODS: We analyzed 24 patients with primary-progressive MS, 80 with relapsing-remitting MS, and 20 healthy
controls with 1.5T MR imaging for assessment of the conventional quantitative parameters: T2 lesion load, T1 lesion load, brain parenchymal
fraction, and corpus callosum volume. Quantitative susceptibility mapping was performed to estimate iron concentration in the deep gray
matter.
RESULTS: Decreased susceptibility within the thalamus in relapsing-remitting MS compared with primary-progressive MS was the only
signiﬁcant MR imaging difference between these MS subtypes. In the relapsing-remitting MS subgroup, the Expanded Disability Status
Scale score was positively associated with conventional parameters reﬂecting white matter lesions and brain atrophy and with iron in the
putamen and caudate nucleus. A positive association with putaminal iron and the Expanded Disability Status Scale score was found in
primary-progressive MS.
CONCLUSIONS: Susceptibility in the thalamus might provide additional support for the differentiation between primary-progressive and
relapsing-remitting MS. That the Expanded Disability Status Scale score was associated with conventional MR imaging parameters and iron
concentrations in several deep gray matter regions in relapsing-remitting MS, while only a weak association with putaminal iron was
observed in primary-progressive MS suggests different driving forces of disability in these MS subtypes.
ABBREVIATIONS: BPF ⫽ brain parenchymal fraction; CCV ⫽ corpus callosum volume; CN ⫽ caudate nucleus; DGM ⫽ deep gray matter; EDSS ⫽ Expanded
Disability Status Scale; GP ⫽ globus pallidus; HC ⫽ healthy controls; Put ⫽ putamen; QS ⫽ quantitative susceptibility; QSM ⫽ quantitative susceptibility mapping;
PPMS ⫽ primary-progressive multiple sclerosis; RRMS ⫽ relapsing-remitting multiple sclerosis; RREM ⫽ relapsing-remitting EDSS-matched group; T1LL ⫽ T1 lesion load;
T2LL ⫽ T2 lesion load

P

athologic cerebral iron accumulation in multiple sclerosis is a
consistent finding in MR imaging and neuropathologic stud-
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ies. Abnormal iron deposits were detected particularly in the deep
gray matter (DGM)—that is, in the putamen, caudate nucleus
(CN), and globus pallidus (GP) with iron-sensitive MR imaging
techniques such as R2* relaxometry, magnetic field correlation
imaging, phase imaging, and quantitative susceptibility mapping
(QSM).1-8 Neuropathologic studies in MS confirmed increased
iron content in both glial cells and neurons in DGM associated
with degenerative changes,9 while overall iron loss was observed
in normal-appearing white matter.10 An increase in iron concentration appears to be an early phenomenon, with the highest
amounts of accumulation occurring during the transitions from
clinically isolated syndrome to definite MS.11
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Currently, little information is available on the differences in
iron content in various MS subtypes. Primary-progressive MS
(PPMS) is a subtype characterized by a steady progression without relapses and worse response to immunosuppressant drugs. It
has been postulated that underlying mechanisms and measures of
disability progression in PPMS may be different from those in
relapsing-remitting MS (RRMS). In particular, inflammation
may be less prominent compared with neurodegeneration in the
PPMS subtype. However, neuroimaging studies supporting this
theory are lacking. It remains unclear whether PPMS and RRMS
subtypes differ in iron accumulation in the DGM. Differences in
demographic and clinical data cause difficulties in the comparison of these 2 subtypes. PPMS affects older age groups than
RRMS, with a peak incidence in the fifth and sixth decades; the
male-to-female ratio is typically 1:1 compared with 1:3 reported
in most RRMS trials. Additionally, the Expanded Disability Status
Scale (EDSS) score is higher in patients with PPMS than in those
with RRMS, with the same disease duration indicating faster disease progression in PPMS.12
The primary goal of this study was to compare iron content
and conventional MR imaging parameters such as T2 lesion load
(T2LL), T1 lesion load (T1LL), brain parenchymal fraction (BPF),
and corpus callosum volume (CCV) in RRMS and PPMS. We
were particularly interested in whether these MS subtypes differ in
iron concentration and whether iron accumulation has a different
impact on disability in PPMS compared with RRMS. From several
MR imaging– based techniques enabling the assessment of iron
concentration in the brain,13 we chose quantitative susceptibility
mapping (QSM). Postmortem validation studies have demonstrated that QSM in the DGM is tightly correlated with iron concentration.14 QSM has been shown to correlate with R2 and R2*
relaxometry, but compared with these techniques, it does not require multiecho data, has a higher dynamic range, and might be
more sensitive to smaller tissue-susceptibility changes.15-18
The secondary goal was to investigate the correlation between
quantitative MR imaging parameters and clinical disability measured by the EDSS in both MS subtypes.

MATERIALS AND METHODS
Research Subjects
Twenty-four patients with PPMS, 20 age- and sex-matched
healthy controls (HC), and 303 patients with RRMS were investigated. Patients with RRMS and PPMS were diagnosed according
to the clinical classification of Lublin et al.19 Of the total 28 patients with PPMS from the data base of our MS center, 4 patients
were excluded due to contraindications to MR imaging, refusal to
participate in this study, moving away, and incomplete set of data,
respectively. Patients with RRMS who had routine MR imaging
examinations from September 2013 to September 2015 were
asked to participate in this study; 303 patients were investigated.
From the whole sample of 303 patients with RRMS, 2 groups have
been identified by distributional matching to the PPMS group by
using the MatchIt Library (Version 2.4 –21),20 as implemented in
the R Statistical and Computing Software (http://www.r-project.org/). The first RRMS group consisting of 80 patients was obtained by matching RRMS to PPMS according to age and sex. The
second RRMS group was obtained by an independent procedure
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of matching RRMS to PPMS according to age, sex, and EDSS
score. This additional EDSS matching, performed to control for
higher disease severity in the PPMS group, yielded a group of 40
patients, referred to as RREDSS-Matched (RREM); RRMS and RREM
groups are partially overlapping with 29 patients included in both
groups. Seventy-nine percent of patients from the RRMS group,
75% from the RREM group, and 29% from the PPMS group were
on a long-term MS-specific treatment (On-line Table 1). Written
informed consent was obtained from all patients, and the research
was approved by the local medical ethics committee at First Faculty of Medicine, Charles University and General University Hospital in Prague, Czech Republic.

MR Imaging Acquisition and Image Processing
The examinations were performed by using a 1.5T MR imaging
system (Gyroscan NT; Philips Healthcare, Best, the Netherlands);
a standard quadratic head coil was used. The protocol included
FLAIR (150 axial sections, TR ⫽ 1000 ms, TE ⫽ 140 ms, TI ⫽
2600 ms, spatial resolution ⫽ 1 ⫻ 1 ⫻ 1 mm3, scan duration ⫽ 10
minutes 16 seconds), T1-weighted imaging (fast-field echo/3D,
150 axial sections, TR ⫽ 25 ms, TE ⫽ 5.01 ms, spatial resolution ⫽
1 ⫻ 1 ⫻ 1 mm3, scan duration ⫽12 minutes 48 seconds), and
susceptibility-weighted imaging (fast-field echo/3D, 100 axial sections, TR ⫽ 48.1 ms, TE ⫽ 33.2 ms, spatial resolution ⫽ 0.8 ⫻
0.8 ⫻ 2.0 mm3, scan duration ⫽ 6 minutes 30 seconds) pulse
sequences.
Automated volumetric image analysis was performed with the
in-house-developed ScanView software (http://www.scanview.cz/)
as described previously.21-23 In brief, after standard image processing, image signal intensity was normalized (peak ⫽ 10,000,
WM ⫽ 5000 artificial units) and the volume of T2 lesions (T2LL)
was measured in homogenized and filtered FLAIR images as the
area exceeding 140% of the WM intensity and the size of 11 voxels.
Next, T2 hyperintensities were transformed to the T1-weighted
image and the volume of hypointensities (T1LL) was calculated as
the area with signal below 70% of the WM. In addition, the number of thalamic lesions was counted by a single rater on FLAIR
images. BPF (volume of the brain parenchyma divided by the
volume of the brain parenchyma and CSF space) and CCV were
measured on the T1-weighted image. For CCV measurement,
transversal sections were reconstructed to the sagittal plane. After
smoothing and edge-enhancing, we applied filters and the area of
the corpus callosum was outlined automatically on 7 sections,
including the midsagittal section and 3 adjacent sections to the left
and to the right. The resulting areas bounded by the curve were
then recorded in all 7 sagittal reconstructions, and average value
was calculated. The corpus callosum volume was calculated as
mean area multiplied by the total thickness of 7 sections.
The reproducibility of T1LL, T2LL, BPF, and CCV measurements was evaluated by using MR imaging data of 164 patients
with MS who were examined every 8 weeks throughout 1 year.
Interclass correlation coefficients of 2 measurements performed
within 8 weeks were 0.9983 for T1/T2LL, 0.9920 for BPF, and
0.9985 for CCV. The estimated reproducibility error of the automatic WM lesion segmentation algorithm was calculated to be
10% for small lesions (⬍1 cm3) and 2%–3% for larger lesions.
QSM images were reconstructed by using a total generalized

FIG 1. Sample MR image section depicting gradient-echo magnitude (A), raw phase (B), and quantitative susceptibility map (C) with ROIs outlined
in the caudate nucleus, putamen, globus pallidus, and thalamus.

variation method as previously described.24 Briefly, the reconstruction consisted of Laplacian unwrapping, background field
removal, and dipole inversion by using the total generalized variation regularization in a single integrated step. Susceptibility was
measured in the following ROIs: CN, putamen (Put), GP, and
thalamus. ROIs were determined by using automated segmentation of the T1-weighted image with FreeSurfer, Version 4.5
(http://surfer.nmr.mgh.harvard.edu/). QSM images were rigidly
aligned with the T1-weighted images, and subsequently regional
median susceptibilities in parts per billion were measured (Fig. 1).
To check the performance of the automatic segmentation algorithm, we compared it with manual segmentation, which was
considered ground truth. The extent of spatial overlap between
the manual and automatic segmentations was evaluated by using
comparative DICE scores. The CN, Put, GP, and thalamus outlines were manually segmented by a single rater in 3 randomly
selected healthy subjects by using ITK-SNAP software (www.
itksnap.org/).25 The CN and Put were segmented on T1-weighted
image; the GP and thalamus were segmented while simultaneously using coregistered T1-weighted and QSM images. The
mean comparative DICE scores (1.0 is perfect alignment) were
0.76 (range, 0.71– 0.80) for the CN, 0.79 (range, 0.79 – 0.80) for
the Put, 0.74 (range, 0.68 – 80) for the GP, and 0.79 (range, 0.77–
0.81) for the thalamus.
Because thalamic iron distribution is inhomogeneous, we have
additionally performed manual segmentation of the entire thalamic outline and pulvinar outline in all subjects with QSM and
T1-weighted images. Consequently, susceptibility in parts per billion was measured in the thalamus, pulvinar, and thalamus without the pulvinar.

Statistical Analysis
We used t tests or nonparametric Mann-Whitney U tests with a
nonpooled SD to compare between-group differences in mean or
median values of demographic, clinical, and MR imaging characteristics and median susceptibilities. Age was used as a covariate in
the analysis to correct for age-related increases in cerebral iron
concentration.26 The Benjamini-Hochberg procedure with P ⬍
.05 was used to minimize the false discovery rate. The relations
between EDSS and MR imaging metrics within each group were
investigated by the Spearman correlation coefficient. Addition-

ally, interaction analysis by using the multivariate general linear
model was performed to examine whether the association between conventional MR imaging parameters and susceptibility in
DGM nuclei differs by MS subtype. Interaction between MR imaging parameters and EDSS by MS subtype was also tested. Thus,
patients were categorized into 1 of 4 classes according to EDSS
category and MS subtype (ie, PPMS with EDSS ⱕ 4, PPMS with
EDSS ⬎ 4, RRMS with EDSS ⱕ 4, RRMS with EDSS ⬎ 4).
ANOVA and paired t tests were used to compare differences in
means of MR imaging parameters among these subgroups. All
analyses were performed with the statistical software R (www.
r-project.org/); reported P values are 2-tailed.

RESULTS
Clinical and Conventional MR Imaging Parameters:
Comparison of RRMS, PPMS, and Controls
MR imaging metrics in RRMS were compared with those in the
PPMS and HC groups. The clinical disability (EDSS) distribution
of patients with RRMS differs significantly from that in patients
with PPMS (P ⬍ .001). The PPMS group was, therefore, also
compared with the RREM MS subgroup, consisting of 40 patients
matched for EDSS scores. Subject demographic and clinical data
and comparison of conventional MR imaging parameters among
RRMS, PPMS, and HC are listed in Table 1. The PPMS group
showed significantly higher T1LL (P ⫽ .023) relative to the RRMS
group, while no significant differences were found between PPMS
and RREM MS groups in conventional MR imaging metrics.

Comparison of Susceptibility among MS Subtypes and HC
Compared with HC, both MS groups had significantly increased
quantitative susceptibility (QS) values in the putamen (HC versus
RRMS, P ⫽ .042, and PPMS, P ⫽ .009, respectively) (Fig. 2A).
Regional susceptibility was significantly lower in the thalamus in
the RRMS group compared with HC (P ⫽ .004). In contrast, there
was no such decrease in thalamic susceptibility in the PPMS group
compared with HC (P ⫽ .757). The only significant difference
between MS subtypes found was lower regional susceptibility in the
thalamus in the RRMS compared with the PPMS group (P ⫽ .007)
(Table 2 and Fig. 2B). Lower QS values in the thalamus were also
observed in the RREM group compared with PPMS (P ⫽ .007). Thalamic QS values were likely not influenced by demyelinating lesions
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Table 1: Demographic and clinical data and conventional MRI metrics in HC, RRMS, RREM, and PPMS groupsa
P Valueb

Age (yr)
Disease duration (yr)
EDSSd
T1LLd
T2LLd
BPF (%)
CCV (cm3)

HC 20
(8/12)
48.0 (7.3)
–
–
–
–
86.2 (1.5)
4.6 (0.6)

RRMS 80
(32/48)
46.9 (7.0)
12.4 (10.7)
2.5 (2.5)
1.1 (1.1)
2.1 (4.9)
84.2 (2.4)
4.1 (0.7)

RREM MS 40
(16/24)
48.6 (7.0)
13.2 (11.0)
4 (0.6)
1.4 (1.6)
3.6 (7.2)
83.8 (2.4)
4.0 (0.7)

PPMS 24
(9/15)
47.4 (6.8)
7.7 (3.3)
4.5 (1.6)
1.8 (3.3)
2.8 (10.6)
84.7 (3.0)
4.1 (0.8)

PPMS vs RRMS
(RREM)
.72 (.72)
.006c (.006)c
⬍.001c (.173)
.023c (.276)
.431 (.923)
.490 (.490)
.690 (.690)

HC vs RRMS
(RREM)
.72 (.72)
–
–
–
–
⬍.001 (⬍.001)
.004 (.001)

HC vs
PPMS
.72
–
–
–
–
.08
.013

Note:— – indicates not relevant.
a
The number of participants and the female/male ratio are reported for each group. Unless otherwise indicated, data are reported as mean (SD). Numbers in parentheses in the
headers of columns 2–5 are No. of subjects in groups (F/M).
b
Pair-wise comparison (P value). Differences among HC, PPMS, and RRMS (RREM) groups were tested using a t test or Mann-Whitney U test with nonpooled SD (BenjaminiHochberg correction).
c
Signiﬁcant.
d
Mann-Whitney U test with nonpooled SD (Benjamini-Hochberg correction) (median and interquartile range).

RRMS compared with HC (P ⫽ .035) and PPMS (P ⫽ .035)
groups. No significant differences were found in the pulvinar
(RRMS versus HC, P ⫽ .28; RRMS versus PPMS, P ⫽ .28) (Online Table 2 and On-line Fig 1).

Correlations of QS Values with Conventional MR Imaging
Metrics
In the RRMS group, we identified negative correlations between
QS values in the thalamus and T2LL as well as T1LL and a positive
correlation with BPF and CCV. In the PPMS group, QS values did
not correlate with any conventional MR imaging parameter
(Table 3).
Interaction analysis between each combination of dependent
(QS in CN, GP, Put, thalamus) and independent (T1LL, T2LL,
BPF, CCV) variables in PPMS and RRMS confirmed significant
interaction between MS subtypes and the T1LL/T2LL effect on
thalamic QS (P ⬍ .05). In the RRMS group, a strong negative
linear relationship between T1LL/T2LL and QS in the thalamus
was detected, while no such relationship was observed in the
PPMS group (On-line Table 3 and On-line Fig 2).

Association between MR Imaging Metrics and Disability
(EDSS) in MS Subtypes

FIG 2. Quantitative susceptibility values in the putamen (A) and thalamus (B) across healthy controls and multiple sclerosis subtypes.
Lower thalamic susceptibility values are observed in the RRMS compared with PPMS and HC groups. ppb indicates parts per billion.

because a single thalamic lesion was present in only 9 patients with
RRMS (11%) and 3 with PPMS (12.5%).
Results from manual segmentation of the entire thalamus confirmed these findings, showing significantly lower QS values in
RRMS compared with PPMS (P ⫽ .026) and a trend toward lower
values in RRMS compared with HC (P ⫽ .057). When we analyzed thalamic substructures, the difference in QS among RRMS,
PPMS, and HC groups was most pronounced in the thalamus
without the pulvinar; in this region lower QS values were found in
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In RRMS, the EDSS score was associated with all conventional
MR imaging parameters: T1LL, T2LL, BPF, and CCV (Table 4).
The strongest association was found for T1LL (Spearman correlation coefficient ⫽ 0.458, P ⬍ .0001). In addition, we identified a positive association between EDSS and QS values in the
putamen (Fig 3A) and the CN. A negative association between
the EDSS score and thalamic QS values was observed in the
RRMS group (Fig 3C). In contrast, no association was found
between the EDSS score and conventional MR imaging parameters in the PPMS group; there was only a positive association
between EDSS and putaminal QS values observed in this group
(Fig 3B, -D).
Interaction analysis comparing patients with EDSS ⱕ 4 and
EDSS ⬎ 4 in each MS subtype confirmed significant differences in
mean thalamic susceptibility between RRMS with greater EDSS
scores and PPMS regardless of EDSS scores (P ⬍ .001) (On-line
Tables 4 and 5). Statistical differences in T1LL and T2LL were
observed only between RRMS with greater EDSS scores and

Table 2: Quantitative susceptibility within deep GM structuresa
DGM Structure
QS (ppb)
CN
GP
Put
Thal

Pair-wise Comparison (P Value)b
HC
32.6 (9.5)
66.7 (8.5)
20.3 (5.4)
5.9 (3.3)

RRMS
35.0 (9.6)
71.9 (14.0)
24.3 (10.7)
2.6 (4.9)

RREM MS
38.3 (10.1)
72.4 (14.1)
27.7 (10.3)
2.0 (5.7)

PPMS vs RRMS (RREM)
.390 (.470)
.860 (.860)
.158 (.899)
.007c (.007)c

PPMS
36.8 (6.8)
70.8 (13.0)
28.1 (10.5)
5.6 (3.9)

HC vs RRMS (RREM)
.390 (.230)
.170 (.170)
.042c (.003)c
.004c (.004)c

HC vs PPMS
.230
.420
.009c
.757

Note:—Thal indicates thalamus.
a
All values are means (SD).
b
Pair-wise comparisons (P value) were tested using t tests with nonpooled SD (Benjamini-Hochberg correction).
c
Signiﬁcant.

Table 3: Correlations of QS values in DGM with conventional MRI parameters in the RRMS and PPMS groups
T1LL
T2LL
BPF
DGM Region
RRMS
CN
GP
Put
Thal
PPMS
CN
GP
Put
Thal

CCV

rs

P Value

rs

P Value

rs

P Value

rs

P Value

⫺0.09
0.02
0.14
⫺0.36

.44
.85
.23
.001a

⫺0.07
0.07
0.12
⫺0.35

.56
.53
.30
.001a

⫺0.01
⫺0.00
⫺0.20
0.23

.96
.99
.08
.04a

⫺0.05
⫺0.10
⫺0.21
0.25

.63
.37
.06
.02a

⫺0.13
0.07
0.25
⫺0.04

.55
.75
.25
.85

⫺0.16
0.09
0.36
0.03

.46
.69
.09
.90

0.05
⫺0.03
⫺0.28
0.14

.80
.86
.18
.52

0.02
0.06
⫺0.16
0.11

.93
.79
.47
.60

Note:—rs indicates Spearman correlation coefﬁcient; Thal, thalamus.
a
Signiﬁcant.

Table 4: Associations of EDSS with conventional MRI metrics and
QS values
RRMS
PPMS
Conventional MRI
metrics
T1LL
T2LL
BPF
CCV
QS
CN
GP
Put
Thal

rs

P Value

rs

P Value

0.458
0.336
⫺0.281
⫺0.267

⬍.001a
.002a
.012a
.017a

0.195
0.237
⫺0.001
⫺0.089

.361
.265
.995
.680

0.234
⫺0.106
0.298
⫺0.251

.037a
.350
.007a
.024a

0.127
⫺0.059
0.464
0.119

.554
.785
.022a
.581

Note:—Thal indicates thalamus.
a
Signiﬁcant.

RRMS with lower EDSS scores (P ⫽ .004, P ⫽ .027, respectively)
(On-line Tables 4, 6, and 7).

DISCUSSION
Comparing iron concentration in DGM between PPMS and
RRMS subtypes, we identified QS values in the thalamus as the
only significant difference between age- and sex-matched RRMS
and PPMS groups. EDSS was associated with conventional MR
imaging parameters, indicating disease severity in the RRMS
group. Additionally, the EDSS score was positively associated with
iron concentration in the putamen and CN and negatively associated
with thalamic iron. No associations between EDSS and conventional
MR imaging metrics were found in the PPMS group.
Previous MR imaging studies detected similarities but also
several differences between PPMS and RRMS. Lesion morphology (iron deposition, the presence of the central vein), lesion
count, and the proportion of cortical-to-total lesion counts were

similar in PPMS and RRMS groups.27 In PPMS, more diffuse
abnormalities in the brain and spinal cord along with smaller
caudate volume were apparent compared with RRMS.28 In
PPMS, clinicoradiologic correlation was weak for cerebral T1LL/
T2LL but was stronger between spinal cord symptoms and spinal
cord MR imaging parameters.29,30
In MS, increased iron levels seem to be already present in the
clinically isolated syndrome group, and further buildup can be
observed in the early stage after the transition to RRMS.16,31,32 We
confirmed significantly increased iron content in the putamen in
both MS subtypes compared with HC, in agreement with previous studies.4,6,7,33-35 While iron concentration was increased
within the basal ganglia in patients with RRMS, the opposite (ie,
lower iron concentration) was found in the thalamus. This result
is consistent with findings in several previous MR R2* relaxometry studies showing lower thalamic iron in MS compared with
HC.6,7 On the contrary, other MR imaging studies with R2*,
QSM, magnetic field correlation imaging, or phase imaging
showed no significant difference1,36 or even higher iron concentration in the thalamus in patients with RRMS.2,8,37,38
The cause of these contradictory findings is not clear. Because
the disease duration of the RRMS group included in our study was
rather long compared with other studies and thalamic iron content was negatively correlated with EDSS, one can speculate that
iron may accumulate in the early MS stage, while its concentration
may decrease in the later stage of the disease. However, another
study indicated that the loss of thalamic iron in MS has already
begun in patients with clinically isolated syndrome with further
decrease after the conversion to definite MS.11 In normal aging,
total thalamic iron shows a very different pattern from that in all
other DGM structures, with an accumulation until the fourth
decade, followed by a mild decrease.26 A histochemical study has
shown that iron distribution in the thalamus is uneven, with the
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low, and the difference in lesion count
was insignificant in the RRMS and
PPMS groups.
When we investigated the conventional MR imaging metrics, T1LL was
higher in the PPMS compared with the
RRMS group. This T1LL difference
could be related to higher clinical severity in the PPMS group, and it was not
observed when patients with PPMS and
RRMS were matched for EDSS scores.
T1 hypointense lesions often represent
the final destructive tissue changes, and
T1LL may better correlate with disease
progression and disability.42 Di Perri et
al43 have shown that T1LL was similar in
PPMS and RRMS subtypes matched for
disease duration. However, the T1LLto-T2LL ratio, along with clinical disability, was significantly higher in PPMS
compared with RRMS. In other studies,
on the contrary, the incidence of all
brain lesion types has been reported to
FIG 3. The relationship between clinical disability and quantitative susceptibility values in the be reduced and brain atrophy increased
putamen and thalamus across PPMS and RRMS groups. X-axes indicate EDSS, while y-axes indicate
quantitative susceptibility values in parts per billion. A positive correlation between EDSS and in patients with PPMS compared with
putaminal quantitative susceptibility values is present in both the RRMS (A) and PPMS (B) groups. other MS subtypes, though there is a
In the thalamus, a negative correlation between EDSS and quantitative susceptibility is present
wide variability.12,29,44-46 The low numonly in the RRMS group (C), while no correlation is observed in the PPMS group (D).
ber of patients with PPMS in our study
and in other studies precludes firm
anterior nuclear group, dorsomedial group, and pulvinar having
conclusions, and further studies with larger PPMS cohorts are
the highest iron reactivity.39 It is thus possible that the temporal
needed.
pattern of iron concentration change in individual thalamic nuExamining associations between clinical severity and MR imaging
clei is different. Indeed, a cross-sectional MR imaging study with
parameters in the PPMS group, we only found a positive associaR2* and QSM showed that iron in the thalamic pulvinar may
tion between EDSS and iron concentration in the putamen. The
increase with aging, while there was no age-related change in
correlation between iron concentration in the putamen and CN
other thalamic nuclei.40 In our study, the difference in thalamic
and clinical severity is well-established in MS,47,48 and it appears
QS values between RRMS on one hand and PPMS and HC on the
to be invariable regardless of the clinical subtype. Ropele et al4
other hand was mostly driven by variance in thalamic nuclei beincluded 7 patients with PPMS and 7 with secondary-progressive
yond the pulvinar, which is suggestive of diffuse iron loss within
MS, in addition to 83 with RRMS in their cohort. They identified
the thalamus.
the EDSS score as an independent predictor of iron accumulation
Thalamic QS values in the PPMS group were significantly
in the DGM. However, the results were likely driven by RRMS,
higher compared with the RRMS group; this finding indicates
while there were a limited number of patients with PPMS and
different regulation of thalamic iron concentration in these MS
SPMS.4 No significant association between conventional MR imsubtypes. However, the causes and consequences of different thaaging metrics and EDSS has been detected in PPMS, which is
lamic iron levels in RRMS and PPMS cannot be clarified from this
consistent with findings in previous studies.43,49 In RRMS, there
cross-sectional study design. QS values in the thalamus were negwas a correlation between EDSS and conventional MR imaging
atively correlated with T2LL and T1LL and with EDSS in the
parameters, which reflects WM lesions and brain atrophy. The
RRMS groups; this finding suggests an association between decorrelation of EDSS with T1LL was stronger than with T2LL.
creasing thalamic iron concentration and increasing WM impairThese findings are in the line with previous studies23,42,50-55
ment. This association between thalamic susceptibility and EDSS
showing that T1LL and T2LL provide a useful marker for disease
was not observed in the PPMS group. Susceptibility decrease may
progression and long-term therapeutic effect in RRMS.
be due to lower (paramagnetic) iron or higher (diamagnetic) myTo our best knowledge, this is the first study comparing iron
elin content.14,41 Higher myelin content is not plausible in the
concentration in DGM and its correlations with EDSS score becontext of MS; thus, our finding of negative thalamic susceptibiltween PPMS and RRMS subtypes. However, there are some limity values in patients with RRMS and higher EDSS scores is rather
itations. Our PPMS group was rather small, and no MR imaging
consistent with the loss of iron content. Moreover, the T2LL in the
data were collected from the spinal cord, which could also conthalamus, which could potentially affect susceptibility, was very
tribute to the explanation of clinical disability. Cross-sectional
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design provides no information regarding the temporal dynamics
of iron accumulation. Future work using a larger PPMS cohort in
a longitudinal setting is needed. Likewise, spinal cord pathology,
iron deposition within WM, and demyelinating lesions should be
the focus of further investigations.

8.

9.

CONCLUSIONS
Our findings support the concept that PPMS is a part of the MS
disease spectrum, not a separate entity. When patients with RRMS
are matched to those with PPMS for age, sex, and EDSS, these
groups do not differ regarding conventional MR imaging metrics.
Decreased susceptibility within the thalamus was the only significant MR imaging difference between PPMS and RRMS groups,
suggesting different thalamic iron metabolism according to the
underlying MS subtype.
On the other hand, there are significant differences in the extent of correlation of MR imaging parameters and clinical severity
between PPMS and RRMS subtypes. In RRMS, EDSS is significantly associated with conventional parameters and, additionally,
with iron concentration in the striatum. In contrast, no association was found in PPMS, except a weak correlation with putaminal iron. These findings suggest that different driving forces of
disability take effect in RRMS and PPMS subtypes.
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ORIGINAL RESEARCH

ADULT BRAIN

Heterogeneity of Cortical Lesion Susceptibility Mapping in
Multiple Sclerosis
X M. Castellaro, X R. Magliozzi, X A. Palombit, X M. Pitteri, X E. Silvestri, X V. Camera, X S. Montemezzi, X F.B. Pizzini, X A. Bertoldo,
X R. Reynolds, X S. Monaco, and X M. Calabrese

ABSTRACT
BACKGROUND AND PURPOSE: Quantitative susceptibility mapping has been used to characterize iron and myelin content in the deep
gray matter of patients with multiple sclerosis. Our aim was to characterize the susceptibility mapping of cortical lesions in patients with
MS and compare it with neuropathologic observations.
MATERIALS AND METHODS: The pattern of microglial activation was studied in postmortem brain tissues from 16 patients with secondary-progressive MS and 5 age-matched controls. Thirty-six patients with MS underwent 3T MR imaging, including 3D double inversion
recovery and 3D-echo-planar SWI.
RESULTS: Neuropathologic analysis revealed the presence of an intense band of microglia activation close to the pial membrane in subpial
cortical lesions or to the WM border of leukocortical cortical lesions. The quantitative susceptibility mapping analysis revealed 131 cortical
lesions classiﬁed as hyperintense; 33, as isointense; and 84, as hypointense. Quantitative susceptibility mapping hyperintensity edge found
in the proximity of the pial surface or at the white matter/gray matter interface in some of the quantitative susceptibility mapping–
hyperintense cortical lesions accurately mirrors the microglia activation observed in the neuropathology analysis.
CONCLUSIONS: Cortical lesion susceptibility maps are highly heterogeneous, even at individual levels. Quantitative susceptibility mapping hyperintensity edge found in proximity to the pial surface might be due to the subpial gradient of microglial activation.
ABBREVIATIONS: CL ⫽ cortical lesion; DIR ⫽ double inversion recovery; EDSS ⫽ Expanded Disability Status Scale; MHC ⫽ major histocompatibility complex;
MOG ⫽ myelin oligodendrocyte glycoprotein; NAGM ⫽ normal-appearing gray matter; nQSM ⫽ QSM value in the NAGM; nQSMcontra ⫽ median value of susceptibility
from the reference tissue mask in the contralateral hemisphere; nQSMsurr ⫽ median value of susceptibility from the reference tissue mask surrounding the lesion;
QSM ⫽ quantitative susceptibility mapping; RRMS ⫽ relapsing-remitting multiple sclerosis; SPMS ⫽ secondary-progressive multiple sclerosis

n recent years, it has become increasingly clear that cortical and
deep gray matter are not spared in multiple sclerosis.1,2 Several
neuropathologic studies have consistently demonstrated that cortical gray matter lesions (CLs) are frequent in MS and that their
accumulation strongly correlates with long-term disability measures.3 These observations have been confirmed and extended by
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imaging studies showing that CLs correlate with both physical and
cognitive disability.4,5 Unfortunately, despite these data, little is
known about the pathogenetic mechanisms underlying CL
development.
Neuropathologic studies have highlighted the lack of substantial focal immune infiltrates, complement deposition, and bloodbrain barrier damage in MS CLs6,7 and have suggested that meningeal inflammation and activated microglia may have a key role
in GM damage.3,8 In particular, most of the examined CLs in
postmortem brain samples exhibit a chronic inflammatory phenotype and rims of activated microglia close to the pial surface or
the lesion edge.3,8,9
In a previous MR imaging/histopathologic combined study,10
hypointense rings on T2*, representing activated microglia or
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macrophages, were observed at the edge of chronic active CLs.
Similar rings have been reported in white matter lesions by using
T2* phase imaging.11 These results, in line with those by Kooi et
al,12 showed that some patients with MS had rims of activated
microglia at the border of the CLs, whereas others did not. More
recently, a study on ultra-high-field MR imaging on postmortem
specimens of 2 patients with MS13 did not find rings of activated
iron-laden microglia within CLs, and all CLs appeared darker in
R2* images and brighter in magnitude images.
Magnetic susceptibility is a fundamental physical tissue property, which is known to reflect clinically relevant tissue characteristics, such as tissue iron content. During the last decades, phase
imaging,14 SWI,15 and T2* imaging16 have been used to qualitatively assess magnetic susceptibility variations in cerebral tissue,
including deep and cortical gray matter.17 Increased paramagnetic susceptibility-weighted filtered phase values were observed
in the putamen in patients with clinically isolated syndrome compared with healthy controls.18 Thus, this finding suggests that
susceptibility is sensitive to MS even in the early phase of the
disease. In this context, quantitative susceptibility mapping
(QSM),19 which overcomes several nonlocal restrictions of susceptibility-weighted and phase imaging, could shed some light on
the pathologic process taking place in the cortical GM of patients
with MS. A recent study has investigated MS, using QSM in the
basal ganglia,20 showing that iron accumulation correlated with
disease progression even in a patient with clinically isolated syndrome. Moreover, another group showed how WM MS lesions
could be investigated longitudinally with QSM; the investigation
could provide insight into the pathogenesis of those lesions.21
However, limited quantitative susceptibility data of cortical GM
and, especially, of CLs are available. Indeed, only a recent study at
7T showed,22 in a restricted cohort of patients with MS, heterogeneity in CLs, with a predominant iron loss hypothesis.
In the present study, the characteristics of CLs were first determined with an analysis of microglial/macrophage activity in the
postmortem MS brain, followed by the analysis of similar lesions
in patients. 3D echo-planar imaging, which uses phase data to
quantify local tissue susceptibility, was combined with a 3D double inversion recovery (DIR) at 3T to characterize the in vivo
susceptibility of CLs in patients with MS.

MATERIALS AND METHODS
Neuropathologic Analysis
This study was performed on postmortem brain tissues from
16 patients with secondary-progressive multiple sclerosis
(SPMS) (mean age at death, 44.4 ⫾ 6.2 years, Table 1; disease
duration, 23.31 ⫾ 8.55 years; time to wheelchair [from onset to
Expanded Disability Status Scale {EDSS} 7], 41.21 ⫾ 7.83
years; relapse rate in the first 2 years of the disease, 2.6 ⫾ 1.3)
selected for the presence of widespread cortical demyelination
associated with meningeal inflammation and by more rapid
and severe disease outcome associated with intense inflammatory activity among a larger group of 48 patients with SPMS
previously extensively characterized for the presence and levels
of inflammatory features and the extent of gray and white matter demyelination.23 Postmortem brain tissues from 8 controls, with no neurologic diseases, were also examined. In 3
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Table 1: Neuropathologic details of postmortem brain tissue used
in the study
Sex/Age
Postmortem
Age at
at Death (yr)
Delay (hr)
Onset (yr)
SPMS cases
MS92
F/38
26
21
MS121
F/49
24
36
MS154
F/35
12
23
MS160
F/44
18
29
MS176
M/37
12
10
MS180
F/44
9
26
MS229
M/53
13
37
MS230
F/42
31
22
MS234
F/39
15
23
MS286
M/45
7
29
MS289
M/45
9
27
MS317
F/48
21
18
MS330
F/59
24
19
MS356
F/45
10
28
MS408
M/39
21
29
MS517
F/48
12
23
Control cases
C14
F/64
18
C25
M/35
22
C28
F/60
13
C30
M/75
17
C36
M/68
30
C41
M/51
22
C48
M/68
10
C54
M/66
16

snap-frozen tissue blocks for each SPMS and control case, the
presence and extent of demyelination and characterization of
CL activity were determined by immunostaining with monoclonal antibodies for myelin oligodendrocyte glycoprotein
(MOG) and major histocompatibility complex (MHC class
II).3,24 CLs were classified, as previously described8 into leukocortical type I, intracortical type II, or subpial type III.

In Vivo Study Population
Thirty-six patients with MS25 having at least 1 MR imaging–
visible CL were studied (Table 2). Twenty-one had relapsingremitting MS (RRMS), and 15 had secondary-progressive MS.
At study entry, most patients were under immunomodulatory
therapy: Twelve were treated with interferon ␤1a/b␤1b or
glatiramer acetate; 6, with fingolimod; 4, with natalizumab; 3,
with azathioprine; and 3, with dimethyl fumarate; and 8 were
untreated.
Each patient was assessed with the Expanded Disability Status
Scale26 and underwent 3T MR imaging as described below. The
study was approved by the University of Verona ethics committee, and informed consent was obtained from all patients.

MR Imaging Acquisition and Analysis
All patients were scanned with an Achieva 3T MR imaging scanner (Philips Healthcare, Best, the Netherlands). Isotropic 3D DIR
(1 ⫻ 1 ⫻ 1 mm, 10 minutes 49 seconds), 3D T1-MPRAGE (1 ⫻
1 ⫻ 1 mm, 5 minutes 50 seconds), and 3D EPI-SWI (0.55 ⫻
0.55 ⫻ 0.55 mm, 5 minutes 51 seconds) images were acquired.
Quantification of susceptibility maps was performed by using the
recently introduced total generalized variation framework.27
After coregistration with 3D EPI, 3D DIR images were visually

Table 2: Demographic, clinical, and QSM-related characteristics
of the patient population
Whole
RRMS
SPMS
Group
No.
21
15
36
Age (yr)
36.2 ⫾ 5.8 49.5 ⫾ 9.2 40.5 ⫾ 8.0
Disease duration (yr)
9.7 ⫾ 6.3 16.9 ⫾ 7.0 12.7 ⫾ 7.5
Sex (F/M)
16:5
9:6
25:11
EDSS (mean) (range)
2.0 (1.0–5.5) 5.0 (4.0–7.0) 3.0 (1.0–7.0)
No. of intracortical lesions
(mean)
Total
4.5 ⫾ 3.6
2.1 ⫾ 2.6
3.5 ⫾ 3.4
QSM-hyperintense
2.8 ⫾ 2.3
0.9 ⫾ 1.2
2.0 ⫾ 2.1
QSM-isointense
0.6 ⫾ 0.7
0.1 ⫾ 0.4
0.4 ⫾ 0.6
QSM-hypointense
1.1 ⫾ 1.5
0.9 ⫾ 1.8
1.0 ⫾ 1.6
No. of leukocortical lesions
(mean)
Total
2.6 ⫾ 3.1
5.0 ⫾ 3.5
3.6 ⫾ 3.5
QSM-hyperintense
1.5 ⫾ 1.8
1.9 ⫾ 1.5
1.7 ⫾ 1.7
QSM-isointense
0.5 ⫾ 0.9
0.6 ⫾ 1.3
0.5 ⫾ 1.1
QSM-hypointense
0.5 ⫾ 0.9
2.4 ⫾ 2.4
1.3 ⫾ 1.9
No. of total lesions (mean)
Total
7.1 ⫾ 5.2
7.1 ⫾ 5.0
7.1 ⫾ 5.1
QSM-hyperintense
4.2 ⫾ 3.4
2.8 ⫾ 2.3
3.6 ⫾ 3.0
QSM-isointense
1.0 ⫾ 1.2
0.7 ⫾ 1.3
0.9 ⫾ 1.3
3.3 ⫾ 3.7
2.3 ⫾ 2.8
QSM-hypointense
1.6 ⫾ 1.8

inspected and CLs were identified as intracortical or leukocortical
lesions. Each CL was identified following the recent recommendations for CL scoring in patients with MS.28 All DIR images were
assessed by consensus of experienced observers who were blinded
to patient identity.
The appearance of CLs (identified with the DIR) on the QSM
map was then evaluated. Each lesion was manually segmented on
the DIR and then moved on the QSM. T1 was segmented to obtain
a normal-appearing gray matter (NAGM) map.29,30 A threshold
of P ⬎ .9 was used to ensure including mainly GM. The NAGM
mask was then moved to the QSM space. The obtained GM mask
was then used to segment a portion of the NAGM surrounding the
lesion. Each CL mask was dilated (a circle of 7 pixels was used as
the kernel) and was used to reduce the whole GM mask to the
surrounding NAGM tissue. The surrounding mask was then refined by subtracting a dilated mask of the CL (circle of 3 pixels) to
exclude the proximity of the lesion. We repeated the procedure,
choosing a contralateral area of the brain as a reference (including only NAGM tissue). The median values of susceptibility from the reference tissue mask surrounding the lesion
(nQSMsurr) and in the contralateral hemisphere (nQSMcontra)
were subtracted from the QSM estimates within the CL. The
distributions of both nQSMsurr and nQSMcontra were then
tested with a t test versus a zero-mean distribution. If both test
results were statistically significant, the CL was classified as not
isointense; otherwise, it was considered isointense. If the mean
of both nQSMsurr and nQSMcontra was greater (lesser) than
zero, the CL was classified as hyperintense (hypointense). If the
mean value was discordant between the 2 references, the CL
was discarded from the evaluation.

Statistical Analysis
Differences between RRMS and SPMS were assessed with
ANOVA. The Pearson 2 was applied to test the difference

between the 2 patient groups in terms of categoric data (percentage of lesions). The Pearson correlation coefficient was
used to assess the correlation between disease duration and
lesion-counting metrics, whereas the Spearman coefficient was
used to analyze the correlation with the EDSS. When we calculated correlations, a false discovery rate (with a false-positive rate
of 0.05) correction technique was used to address multiple comparison correction issues. Each statistical test was considered significant with a level of .05 when not otherwise specified.

RESULTS
Neuropathologic Analysis of Microglia Activity in CLs
To evaluate the microglia/macrophage activation in the different
types of CLs, we performed immunostaining for MHC class II and
CD68 on tissue blocks from 16 SPMS cases. The activity of all 127
CLs identified in the examined SPMS cases was analyzed: the largest proportion (45.0%) was chronic active, identified as cortical
areas with MHC-II⫹ cells mainly localized at the lesion edge (Fig
1A), in agreement with previous studies.3,8 This type of CL was
more abundant compared with both chronic inactive (25.9%),
with very low MHC II⫹ cell density through the entire lesion, and
active (29.1%) CLs, characterized by numerous MHC-II⫹ lesions
in the lesion core and borders (Fig 1A).
Examination of the inflammatory activity of large CLs (Fig 1B)
showed that MHC class II immunostaining was mainly restricted
to activated microglia with ramified morphology, with a higher
density in the most external cortical layers close to the pial membrane in subpial type III CLs (Fig 1C) or close to the WM portion
in type I CLs (Fig 1D), either in actively demyelinating or chronic
active lesions. In chronic inactive lesions, a lower density of
MHC-II⫹ cells was present, scattered in all demyelinated areas
(Fig 1E, -F). Furthermore, for each of the examined patients with
MS, all the different types of CL activity were found. Large CLs
(Fig 1B) sometimes contained, simultaneously, rims of activated
microglia either close to the pial surface (Fig 1C) or toward the
WM lesion border (Fig 1D).

Imaging Data
Two hundred fifty-five CLs were identified in the living population. On the basis of the DIR sequence, 126 CLs were pure intracortical and 129 CLs were leukocortical; on the basis of QSM, 131
were hyperintense, 33 were isointense, and 84 were hypointense (Fig
2). Seven CLs were discarded from the analysis because discordant
results of the t test between nQSMsurr and nQSMcontra were found.
Among the 36 patients with MS, 32 showed at least 1 QSM-hyperintense CL, 16 showed at least 1 QSM-isointense CL, and 23 showed at
least 1 QSM-hypointense CL. Twenty-six patients (72.22%) showed
at least 2 QSM subtypes of CLs, and 11 patients showed all QSM
subtypes of CLs at the same time. Table 2 shows the differences between intracortical and mixed GM/WM lesions.
The number of hyperintense CLs was higher in RRMS (mean,
4.1 ⫾ 1.4; range, 0 –14) compared with SPMS (mean, 2.2 ⫾ 1.5;
range, 0 –5), while the number of hypointense CLs was higher in
patients with SPMS (mean, 0.8 ⫾ 1.1; range, 0 – 4 in RRMS; mean,
3.5 ⫾ 3.5; range, 0 –11 in SPMS). Indeed, in RRMS, 61.4% of CLs
were hyperintense and 23.4% were hypointense, whereas in SPMS,
40.7% of CLs were hyperintense and 48.5% were hypointense.
AJNR Am J Neuroradiol 38:1087–95
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Neuropathology/Imaging
Comparison

FIG 1. Neuropathologic assessment of cortical lesion activity. The number of active, chronic
active, and chronic inactive GM lesions was evaluated with MHC class II immunostaining in 3
snap-frozen tissue blocks (A) for each of the examined 16 postmortem MS cases. A signiﬁcant
increased level of chronic active CL has been found compared with both active and chronic
inactive CL. MOG immunostaining (B) shows an extensive chronic active subpial type III GM
lesion, also reaching the WM (arrowheads). Combined MHC class II immunostaining of serial
sections (C and D) demonstrates the high density of activated MHC-II⫹ cells close to the pial
surface of the lesion (arrow in B, higher magniﬁcation in C) and toward the WM edge of the
lesion (arrowheads in B, higher magniﬁcation in D). In a chronic inactive subpial CL (D),
minimal density of MHC-II⫹ cells (E) has been found. In extensive chronic inactive lesions
shown by MOG immunostaining loss (E), the lower density of MHC-II⫹ cells was present and
scattered in all the demyelinated area, also close to the pial surface (asterisk in E, and higher
magniﬁcation in F). Original magniﬁcations ⫻25 (B and E),⫻200 (C, D, and F).

A moderate inverse correlation was observed between hyperintense intracortical CLs and disease duration (r ⫽ ⫺0.48), while
no correlation was observed between disease duration and hypointense or isointense CLs.
The total number of CLs correlated with EDSS (r ⫽ 0.51). In
patients with RRMS, the correlation between both total QSMhyperintense CLs and intracortical hyperintense CLs with
EDSS was marked (r ⫽ 0.63 and 0.71, P ⬍ .05), while no correlation was observed between EDSS and QSM-hypointense or
isointense CLs. Moreover, no correlation was found among
hyperintense, hypointense, or isointense CLs and EDSS in patients with SPMS.
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The QSM hyperintensity edge found
in proximity to the pial surface in
some examined QSM-hyperintense CLs
mirrored the intense microglia activation found close by the pial surface
in most subpial CLs observed in postmortem SPMS cases. Indeed, the intense band of microglia activation frequently found at the depth of cerebral
sulci of active CLs (Fig 3A, B, -E, blue
arrowheads), with a characteristic gradient of increased microglia density in
the external cortical layers (I-III), decreasing toward the most inner cortical layers (Fig 3E), resembled the hyperintense QSM signal seen in Fig 3J
(blue arrowheads). Similar intense
MHC-II immunostaining was also observed along the surface of the cerebral
sulci (Fig 3A, -C yellow arrowheads),
especially in regions of active demyelinating subpial GM, comparable with
the QSM hyperintensity edge found in
proximity to the pial surface within cerebral sulci (Fig 3J, yellow arrowheads). Also, the QSM hyperintensity
edge found at the WM/GM border
seems to resemble the microglia/macrophage activation detected at the
WM/GM interface in leukocortical lesions (Fig 3H). Most interesting, a
marked difference in MHC-II⫹ density and morphology has been observed in WM and GM (Fig 3H)
portions of type I CLs, suggesting
functional differences in the resident
microglia cells in these areas and a different ratio of microglia/monocytederived macrophages in the presence
of a higher myelin density.

DISCUSSION

In this preliminary study, we combined
neuropathologic analysis of GM lesion
activity and a new imaging approach with 3D DIR and QSM, with
the aim of better characterizing CLs in patients with RRMS and
SPMS. Our results suggest that combined 3D DIR and QSM may
reveal the area of intense microglia/macrophage activity and density in CLs as also detected by neuropathologic assessment. Furthermore, our data show that CLs are highly heterogeneous as
revealed by their susceptibility maps. This heterogeneity was present across, and in some cases within, the lesions. These data are
partially in contrast to a recent MR imaging study performed at
7T showing negative relative susceptibility values in 25 of the 27
CLs.22 However, the low number of patients and CLs analyzed
might account for this discordance. Moreover, it is likely that the

FIG 2. Illustration of examples of cortical lesion appearance on the quantitative susceptibility map obtained with the total generalized variation
algorithm from the 3D EPI susceptibility-weighted scan. Each panel denoted by a letter is divided in 3 subpanels: 1) QSM with contoured CL (red
line); 2) QSM with a superimposed CL (red), the NAGM reference tissue used in the CL classiﬁcation (yellow), and NAGM obtained from the
segmentation of the 3D T1 MPRAGE (cyan); 3) QSM with superimposed the 3D double inversion recovery sequence, where the CL detection and
segmentation was performed. A–D, Hypointense lesions. E–H, Hyperintense lesions. The classiﬁcation of CLs was performed with a 2-sided t test
between QSM estimates in the lesion (with subtracted the median value of the reference QSM value in the NAGM) and a zero mean Gaussian
distribution. When the t test was signiﬁcant and the mean of nQSM was greater (lesser) than zero, the lesion was classiﬁed as hyperintense
(hypointense).

susceptibility of CLs changes with time in relation to their activity as previously shown for WM lesions. Therefore, the low
activity of the patients with MS and of the number of CLs
detected at the time of the MR imaging might also help explain
this contradiction.31-33
The high variability of CLs in inflammatory activity in patients
with MS has been already described by several neuropathologic
studies mainly based on SPMS patients with a relatively long disease duration3,8,12,34 or on material from biopsies of patients with
early MS with tumefactive lesions.9 Despite these neuropathologic observations, there are no available data in vivo that characterize the inflammatory activity of CLs in the early phase of the
disease. In a previous MR imaging study, we observed that a small
subgroup of CLs was significantly hyperperfused; this finding suggested the presence of an active inflammatory process within cortical GM.35
Although the number of patients with SPMS was quite low for
drawing definitive conclusions, QSM-hyperintense CLs appeared to
be more frequent in the RRMS group, while QSM-hypointense lesions were more frequent in SPMS. This result, along with the moderate inverse correlation between the number of QSM-hyperintense
CLs and disease duration, might suggest that QSM-hyperintense lesions characterize the more inflammatory and acute phases of the

disease, while QSM-hypointense CLs characterize the chronic (less
inflammatory) disease stage. Nevertheless, the presence of each type
of QSM-visible CL in both RRMS and SPMS suggests that the heterogeneity of GM lesion types persists during the entire disease course.
Of course, we are aware that the DIR sequence detects only a reduced
portion of CLs36 and that the use of other sequences such as phasesensitive inversion recovery might help improve their detection.37
However, recent comparative histologic/MR imaging studies have
demonstrated that the “tip of the iceberg” detected by MR imaging
and its “bulk” differ only in size and that the number of detectable
CLs correlates with their overall number and with the overall percentage of cortical demyelination.36 The ability of QSM in detecting
CLs itself has not been tested; however, we do not advise acquiring
only the SWI sequence. Using the DIR or even the phase-sensitive
inversion recovery sequence is recommended as a guide for detecting
CLs.
Although the factors contributing to the susceptibility in the
cortex are not fully established,38 initial studies of healthy brains
both in vivo and postmortem have suggested that myelin and
both heme and nonheme iron have dominant effects in conditioning the susceptibility map.39,40 In contrast to R2*, which increases proportionally to the concentration of both iron41 and
myelin,42 the 2 substances have opposing effects on the magnetic
AJNR Am J Neuroradiol 38:1087–95
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FIG 3. Combined neuropathologic and MR imaging characterization of lesion activity in CLs. A–H, Immunohistochemistry staining of MOG (A–C and
G) and MHC class II (D–F and H) in subpial (A–F) and leukocortical (G and H) CLs in postmortem MS brains. I–K, MR images of heterogeneous CLs in
patients with MS in vivo; I, 3D double inversion recovery. J, Quantitative susceptibility mapping calculated with the total generalized variation algorithm.
K, DIR superimposed on the QSM map. MOG and MHC-II immunostaining on serial sections show ongoing subpial demyelination (blue arrowheads in
A, higher magniﬁcation in B) and intense pick of MHC-II⫹ glia activation (D, higher magniﬁcation in E) at the depth of a cerebral sulcus, resembling the
QSM hyperintense signal (blue arrowheads in J) in similar regions. Concurrent complete subpial demyelination (yellow arrowheads in A, higher
magniﬁcation in C) and intense peak of MHC-II⫹ glia activation (F) were also detected along the pial surface of the same cerebral sulcus (yellow
arrowheads in A), respectively, resembling similar QSM hyperintense signal (yellow arrowheads in J). In type I leukocortical lesions, shown by MOG
immunostaining (G), high occurrence and density of MHC-II⫹ activated microglia and macrophages (H) were observed at the GM/WM interface (green
arrowheads in G and H). Higher magniﬁcation of the GM/WM interface (green arrowheads in H) reveals higher density of MHC-II⫹ cells mainly in
proximity to inﬂammatory inﬁltrates (asterisks in G) within the WM border of the lesions, possibly corresponding to the frequent QSM hyperintense
signal shown by green arrowheads in J. Original magniﬁcations ⫻100 (A, D, and G), ⫻200 (B, C, E, F, and H).
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susceptibility maps,43,44 because the proteins and lipids associated with myelin render its susceptibility diamagnetic.45,46
Our neuropathologic data, in line with previous studies,3,8,47
confirmed that a significant proportion of type III and type I
chronic active CLs are associated with a gradient of increased
microglia activation in the most external cortical layer, close to the
pial surface (in subpial type III CLs; Fig 3, yellow arrows) or to the
WM interface (in leukocortical type I CLs; Fig 3, blue arrows).
This finding was also observed in a recent neuropathologic
study12 showing that in a subset of patients with MS with CLs, part
of the CLs were characterized by a rim of activated microglia at
their border. The examined postmortem SPMS cohort included
MS cases that, at the time of death, had differences in both disease
duration and clinical disability compared with the in vivo SPMS
cases. These differences may explain the increased activity of the
CLs detected in the postmortem SPMS cases.
Although our pathologic and MR imaging analyses are derived
from 2 different cohorts of patients and therefore a direct comparison is only theoretic, on the basis of the similarity of the neuropathlogic and MR images, we hypothesize that the QSM-hyperintensity could be due to activated microglia/macrophages that
phagocytose nonheme iron–rich cellular debris. As suggested by
previous pathologic and imaging studies,3,10,48,49 the presence of
a hyperintense rim in part of the detected CLs could indicate the
presence of iron accumulation in microglia/macrophages at the
subpial edge (in type III CLs) or at the WM/GM interface. If this is
the case, the sensitivity of QSM in detecting activated microglia
might explain some of the subpial hyperintensities observed with
this sequence and not with the DIR sequence, which is usually not
sensitive enough for subpial lesions (Fig 2). A recent study50 on a
limited number of patients showed the capability of QSM to better discriminate intracortical and leukocortical lesions, thus suggesting that QSM could be useful in predicting and detecting early
modifications of normal-appearing tissues.51 Nevertheless, further studies that combine postmortem MR imaging and neuropathologic analysis on the same cohort are currently in progress.
The QSM hyperintense signal frequently observed in proximity to, or within, the WM portion of the detected leukocortical
lesions might resemble the similar increased density of MHC-II⫹
microglia found in the WM portion of the type I CLs. This resemblance might indicate the expanding inflammatory rim involved
in the neuropathogenesis of type I CLs.
At least 2 alternative hypotheses might explain the presence of
a hyperintense QSM signal: The hyperintense QSM signal could
be generated by the increased iron release from intracellular deposits to extracellular spaces or by the iron leakage following
blood-brain barrier damage in the acute phases of the disease.
However, it is not usual within the cortical GM to have a BBB
breakdown.52 The second hypothesis suggests that oligodendrocytes constitute an important source of iron, and changes in iron
signal could be associated with a loss of oligodendrocytes and
reduction of nonheme iron within oligodendrocytes and myelin
in MS plaques and periplaque areas.52 Therefore, the detected
QSM-hypointensity could be due to a decrease of nonheme tissue
iron, which characterizes those inactive GM lesions without activated microglia and is more frequent in patients with a long disease duration.53
Several observations have suggested that an abnormal deposi-

tion of iron might also play a significant role in the pathophysiology of GM damage in patients with MS54 as also is shown for
many age-related degenerative disorders.55 While confirming the
well-known relationship between CLs and disability,56 our data
have extended these results, showing a significant correlation between QSM-hyperintense CLs (more than the hypointense CLs)
and EDSS within the RRMS group. The reason for the lack of
correlation in the SPMS group may be likely found in the low
number of patients included in the study and in the lower number
of QSM-hyperintense CLs; this possibility is in line with the neuropathologic observation of the higher frequency of chronic active lesions in the examined postmortem SPMS brains. Nevertheless, the correlation with disability has not been found with
hypointense or isointense CLs because of the possible detrimental
role of chronic activated microglia.57 Further longitudinal studies
on larger sample sizes may clarify this interesting clinical point.

CONCLUSIONS
Our study revealed that CLs in MS are heterogeneous during the
entire course of the disease, not only among patients but also
within the same patient and, sometimes, within the same lesion.
These results corroborate the hypothesis of substantial clinical
and immunopathologic heterogeneous patterns of MS inflammation/demyelination during the disease course. Moreover, the
highest frequency of QSM-hyperintense CLs in RRMS and their
correlation with EDSS in this group of patients seem to suggest a
key role of activated microglia/macrophages in the early and acute
phases of the disease. The combined use of QSM and DIR could be
a useful tool to monitor the disease evolution and to identify those
patients with higher rates of inflammatory cortical demyelination
and associated neurodegeneration.
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Myelin Detection Using Rapid Quantitative MR Imaging
Correlated to Macroscopically Registered Luxol Fast
Blue–Stained Brain Specimens
X J.B.M. Warntjes, X A. Persson, X J. Berge, and X W. Zech

ABSTRACT
BACKGROUND AND PURPOSE: Myelin detection is of great value in monitoring diseases such as multiple sclerosis and dementia.
However, most MR imaging methods to measure myelin are challenging for routine clinical use. Recently, a novel method was published, in which
the presence of myelin is inferred by using its effect on the intra- and extracellular water relaxation rates and proton density, observable by rapid
quantitative MR imaging. The purpose of this work was to validate this method further on the brains of 12 fresh, intact cadavers.
MATERIALS AND METHODS: The 12 brains were scanned with a quantiﬁcation sequence to determine the longitudinal and transverse
relaxation rates and proton density as input for the myelin estimations. Subsequently, the brains were excised at postmortem examination,
and brain slices were stained with Luxol fast blue to verify the presence of myelin. The optical density values of photographs of the stained brain
slices were registered with the MR images and correlated with the myelin estimation performed by quantitative MR imaging.
RESULTS: A correlation was found between the 2 methods with a mean Spearman  for all subjects of 0.74 ⫾ 0.11. Linear regression showed
a mean intercept of 1.50% ⫾ 2.84% and a mean slope of 4.37% ⫾ 1.73%/%. A lower correlation was found for the separate longitudinal
relaxation rates and proton density ( ⫽ 0.63 ⫾ 0.12 and ⫺0.73 ⫾ 0.09, respectively). For transverse relaxation rates, the  was very low
(0.11 ⫾ 0.28).
CONCLUSIONS: The observed correlation supports the validity of myelin measurement by using the MR imaging quantiﬁcation method.
ABBREVIATIONS: LFB ⫽ Luxol fast blue; OD ⫽ optical density; PD ⫽ proton density; qMRI ⫽ quantitative MRI; R1 ⫽ longitudinal relaxation rate; R2 ⫽ transverse
relaxation rate

he measurement of myelin content in the brain is important
for neurodegenerative diseases such as multiple sclerosis or
dementia, in which increasing cerebral demyelination can be observed in the course of the disease.1-3 Also, for brain development,
monitoring increasing myelination has clinical value.4,5 With MR
imaging, there are a number of indirect measures for the detection
of myelin, most of them based on multicomponent analysis of the
T2 relaxation. In this approach, the observation of a short T2
relaxation component is attributed to the presence of thin layers
of water trapped inside the myelin sheaths.6-10
Recently, a model has been published that infers the presence
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of myelin partial volume based on its effect on intra- and extracellular water due to magnetization exchange.11 The vicinity of
myelin reduces the local longitudinal relaxation rate (R1), the
transverse relaxation rate (R2), and proton density (PD). By rapid
quantitative MR imaging (qMRI) of the relaxation rates and proton density, a multiparametric space is measured, forming the
basis for an estimation of myelin partial volume in each acquisition voxel. Because the quantification sequence requires only 5–7
minutes for full coverage of the brain, it may be suitable for routine clinical use.
The aim of this study was to validate the model further by
correlating the estimated myelin content by qMRI with myelin
estimations from photographs of brain slices that were stained
with myelin-sensitive Luxol fast blue (LFB) in a postmortem
application.

MATERIALS AND METHODS
Study Group
Twelve fresh, intact cadavers were prospectively investigated in
the study, 9 men and 3 women, with a mean age 62 ⫾ 10 years
(range, 46 –74 years). The study cases were routine forensic cases

FIG 1. The process used for myelin evaluation on a male subject, 69 years of age, acquired at a temperature of 10°C. The MR imaging
quantiﬁcation sequence provided the R1, R2, and PD maps of coronal slices of the cadaver (A–C). A synthetic proton density–weighted image was
created for registration purposes using the R1, R2, and PD maps as input, resampled to 0.1 mm/pixel (D, zoomed in). The R1 map was corrected for
temperature and then used, with the original R2 and PD maps, to generate the myelin partial volume map with the same algorithm as used for
living subjects (E). For the histologic images, the brain was extracted and cut into coronal slices (F). Slices were ﬁxated by using formaldehyde and
cut into smaller pieces after ﬁxation (G). The separate pieces of brain slices were stained with Luxol fast blue and photographed (H). The optical
density of the photographs was converted to an intensity scale. These images were also resampled to 0.1 mm/pixel (I). All pieces
were registered to the synthetic proton density–weighted image (J), so that each pixel from the slice photographs was at the same place as the
corresponding MR imaging pixel. Finally, the resolution of both MR images and photographs was down-sampled to the original MR imaging
resolution of 0.7 mm/pixel.

from the local forensic institution, in which forensic postmortem
examinations were ordered by the local authorities. Cadavers
were refrigerated in cooling chambers before imaging to avoid
progressing putrefaction. Trauma cases and cases with known
brain diseases in their medical history were excluded. Pre-MR
imaging and prepostmortem information about cases was received from paramedic reports, police, relatives of the deceased,
or the bureau of the district attorney. Due to the forensic nature of
the cases, no further clinical data were available. MR imaging
examinations and the use of the imaging data were approved by
the local ethics committee. Postmortem interval (the time between death and the postmortem MRI examination) ranged from
20 hours to 3 days. During MR imaging, the cadaver core body
temperatures were assessed in real-time with MR imaging– compatible temperature probes that were placed in the esophagus before the MR imaging examination. The mean core body temperature of the cadavers during acquisition was 7.8° ⫾ 3.1°C.
Board-certified forensic pathologists performed postmortem
examinations immediately after the MR imaging examinations. The causes of death were myocardial infarction (n ⫽ 5),
acute cardiac arrest (n ⫽ 3), pulmonary embolism (n ⫽ 2), and
internal exsanguination (n ⫽ 2).

MR Imaging Acquisition Method
An overview of the entire process is provided in Fig 1. The study
subjects underwent a qMRI acquisition12 to measure T1 and T2

relaxation times and proton-density values. Relaxation rate R1
corresponds to 1/T1; and R2, to 1/T2. The sequence was a saturation recovery turbo-spin-echo with a multiecho readout. Four
different saturation delay times (at 170, 660, 2290, and 4740 ms)
and 2 different TEs (at 23 and 105 ms) were acquired, resulting in
a matrix of 4 ⫻ 2 ⫽ 8 images per section with different signal
intensities depending on the delay time and TE. The TR was 4.9
seconds. In total, 30 sections of 4-mm thickness were acquired
in the coronal plane, with an FOV of 230 ⫻ 190 mm, with an
in-plane acquisition resolution of 0.7 mm/pixel, reconstructed
at 0.45 mm/pixel. The scan time was 7 minutes. The MR imaging scanner was a 3T Ingenia (Philips Healthcare, Best, the
Netherlands) using 16-channel head/base combination. Postprocessing was performed with SyMRI 8.0 (SyntheticMR,
Linköping Sweden).

Temperature Correction
Four ROIs were placed in the frontal white matter; 4, in the anterior cingulate cortex; and 4, in the lateral ventricles of all subjects
to obtain an estimate of the mean T1 and T2 relaxation times for
white matter, gray matter, and CSF as a function of temperature.
These data were used to derive a correction function to compensate for relaxation time differences due to the lower temperature
of the subjects than 37°C. A linear change per degree Celsius was
assumed.13,14 Differences due to age, illness, or any other subjectspecific changes were ignored.
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MR Imaging Myelin Estimation
The temperature-corrected R1, R2, and PD maps were used as
input into the myelin model as previously described.11 In summary, this model consists of 4 partial volumes per acquisition
voxel: myelin partial volume, cellular partial volume, free water
partial volume, and excess parenchymal partial volume, in which
each partial volume has its own R1, R2, and PD properties. The
properties of free water partial volume and excess parenchymal
partial volume were fixed to the properties of CSF (R1 ⫽ 0.24
seconds⫺1, R2 ⫽ 0.87 seconds⫺1, and PD ⫽ 100%). The myelin
partial volume R2 was fixed to a literature value of 77 seconds⫺1.
The remaining parameters of the model were then set by the observable R1, R2, and PD properties for each voxel in the brains of
a group of healthy subjects. Subsequently, potential pathologic
changes were modeled as 2 factors: a decrease of myelin partial
volume and an increase of excess parenchymal partial volume, in
comparison with the healthy brain. All distributions of the 4 partial volumes, ranging from 0% to 100% of the acquisition volume,
generated a grid in R1, R2, and PD space. The observed R1, R2, and
PD combinations from the qMRI acquisition were projected onto
this grid, to estimate the myelin partial volume for each voxel.

Photographs of LFB-Stained Brain Slices
and Histologic Examinations
The subjects’ brains were extracted at forensic postmortem and
cut into 2-cm-thick coronal slices. In each case, 1 anterior slice
through the head of the caudate nucleus and 1 posterior slice
through the thalamus were taken for further examinations. Only
the left hemisphere was included. The brain specimens were
soaked in formalin for 5 days. After formalin fixation, the brain
slices were further cut into 6 smaller pieces to fit the 4 ⫻ 6 cm glass
plates and sliced to 4-m thickness. A Luxol fast blue staining was
applied on brain slices. Photographs of LFB-stained brain slices
were taken in a fixed setup with a light bench for uniform backlighting of the specimens and a stative. The glass plates covered
about half of the final image so that most of the photograph was
exposed to the background light, keeping the white filter of the
camera similar for all photographs. Zoom and focus were set to
manual and kept constant. The acquired JPG image resolution
was 0.02 mm/pixel. The photographs were decomposed into red
(R), green (G) and blue (B) channels with values in the range of
0 –255 with a custom-built IDL program (ITT Visual Information
Solutions, Boulder, Colorado). Optical density (OD) was defined
as the sum of the RGB channels for the background light minus
the sum of the RGB channels of each pixel. The values were normalized by dividing by 3 ⫻ 255. With this scale, OD varied between 0 (no color) and 1 (fully colored). Histologic evaluation of
the investigated brain slices was conducted by a board-certified
forensic pathologist who was blinded to the MR imaging findings.

Image Registration
A synthetic proton density–weighted image was generated from
the R1, R2, and PD maps to show an image with good contrast
between WM and GM. The histologic photographs were manually registered to the proton density–weighted image by using
rotation, translation, and scaling. For this process, both quantification maps and photographs were resampled by interpolation to
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FIG 2. A, The observed mean T1 relaxation time in frontal white
matter (squares), cortical gray matter (triangles), and ventricular CSF
(dots) as a function of the core body temperature of all subjects.
Added are the estimated slopes of T1 change per temperature. B, The
observed mean T2 relaxation time in frontal WM (squares), cortical
GM (triangles), and ventricular CSF (dots) as a function of core body
temperature of all subjects.

a resolution of 0.1 mm/pixel. The final registered maps and photographs were down-sampled again to the original MR image resolution of 0.7 mm/pixel to prevent an excessive number of data
points for the correlation. In the down-sampling procedure, zeroes were excluded—that is, each pixel in the 0.7-mm/pixel image
was mapped to an area of 7 ⫻ 7 pixels of the 0.1-mm/pixel image,
where the value was calculated by the sum of the 7 ⫻ 7 pixels,
divided by the number of pixels with a value larger than zero. By
excluding zeroes, we avoided smoothing effects at the edges and
cracks of the histologic specimen.

Statistics
Linear regression was performed on the LFB-OD as a function of
R1, R2, PD, and MR imaging myelin partial volume estimation for
all registered pixels, excluding the value zero. The slope and intercept together with Spearman ranked correlation coefficient
(Spearman ) were recorded for each subject and then averaged
for the entire group. To visualize these ⬎100,000 data points, we
plotted them as 2D histograms of 40 ⫻ 40 bins, similar to plots in
Engström et al.15 The intensity of the 2D histograms corresponds
to the number of times a value occurs within each value interval.
For each 2D histogram, 2 positions of highest density were determined to provide an estimate of the positions of GM and WM.
These positions were averaged for the entire group. The line
through the 2 positions was used as a second estimate of slope and
intercept.

RESULTS
Temperature Correction
The mean T1 values for frontal WM, cortical GM, and ventricular
CSF for the different temperatures are plotted in Fig 2A. Slopes
were estimated at 1.5 ms/°C for WM, 9.0 ms/°C for GM, and 54
ms/°C for CSF. The intersection point for all 3 slopes was determined at T1 ⫽ 600 ms and temperature (T) ⫽ ⫺30°C. With this
point as an origin, all observed T1 values at lower temperatures
(T1,obs) in the entire acquisition volume were corrected for temperature (obtaining T1,cor) by using

FIG 3. Zoomed-in images of all subjects, ordered according to increasing age (A, 46; B, 47; C, 52; D, 55; E, 59; F, 61; G, 69; H, 70; I, 70; J, 71; K, 72; and
L, 74 years of age). On the left, the registered LFB stains are shown as optical density, in the center is the MR imaging– detected myelin partial
volume, and on the right is the synthetic PD-weighted images.
Table 1: The mean and SD for all subjects of the intercept and
slopea
Intercept
Slope
Spearman 
R1
1.19 ⫾ 0.10 s⫺1 0.065 ⫾ 0.009 s⫺1/%
0.63 ⫾ 0.12
12.31 ⫾ 1.17 s⫺1
0.044 ⫾ 0.131 s⫺1/%
0.11 ⫾ 0.28
R2
PD
71.96 ⫾ 4.22%
⫺2.45 ⫾ 0.53 %/%
⫺0.73 ⫾ 0.09
Myelin 1.50% ⫾ 2.84%
4.37% ⫾ 1.73 %/%
0.74% ⫾ 0.11
Estimated by linear regression and the Spearman  of the LFB optical density as a
function of (uncorrected) R1 and R2 relaxation, proton density, and (temperaturecorrected) MRI-estimated myelin partial volume.
a

T 1,cor ⫽ 600 ⫹

T 1,obs ⫺ 600
.
0.015 ⫻ 共T ⫹ 30兲

For the lowest temperature at T ⫽ 5.5°C, the temperature
correction corresponds to a 7.2% increase for WM T1 values, a
30.8% increase for GM T1 values, and a 67.6% increase for CSF T1
values.
The mean T2 values are plotted in Fig 2B. No clear trends were
observed for changes of T2 as a function of temperature for WM
or GM. The mean T2 for WM for all subjects was 80.5 ⫾ 8.0 ms;
the mean T2 for GM for all subjects was 87.2 ⫾ 8.3 ms. The T2
values for CSF decrease with decreasing temperatures, but these
exhibit a large variation. For this study, no T2 correction for temperature was made. Hence, the input values for the myelin model
were R1,cor ⫽ 1/T1,cor, R2 ⫽ 1/T2 and PD.

Correlation of Estimated Myelin Partial Volume with LFB
Optical Density
In Fig 3, a zoomed-in image is shown of all the subjects, including
the registered myelin estimation with histology staining (left column) and the myelin estimation with the qMRI method (center
column). Visual inspection showed a good correspondence between the 2, though in some cases, the variability of the LFB
method is evident. For example, in Fig 3B, 2 histologic specimens
are positioned close together, showing an obviously different
overall intensity. Also, peripheral areas (in eg, Fig 3D, -K, and -L)
show an enhancing LFB-OD gradient.
In Table 1, the mean and SD of the intercept, slope, and Spearman  of R1 and R2 relaxation, proton density, and MR imaging–
estimated myelin partial volume are given as a function of the
LFB-OD. The Spearman  shows a correlation for all parameters;

weakest for R2 and stronger for R1, PD, and myelin. The observed
slope of myelin partial volume and LFB-OD was 4.37% ⫾ 1.73%/%;
the intercept was 1.50% ⫾ 2.84%.
All pixels (⬎0) were plotted with 2D histograms, as shown in
Fig 4, where LFB-OD is taken as the x-axis, and R1, R2, PD, and
qMRI-based myelin, as the y-axis. In Table 2, the mean and SD of
the 2 positions of highest density in the 2D histograms are listed,
attributed to WM and GM. The line through these 2 positions
provides another way of estimating the slope and intercept, as
listed in Table 2. The estimated slopes and intercepts in Table 2 are
very similar to the values observed in Table 1.

Histologic Examinations
In each of the 12 cases, histologic signs of slight cerebral edema
(slight distension of perivascular and pericellular spaces, slight
rarefaction of subpial spaces, and slight vacuolar appearance of
gray matter neuropil) were present. Apart from that, no remarkable findings were seen.

DISCUSSION
In this work, a postmortem comparison was made between brain
specimens dyed with myelin-sensitive Luxol fast blue and a qMRI
method for estimating myelin. A challenging issue for postmortem MR imaging is to limit the influence of postmortem changes
on the brain tissue, due to, for example, cause of death, the duration of the dying process, temperature, lack of blood flow, decay
processes, and so forth. In our case, the cadavers were fresh and
quickly refrigerated after death to limit changes due to decay processes. The brains were intact, and hence no effects of brain extraction or preservation played a role. However, all investigated
brains showed histologic signs of slight cerebral edema, even
though the brains appeared unremarkable at gross examination
during the following postmortem examination. The reason for
the appearance of slight cerebral edema may have been hypoxia
during agony, despite all cases having causes of death that did not
primarily affect the brain. Agony can last at least several minutes,
which may be enough time to cause hypoxia in the brain due to
deprived circulation and blood oxygenation.16-18
The presence of various degrees of edema most likely caused
the near-zero slope in R2 values (Table 1), which is much lower in
AJNR Am J Neuroradiol 38:1096 –102
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correction, the input data to the myelin
model were similar to those for living patients, in as much as possible for the
deceased.
Concerning the LFB stains, the
LFB-OD is not a quantitative measure,
and the final OD values depend on the
details of the staining procedure. Care
was taken to keep all conditions as similar
as possible, but color differences can occur due to small dye concentration differences, timing differences, or variation in
sample thickness. The OD values of GM
and WM in all subjects were within a reasonable interval for natural variation, but
as shown in Fig 3, the staining method
does not always show a uniform performance. The relatively large SD of the myelin slope (1.73%/%; corresponding to
40% of the mean value of 4.37%/%) indicates the variability between subjects,
and it is likely that issues with staining
uniformity also affected the within-subject correlation and Spearman .
Registration of LFB-stained brain
slice photographs to MR images is a challenging ordeal. The orientation of the
FIG 4. 2D histograms of all subjects of the Luxol fast blue optical density values, plotted as a cuts is generally not identical to the MR
function of the observed R1 relaxation rate (A), R2 relaxation rate (B), and proton density (C). Also, images, and the fixation process of brain
the estimated myelin partial volume, based on temperature-corrected R1, R2, and PD is plotted slices leads to shrinkage, cracks, and dif(D). The intensity of the 2D histograms corresponds to the number of times a value occurs within
ferent kinds of distortions of the sameach value interval. Intervals were divided into 40 ⫻ 40 bins.
ples.21,22 Moreover, there is a tremenTable 2: The mean and SD for all subjects of the position of
dous difference in the resolution of MR imaging and photographs
highest value density for white matter and gray matter observed
of LFB-stained tissue specimens. Each pixel in an MR image corin the 2D histogramsa
WM
GM
Intercept
Slope
responds (in our case) to 0.7 ⫻ 0.7 ⫻ 4.0 mm, whereas each pixel
R1
1.47 ⫾ 0.08 s⫺1
1.27 ⫾ 0.09 s⫺1 1.24 s⫺1
0.030 s⫺1/%
in a photograph corresponds to 0.02 ⫻ 0.02 ⫻ 0.004 mm. The
R2
12.55 ⫾ 1.25 s⫺1
12.11 ⫾ 1.08 s⫺1 12.06 s⫺1 0.066 s⫺1/%
difference in sharpness, in combination with imperfect registraPD
52.01% ⫾ 2.98% 71.36% ⫾ 3.95% 73.46% ⫺2.85 %/%
tion, will cause substantial issues with partial volume at tissue
Myelin 30.98% ⫾ 3.77%
4.84% ⫾ 2.30%
2.01%
3.84 %/%
interfaces, randomly spreading the data points in the correlation
LFB
7.54% ⫾ 2.06% 0.74% ⫾ 0.65%
–
–
a
plots. The resolution mismatch will affect the regression analysis
Added are the derived slopes and intercepts when using the positions of R1, R2, PD,
and myelin as a function of the position of LFB.
and probably lower the values of the Spearman . The 2 ap19,20
proaches
to retrieve the slopes (Tables 1 and 2), however, procomparison with the slope observed in the living.
Also, the
vided
similar
results. It can be speculated that the correlation valrelatively large SD of the R2 slope indicates the sensitivity of R2
ues
would
improve
by the application of ROIs to avoid tissue
values to changes in the brain. Peculiar is the observation of lower
interfaces. This would, however, introduce a user dependency in
PD values than in living subjects (intercept of 71.96%), but this
the method, which we wanted to avoid.
may be a scaling issue in postprocessing. An important aspect of
A correlation was observed between LFB myelin staining and
our data is the temperature of the cadaver. The mean core body
the qMRI-derived myelin estimation. The qMRI sequence is not
temperature of the 12 subjects was 7.8°C, which reduces the T1
sufficiently fast to resolve the short relaxation of myelin water
and T2 relaxation times. The largest reduction was seen for CSF,
directly, but the presence of myelin partial volume is inferred by
whereas this occurred to a lesser extent for brain tissue. To get
its magnetization exchange effect on the (slower) cellular R1 and
reasonable input data for the myelin model, we made a temperaR2 relaxation rate components, as well as the decrease in observture correction only on the T1 relaxation times. The observed
able proton density. The correlation of LFB-OD with the qMRIchanges in T1 as a function of temperature were in line with those
derived myelin detection shows a higher value ( ⫽ 0.74 ⫾ 0.11)
in previous reports, in which a linear behavior in T1 was shown
than separate correlations with R1, R2, and PD ( ⫽ 0.63 ⫾ 0.12,
for brain tissue.13,14,20 The observed slopes, however, were about
0.11 ⫾ 0.28, and 0.73 ⫾ 0.09, respectively, Table 1). This finding
half of the reported values from Birkl et al20 (1.5 versus 3 ms/°C
for WM and 9 versus 17 ms/°C for GM). With the temperature
supports the notion that the model can extract information from
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all 3 parameters to determine a myelin estimate. Most intriguing
though are the substantially higher values for R1 and PD than for
R2, but these may be due to the mentioned postmortem edema
effect. An indirect measurement such as this may have its limitations in comparison with a more direct multicomponent approach, but for clinical use, the robustness of the measurement
may be more important. The qMRI method used is, for example,
insensitive for B1 field inhomogeneity and radiofrequency pulse
profile imperfections,9 and repeatability studies have shown a
very low error in measured volume, for example 0.14% in brain
size.23 The clinical usefulness of the method is further supported
by initial observations by Hagiwara et al,24 in which significant
differences were found among normal-appearing white matter,
MS plaque, and periplaque white matter in a group of patients
with MS.
Our results show that myelin exhibits a nonsignificant but
positive intercept with LFB-OD, suggesting that the myelin model
may indicate values for GM that are higher in comparison with
the LFB-OD. This finding is surprising because the expected limitations of both methods would rather lead to a negative intercept,
in which qMRI-derived myelin in GM is measured at lower values
than the LFB-OD. The MR imaging method is sensitive to the
changes in the relaxation of intra- and extracellular water due to
the proximity of fast relaxing, thin layers of myelin water, which
are trapped between the myelin sheaths. Hence, it is not a direct
measurement of myelin but rather a detection method of the
thin-layered structure of the heavily myelinated nerve fibers. If
axons or dendrites in GM are insulated with a single sheath, no
water can be trapped in thin layers and the MR imaging
method will cease to measure the presence of myelin. An issue
for the LFB staining, on the other hand, is that the dye targets
lipoproteins; hence, it may also stain substances other than
myelin, such as neuropil, the cell membranes, and nuclei of
nerve cells. This staining may create a small, positive offset in
optical density, for example, as observed by Laule et al.25,26
Possibly, the explanation lies in the noise of the MR imaging
measurements: Detection of a higher myelin value due to noise
is allowed, whereas there can be no values lower than zero. Low
myelin values may therefore exhibit a small rectification offset.
A limitation of the study is the low number of cases included.
Also, no specific brain pathology such as multiple sclerosis or
dementia was investigated. Full clinical medical records of the
subjects were not made available to the study due to the forensic
nature of cases. However, the available preliminary information
did not reveal the existence of relevant neurologic illnesses. Moreover, gross brain examinations at postmortem examination and
histologic examinations of investigated brain slices did not present relevant pathology. For future work, it would be very interesting to repeat the study for specific patient groups with relevant
demyelination pathologies, microangiopathy, or lacunar infarcts,
provided it is practically possible to retrieve full medical history in
the short time between death and investigation.
In the histologic investigation, evidence of edema was found.
Edema can alter relaxation times27,28 and hence will have an effect
on the myelin detection. The quantification of edema is included
in the qMRI model used, but there is no straightforward method

of histologically mapping edema, precluding a possible correlation analysis for this study.

CONCLUSIONS
A correlation was shown between a myelin-detection method
based on qMRI and myelin staining of brain slice by using Luxol
fast blue in a postmortem setting, supporting the validity of myelin measurement with the qMRI method.
Disclosures: Marcel Warntjes—UNRELATED: Employment: SyntheticMR AB, Comments: part-time employment; Stock/Stock Options: SyntheticMR AB.
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ABSTRACT
BACKGROUND AND PURPOSE: Synthetic MR imaging enables reconstruction of various image contrasts from 1 scan, reducing scan times
and potentially providing novel information. This study is the ﬁrst large, prospective comparison of synthetic-versus-conventional MR
imaging for routine neuroimaging.
MATERIALS AND METHODS: A prospective multireader, multicase noninferiority trial of 1526 images read by 7 blinded neuroradiologists
was performed with prospectively acquired synthetic and conventional brain MR imaging case-control pairs from 109 subjects (mean,
53.0 ⫾ 18.5 years of age; range, 19 – 89 years of age) with neuroimaging indications. Each case included conventional T1- and T2-weighted,
T1 and T2 FLAIR, and STIR and/or proton density and synthetic reconstructions from multiple-dynamic multiple-echo imaging. Images were
randomized and independently assessed for diagnostic quality, morphologic legibility, radiologic ﬁndings indicative of diagnosis, and
artifacts.
RESULTS: Clinical MR imaging studies revealed 46 healthy and 63 pathologic cases. Overall diagnostic quality of synthetic MR images was
noninferior to conventional imaging on a 5-level Likert scale (P ⬍ .001; mean synthetic-conventional, ⫺0.335 ⫾ 0.352; ⌬ ⫽ 0.5; lower limit
of the 95% CI, ⫺0.402). Legibility of synthetic and conventional morphology agreed in ⬎95%, except in the posterior limb of the internal
capsule for T1, T1 FLAIR, and proton-density views (all, ⬎80%). Synthetic T2 FLAIR had more pronounced artifacts, including ⫹24.1% of cases
with ﬂow artifacts and ⫹17.6% cases with white noise artifacts.
CONCLUSIONS: Overall synthetic MR imaging quality was similar to that of conventional proton-density, STIR, and T1- and T2-weighted
contrast views across neurologic conditions. While artifacts were more common in synthetic T2 FLAIR, these were readily recognizable and
did not mimic pathology but could necessitate additional conventional T2 FLAIR to conﬁrm the diagnosis.
ABBREVIATIONS:  ⴝ Kappa statistic; MAGiC ⫽ MAGnetic resonance image Compilation; MDME ⫽ multiple-dynamic multiple-echo; PD ⫽ proton density

ynthetic MR imaging uses quantitative probing of multiple
physical properties to reconstruct multiple contrasts from 1
scan. Parameters like TR, TE, and TI can be modified with mathematic inferences rather than being predetermined.1-3 The speed
of diagnostic brain studies can thus be reduced to only about 5
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minutes with synthetic MR imaging.4 This advancement may help
improve throughput and reduce rescanning, while also providing
quantitative information of research interest.4-6
Clinical studies of synthetic MR imaging are highly heterogeneous in that they examine a variety of conditions with
widely varying scan parameters, with a paucity of large, randomized trials to inform clinical usage.3,6 Blystad et al5 (2012)
reported that synthetic images had diagnostic utility similar to
that of conventional imaging series, though with some quality
issues like granulation and contrast particularly apparent in
FLAIR views. Other studies reported good quality and contrast
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for synthetic images among certain indications, such as multiple sclerosis, brain metastasis,6,7 and myelination patterns.8
Because image quality endpoints are reliant on reader judgment (reported to have up to 41% variability and only fair-tomoderate interrater agreement9,10) and scanning conditions,
drawing clinically relevant inferences from diverse small trials
is challenging. Furthermore, the broad diversity of both
healthy and pathologic morphologic variants encountered in
routine neuroimaging necessitates more robust clinical studies
of synthetic MR imaging for clinical neuroimaging.
This study was designed to compare the overall image quality of synthetic MR imaging with conventional MR imaging in
a general neuroimaging population. Secondary aims included
legibility of anatomic and morphologic features, artifact prevalence, and diagnostic performance across a range of cases
helpful in informing clinical usage and adoption of synthetic
MR imaging.

MATERIALS AND METHODS

lected. MDME data were reconstructed outside the clinical care
environment by using MAGnetic resonance image Compilation
(MAGiC) software on a 64-bit Advantage Workstation (GE
Healthcare, Milwaukee, Wisconsin). No errors were logged during processing, and the average processing time was approximately 2 minutes per case. Scan duration, subject disposition, and
imaging results were recorded for each case.
The site-determined diagnosis was recorded on the basis of
the results of MR imaging studies and work-up performed according to the standard of care by clinical neuroradiologists.
The sites reported the reference (site-determined diagnosis) by
using the same scale as the study readers, which reports normal
or ⱖ1 pathologic subtype adapted from Osborn et al (2010)12:
1) traumatic, complex, indeterminate, or other condition or
injury; 2) congenital malformation; 3) ischemic or hemorrhagic stroke; subarachnoid hemorrhage/aneurysm; 4) vascular malformation; 5) neoplasm/primary neoplastic cysts; 6) infectious/demyelinating disease; or 7) metabolic/degenerative
disorders.

Participants and Clinical Assessments
Subjects (n ⫽ 117) were enrolled prospectively into a multireader multicenter case-control study across 6 hospitals from
November 2015 to January 2016 (ClinicalTrials.gov Identifier
NCT02596854). Of these, all complete cases (n ⫽ 109; 45 men,
64 women; mean, 53.0 ⫾ 18.5 years of age; range, 19 – 89 years)
with synthetic and conventional (control) acquisitions were
read. Subjects were 18 years of age or older with clinical indications for neuroimaging and without contraindications to
MR imaging or previously diagnosed congenital conditions or
extensive trauma prohibiting scanning. Governing ethics committees at each site approved this study, and subjects provided
written informed consent.

Image Acquisition
Images were prospectively acquired by using a fixed set of scanning parameters closely approximating current standard of care
brain MR imaging (as detailed for 1.5T and 3T scanners in Online Table 1). First, conventional images were acquired by using
conventional 2D axial plane T1- and T2-weighted, T1 and T2
fluid-attenuated inversion recovery, short tau inversion recovery,
and proton density (PD) sequences. Then, a multiple-dynamic
multiple-echo (MDME) sequence was performed for synthetic
reconstruction, for a complete conventional and synthetic casecontrol series. MDME uses a repeat version of the same gradientreversal process used to create a single gradient-echo to produce
additional gradient-echoes after a single radiofrequency pulse.
This is known as multiple (or dual) echo gradient-echo, which is
possible when complete loss of the transverse magnetization by
T2* relaxation has not yet occurred. Because MDME is a quantitative sequence, it enables absolute quantification of tissue physical properties, like longitudinal R1 relaxation rate, transverse R2
relaxation rate, and PD independent of the scanner settings.
MDME parameters acquired in 1 scan are used in synthetic imaging to calculate pixel intensity, producing an appearance similar
to that of conventional MR images with modifiable TE, TR, and
TI.5,11 Thus, synthetic (based on MDME) and conventional T1,
T2, T1 FLAIR, T2 FLAIR, PD, and STIR contrast views were col1104
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Radiologic Assessments
Synthetic and conventional images sets were randomized and
assessed by 7 blinded independent neuroradiologists (⬎10
years’ experience) on standard imaging workstations. Casecontrol pairs from the same subject were separated and read
across 2 sessions, separated by a 4-week memory-washout period. Each read included either all synthetic or all conventional
contrast views from a case. Overall diagnostic image quality
was rated (considering all available contrast views) on a
5-point Likert-type scale: 5 ⫽ excellent (acceptable for diagnostic use), 4 ⫽ good (acceptable for diagnostic use), 3 ⫽
acceptable (acceptable for diagnostic use but with minor issues), 2 ⫽ poor (not acceptable for diagnostic use), or 1 ⫽
unacceptable (not acceptable for diagnostic use). Ratings of
ⱖ3 were considered acceptable overall. For image sets rated as
unacceptable (1 or 2), the rationale was recorded as “open
text.” Readers also recorded radiologic findings indicative of a
diagnosis with corresponding Osborn classifications.
For each contrast view, readers rated the legibility (or visibility
of margins and structures associated with key anatomic/morphologic features) of anatomies defined a priori. Legibility ratings
supplemented overall image-quality data, which consider all regions of the brain, as a means of providing specific information
about anatomic regions in brain imaging. Each anatomy was rated
on a binary scale (legible/illegible), including the following: central sulcus, head of the caudate nucleus, posterior limb of the
internal capsule, cerebral peduncle, middle cerebellar peduncle,
and cervicomedullary junction. Readers recorded whether any of
the following artifacts were present:13 low signal-to-noise, motion
and section issues, infolding or wrap-around, white pixel or spike
noise, phase encoding, flow, contrast-to-noise, low image resolution, or blurring. Readers could provide free text comments on
any other observations.

Statistical Analysis
Statistical analysis was performed in SAS 9.2 (SAS Institute, Cary,
North Carolina), and sample size was calculated in PASS12

Diagnostic image-quality ratings by static ﬁeld strength of scanner and overalla
1.5T Scanner
Diagnostic Qualityb
Acceptable for diagnostic use (3,4,5)
Excellent (rated 5)
Good (rated 4)
Acceptable (rated 3)
Unacceptable for diagnostic use (1,2)
Poor (rated 2)
Unacceptable (rated 1)

Syn (N = 392)
380 (97%)
64 (16%)
266 (68%)
50 (13%)
12 (3%)
10 (3%)
2 (1%)

Con (N = 392)
387 (99%)
183 (47%)
170 (43%)
34 (9%)
5 (1%)
5 (1%)
0

3T Scanner

Syn (N = 371)
354 (95%)
37 (10%)
230 (62%)
87 (23%)
17 (5%)
16 (4%)
1 (0.3%)

Con (N = 371)
358 (96%)
103 (28%)
199 (54%)
56 (15%)
13 (4%)
12 (3%)
1 (0.3%)

Overall (1.5T + 3T)
Syn (N = 763)
734 (96%)
101 (13%)
496 (65%)
137 (18%)
29 (4%)
26 (3%)
3 (0.4%)

Con (N = 763)
745 (98%)
286 (37%)
369 (48%)
90 (12%)
18 (2%)
17 (2%)
1 (0.1%)

Note:—Syn indicates synthetic MR imaging; Con ⫽ conventional MR imaging (control).
a
All data are shown as n (n/N%), where n is the count and N is the total reads per category (deﬁned in the upper row of this table).
b
Five-point scale.

FIG 1. Axial synthetic and conventional 3T MR imaging of a normal brain. Conventional (upper row) and synthetic (lower row) image sets exhibit
similar legibility and quality. Slight differences in contrast levels are apparent, which do not adversely impact the diagnostic utility of images,
particularly between T1 FLAIR and T2 FLAIR views.

(NCSS Statistical Software, Kaysville, Utah). Per the prospective
statistical plan to determine noninferiority, a Wilcoxon signed
rank test was used to determine noninferiority of synthetic-toconventional MR imaging in terms of the overall diagnostic image
quality score, by using a 1-sided ␣ ⫽ .025 test with a noninferiority margin of ⌬ ⫽ .5 with a 5-level Likert scale. The primary
hypothesis is 1-sided and can be stated as H0:S ⱕ ⫺⌬ and HA:S ⬎
⫺⌬, where the S is the median difference of overall diagnostic
image quality across readers for synthetic-versus-conventional
MR imaging, in which noninferiority is established by rejecting
the null hypothesis. The margin (⌬) of .5 was determined statistically on the basis of the population and was confirmed by
clinical estimates from prior research5 and institutional pilot
data, in accordance with recommendations for determination
of noninferiority margins described in the US Food and Drug
Administration Guidance for Industry: Non-Inferiority Clinical
Trials to Establish Effectiveness (2016) (https://www.fda.gov/
downloads/Drugs/GuidanceComplianceRegulatoryInformation/
Guidances/UCM202140.pdf) and trial designs for noninferiority
testing in radiology reviewed by Ahn et al (2012).14 Descriptive statistics were used to summarize secondary endpoints of anatomic/
morphology legibility by anatomic region, artifact prevalence, and
diagnostic performance (sensitivity/specificity) by the Osborn classi-

fication. Interrater reliability between readers was assessed by kappa
() statistic.

RESULTS
Overall Diagnostic Quality
Each of 7 blinded neuroradiologists read all 109 clinically acquired case-control image sets (109 synthetic and 109 conventional) for a total of 1526 reads (763 synthetic and 763 conventional reads). Of these, 56/109 were acquired on 1.5T static field
strength scanners and 53/109 were acquired on 3T scanners. Because no significant differences for 5-level image quality scores
(acceptable ⫽ 3, 4, or 5 versus unacceptable ⫽ 1 or 2) were observed on the basis of scanner static field strength (1.5T or T) or
acquisition site (P ⬎ .05 with a 2-tailed t test), results were pooled
for analysis. The duration of scanning was recorded, with a singleacquisition sequence for synthetic reconstruction requiring 5
minutes 36 seconds on 1.5T scanners and 5 minutes 4 seconds on
3T scanners (On-line Table 1).
Considering all contrast views, 734 (96%) synthetic cases and
745 (98%) conventional cases were rated as acceptable (ⱖ3 on a
5-point scale) (Table). Figure 1 shows comparable synthetic and
conventional case-control images from a normal (no pathology
present) brain by contrast view. Figures 2–5 show case-control
AJNR Am J Neuroradiol 38:1103–10
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FIG 2. Left frontal lobe cystic tumor on axial synthetic and conventional 3T MR imaging in a 31-year-old woman. Conventional (upper row) and
synthetic (lower row) image sets exhibit similar legibility and quality.

FIG 3. Chronic right cerebellar infarction in a 37-year-old woman on axial synthetic and conventional 3T MR imaging. Conventional (upper row)
and synthetic (lower row) image sets exhibit similar legibility and quality.

images across a range of brain pathologies (continued in On-line
Figs 1–3). Overall diagnostic image quality of synthetic images
was statistically noninferior to conventional images, with a mean
difference (synthetic-conventional) across readers of ⫺0.335 ⫾
0.352 with a lower limit of the (1-sided) 95% CI of ⫺0.402 (median, ⫺0.428; minimum, ⫺1.286; and maximum, 0.714; P ⬍
.001). Among synthetic images rated as poor or unacceptable (1
or 2 on a 5-point scale), the most common quality issue was patient motion in synthetic image sets owing to generating from a
single acquisition (where a single motion event propagates across
all reconstructed contrast views).

Legibility of Anatomic/Morphologic Features
Anatomic/morphologic features were visualized and rated as legible in synthetic and conventional imaging for ⱖ98% of regions
across contrast views, except in the cervicomedullary junction
rated at 96% on both synthetic and conventional imaging (Online Table 2). For synthetic and conventional pairs from the same
1106
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subject, readers agreed for ⱖ95% of anatomic/morphologic regions across contrast views, except in the posterior limb of the
internal capsule for T1, T1 FLAIR, and PD views (⬎80% agreement). Notably, 6 of 7 readers had agreement of 99%–100% for
T1 FLAIR, with 1 reader as an outlier at 89%, possibly related to
experience. Further study will be needed to investigate the influence of experience on reading synthetic images and possible
training solutions.

Artifacts Occurrence and Characterization
Fewer artifacts (all characterizations) were identified in synthetic
than in conventional imaging for T1-weighted (9.2%), STIR
(24.8%), and PD (1.1%) contrast views (On-line Table 3). Synthetic images had more artifacts overall on the T2-weighted
(5.0%), T1 FLAIR (17.9%), and T2 FLAIR (49.3%) contrast views
(On-line Table 3). Phase-encoding artifacts were less frequent in
synthetic STIR images (27.2%) and synthetic T1 contrast views
(13.0%). Synthetic contrast views were more likely to contain

FIG 4. Multiple sclerosis in axial synthetic and conventional 3T MR imaging in a 58-year-old woman. Multifocal demyelinating lesions are
apparent within the cerebral white matter; these lesions appear similar on conventional (upper row) and synthetic (lower row) image sets. A
slight misregistration is apparent due to patient motion between the MDME scan (used for synthetic reconstruction, lower row) and the
comparable conventional scan acquired in the study (upper row). While misregistration due to motion can pose challenges in conventional serial
acquisitions due to partial section differences in images across contrast views, synthetic reconstruction inherently prevents misregistration
across synthetic contrast views.

white pixels/spike noise artifacts across contrast views (except
PD), and flow artifacts were more common in synthetic views,
most notably in the synthetic T1-weighted (13.0%), T1 FLAIR
(22.1%), and T2 FLAIR (24.1%) contrast views.
Readers identified relatively more artifacts among synthetic
T2 FLAIR contrast views compared with other synthetic and conventional contrast views. Synthetic T2 FLAIR showed 24.1% more
flow artifacts, 17.6% more white noise artifacts, and 59.2% more
artifacts marked as “other” compared with conventional views.
Examination of reader free text comments revealed that artifacts
marked as “other” primarily described localized, granulated hyperintensities apparent in the margins only in synthetic T2 FLAIR
contrast views (Fig 6). These artifacts were recognizable by a distinct pixelated appearance and a tendency to occur along tissueCSF boundaries only in T2 FLAIR views in otherwise unremarkable image sets. Readers reported that synthetic T2 FLAIR may
have some diagnostic limitations in practice, which could necessitate a conventional T2 FLAIR scan. However, owing to the nature of synthetic imaging (which results in a full range of possible
contrast views for cross-comparison), neuroradiologists were
readily able to distinguish T2 FLAIR artifacts from pathology,
without impacting diagnostic utility.

Diagnostic Performance
Overall interrater agreement ( correlation coefficient) for pathology detection was 0.502 for synthetic images and slightly
higher at 0.605 for conventional images. Across the 7 readers
(1526 total reads, including 763 synthetic and 763 conventional
pairs), overall sensitivity for correct identification of pathology
ranged from 60.32 (95% CI, 47.20 –72.43) to 95.24 (95% CI,
86.71–99.01) among readers for conventional versus 55.56 (95%
CI, 42.49 – 68.08) to 96.83 (95% CI, 89.00 –99.61) among readers
for synthetic imaging, with the site-determined diagnosis as the
criterion standard. On the basis of clinically confirmed diagnoses

reported by the site (based on clinical MR imaging studies and,
when necessary, additional follow-up or laboratory testing), the
study included 46 healthy and 63 pathologic cases (of which 2
cases contained 2 pathology types and 1 case contained 3 pathology types), including 7 traumatic or complex injuries, 2 congenital malformations, 12 strokes/hemorrhages, 2 vascular malformations, 32 neoplasms/primary neoplastic cysts, 10 infectious/
demyelinating conditions, and 2 metabolic/degenerative disorders.
Readers of synthetic MR imaging showed equal or higher ability to
diagnose all pathologies, except for neoplasms/primary neoplastic
cysts (n ⫽ 2, difference in detection of ⫾6.3% sensitivity and ⫾1.3%
specificity among readers) subgroup and infectious diseases (n ⫽ 10,
difference in detection of ⫾10.0% sensitivity and ⫾3.0% specificity).

DISCUSSION
To our knowledge, this is the first large, prospective, randomized
study of synthetic MR imaging technology to enroll a cross-section of the neuroimaging population, including a variety of brain
pathologies encountered in clinical practice. On the basis of
blinded assessments from 7 neuroradiologists, the overall diagnostic quality of synthetic MR imaging was statistically noninferior to conventional MR imaging series for T1- and T2-weighted,
T1 and T2 FLAIR, STIR, and PD contrast views. Furthermore,
neuroradiologists reported similar anatomic/morphologic feature legibility in both synthetic and conventional images. Both
synthetic and conventional sequences exhibited similar quality
issues and artifact trends for T1- and T2-weighted, STIR, and PD
contrast views, while synthetic imaging had more FLAIR artifacts.
Synthetic FLAIR artifacts were readily recognizable by cross-comparison within contrast views and thus did not significantly impact the diagnostic use of synthetic MR imaging. Overall, study
results demonstrated that both synthetic and conventional imaging have similar diagnostic utility.
Anatomic and morphologic characteristics were visible in
AJNR Am J Neuroradiol 38:1103–10
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long scans of multiple contrasts may be
affected.19 Because synthetic imaging reduces the overall scan time, the impact
of acquisition issues is expected to be
limited in practice.
Diagnostic performance of synthetic
imaging was similar to that of conventional MR imaging, as indicated by statistical noninferiority of synthetic images. While the noninferiority model is
decisive for effectiveness in therapeutic
studies, which directly assess ultimate
patient outcomes, elucidating the clinical implications of noninferiority findings in radiology is less straightforward
because the negative effects of image
quality may have variable effects on ultimate patient outcomes.14 Thus, from a
clinical perspective, we observed that in
both synthetic and conventional MR
imaging, some neoplasms/primary neoplastic cysts and infectious or demyelinating conditions were challenging for
readers to identify without additional
clinical or laboratory work-up, possibly
due to overlapping appearances of neoplastic and inflammatory conditions on
MR images.20,21
The sensitivity and specificity of MR
imaging in neuroradiology have been
reported to range from 39% to 98% and
33% to 100%, respectively, with wide
variations based on reader experience
FIG 5. Chronic infarction in synthetic and conventional 3T MR imaging shown alongside color
and the pathologic condition studfunctional perfusion maps in a 62-year-old man. Conventional (rows 1 and 3) and synthetic (rows
22-25
Across study readers, synthetic
2 and 4) views show similar legibility and quality. T1 FLAIR and T2 FLAIR views have some granu- ied.
lated white noise in the margins. Color quantitative perfusion maps (lower right) demonstrate MR imaging sensitivity and specificity
decreased ﬂow and prolonged transit time in this region of chronic infarction.
had values within typical clinically observed ranges for blinded MR imaging
both synthetic and conventional views, though both exhibited
reads (without clinical context).22-25 Statistical variations in diagissues pertaining to visualizing the craniocervical junction, CSF
nostic classifications may be centrally attributable to small samsuppression, and pulsation artifacts that are well-documented in
ples of certain pathologies in the present study, meriting further
MR imaging.5,15-18 Synthetic imaging exhibited characteristic hystudy of these pathologic subgroups. Synthetic scanning is perperintense artifacts in FLAIR views, corroborating previous reformed in the axial view only, and some clinical cases may be
ports that further work will be necessary before synthetically genlimited by spatial resolution in this section direction. Owing to
erated FLAIR views can fully replace conventional FLAIR in
the relatively shorter synthetic acquisition time, however, adpractice.5,6 While FLAIR artifacts contributed to lower overall
ditional sequences can also be combined with the synthetic
image quality scores (because all views were considered in this
acquisition in a single examination session with minimal burcomposite primary end point), the overall impact of FLAIR artiden on the patient.
facts on diagnosis was inherently limited by the nature of the
The strengths of this study include the use of a prospective
synthetic views, in which immediate cross-comparison with other
acquisition protocol with matched scanning parameters (On-line
contrast views is possible. On rare occasions, encoding artifacts in
Table 1). Because scans were acquired in a fixed order with
FLAIR views could necessitate clinical workflow changes such as
MDME (synthetic reconstruction) acquired last, a relative prothe addition of a single conventional scan; however, the impact
pensity toward motion artifacts in synthetic images may not be
on the patient’s overall scan experience is offset by the time savrepresentative of actual occurrence. Reports have, however,
ings of the synthetic acquisition. Furthermore, motion and signalshown that single scans of short duration have lower incidences of
encoding artifacts were observed to affect all reconstructed synmotion than longer scans.13,26 The trial results support the use of
thetic views if present in the original acquisition. As few as 7.5% of
single MR images exhibited motion artifacts, while up to 19.8% of
synthetic MR imaging in brain imaging to reduce scan time and
1108
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FIG 6. Subdural hematoma on T2 FLAIR in synthetic and conventional 3T
MR imaging demonstrating pronounced artifacts. Conventional (left) and
synthetic (right) T2 FLAIR images are shown for a patient with subdural
hematoma, in which synthetic T2 FLAIR has notable granulated hyperintensities and lacks contrast between the lesion and surrounding tissues.
Artifacts of this severity level were rare among synthetically reconstructed images, possibly due to issues in the MDME acquisition that are
typically resolved on rescanning. For cases demonstrating these granulated hyperintensities on the synthetic T2 FLAIR, artifacts were readily
recognizable by characteristic distortion and correlation with other contrast views without apparent artifacts. While these could necessitate
rescanning with conventional T2 FLAIR in some cases, when coupled with
other contrast views, these artifacts did not interfere with the diagnostic
accuracy of synthetic MR imaging.

the associated discomfort for patients undergoing brain MR imaging, with diagnostic performance similar to that of conventional imaging.

CONCLUSIONS
The current study demonstrated that synthetic images were statistically noninferior in terms of overall diagnostic image quality
compared with conventional MR images, with similar diagnostic
utility for detecting a range of brain pathologies. Both synthetic
and conventional MR imaging could visualize anatomic and morphologic features of the brain, with similar trends in artifacts and
diagnostic utility. Because synthetic reconstructions rely on the
quality of a single scan, care should be taken to minimize motion
and acquisition artifacts. While more artifacts were observed in
synthetic T2 FLAIR reconstructions, cross-comparison with
other contrast views enabled neuroradiologists to readily detect
these artifacts without interfering with the diagnostic ability of
synthetic images. The trial results support the use of synthetic MR
imaging in brain imaging to reduce scan time and discomfort for
patients undergoing brain MR imaging, while acquiring highquality diagnostic MR images. We expect that further research
may reveal additional applications for synthetic MR imaging.
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ADULT BRAIN

Determining the Orientation of Directional Deep Brain
Stimulation Electrodes Using 3D Rotational Fluoroscopy
X P.C. Reinacher, X M.T. Krüger, X V.A. Coenen, X M. Shah, X R. Roelz, X C. Jenkner, and X K. Egger

ABSTRACT
BACKGROUND AND PURPOSE: New deep brain stimulation leads with electrode contacts that are split along their circumference allow
steering of the electrical ﬁeld in a predeﬁned direction. However, imaging-assisted directional stimulation requires detailed knowledge of
the exact orientation of the electrode array. The purpose of this study was to evaluate whether this information can be obtained by
rotational 3D ﬂuoroscopy.
MATERIALS AND METHODS: Two directional leads were inserted into a 3D-printed plaster skull ﬁlled with gelatin. The torsion of the lead
tip versus the lead at the burr-hole level was investigated. Then, 3 blinded raters evaluated 12 3D ﬂuoroscopies with random lead
orientations. They determined the lead orientation considering the x-ray marker only and considering the overlap of the gaps between the
contact segments. Intraclass correlation coefﬁcients and an extended version of the Bland-Altman plot were used to determine interrater
reliability and agreement of the measurements of the different raters.
RESULTS: Electrode torsion of up to 35° could be demonstrated. Evaluation of the lead rotation considering the x-ray marker only
revealed limits of agreement of ⫾9.37° and an intraclass correlation coefﬁcient of 0.9975. In addition, taking into account the lines resulting
from overlapping of the gaps between the electrode segments, the limits of agreement to the mean were ⫾2.44° and an intraclass
correlation coefﬁcient of 0.9998.
CONCLUSIONS: In directional deep brain stimulation systems, rotational 3D ﬂuoroscopy combined with the described evaluation
method allows for determining the exact orientation of the leads, enabling the full potential of imaging-assisted personalized
programming.
ABBREVIATION: DBS ⫽ deep brain stimulation

eep brain stimulation (DBS) is an established treatment for
movement disorders (eg, Parkinson disease, tremor, and
dystonia), drug-resistant epilepsy, and obsessive-compulsive disorder (for which DBS is still regarded experimental).1-4 The spectrum of indications is currently increasing: Several psychiatric
indications are under investigation, including major depression,
addiction, Alzheimer disease and dementias, eating disorders,
Gilles de la Tourette syndrome, and schizophrenia. Although the
stimulation technology stems from the 1970s and has seen little
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development, the therapeutic window of DBS can be limited by
side effects that are caused by inadvertent co-stimulation of structures in the proximity of the targeted regions. Typically, DBS electrodes contained cylindrical contacts. Their activation resulted in
roughly spherical stimulation fields around the surface of the contacts, which represent the volume of activated tissue. The potential advantages of current steering between contacts or in defined
directions have been anticipated for many years.5 Recently, DBS
electrode leads with electrode contacts that are split into 3 parts
along the circumference of the electrode became available.6,7 Distributing the stimulation among these electrode segments allows
steering of the electrical field in a predefined direction. In the
subthalamic nucleus, DBS by this approach theoretically allows
one to steer the field away from the internal capsule while at the
same time allowing a better coverage of the nucleus and relevant
pathways (eg, hyperdirect pathway), with a possibly better therapeutic window. Advanced imaging with individualized visualization of target structures is increasingly being used for personalized
AJNR Am J Neuroradiol 38:1111–16
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fluoroscopy marker at the electrode tip,
and the electrodes were guided through
protractors (Fig 1A, -C), which allow for
determining the rotation of each electrode between 0° and 360°. (Fig 1B
shows the setup in the 3D rotational fluoroscopy). We defined the lead orientation with the marker oriented exactly
anteriorly as 0°, counting up to 360°
with clockwise lead rotation when looking at the lead from above the skull.

Test for Electrode Torsion

FIG 1. Two directional leads inserted in a 3D-printed plaster head ﬁlled with gelatin. At the entry
site of the electrodes, a marker was attached in the same orientation as the x-ray marker at the
electrode tip. The electrodes were guided through protractors (A,C), which allows for determining the rotation of each electrode between 0° and 360°(C, both oriented at 0°). Figure 1B shows
the setup in the 3D rotational ﬂuoroscopy.

and direct stimulation planning.8-11 However, imaging-assisted
directional stimulation requires detailed knowledge of the exact
orientation of the electrode array with respect to its functional
environment. The exact orientation of the segmented leads has to
be determined by postoperative imaging because the degree of
rotation varies during implantation and fixation of the electrode.
Therefore, directional electrodes contain an x-ray marker. However, presently, no imaging technique has been described that
sufficiently allows the exact determination of the degree of a possible lead rotation:
●

●

●

Anteroposterior and lateral x-rays allow only a rough estimation of the lead orientation depending on the angle between the
marker and the image plane.
In a CT scan, the marker generates a large artifact. Under defined, but, however, unrealistic conditions in clinical practice
(ie, leads parallel to scanner axis), this artifact could be used to
estimate the lead orientation.
MR imaging is no option because, for now, the available directional DBS systems are not MR-imaging compatible.

We here investigated whether 3D fluoroscopy could serve as the
imaging technique of choice to determine the exact degree of lead
rotation and orientation of an implanted electrode array.

MATERIALS AND METHODS
Experimental Setup
A 3D-printed plaster skull was filled with gelatin. Two burr-holes
were drilled at the typical location for DBS electrode implantation
and 2 directional electrodes (Model DB-2202-30; Boston Scientific, Natick, Massachusetts) were inserted. At the entry site of the
electrodes, a marker was attached in the same orientation as the
1112
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To evaluate whether torsion of the electrodes that leads to a difference between
orientation of the marker at the burrhole and the marker at the electrode tip
occurs, 1 3D fluoroscopy was obtained
after electrode implantation, 1 after rotation of the electrodes 360° clockwise,
and 1 after rotation of the electrodes
counterclockwise. The orientation of the
electrode markers was determined on
the 3D fluoroscopy images.

Image Acquisition

In total, 12 3D fluoroscopy rotation
scans were obtained via a flat panel detector C-arm system (Allura
Xper FD20; Philips Healthcare, Best, the Netherlands). During a
⫺120° to ⫹120° rotation of the C-arm around the phantom, 120
frames were acquired. The rotation time was 4 seconds, and a
standard “3D cerebral” protocol was used. The registered dosearea product was 2.327 mGy ⫻ cm2. The flat panel detector system provided a spatial resolution of 0.37 mm.

Determining the Electrode Rotation
A list of 24 random numbers between 1 and 360 was generated
(Excel; Microsoft, Redmond, Washington), and the 2 electrodes
were rotated for each 3D fluoroscopy according to this list.
Three blinded raters (1 neuroradiologist and 2 neurosurgeons) evaluated the lead rotation on a DICOM Viewer (Philips
DICOM Viewer, Version R3.0 SP3; Philips Healthcare). First,
they were asked to identify the image in the 3D rotational fluoroscopy where the plaster model with 1 metal marker attached to the
inion and 1 to the nasion was depicted exactly in anteroposterior
orientation. Then, they used 2 different methods to determine the
lead rotation.

Method Using the Marker at the Electrode Tip
The first evaluation was based exclusively on the rotation of the
marker at the electrode tip. Each rater evaluated the orientation of
the 2 electrodes in the phantom for each of the 12 rotational
angiography series. The raters were asked to determine the image
with the marker exactly facing to the left side of the screen, facing
the rater, and facing to the right side of the screen. The lead orientations were calculated accordingly, and the median values
were compared. The agreement of the measurements of the raters
was determined by using an extended version of the Bland-Alt-

no prior knowledge about the range of reliability, 12 samples with 2 electrodes each,
and thus, 24 in total, were investigated.

Statistical Analysis

FIG 2. The gaps between the electrode segments can be considered as “iron sights.” They overlap
when looking at the electrode from deﬁned perspectives, resulting in a visible line (A). This line is
seen only when the ﬂuoroscopy beam (D) hits the electrode from exactly 1 these perspectives (B,
C) and allows a precise deﬁnition of the electrode orientation.

man plot12 to accommodate multiple observers proposed by
Jones et al.13

The “Iron Sights” Method
Two of the 4 contacts at the tip of the directional leads are split
into 3 parts along the circumference of the electrode. When rotating the fluoroscopy around the head model with implanted electrodes, the gaps between these segments overlap in defined angles
of view, resulting in a visible line. At lead orientations of exactly
30°, 90°, 150°, 210°, 270°, and 330°, these overlapping gaps can be
detected because, at these angles, they align like iron sights in a
weapon when aiming at a target (Figs 2 and 3).
The raters were asked to determine the 2 lateral angles of view
(looking at the lead from 90° and 270°) and 2 more oblique angles
of view (30°, 150°, 210°, or 330°). The lead orientations were calculated accordingly, and the median values were compared. The
agreement of the measurements of the raters was determined by
using an extended version of the Bland-Altman plot12 to accommodate multiple observers proposed by Jones et al.13

Sample Size
Sample size estimation for the comparison of 2 rater reliabilities or
agreement has hardly been investigated to date. A rule of thumb was
proposed by Fleiss14 by using 15–20 samples in reliability studies.
Julious15 found that a sample size of 12 in pilot studies seems reasonable for the generation of pilot data. Given a continuous outcome,
increasing the sample size beyond 12 samples per group did not have
a profound influence on the confidence interval. Because there was

A random sample of 3 raters was chosen.
Every rater measured each of the 24
orientations independently by using 2
different procedures of measurement
(marker measurement and “iron sights”
measurement). To assess the interrater
reliability of the continuous measurements, intraclass correlation coefficients
based on 2-way random-effects models
were calculated.16 The 95% confidence
intervals of the 2 intraclass correlation
coefficients were compared. In addition,
an extended version of the Bland-Altman plot12 to accommodate multiple
observers, as proposed by Jones et al,13
was used to determine agreement of
the measurements of different raters.
Limits of agreement to the mean of the
3 measurements were calculated for
each of the measurements. The limits
of agreement were compared descriptively. All analyses were performed by
using STATA/IC 12.1 (StataCorp, College Station, Texas).

RESULTS
Electrode Torsion
The orientation of the electrode tip after straight implantation of
the lead was ⫹3.8° for the right electrode and ⫹5.4° for the left
electrode evaluated when applying the iron sights method. After
360° rotation clockwise, the right electrode tip was oriented at
⫺5.5° and the left at ⫹5.4°. After the rotation of ⫺360° the electrode tips were oriented at ⫹35.0° (right electrode) and ⫹16.0°
(left electrode).

Determining the Electrode Rotation
Each rater determined the degree of rotation of the electrode tip
for the 2 electrodes in each of the 12 rotational angiography series.
The first evaluation was based exclusively on the rotation of the
marker. The results and the agreement of the measurements of the
raters are shown in Fig 4.
The second evaluation, using the iron sights method, was
based on determining the perspectives in which the gaps between
the directional electrode segments overlap. Lead orientations
were calculated for these perspectives, and the median values were
compared. The results and the agreement of the measurements of
the raters are shown in Fig 5.

Statistical Analysis
Both procedures of measurement showed a very high interrater
reliability. The marker measurement had an intraclass correlation
coefficient of 0.9975 (CI, 0.9951– 0.9988). The iron sights measurement resulted in an intraclass correlation coefficient of 0.9998
AJNR Am J Neuroradiol 38:1111–16
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To additionally assess the agreement
of the raters, adjusted Bland-Altman
plots were produced. The limits of agreement to the mean (of the 3 raters) for the
marker measurement are ⫾9.37° (ie, 95%
of the measurements are in the range
of ⫾9.37° deviation of the mean of the
3 measurements). For the iron sights
method, the limits of agreement are
⫾2.44°. The agreement for the iron
sights methods is thus higher because
the range of deviation is ⫾7° smaller
than for the marker method.

DISCUSSION
The availability of directional leads offers new possibilities for DBS therapy.
Instead of the previous limitation (to apply only spherical stimulation fields
around the surface of cylindrical contacts), the configuration of segmented
electrodes now allows one to steer the
electrical field in a predefined direction.
If anatomic structures in the proximity
of the lead limit the stimulation of the
target region, the possibility to steer the
field away from this structure can increase the therapeutic window. The full
FIG 3. The directional lead (A) contains an x-ray marker (B) and segmented electrodes. The marker potential of this new technology inalone does not allow determining the exact lateral or anteroposter perspective. The gaps between the electrode segments overlap only when looking at the electrode from deﬁned per- cludes visualization of anatomic strucspectives (D*, 30°, E, 90°, F, 150°, D, 210°, E*, 270°, and F*, 330°), resulting in a visible line.
tures responsible for effects and side effects and imaging-assisted personalized
programming of the DBS system. DBS programming software
integrating this feature is becoming available (eg, the GUIDE System [Boston Scientific]). This new technology requires the
knowledge of the exact degree of rotation for each individual electrode to fully exploit these possibilities. One solution would be an
exact orientation in a defined direction for all implanted electrodes (eg, 0°). Unfortunately, during the operation, the rotation
of the lead cannot be exactly predicted because of several factors. The lead can turn during fixation and when securing the
cable under the skin. Correction of the lead rotation by marking
the direction of the contact segments at the level of the burr-hole
and turning the electrode there does not lead to reliable results,
as demonstrated by our test for electrode torsion: electrode rotation (⫹360° and ⫺360°) resulted in a deviation of ⫺5.5°, ⫹5.4,
FIG 4. The 3 raters determined the lead orientations for each of the
⫹35.0°, and ⫹16.0° from the expected orientation (0°) in the
12 rotational angiography series and 2 electrodes, considering only the
rotational 3D fluoroscopies. Therefore, an imaging technique that
12
x-ray marker. The extended version of the Bland-Altman plot to
reliably allows for determining the lead orientation is needed, but
accommodate multiple observers proposed by Jones et al13 shows the
mean difference between the raters and the overall average versus
has not been described so far. Anteroposterior and lateral x-rays
the overall average. The rotation could be deﬁned between limits of
depict the marker only from 2 perspectives, allowing only a rough
agreement of ⫾9.37°.
estimation of the electrode rotation. In CT, the marker generates
a large artifact. Bokil et al17 have investigated in vitro whether the
(CI, 0.9997– 0.9999). These high values might be the result of the
CT signature of the electrode could be used to determine the
wide range of observational values. Still, the confidence intervals
orientation of the lead. They scanned with 0.6-mm section thickfor the 2 intraclass correlation coefficients are not overlapping,
ness and 50% overlap. When orienting the lead parallel to the
indicating a considerable difference between the 2 procedures of
measurement.
scanner axis, they could determine the rotation with a mean ac1114
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FIG 5. Mean difference between the raters and the overall average
versus the overall average of the results applying the “iron sights”
method. The rotation could be deﬁned between limits of agreement
of ⫾2.44°.

curacy of less than 3°. However, this setting is not realistic in
clinical practice. With the leads oriented in physiologically plausible orientations relative to the scanner axis, the mean accuracy
was described as less then 10°. They do not describe the dose of
this CT.
Rotational 3D fluoroscopy is typically used to depict aneurysms. Delavallée et al18 described the application of 3D
fluoroscopy for intraoperative control of the positioning of nondirectional DBS leads (Lead 3389; Medtronic, Minneapolis, Minnesota) in 10 patients by image fusion with the preoperative MR
imaging scans. This imaging method can also display the marker
of directional leads from multiple perspectives. We assumed that
determining the best anteroposterior and lateral images of the
marker should allow for defining the exact lead orientation. However, during evaluation of the different perspectives of the marker,
configured as a C, we found that it is difficult to determine the
exact lateral or anteroposterior perspective. The ideal markers
should have features like iron sights in a gun, overlapping only
when aiming exactly at the target. The gaps between the electrode
segments have exactly this feature. They overlap when looking at
the electrode from defined perspectives (30°, 90°, 150°, 210°, 270°,
and 330°), resulting in a visible line. This line is seen only when the
fluoroscopy beam hits the electrode from exactly 1 of the mentioned perspectives and allows a clearer definition of the electrode
orientation than looking at the surface of the contacts. In combination with the torsion of the electrodes demonstrated in our first
test, this iron sight method gives us a better ground truth than the
electrode orientation defined at the protractor at the burr-hole.
We hypothesized that if this method is as exact as we assume, there
should be a very high interrater reliability. This is supported by
the results of our investigation. The limits of agreement were
⫾2.44°. When using the marker alone to determine the lead
orientation, the mean difference between the raters and the
overall mean was ⫾9.37°. The interrater reliability was very high
in both methods (the iron sights measurement resulted in an intraclass correlation coefficient of 0.9998 [CI, 0.9997– 0.9999]).
The marker measurement had an intraclass correlation coefficient of 0.9975 (CI, 0.9951– 0.9988). But still, a significant difference was observed.

The limits of agreement only describe the agreement between
the raters and do not provide information on the agreement to the
true orientation of the electrode. Because the true orientation is
unknown and no criterion standard measurement is available, a
comparison of the agreement of the 2 measurements would not
provide information on the accuracy of the measurements,
either. Analyzing the properties of the 2 measurements by using rater reliability and agreement therefore provides helpful
information to compare the quality and reproducibility of the
measurements. For these criteria, significant differences could
be found.
The only disadvantage is the radiation dose to the patient. The
dose-area product of the 3D 240° rotational fluoroscopy used in
our setup was 2.327 mGy ⫻ cm2, which is comparable with 4
standard skull x-rays with 600 mGy ⫻ cm2 per x-ray (reference
values according to Bundesamt für Strahlenschutz). Regarding
the effective dose of a head CT, which is approximately 2.3 mSv,
the effective dose of a 3D 210° rotational scan with only 0.2 mSv is
comparatively low.19 Because a head CT is an accepted standard
diagnostic procedure, the usage of a 3D 210° rotational fluoroscopy scan for providing the required information on each individual DBS electrode rotation, and producing approximately
one-tenth of the effective head CT radiation dose, is more than
acceptable. Nevertheless, by optimizing the scan parameters, this
already low effective radiation dose of the 3D rotational fluoroscopy scan may be decreased even further.

CONCLUSIONS
We could demonstrate that rotational 3D fluoroscopy can obtain
the information needed to determine the orientation of the directional leads. However, the built-in marker, configured as a C (Fig
3B), does not allow for defining the exact lateral or anteroposterior perspective. Using this marker, the rotation could be defined
between limits of agreement of ⫾9.37°. When using the overlapping gaps between the contacts at defined angles of view like iron
sights, the degree of electrode rotation could be determined between limits of agreement of ⫾2.44°. No other available imaging
technique after DBS surgery with directional electrodes (eg, CT
and plain x-ray) can determine the electrode orientation in such
accuracy. Therefore, rotational 3D fluoroscopy combined with
the described (iron sights) evaluation is, in our opinion, the
postoperative imaging of choice to enable the full potential of
imaging-assisted personalized programming of the directional
DBS system.
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Role of High-Resolution Dynamic Contrast-Enhanced MRI with
Golden-Angle Radial Sparse Parallel Reconstruction to Identify
the Normal Pituitary Gland in Patients with Macroadenomas
X R. Sen, X C. Sen, X J. Pack, X K.T. Block, X J.G. Golﬁnos, X V. Prabhu, X F. Boada, X O. Gonen, X D. Kondziolka, and
X G. Fatterpekar

ABSTRACT
BACKGROUND AND PURPOSE: Preoperative localization of the pituitary gland with imaging in patients with macroadenomas has been
inadequately explored. The pituitary gland enhancing more avidly than a macroadenoma has been described in the literature. Taking
advantage of this differential enhancement pattern, our aim was to evaluate the role of high-resolution dynamic MR imaging with
golden-angle radial sparse parallel reconstruction in localizing the pituitary gland in patients undergoing trans-sphenoidal resection of a
macroadenoma.
MATERIALS AND METHODS: A retrospective study was performed in 17 patients who underwent trans-sphenoidal surgery for pituitary
macroadenoma. Radial volumetric interpolated brain examination sequences with golden-angle radial sparse parallel technique were
obtained. Using an ROI-based method to obtain signal-time curves and permeability measures, 3 separate readers identiﬁed the normal
pituitary gland distinct from the macroadenoma. The readers’ localizations were then compared with the intraoperative location of the
gland. Statistical analyses were performed to assess the interobserver agreement and correlation with operative ﬁndings.
RESULTS: The normal pituitary gland was found to have steeper enhancement-time curves as well as higher peak enhancement values
compared with the macroadenoma (P ⬍ .001). Interobserver agreement was almost perfect in all 3 planes ( ⫽ 0.89). In the 14 cases in which
the gland was clearly identiﬁed intraoperatively, the correlation between the readers’ localization and the true location derived from
surgery was also nearly perfect ( ⫽ 0.95).
CONCLUSIONS: This study conﬁrms our ability to consistently and accurately identify the normal pituitary gland in patients with macroadenomas with the golden-angle radial sparse parallel technique with quantitative permeability measurements and enhancement-time curves.
ABBREVIATIONS: ETC ⫽ enhancement-time curve; GRASP ⫽ golden-angle radial sparse parallel

ormonal deficiency is a major complication of trans-sphenoidal surgery for pituitary adenomas.1-3 While the transsphenoidal approach offers optimal access to the sellar and suprasellar regions,4-8 approximately 5% of patients experience new
hypopituitarism due to excision of or damage to the normal pituitary gland.9 In the case of large macroadenomas, this complication is often due to poor visualization of the gland, which is
markedly attenuated and displaced by the tumor.
Given the importance of preserving the gland, localization
with preoperative imaging will be of use to surgeons. Although
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dynamic MR imaging is the criterion standard for radiographic
evaluation of pituitary adenomas,10 its role in preoperative localization of the pituitary gland in patients with macroadenomas has
not been adequately explored.
Golden-angle radial sparse parallel (GRASP) MR imaging is a
new volumetric dynamic technique based on a 3D gradient-echo
sequence with radial “stack-of-stars” k-space sampling11,12 and
golden-angle ordering.13,14 The GRASP technique acquires all dynamic information in a single, continuous scan after contrast is
introduced. Images are reconstructed iteratively by combining
signals from all coils and using compressed sensing,12,15 which
enables reconstructing images from largely undersampled data.
These unique characteristics allow GRASP to obtain images with
both high spatial and temporal resolution. While GRASP-acquired permeability measurements, including signal-enhancement patterns of the normal pituitary gland, have been demonstrated,16 its role in the evaluation of macroadenomas has yet to
be elucidated.
AJNR Am J Neuroradiol 38:1117–21
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The purpose of our study, therefore, was to evaluate the role of
GRASP MR imaging in localizing the pituitary gland in patients
with macroadenomas with 3 readers with vastly varying levels of
expertise and to correlate such localization with intraoperative
findings.

MATERIALS AND METHODS
Patients
An institutional review board–approved Health Insurance Portability and Accountability Act– compliant study was performed.
We retrospectively identified patients with macroadenomas who
underwent trans-sphenoidal surgery from November 2014
through November 2015. Of these, only those patients who had
undergone preoperative dynamic MR imaging evaluation at our
institution with GRASP were considered. Patients who had prior
partial or subtotal resection of the macroadenoma were excluded
from the study. Seventeen patients were included.

respective locations. We then compared the location of the gland
in 3D between observers and correlated our measurements with
the intraoperative location as per the surgeon’s operative report.

Statistical Analysis
All statistics were performed in SPSS, Version 23.0 (IBM, Armonk, New York). The analysis was divided into 2 parts. First, the
Fleiss  test was performed on all 17 cases to determine the level of
agreement among the 3 readers in rating the gland position in
each plane (superior versus inferior, anterior versus posterior,
right versus left) and the exact 3D position (eg, right anterosuperior, left posteroinferior, and so forth), irrespective of the operative findings. Subsequently, after we excluded cases in which operative findings of adenoma localization were ambiguous or
indeterminate (n ⫽ 4), we repeated the same Fleiss  calculation
on the remaining 13 cases, comparing our readers’ performance with definitive operative findings, both as a group and
individually.

MR Imaging
All patients underwent MR imaging at 3T (Magnetom Skyra; Siemens, Erlangen, Germany) with a 20-channel head/neck coil. Imaging protocol included a coronal radial volumetric interpolated
brain examination with a GRASP acquisition (TR/TE, 6.4/2.4 ms;
800 spokes at a 9.5° flip angle; 180 ⫻ 180 mm2 in-plane FOV with
a 256 ⫻ 256 matrix for a 0.7 ⫻ 0.7 mm2 in-plane resolution at
391-Hz/pixel bandwidth; 32 sections, 0.8-mm-thick each, for a
180-second total acquisition time). This was followed by precontrast sagittal T1 (TR/TE, 440/2.66 ms; 160-mm2 in-plane FOV;
3202 matrix; 380-Hz/pixel bandwidth; 90° flip angle; 25 sections
3-mm-thick each), coronal T2 (TR/TE, 4000/97 ms; 15 sections,
2-mm-thick each; 140-mm2 FOV; 3202 matrix, at 260-Hz/pixel
bandwidth; 150° flip angle), and axial FLAIR sequences (TR/TE/
TI, 9000/90/2500 ms; 220-mm2 FOV; 3202 matrix; 290-Hz/pixel
bandwidth; 150° flip angle; 15 sections, 5-mm-thick each). Gadopentetate dimeglumine (Magnevist; Bayer HealthCare Pharmaceuticals, Wayne, New) contrast material at 0.01 mmol per kilogram of body weight was administered at 4 mL/s on initiation of
the GRASP acquisition.

Image Data Analysis and Processing
The acquired data from GRASP scans were exported and reconstructed off-line by using a C⫹⫹ implementation of the GRASP
algorithm, creating 9 dynamic image frames with a temporal resolution of 20 seconds each. Reconstructed images were sent to the
PACS and were analyzed by using the software Olea Sphere, Version 2.3 (Olea Medical, La Ciotat, France). Permeability measurements were performed, including enhancement-time curves
(ETCs) and peak enhancement.
To ascertain how robust the GRASP image interpretation was
to readers’ experience, 3 independent readers with vastly varying
levels of neuroradiology experience evaluated the images: a medical student, a radiology resident (postgraduate year 4), and an
attending neuroradiologist (with 15 years of neuroradiology experience). We evaluated the pituitary gland and macroadenoma
by placing 2 ROIs, 1 within each of these 2 locations, and obtained
permeability measurements (peak) and ETCs for each. Sagittal
reconstructions confirmed the placement of the ROIs within their
1118
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RESULTS
During our study period, 17 patients were included. Of these, 7
were women and 10 were men, with an age range of 22– 69 years.
The macroadenoma size ranged from 3.3 to 37.7 cm3, with a median of 7.8 cm3. Only 6 macroadenomas were homogeneous, 10
demonstrated necrosis, and 6 contained hemorrhage. Four of the
operative reports did not contain complete localization data and
were excluded from the calculation of observer agreement with
intraoperative findings. Localization was determined in all 3
planes.
The interobserver agreement in our study was excellent, with a
total characterization of  ⫽ 0.89. The agreement in the transverse
and coronal planes was slightly better than that in the sagittal
plane:  ⫽ 0.85,  ⫽ 0.86, and  ⫽ 0.63, respectively.
When we compared the readers’ preoperative localizations
with the operative reports, the overall characterization in all 3
planes was excellent ( ⫽ 0.95). There was perfect agreement in
the coronal and transverse planes,  ⫽ 1.0, while agreement in the
anteroposterior dimension was slightly less at  ⫽ 0.78.
Evaluation of the ETCs derived from the pituitary gland and
the macroadenoma showed greater peak enhancement in the normal gland (1014 versus 635.5, P ⬍ .001). Also, the ETC was noted
to be steeper in the gland compared with the adenoma (Fig 1).

DISCUSSION
Our study demonstrates the role of preoperative, contrast-enhanced dynamic MR imaging to accurately and consistently differentiate the pituitary gland from the macroadenoma. Using
GRASP reconstruction, we were able to confirm our localization
with quantitative measures such as ETCs and peak enhancement
values.
Dynamic contrast-enhanced MR imaging is the criterion standard for evaluating sellar-based lesions.7-9 In contrast to cases of
microadenomas in which identifying the tumor itself is the primary objective, cases of macroadenomas require evaluation of
tumor extension into adjacent structures, including supra- and
parasellar regions. For the surgeon, in addition to assessing such
tumoral extension, localizing the pituitary gland becomes impor-

FIG 1. A, Contrast-enhanced sagittal T1WI demonstrates a macroadenoma. B, GRASP dynamic MR imaging through the sella demonstrates the
macroadenoma extending into the right cavernous sinus. A focal area of increased enhancement is seen along the left lateral aspect of the
lesions. C, Postprocessed MR permeability peak scan demonstrates a focal area of increased contrast uptake (ROI 1) from the left lateral aspect
of the sella compared with the macroadenoma (ROI 2). D, The enhancement-time curve conﬁrms that the normal pituitary gland, localized along
the left lateral aspect of the sella, enhances earlier and more robustly than the macroadenoma.

tant to minimize hormonal deficiency postoperatively. Such preoperative localization of the pituitary gland can be challenging.
The GRASP 3D gradient-echo MR imaging sequence for dynamic imaging provides the reader with markedly enhanced spatial and temporal resolution compared with conventional dynamic MR imaging sequences. This study aimed to take advantage
of these improved features to preoperatively localize the pituitary
gland distinct from macroadenomas and to confirm such localization with intraoperative findings.
Using permeability measures, we found minimal interobserver variability in identifying the gland within the macroadenoma in both the coronal and sagittal planes. The  score in the

anteroposterior dimension was slightly lower at  ⫽ 0.63, which
we believe is due to our limitations in viewing the most appropriate section in the sagittal plane. Overall, these results highlight the
reliability of this tool in identifying the pituitary gland. Furthermore, the range of training levels among the 3 readers emphasizes
the ease of use of the software.
An additional benefit to this study was in its use of ETCs to
validate the ROI placement. It is well-known that the pituitary
gland is more avidly contrast-enhancing than the macroadenoma.17-19 This feature is likely due to the differences in the
vasculature of the normal and adenomatous pituitary tissue. Several previous studies have shown histologically that the normal
AJNR Am J Neuroradiol 38:1117–21
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FIG 2. A, Contrast-enhanced sagittal T1WI through the sella demonstrates a heterogeneously enhancing lesion expanding the sella and
extending into the suprasellar compartment, suggestive of a macroadenoma. B, Contrast-enhanced coronal T1WI demonstrates the macroadenoma. The heterogeneous enhancement within the lesion makes it difﬁcult to localize the pituitary gland. C, GRASP dynamic study at 90
seconds (early dynamic phase) demonstrates more prominent enhancement along the left superolateral aspect of the lesion. D, Wash-in
permeability study with ROIs placed within the central, heterogeneous portion of the lesion (ROI 2) and the more avidly enhancing region seen
along its left superolateral aspect (ROI 1). E, Enhancement-time curves demonstrate a difference in rate and peak contrast uptake for each ROI.
The ROI from the more avidly enhancing component seen along the left superolateral aspect of the lesion demonstrates a more pronounced
peak enhancement than the more central, heterogeneously enhancing component. These curves validate that the pituitary gland is localized
along the left superolateral aspect of this lesion, which was also conﬁrmed at the operation.

pituitary gland is more highly vascularized than a pituitary adenoma.20,21 Furthermore, more recent studies have used objective
mathematic models to prove that the vascular supply to the normal pituitary gland is a more complex and well-organized microvascular network than that of a pituitary adenoma.22,23 This feature subsequently leads to more robust blood flow to the normal
pituitary gland and presumably more avid contrast enhancement.
We were able to use this inherent difference between the 2 tissues
to support our ROI placement because the ETC for the pituitary
gland had a significantly greater peak enhancement and a relatively steeper slope than that of the macroadenoma. The use of
ETCs can be particularly useful when confronted with heterogeneously enhancing macroadenomas, in which the normal gland is
difficult to visualize with the naked eye (Fig 2).
After establishing reader agreement, we assessed our accuracy
using intraoperative findings as a representation of the true gland
location within the tumor. When we compared the readers’ localizations with the intraoperative locations, 4 of the 17 cases were
excluded, given the uncertainty in the operating room regarding
the pituitary gland location. Analysis of the remaining 13 cases led
to  ⫽ 0.95 between readers and intraoperative findings. In fact,
all 3 readers were perfect in identifying the pituitary gland in the
1120
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coronal and transverse planes with variability occurring only in
the sagittal plane. These results validate the ability of readers with
various degrees of experience to use the GRASP MR imaging sequence and ETCs to accurately identify the pituitary gland in patients with macroadenomas.
To further validate this largely qualitative method of gland
localization, we compared the quantitative measurement of peak
enhancement between the pituitary gland and a macroadenoma.
As predicted, the pituitary gland had a statistically higher mean
peak contrast value compared with the tumor (1014 versus
635.5).
To our knowledge, only 1 previous study using dynamic MR
imaging has tried to localize the pituitary gland in patients with
macroadenomas.24 Using dynamic MR imaging and multidetector-row CT imaging, this group found that they were able to correctly identify the gland in 28 of 33 cases. However, the authors
relied solely on subjective visualization of the preoperative scan.
There was no quantitative measure confirmation. In addition, the
authors did not mention the mean size of the macroadenomas in
their patient population. This is an important consideration because normal pituitary gland localization can be difficult in larger
macroadenomas; hence, submillimeter voxel thickness is of great

importance when acquiring the data. In the aforementioned
study, 3-mm-thick sections were used for performing dynamic
studies.
The implications of our results cover a range of areas, which
include facilitating surgical planning, influencing better endocrine outcomes, and minimizing operative time, which can lead to
an overall reduction of costs. Furthermore, this work has value for
alternative therapeutic approaches, including pituitary tumor stereotactic radiosurgery.
Limitations to this study include its retrospective nature and
the small sample size of 17 patients. Also, for particularly large
macroadenomas of ⬎4 cm in the craniocaudal dimension, evaluation of the gland was more challenging. Another limitation is the
potential for the normal pituitary gland to shift intraoperatively,
leading to a false preoperative localization. Last, the software used
limited our ability to view the normal gland in the sagittal plane,
making anteroposterior localization more variable. We plan to
continue the work with a prospective study of a larger cohort
along with exploring the role of this MR sequence in intraoperative navigation.
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9.

10.

11.

CONCLUSIONS
To our knowledge, clear identification of the pituitary gland in
patients with macroadenoma has not been thoroughly studied,
most likely due to the limitations in the resolution of current MR
imaging sequences. Given that endocrine insufficiency is the most
common complication of trans-sphenoidal surgery for macroadenomas, accurate localization of the gland preoperatively may
provide surgeons with valuable information to preserve endocrine function. We have demonstrated the utility of dynamic
GRASP MR imaging in successfully localizing the pituitary gland
in patients with macroadenomas, and we supported our findings
with quantitative permeability measurements.
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ADULT BRAIN

Proton Chemical Shift Imaging Study of the Combined
Antiretroviral Therapy Impact on Neurometabolic Parameters
in Chronic HIV Infection
X J. Boban, X D. Kozic, X V. Turkulov, X D. Lendak, X M. Bjelan, X M. Semnic, and X S. Brkic

ABSTRACT
BACKGROUND AND PURPOSE: The introduction of combination antiretroviral therapy has failed to reduce the high prevalence of mild
forms of HIV-associated neurocognitive disorders. The aim of this study was to test the effect of combined antiretroviral therapy on brain
metabolite ratios in chronic HIV infection by using proton chemical shift imaging.
MATERIALS AND METHODS: We performed 2D chemical shift imaging in 91 subjects (31 HIV⫹ patients with chronic infection on
combination antiretroviral therapy, 19 combination antiretroviral therapy–naïve HIV⫹ subjects with chronic infection, and 41 healthy
controls), covering frontal and parietal subcortical white and cingulate gyrus gray matter, analyzing ratios of NAA/Cr and Cho/Cr on
long-TE and mIns/Cr on short-TE MR spectroscopy. We correlated neurometabolic parameters with immunologic, clinical, data and
combined antiretroviral therapy efﬁcacy scores.
RESULTS: There was a signiﬁcant decrease in NAA/Cr (P ⬍ .05) in HIV-positive patients on and without combined antiretroviral therapy,
compared with healthy controls in all locations. There were signiﬁcant differences in Cho/Cr (P ⬍ .05) and mIns/Cr (P ⬍ .05) ratios between
HIV⫹ patients on and without therapy, compared with healthy controls, but these differed in distribution. There were no signiﬁcant
differences in brain metabolite ratios between the 2 groups of chronically HIV-infected patients. The CNS penetration efﬁcacy score
showed weak positive correlations only with Cho/Cr ratios in some locations.
CONCLUSIONS: The impact of combined antiretroviral therapy on the process of neuronal loss and dysfunction in chronic HIV infection
appears to be suboptimal in successful peripheral suppression of viral replication. Spectroscopic imaging might be a useful tool for
monitoring the effects of different combined antiretroviral therapy regimens on brain metabolite ratios.
ABBREVIATIONS: ACG ⫽ anterior cingulate gyrus; ANI ⫽ asymptomatic neurocognitive impairment; cART ⫽ combined antiretroviral therapy; CPE ⫽ CNS
penetration efﬁcacy index; FDWM ⫽ frontal deep white matter; FSWM ⫽ frontal subcortical white matter; HAND ⫽ HIV-associated neurocognitive disorders;
PCG ⫽ posterior cingulate gyrus; PSWM ⫽ parietal subcortical white matter

ombined antiretroviral therapy (cART) has substantially altered the clinical course and epidemiology of HIV infection
during the past decade.1 cART has been revolutionary in the control of peripheral viral replication and has reduced the high prevalence of HIV-associated neurocognitive disorders (HAND).
HAND includes a variety of neurologic disorders ranging from
asymptomatic neurocognitive impairment (ANI) and mild neu-
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rocognitive disorders to HIV-associated dementia.2 Nevertheless,
recent studies suggest that in stable, chronic HIV infection, neurologic and cognitive symptoms persist or even progress despite
cART introduction.3,4
cART is thought to improve the clinical course of HAND by
suppressing peripheral and CNS viral replication and by normalizing the level of CD4⫹ T-cells.5-7 Although cART has greatly
reduced the prevalence of HIV-associated dementia, the prevalence of 2 milder forms remains practically unaltered.8 Current
theories on the pathogenesis of HAND suggest that early HIV
invasion of the brain initiates a cascade of inflammation and neuronal injury, through toxic viral factors and/or activation of the
host immune system, which even amplifies neuronal damage.
Also, it is hypothesized that the process of neurodegeneration and
inflammation can be attenuated to a degree after initiation of
cART.7,9
Proton MR spectroscopy is a useful tool in the detection of

Demographic, clinical, and lifestyle data on the observed groups of patients
Variables
HIV+ Patients on cART
HIV+ Therapy-Naïve Patients
No.
31
19
Men (No.) (%)
28 (90.32)
17 (89.47)
Women (No.) (%)
3 (9.68)
2 (10.53)
Age (yr)
41.35 ⫾ 9.66, 25–56
36.53 ⫾ 8.15, 25–52
Nicotine smoking (No.) (%)
11 (39.28)
8 (42.11)
Marijuana smoking (No.) (%)
2 (7.14)
1 (5.3)
10.84 ⫾ 2.91, 4–16
11.79 ⫾ 2.82, 4–17
Years of educationa
6.44 ⫾ 4.36, 1–16
6.26 ⫾ 4.36, 1–15
Self-reported infection durationa
5.1 ⫾ 3.81, 1–16
–
Duration of cART (yr)a
199.28 ⫾ 140.134, 1–487
228.26 ⫾ 145.29, 11–420
Nadir CD4⫹ count (cells/L)a
620.28 ⫾ 254.36, 147–1119
205.53 ⫾ 192.91, 11–580
Current CD4⫹ count (cells/L)a
8.26 ⫾ 0.89, 6–10
–
CPEa

Healthy Controls
41
37 (90.24)
4 (9.76)
38.57 ⫾ 6.97, 27–53
17 (46.41)
–
12.72 ⫾ 3.32, 4–18
–
–
–
–
–

P Value
.98
.98
.09
.43
–
.22
.89
–
.48
⬍.001
–

Note:— – indicates not applicable.
a
All values are expressed as mean or minimum–maximum.

longitudinal subtle cerebral metabolite changes in cognitively
impaired HIV⫹ patients.10 A classic pattern of changes in the
chronic HIV infection pattern consists of decreased N-acetylaspartate (NAA, a neuronal density marker), increased choline-containing metabolites (Cho, a marker of cell membrane
metabolism and inflammation), and increased myo-inositol
(mIns, a marker of glial proliferation and inflammation).11-13
The aim of this study was to test the potential benefit of
cART in the control of neurodegenerative processes reflected
in changes in chronic HIV-positive (HIV⫹) patients on and
without cART. For the purpose of detailed and region-specific
analysis, we used 2D chemical shift spectroscopic imaging, targeting subcortical frontal and parietal white matter and cingular gray matter.

white matter lesions, and contraindications for MR imaging. No
subjects were excluded from the study.
Basic clinical data on the HIV⫹ subjects were obtained from
laboratory testing (current CD4⫹ counts). Additionally, we collected the data on nadir CD4⫹ counts for all the HIV⫹ patients.
The duration of infection was self-reported by every HIV⫹
patient.
Anamnestic data on the use of recreational drugs (cannabinoids, marijuana), psychostimulants (methamphetamine), alcohol, and nicotine smoking were obtained for all participants.
Clinical data on CD4⫹ counts, nadir CD4⫹ counts, infection
duration, and CNS penetration efficacy index (CPE) of cART are
shown in the Table.

Multivoxel MR Spectroscopy

MATERIALS AND METHODS
Subject Selection
The study was conducted on 91 subjects, divided into 3 groups: 31
chronic HIV⫹ patients receiving cART (28 men and 3 women;
mean age, 41.35 ⫾ 9.66 years; range, 25–56 years) and 19 chronically HIV-infected, therapy-naïve subjects (17 men and 2 women;
mean age, 36.53 ⫾ 8.15 years; range, 25–52 years). The control
group consisted of 41 age-, sex- and education level–matched
subjects (37 men and 4 women; mean age, 38.57 ⫾ 6.97 years;
range, 27–53 years). Both groups of HIV⫹ patients were chronically infected (⬎1 year after transmission). The second group of
patients were without cART due to former CD4⫹ count criteria
(11 patients) and the presence of active opportunistic infection
that needed to be treated before the introduction of cART (8
patients). However, the current European AIDS Clinical Society guidelines recommend that all HIV⫹ subjects commence
cART independent of CD4⫹ counts.14 Patients who have been
continuously on cART had undetectable plasma viral loads
(⬍40 copies/mL).
The study was approved by the ethics committee of the Faculty
of Medicine, University of Novi Sad, and all the subjects signed a
fully informed written consent.
Inclusion criteria for HIV⫹ subjects were the following: the
presence of HIV infection verified by polymerase chain reaction
testing and conventional MR imaging showing no focal or diffuse
white matter lesions. Exclusion criteria included the following:
active opportunistic infection, active neurologic illness, active usage of drugs of abuse, hepatitis B or C coinfection, the presence of

Conventional MR imaging was performed on a 3T MR imaging
scanner (Tim Trio; Siemens, Erlangen, Germany) with a matrix
head coil. The imaging protocol consisted of sagittal, T1weighted, spin-echo (TR/TE, 440/3.8 ms; section thickness, 5
mm; duration time, 2 minutes); axial, T2-weighted, turbo spinecho (TR/TE, 5150/105 ms; section thickness, 5 mm; duration
time, 2 minutes 57 seconds); axial fluid-attenuated inversion recovery (TR/TE, 8000/101 ms; section thickness, 5 mm; duration
time, 3 minutes 30 seconds); diffusion-weighted imaging (TR/TE,
4100/91 ms; section thickness, 5 mm; duration time, 2 minutes 7
seconds); coronal, T2-weighted TSE (TR/TE, 7150/111 ms; section thickness, 5 mm; duration time, 2 minutes 17 seconds); and
3D T1-weighted multiplanar reconstruction sequences (TR/TE,
1530/2.97 ms; section thickness, 1 mm; duration time, 5 minutes
12 seconds).
We performed 2D chemical shift imaging for each participant,
placing the voxel network in the supraventricular white and gray
matter of the frontal and parietal lobes. Imaging datasets were
acquired with point-resolved spectroscopy by using long (TR/TE,
1700/135 ms) and short (TR/TE, 1700/30 ms) TEs. Chemical shift
imaging slab size features were the following: FOV, 160 ⫻ 160 ⫻
10 mm; VOI, 80 ⫻ 80 ⫻ 10 mm; thickness, 10 mm. Chemical shift
imaging slab was positioned parallel to the axial images. There
were 16 phase-encoding steps (scan resolution) in all directions
(right-left, anteroposterior, foot-head), resulting in a VOI of 10 ⫻
10 ⫻ 10 mm and a scan time of 8 minutes 17 seconds (we applied
a weighted phase-encoding scheme). Six saturation regions were
manually positioned along the margin of the VOI. The automatic,
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followed normal distribution, we determined mean values, SD,
and range. Intergroup differences (HIV⫹ subjects on cART,
cART-naive HIV⫹ subjects, and healthy controls) in acquired
metabolite ratios were evaluated by using analysis of variance with
the post hoc Tukey honest significant difference test to determine
the differences among the groups. We used t tests to analyze the
differences in current CD4⫹ counts, infection duration, and
nadir CD4⫹ counts between HIV⫹ subjects on and without
therapy. Correlations between MR spectroscopy ratios and
CPE, as well as with current CD4⫹ counts, were performed by
using the Pearson linear correlation. Statistical significance
was set at P ⬍ .05. Because all subjects in our study were
scanned with a single scanner, there were no potential scannerdependent differences.

RESULTS
Subject Features

FIG 1. Multivoxel MR spectroscopy voxel network with labeled observed locations: 1) FSWM on the right, 2) ventral ACG on the right, 3)
ventral ACG on the left, 4) FSWM on the left, 5) FDWM on the right, 6)
dorsal ACG on the right, 7) dorsal ACG on the left, 8) FDWM on the
left, 9) PSWM on the right, 10) PCG on the right, 11) PCG on the left, and
12) PSWM on the left).

volume-selective shimming method was used to optimize homogeneity of the magnetic field. The ROI was positioned identically
in every subject to achieve the reproducibility (placement was
performed by a single experienced radiologist), while analyzed
voxel positions were chosen manually.
The spectra were imported to a Leonardo workstation (Siemens), where dedicated manufacturer software for spectroscopy
was applied for baseline corrections, peak identification, and calculation of the ratios throughout the voxels.

Data Analysis
We analyzed spectra obtained on long- and short-TE MR spectroscopy from 12 different voxels in the brain: 1) the frontal subcortical white matter (FSWM) of the right hemisphere, 2) the gray
matter of the ventral anterior cingulate gyrus (ACG) of the right
hemisphere, 3) the gray matter of the ventral ACG of the left
hemisphere, 4) the FSWM of the left hemisphere, 5) the frontal
deep white matter (FDWM) of the right hemisphere, 6) the dorsal
ACG of the right hemisphere, 7) the dorsal ACG of the left hemisphere, 8) the FDWM of the left hemisphere, 9) the parietal subcortical white matter (PSWM) of the right hemisphere, 10) the
gray matter of the posterior cingulate gyrus (PCG) of the right
hemisphere, 11) the PCG gray matter of the left hemisphere, and
12) the PSWM of the left hemisphere (Fig 1). We analyzed ⬎6500
spectra.
Characteristic signals included in the analysis were NAA at
2.02 ppm, Cho at 3.2 ppm, and mIns at 3.5 ppm. Ratios of NAA/
Cr, Cho/Cr, and mIns/Cr were calculated.

Statistical Analysis
Statistical calculations were performed by using SPSS software
(Version 21.0; IBM, Armonk, New York). Because all variables
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The age of subjects did not differ significantly among groups (P ⫽
.098). Considering level of education expressed in years, no significant difference among the subgroups was observed (P ⫽ .22).
HIV⫹ subjects had been receiving antiretroviral therapy for a
mean of 5.1 years (range, 1–16 years), with a mean CPE index
of 8.26 ⫾ 0.89. The mean self-reported duration of infection
for this group of patients was 6.44 years (range, 1–16 years).
HIV⫹ therapy-naïve subjects were all chronically infected (⬎1
year after transmission), with a mean self-reported duration of
infection of 6.26 years (range, 1–15 years). The 2 groups of HIV⫹
subjects were similar with respect to infection duration (P ⫽ .89).
In addition, the groups did not differ significantly regarding the
nadir CD4⫹ counts either (P ⫽ .48). The current CD4⫹ count
for the treated group was 620.28 ⫾ 254.36 cells/L; and for the
therapy-naïve group, 205.53 ⫾ 192.91 cells/L (P ⬍ .001). We
divided HIV⫹ patients in 3 groups according to current CD4⫹
counts: ⬍200 cells/mL, 201– 400 cells/mL, and ⬎401 cells/mL.
Nicotine smoking was self-reported by 11 (39.28%) HIV⫹ subjects on cART, 8 HIV⫹ patients without cART (42.11%), and 17
(41.46%) healthy controls. There were no significant correlations
of nicotine use or any metabolite ratios in any of the observed
locations. Three HIV⫹ subjects reported occasional use of marijuana, while no subjects reported active alcohol or drug abuse (no
history of drug or alcohol abuse was obtained either). Demographic and clinical characteristics of the subjects are shown in the
Table.

Metabolite Ratios
NAA/Cr Ratios. We observed significantly lower NAA/Cr ratios
in HIV⫹ patients compared with healthy subjects in all observed
locations (On-line Table 1). Separate analyses among groups revealed that chronically infected HIV⫹ patients both on and without cART showed significantly lower NAA/Cr levels in all observed locations compared with controls. However, there were no
differences between HIV⫹ patients on and without therapy in
NAA/Cr ratios (On-line Table 2). Figures 2 and 3 show long-TE
spectra in HIV⫹ patients on cART (Fig 2) and therapy-naïve
HIV⫹ patients (Fig 3), with a significant reduction in NAA/Cr
levels.
There were no significant correlations between NAA/Cr levels

FIG 2. Long-TE multivoxel MR spectroscopy (A) (in a patient on cART) in the gray matter of the ventral ACG on the right shows a signiﬁcant
reduction in NAA/Cr (1.75) (B).

FIG 3. Long-TE multivoxel MR spectroscopy (A) (in a therapy-naïve patient) in the gray matter of the ventral ACG on the left shows a signiﬁcant
reduction in NAA/Cr (1.44) and a slight increase in Cho/Cr (1.19) (B).

and CPE scores in any of the observed locations (On-line Table 1).
We observed positive correlations with current CD4⫹ scores in
the FDWM on the right (P ⫽ .016) and in the PSWM on the left
(P ⫽ .004) (On-line Table 1).
Cho/Cr Ratios. We observed a significant decrease in the Cho/Cr
ratios in HIV⫹ patients compared with controls in several locations, namely the FSWM on the left, the dorsal ACG on the
right, the PCG on both sides, and the PSWM on the left (Online Table 3). On post hoc separate analysis, we noted a significant decrease in Cho/Cr ratios in HIV⫹ patients with chronic
infection without cART in 5 locations (the FSWM on the left

[P ⬍ .001], the dorsal ACG on the right [P ⫽ .03], the PCG on
the right [P ⬍ .001], the PCG on the left [P ⫽ .02], and the
PSWM on the left [P ⫽ .02], On-line Table 2). Levels of Cho/Cr
were significantly decreased in HIV⫹ patients with chronic
infection on cART in the FSWM on the left (P ⫽ .03) and the
PSWM on the left (P ⫽ .02), both compared with controls.
Again, no significant difference was observed in Cho/Cr levels
between the 2 groups of chronically infected HIV⫹ patients
(On-line Table 2).
Among the 3 observed metabolite ratios, the Cho/Cr ratio was
the only one that showed some significant correlations with the
AJNR Am J Neuroradiol 38:1122–29
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FIG 4. Short-TE multivoxel MR spectroscopy (A) (in an HIV⫹ patient on cART) in the frontal subcortical white matter on the left shows a
reduction in NAA/Cr (1.96) and an increase in mIns/Cr (0.51) (B).

FIG 5. Short-TE multivoxel MR spectroscopy (A) in an HIV⫹ therapy-naïve patient shows a reduction in NAA/Cr (1.98) and an increase in
mIns/Cr (0.82) and Cho/Cr (1.28) (B).

CPE score. Cho/Cr ratios showed positive correlations with the
CPE score in the ventral ACG on the right (P ⫽ .005), the dorsal
ACG on the right (P ⫽ .001), and in the FDWM of the left lobe
(P ⫽ .03, On-line Table 3). A weak negative correlation with current CD4⫹ counts was observed in the ventral ACG on the right
(P ⫽ .04) (On-line Table 3).
mIns/Cr Ratios. There was a significant increase in mIns/Cr ratios in HIV⫹ patients compared with healthy controls in the ventral ACG on right side, the FSWM on the left, the dorsal ACG on
the left, the FDWM on the left, and the PSWM on the right (Online Table 4). Post hoc analysis revealed an increase in mIns/Cr
1126
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ratios in HIV⫹ therapy-naïve patients compared with controls in
3 locations, 2 in the ACG (right ventral, P ⫽ .002, and left dorsal,
P ⬍ .001) and 1 in the FDWM on the left (P ⫽ .001). Finally, we
observed an increase in mIns/Cr levels in HIV⫹ patients on cART
compared with controls in only 1 location (the dorsal ACG on the
left, P ⫽ .01). No significant difference was observed between
chronically infected HIV⫹ patients on and without cART (Online Table 4). Short-TE MR spectroscopy in a patient on cART
and a therapy-naïve patient are shown in Figs 4 and 5.
There were no significant correlations of mIns/Cr ratios with
CPE scores in any of the observed locations. Some positive corre-

lations with the current CD4⫹ count were shown in the dorsal
ACG on the left (P ⫽ .03, On-line Table 4).
Power calculations showed satisfactory sample sizes for analysis of NAA/Cr (0.839 – 0.999). However, the results for Cho/Cr
and mIns/Cr show a lack of power in certain voxels (the lowest
value for Cho/Cr was 0.107; and for mIns/Cr, 0.066). Nevertheless, there were several voxels in which power was ⬎0.8 (the
FSWM on the left, the PCG on the right, and the PSWM on the left
for Cho/Cr and the ventral ACG on the right, the dorsal ACG on
the left, and the FDWM on the left).

DISCUSSION
Several recent studies have shown evidence that timely initiation
of cART reduces the neuroinflammatory process in acute HIV
infection, reflected in normalization of increased levels of
mIns/Cr and Cho/Cr soon after therapy introduction.11,15,16
However, levels of NAA/Cr are not significantly reduced immediately after seroconversion, so no relevant change in this neuronal marker was observed.15
In this study, we confirmed a significant decrease in the levels
of NAA/Cr throughout the observed volume of the brain (comprising gray matter of the cingulate gyrus, subcortical frontal and
parietal white matter, and frontal deep white matter on both
sides) in chronically infected HIV⫹ subjects (with similar mean
durations of known HIV infection), irrespective of cART administration. This result leads to 2 important conclusions: first, the
process of neurodegeneration is diffuse; and second, administration of antiretroviral drugs cannot attenuate the changes in brain
metabolite ratios observed in therapy-naïve HIV⫹ subjects.
Low NAA/Cr levels in chronically infected HIV⫹ patients are
concordant with findings in the most recent MR spectroscopy
studies,15,17 resembling the progressive neurodegeneration that is
thought to be the framework of HIV-associated neurocognitive
disorders.4
The locations of the observed declines in NAA/Cr ratios were
in the cingulate gyrus and subcortical frontal and parietal and
deep frontal white matter. The posterior cingulate cortex was affected by the process of neuronal injury in both groups of HIV⫹
subjects. It is a highly connected and metabolically active brain
region, with a suggested (not yet proved) important cognitive
role. Recent data suggest that it has a central role in supporting
internally directed cognition. However, other evidence suggests
that it may play a direct role in regulating the focus of attention. In
addition, its interactions with other brain networks may be important for conscious awareness.18 It is functionally connected to
the region of dorsal ACG and the prefrontal cortex (regions also
affected by neuronal loss and dysfunction, according to our results). The anterior cingulate gyrus is divided into 2 functionally
separate parts (ventral and dorsal). The ventral part has been
proved to have connections to the emotional limbic system, while
the dorsal part (also called the middle cingulate gyrus) has connections to the cognitive prefrontal cortex.19 Some of the main
symptoms of mild HAND forms, concerning mood disorders,
depression, and anxiety could be due to these specific regions
being affected by the extensive process of neurodegeneration.
In this study, we present a decline in Cho/Cr levels in some
observed locations in both HIV⫹ therapy-naïve and HIV⫹

treated subjects. In HIV⫹ therapy-naïve subjects, this decrease
was observed in the dorsal ACG, PCG, and subcortical white matter of the frontal and parietal lobes on the left. In treated HIV⫹
patients, the decrease in Cho/Cr levels was found to be significant
in only 2 locations: subcortical frontal and parietal white matter
(in this group, Cho/Cr levels were more likely to resemble those in
healthy controls). Again, no significant differences between these
2 groups were reported. A recent study by Harezlak et al20 presented the decrease in Cho/Cr in aging individuals with HIV infection. These changes have not been explained to date but may,
in part, reflect attenuated immune-mediated responses in aging
individuals or represent the effects of brain atrophy in chronic
HIV-induced neuronal injury.
Finally, mIns/Cr was increased in both untreated and treated
HIV⫹ subjects. mIns/Cr was increased in 3 locations in untreated
patients, covering the ventral and dorsal ACG and the FDWM on
the left. The dorsal ACG in treated HIV⫹ patients was the only
region in which we observed a decline in these ratios, compared
with healthy controls. This finding could indicate that in this region, inflammation and glial proliferation persist for the longest
time despite therapy administration. No significant differences
were shown between HIV⫹ patients on and without therapy in
mIns/Cr ratios in the observed locations. The reason for this result
is not clear because one of the primary roles of cART in the CNS is
the restriction of inflammatory processes in the brain (measured
by increases of mIns levels). One of the possible reasons for the
absent diffuse increase in markers of glial proliferation in our
study can be the uneven distribution of glial cells in the brain, not
concordant with the locations we observed.21 However, additional explanation is needed in the light of concomitant normal or
slightly reduced Cho/Cr levels in the same regions. Progressive
brain atrophy could explain the decrease in Cho/Cr and the concurrent absence of an mIns/Cr increase in the observed regions.
There were some more interesting conclusions regarding regional diversity of obtained results. First, in the subcortical white
matter in the frontal and parietal lobes, there was a simultaneous
drop in NAA/Cr and Cho/Cr levels in HIV⫹ patients on cART.
This could be due to the quantitative loss of neurons and could
reflect brain atrophy in subcortical regions. However, as we indicated, there was no intersection between disturbed mIns/Cr and
Cho/Cr levels in these patients. This finding could suggest that
there are different processes that accompany neuronal injury.
One of them is certainly the proliferation of glial cells (indicated
by increased mIns/Cr levels), while the other may be the loss of
cell aggregation in the volume unit or some other (yet not clearly
understood) mechanism. In cART-naïve patients, however, there
were no voxels in which a significant decrease in Cho/Cr followed
a significant decrease in NAA/Cr. On the contrary, in all locations
where mIns/Cr was significantly increased, NAA/Cr levels decreased (with a significance of P ⬍ .001, compared with controls).
This finding could support a relatively new concept of neurodegeneration in treated HIV⫹ subjects, with some indications that
HAND is a (potentially reversible) metabolic encephalopathy
rather than pure subcortical dementia.1
In addition, a recent study by Hidalgo et al22 systematically
addressed the question of the relationship between HIV infection
and some personal habits, such as nicotine smoking, abuse or use
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of alcohol and some recreational drugs (cannabis, marijuana),
and psychostimulants. All of these substances are claimed to have
a certain, most often synergistic, effect on the neurodegenerative
process and neurocognitive impairment in HIV-infected individuals, though through different mechanisms and pathways.22
There are some controversial findings regarding the effect of tobacco smoke extract on neurons in HIV. On the one hand, there
are some data on neurotoxicity, expressed as depletion of memory
formation and synaptic plasticity, while on the other hand, some
beneficial outcomes were shown in HIV-infected individuals with
neurologic deficits.23 Nicotine use was the most widespread habit
in our study population, equally distributed in healthy and HIV⫹
subjects. However, we failed to find correlations of MR spectroscopy parameters with nicotine smoking in our study population.
The use of cannabinoids has a negative effect on the CD4⫹ count
and on the memory processes.24 The consumption of marijuana
has some controversial effects on cognition. Cristiani et al25 have
shown some synergistic effects of marijuana and HIV infection in
individuals with advanced HIV disease, while the effects are minimal in those at the early stages of HIV. In our study, only a few
subjects (3 HIV-infected subjects, 2 on cART, and 1 cART-naïve
subject) reported recreational use of marijuana. However, this
number was not significant enough for any valid statistical analysis of the impact of this substance on brain metabolite ratios. The
abuse of alcohol is connected with oxidative stress, impairment of
the blood-brain barrier, and glutamate-associated neurotoxicity.22 However, the effects of alcohol are classically more pronounced in the peripheral nervous system (painful peripheral
neuropathy). Nevertheless, Green et al26 have shown a synergistic
effect of HIV infection and alcohol on the CNS, observed as a
negative effect on reaction time, auditory processing, and verbal
reasoning. No subjects with a history of active alcohol or opioid
drug abuse were enrolled in our study.
Finally, HIV⫹ patients on and without cART were similar in
aspects of duration of known HIV infection and nadir CD4⫹
count. A lower nadir CD4⫹ count reflects a longer duration of
HIV infection and a longer exposure of neuronal cells to the negative effects of HIV.20,27 The expected consequence of cART administration is a decline of inflammation and glial proliferation
parameters (mIns/Cr first) and some beneficial effects on
NAA/Cr ratios (optimally stagnation). However, we were not able
to demonstrate a significant positive impact of cART on the neurobiochemical profile in the observed regions. One possible explanation might be the lack of power observed in several voxels for
mIns/Cr and Cho/Cr, meaning that our sample was inadequate to
show potential differences. Nevertheless, the locations where we
observed significant differences had a satisfactory power sample
(⬎0.8). Additionally, there is a scant possibility that the group of
untreated patients had lower inflammatory responses (the presence of so-called slow responders). The CNS HIV Antiretroviral
Therapy Effects Research (CHARTER) Group was also not able to
demonstrate positive effects of cART in CNS in their large observational study, while they clearly stated undoubtedly positive effects on immune function and peripheral viral load reduction.28 A
positive effect on the immune system was also confirmed in our
study, with the current CD4⫹ count being significantly higher in
the treated group (P ⬍ .001) than in drug-naïve patients. In other
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words, even though (peripheral) viral replication is adequately
suppressed with cART, progressive changes in the neurobiochemical profile are not. However, nonreplicating-but-viable viruses might still affect the function of neuronal cells through release of their toxins or by stimulating the constant activity of the
host immune system.
The efficacy of cART in the CNS compartment is classically
evaluated with the CPE score.29 In our study, only weak positive
correlations of the Cho/Cr ratio with the CPE score were observed
(in the cingulate gyrus and deep frontal white matter). Presumably, the decline of Cho/Cr reflected the process of atrophy, so this
correlation could be attributed to a positive effect of cART on
preventing chronic CNS injury in HIV infection (because most of
our subjects had high CPE scores). This finding is concordant
with recent studies showing that CPE fails to predict neuronal
damage measured by MR spectroscopy (the CPE score shows the
lowest predictive value of all the observed parameters).19
Finally, we tested the impact of current CD4⫹ counts (reflecting the immune status at the moment of scanning) on metabolite
ratios. In general, correlations of brain metabolite ratios with current CD4⫹ counts were poor. We observed positive correlations
of NAA/Cr with current CD4⫹ counts, significant only in the
white matter (deep frontal and subcortical parietal). This observation supports the theory that immune restitution has a positive
effect on NAA/Cr levels as the means of preventing further neuronal injury.15,16 Cho/Cr showed poor (negative) correlations
with CD4⫹ counts, trending toward significance only in the ventral ACG. mIns/Cr showed a positive correlation with the CD4⫹
count only in the dorsal ACG, probably reflecting immune activation persistent in this region.

CONCLUSIONS
According to the results of proton chemical shift imaging covering some locations in subcortical and deep white matter of frontal
and parietal lobes, as well as some locations in the cingulate gray
matter, the positive impact of cART on the process of neuronal
loss and dysfunction in chronic HIV infection is suboptimal. Our
findings show that regional differences in glial proliferation and
neurometabolic profile induced by HIV viral and reactive host
factors exist and persist in era of cART. This finding raises the
question of change in the neuronal damage mechanism in the
light of treated chronic HIV infection (metabolic encephalopathy
as the pathologic substrate). MR spectroscopy might be a useful
tool in monitoring the effect of different cART regimens in affecting the alternative viral pathways of neuronal injury (with successful peripheral viral suppression). Finally, the effect of some
lifestyle habits (consumption of alcohol, marijuana, nicotine, and
opioid drugs) on neuronal dysfunction in chronic HIV infection
is yet to be defined.
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ABSTRACT
BACKGROUND AND PURPOSE: Oxidative stress has been implicated as an important pathologic mechanism in the development of
Alzheimer disease. The purpose of this study was to assess whether glutathione levels, detected noninvasively with proton MR spectroscopy, are associated with brain amyloidosis and memory in a community-dwelling cohort of healthy older adults.
MATERIALS AND METHODS: Fifteen cognitively healthy subjects were prospectively enrolled in this study. All subjects underwent 1H-MR
spectroscopy of glutathione, a positron-emission tomography scan with an amyloid tracer, and neuropsychological testing by using the
Repeatable Battery for the Assessment of Neuropsychological Status. Associations among glutathione levels, brain amyloidosis, and
memory were assessed by using multivariate regression models.
RESULTS: Lower glutathione levels were associated with greater brain amyloidosis in the temporal (P ⫽ .03) and parietal (P ⫽ .05) regions,
adjusted for apolipoprotein E 4 carrier status. There were no signiﬁcant associations between glutathione levels and cognitive scores.
CONCLUSIONS: This study found an association between cortical glutathione levels and brain amyloidosis in healthy older adults, suggesting a
potential role for 1H-MR spectroscopy measures of glutathione as a noninvasive biomarker of early Alzheimer disease pathogenesis.
ABBREVIATIONS: AD ⫽ Alzheimer disease; ADNI ⫽ Alzheimer’s Disease Neuroimaging Initiative; APOE ⫽ apolipoprotein E; GSH ⫽ glutathione; PiB ⫽ Pittsburgh
compound-B; RBANS ⫽ Repeatable Battery for the Assessment of Neuropsychological Status

lzheimer disease (AD), a devastating neurodegenerative disorder afflicting ⬎11% of individuals older than 65 years of
age,1 is currently the sixth leading cause of death in the United
States. Various forms of therapy have failed to show clinical benefit in individuals with AD.2 In the absence of disease-modifying
pharmacotherapy for AD, identifying and potentially targeting
early pathologic processes that may lead to the development of
AD are essential in developing prevention strategies.
Oxidative stress, defined as excessive production of free radicals relative to total tissue antioxidant reserves, has emerged from
in vitro and preclinical studies as a key pathologic process in the
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development of AD.3-8 In transgenic mouse models, depletion of
the reduced form of the tripeptide thiol glutathione (GSH)—the
most abundant intracellular antioxidant and free radical scavenger and a reliable marker of oxidative stress9— has been reported
to precede amyloid oligomerization and plaque formation,10,11
both pathologic hallmarks of AD. A self-propagating cycle of free
radical formation, oxidative stress, and amyloid plaque formation
has also been shown in vitro.12 Furthermore, it has been suggested
that amyloid may have antioxidant properties, thereby serving as
a compensatory mechanism in the presence of oxidative stress.13
However, the relationship between oxidative stress and amyloidosis in humans remains poorly understood, particularly early in
the disease course when oxidative stress may serve as a potential
target for disease-modifying interventions.
The primary aim of this study was therefore to assess the relationship between proton MR spectroscopy measures of GSH levels and brain amyloidosis, as assessed by positron-emission tomography with the amyloid tracer Pittsburgh compound-B
(PiB),14 in a prospective cognitively healthy community cohort of
elderly subjects. Secondarily, we aimed to assess the relationship
between GSH levels and memory. Last, we investigated whether
GSH levels were associated with potentially modifiable AD risk
factors.

MATERIALS AND METHODS
Subjects
Fifteen cognitively healthy subjects, recruited through flyers
posted in the community, newspaper advertisements, and ambulatory care clinics, were prospectively enrolled. All subjects gave
written informed consent to participate in this study, which was
approved by the institutional review board of our institution.
Inclusion criteria consisted of individuals between 55 and 75
years of age with intact ability to perform all routine activities of
daily living, including living independently in the community.
None of the subjects met the criteria for mild cognitive impairment or AD. Subjects were also excluded if they had comorbid
medical conditions that could impact brain function, including
major psychiatric disorders (ie, major depression, bipolar disorder, psychosis), brain tumors, prior strokes, significant traumatic
brain injury (defined as requiring a visit to the emergency department or a hospital admission), seizure disorders, recent
illicit drug use, alcohol abuse, and other major medical conditions, such as heart failure, recent myocardial infarction, renal
failure, liver disease, chronic obstructive pulmonary disease, and
malignancy.

Clinical Data
All subjects completed detailed questionnaires about their medical history and medical records were also examined. Clinical data
collected included recent weight and height, cholesterol levels,
blood pressure measurements, and the number of hours of exercise per week, because these factors have been reported to be associated with the risk for AD.15,16 Exercise was defined as physical
activity more strenuous than daily routine activity. We also elicited a family history of dementia, because genetics could explain
increased brain amyloidosis in otherwise cognitively healthy
subjects.17

Cognitive Battery
Cognitive testing was performed by a board-certified neuropsychologist (L.D.R.). Patients were first screened for depression and
anxiety by using the Beck Depression Inventory-II18 and the Beck
Anxiety Inventory.19 Immediate and delayed memory were assessed by using subscores of the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) based on tasks that
involved recalling a list of words and a short story.20 Additional
cognitive domains assessed included visuospatial and constructional function, assessed with figure copying and line orientation
tasks; attention, assessed with digit span and coding tasks; and
language, assessed with picture naming and semantic fluency
tasks. The RBANS has been previously reported to have 90% accuracy for discriminating between cognitively healthy individuals
and those with mild cognitive impairment.21

Apolipoprotein E 4 Genotyping
Blood samples were obtained from all subjects to isolate DNA
for Apolipoprotein E (APOE) genotyping, which was performed
by using polymerase chain reaction amplification, allele-specific primers, and identification of fragments on an agarose
gel.22

FIG 1. Glutathione detection in the medial parietal lobe with J-edited
1
H-MR spectroscopy. Axial (A), sagittal (B), and coronal (C) MR images
of a human brain, with depiction of the size, location, and angulation of
the voxel of interest in the medial parietal lobe. D, Demonstration of
in vivo human brain glutathione detection by 1H-MR spectroscopy:
spectra a and b, single-voxel subspectra acquired in 15 minutes with
the editing pulse on and off and 290 (580 total) interleaved averages;
spectrum c, difference between spectra a and b, showing the edited
brain GSH resonance at 2.98 ppm; spectrum d, model ﬁtting of spectrum c to obtain the GSH peak area; spectrum e, residual of the
difference between spectra c and d. tCho indicates total choline; tCr,
total creatine.

MR Imaging and Spectroscopy Data Acquisition
and Analysis
All subjects underwent standardized structural MR imaging of the
brain and single-voxel 1H-MR spectroscopy on a research-dedicated 3T MR imaging system (Excite HD; GE Healthcare, Milwaukee, Wisconsin) with an 8-channel phased array head coil.
The MR imaging protocol consisted of a structural T1-weighted
spoiled gradient-recalled echo volumetric scan for tissue segmentation and an axial fast fluid-attenuated inversion recovery scan to
exclude focal pathology.
In vivo 1H-MR spectroscopy data were obtained from a 2.5 ⫻
2.5 ⫻ 2.5 cm3 voxel prescribed in the medial parietal lobe to
include the posterior cingulate gyrus and precuneus—a region
chosen because multiple prior studies reported early involvement
of these regions by AD due to their inclusion in the memory
network.23-26 The standard J-edited spin-echo difference method
with TE/TR ⫽ 68/1500 ms was used to measure the levels of reduced GSH, as previously described27-30 and illustrated in Fig 1.
Although it has been suggested that a TE of 120 ms is optimal for
GSH detection by J-editing,31 we opted to use a TE of 68 ms
because it yields a difference spectrum in which the coedited asAJNR Am J Neuroradiol 38:1130 –37
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partyl (CH2) resonances of NAA around 2.5 ppm are inverted and
clearly separated from the noninverted GSH resonance, facilitating spectral fitting (Fig 1).27,28
Briefly, a pair of frequency-selective inversion pulses was inserted into the standard point-resolved spectroscopy sequence
method and was applied on alternate scans at the frequency of the
GSH ␣-cysteinyl resonance at 4.56 ppm while avoiding excitation
of oxidized GSH ␣-cysteinyl at 3.28 ppm.32 This process resulted
in 2 subspectra in which reduced GSH, but not oxidized GSH, was
alternately inverted or not inverted. Subtracting these 2 subspectra yielded a 1H-MR spectrum consisting of only the edited GSH
␤-cysteinyl resonance at 2.98 ppm. A high test-retest reliability
has been reported for detection of ␥-aminobutyric acid with this
MR spectroscopy technique on the same 3T GE Healthcare Excite
HD instrument.33 Spectral data for this study were acquired in 15
minutes by using 290 interleaved excitations (580 total) with the
editing pulses on or off. The area under the GSH resonance, which
is proportional to the concentration of GSH in the voxel of interest, was obtained by frequency-domain spectral fitting as previously described.28 The derived GSH peak areas were then expressed semiquantitatively as ratios relative to the unsuppressed
intravoxel water signal for normalization across subjects before
being used in group analyses. To estimate the proportions of gray
matter, white matter, and CSF contained in the voxel of interest,
the volumetric spoiled gradient-recalled echo MR imaging data
were segmented by using Statistical Parametric Mapping software
(SPM8; http://www.fil.ion.ucl.ac.uk/spm/software/spm8).

Pittsburgh Compound-B PET Image Acquisition
and Analysis
All subjects underwent an amyloid PET scanning on a Biograph
PET-CT scanner (Siemens, Erlangen, Germany; 1-mm full width
at half maximum, 25-cm FOV) by using a standardized research
protocol.17 All subjects received an intravenous catheter for injection of 15 mCi of PiB. Sixty minutes after injection, subjects were
scanned for 30 minutes with their eyes open in a quiet, dimly lit
room. A low-dose CT scan was acquired for attenuation correction, and all images were reconstructed into a 512 ⫻ 512
matrix.
Summed PET images corresponding to the 60 –90 minutes of
PiB data were generated and nonlinearly normalized to a PiB template. The PiB template was generated by averaging the summed
images of 48 cognitively healthy individuals in the same age range,
which were downloaded from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) on-line data repository (adni.loni.
usc.edu). The ADNI was launched in 2003 as a public-private
partnership, led by Principal Investigator Michael W. Weiner,
MD, with the primary goal of testing whether serial MR imaging,
positron-emission tomography, other biologic markers, and clinical and neuropsychological assessment may be combined to
measure the progression of mild cognitive impairment and early
Alzheimer disease. More information may be obtained at www.
adni-info.org.
Orientation and origin for all the PiB PET images were automatically fixed to the anterior commissure to match the templates
used in Statistical Parametric Mapping (SPM; Wellcome Department of Imaging Neuroscience, London, UK), because the “normal1132
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ize” function of SPM uses the origin as a starting estimate. These
reoriented PiB PET images and the mean PiB template were skullstripped with the FSL Brain Extraction Tool (http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/BET)34 to avoid any bias induced by skull staining.
All the skull-stripped PiB PET images were then nonlinearly warped
to the skull-stripped mean PiB template. Gray matter regions were
parcellated by using the Automated Anatomical Labeling atlas of
SPM to obtain 116 automated ROIs.35 Regional PiB uptake values
were then normalized by the subject’s cerebellar reference uptake.
Prior ADNI publications determined that the 4 large regions
of the brain that are most useful in measuring the degree of brain
amyloidosis are the frontal, anterior/posterior cingulate, lateral
parietal, and lateral temporal regions, with the cerebellum as a
reference region.36-39 Using ROIs from the Automated Anatomical Labeling atlas, we determined amyloid deposition in the frontal region by averaging the uptake values from the bilateral superior frontal, bilateral superior orbital frontal, bilateral middle
frontal, bilateral inferior frontal opercular, bilateral inferior frontal triangularis, bilateral supplemental motor, bilateral medial superior frontal, and bilateral middle orbital frontal regions of the
brain. The cingulate region included the bilateral anterior, middle, and posterior cingulum regions. The lateral parietal region
included the bilateral superior and inferior parietal regions, as
well as the precuneus. The lateral temporal region included the
bilateral and superior middle temporal regions.

Statistical Analysis
All statistical analyses were performed in STATA, Version 13
(StataCorp, College Station, Texas).
The potential influence of voxel tissue heterogeneity and brain
matter content in the analyses was examined by testing for associations between brain matter proportions in the voxel of interest
and both MR spectroscopy measures of GSH levels and PiB PET
measures of amyloid levels. We also examined the distribution of
brain tissue proportions within our subject cohort to identify
outliers.
To assess whether there was an association between GSH and
brain amyloidosis, based on uptake on PiB PET, we used ordinary
least-squares regression analysis with amyloid levels in each of the
4 brain regions as the outcome variable and GSH as the predictor
variable. Because APOE 4 carrier status has been shown to be
associated with increased brain amyloidosis in the literature,40-43
carrier status was included as a covariate to adjust for this confounding factor.
The robustness of any association between GSH and amyloidosis was examined by bootstrapping the original cohort of subjects 1000 times to obtain 95% confidence intervals.44 The effect
of a clear outlier (high parietal amyloidosis and low GSH) on the
association was examined by performing the analyses both with
and without this data point. To assess the effect sizes of our associations, we estimated the correlation coefficients between GSH
and amyloidosis, with ⬍0.1 indicating a small effect, 0.1– 0.5 indicating a medium effect, and ⬎0.5 indicating a large effect.45 We
also calculated the partial eta-squared for GSH on the basis of the
regression models,46 with ⬍0.06 indicating a small effect, 0.06 –
0.14 indicating a medium effect, and ⬎0.14 indicating a large
effect.47

Five (33%) subjects had a family history
of dementia. Ten (67%) subjects had the
APOE 3/3 genotype, 2 (13%) subjects
Frontal
Cingulate
Parietal
Temporal
carried the APOE 2/3 genotype, and 3
Amyloidosis
Amyloidosis
Amyloidosis
Amyloidosis
(20%) subjects had the APOE 3/4 geGlutathione levels (⫾SE)
⫺39 ⫾ 90
⫺27⫾ 174
⫺308 ⫾ 143
⫺209 ⫾ 85
notype. Eight (53%) subjects had coP value
.67
.88
.05
.03
morbid hypercholesterolemia, and 7
Note:—SE indicates standard error.
(47%) subjects had comorbid hypertension. Body mass index ranged from 22 to
37, with a mean of 29 ⫾ 4. Subjects reported exercising 0 –14 hours per week,
with a mean of 3 ⫾ 4 hours.
The results of the regression analyses
evaluating the association between
1
H-MR spectroscopy GSH and amyloidosis as assessed by PiB PET are provided in Table 1 and shown in Fig 2.
There were no significant associations
between tissue proportions and GSH
levels or amyloidosis. After we adjusted
for APOE 4 status, GSH levels were inversely associated with levels of amyloidosis in both the temporal region
(P ⫽ .03, coefficient ⫽ ⫺209; 95% confidence interval, ⫺395 to ⫺23) and parietal region (P ⫽ .05, coefficient ⫽
⫺308; 95% confidence interval, ⫺621 to
3). Post hoc bootstrapping yielded a P
FIG 2. Scatterplots showing the relationship between glutathione levels and brain amyloidosis by value of .08 (95% confidence interval,
region. After we adjusted for APOE4 carrier status, lower glutathione levels were associated with ⫺441 to 23) for the temporal region and
higher levels of amyloidosis in the temporal (A) (P ⫽ .03) and in the parietal (B) (P ⫽ .05) regions, but 0.1 (95% confidence interval, ⫺705 to
not in the frontal (C) (P ⫽ .67) or cingulate (D) (P ⫽ .88) regions. Fitted lines and 95% conﬁdence
88) for the parietal region. In addition,
intervals (shaded area) are also shown.
the association between parietal region
Table 2: Results of the regression analyses showing associations between glutathione and
amyloidosis and GSH appears to have
age-adjusted cognitive scores on the Repeatable Battery for the Assessment of
been primarily driven by 1 subject with
Neuropsychological Status
high amyloidosis and low GSH. The as2
Regression Coefﬁcients (×10 )
sociation was no longer significant when
Immediate Delayed Visuospatial/
this outlier was excluded (coefficient ⫽
Memory
Memory Construction Language Attention
⫺62, P ⫽ .60). There was no significant
Subscore Subscore
Subscore
Subscore Subscore
association between GSH levels and eiGlutathione levels (⫾SE) 317 ⫾ 198
232 ⫾ 171
113 ⫾ 183
⫺24 ⫾ 242 361 ⫾ 247
P value
.14
.20
.55
.92
.17
ther frontal (P ⫽ .67) or cingulate (P ⫽
Note:—SE indicates standard error.
.88) region amyloidosis.
The correlation coefficient between
To assess whether there was an association between GSH levels
GSH and temporal region amyloidosis was ⫺0.51, indicating a
and memory, we again used ordinary least-squares regression
large effect size. The correlation coefficient between GSH and
analysis with GSH as the predictor and the age-adjusted subscores
parietal region amyloidosis was ⫺0.47, indicating a medium effrom the RBANS as the outcome variable. Because APOE 4 carfect size. In the regression models, the effect sizes for GSH were
rier status is known to be a risk factor for AD,48,49 it was again
large, explaining a greater proportion of the variance in amyloidincluded as a covariate.
osis than in APOE 4 status. The partial eta-squared for GSH and
Finally, we explored the associations between GSH and potenAPOE 4 was 0.33 and 0.25, respectively, for the temporal region.
tial mediators of oxidative stress, including obesity, hypercholesThe partial eta-squared for GSH and APOE 4 was 0.28 and 0.23,
terolemia, hypertension, and exercise, again by using ordinary
respectively, for the parietal region.
least-squares regression analyses.
The results of the regression analyses evaluating the association between GSH and cognition are provided in Table 2 and
RESULTS
shown in Fig 3. None of the associations were statistically
Subjects ranged in age from 55 to 72 years (mean, 63 ⫾ 5 years),
significant.
and 5 (33%) of the subjects were women. All subjects completed
The results of the exploratory regression analyses evaluating
at least a year of college, with a mean of 16 ⫾ 3 years of education.
Table 1: Results of the regression analyses showing associations between glutathione and
regional brain amyloidosis
Regression Coefﬁcients
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FIG 3. Scatterplots showing the relationship between glutathione levels and scores on the Repeatable Battery for the Assessment of Neuropsychological Status. There were no signiﬁcant associations between higher glutathione levels and higher age-adjusted immediate (A) (P ⫽ .14)
and delayed (B) (P ⫽ .20) memory subscores. Higher glutathione levels were not associated with attention (C) (P ⫽ .17), visuospatial/construction
(D) (P ⫽ .55), or language (E) (P ⫽ .92) subscores. Fitted lines and 95% conﬁdence intervals (shaded area) are also shown.

healthy subjects, individuals with mild
cognitive impairment, and patients with
AD, with decreased GSH levels being asBody
Exercise
Comorbid
Comorbid
sociated with increased levels of cogniMass Index (hr per wk) Hypertension Hypercholesterolemia
tive impairment. In postmortem AD
Glutathione levels (⫾SE) ⫺2.2 ⫾ 1.23 ⫺1.3 ⫾ 1.4
⫺5.5 ⫾ 9.9
⫺8.4 ⫾ 11.0
brains,51 depleted GSH levels accompaP value
.08
.36
.59
.46
nied the diagnosis of AD. There have
Note:—SE indicates standard error.
also been reports associating GSH dethe association between GSH levels and risk factors for AD are
pletion with mitochondrial dysfunction52,53 and neuronal degenshown in Table 3. There was a trend-level inverse association beeration.54,55 On the other hand, increased GSH levels have been
tween body mass index and GSH levels (P ⫽ .08). Exercise, hyreported in those with mild cognitive impairment compared with
percholesterolemia, and hypertension were not significantly assohealthy subjects, suggesting that there may be a compensatory
ciated with GSH levels (P ⬎ .05).
up-regulation of GSH in the early stages of AD.56 However, no
direct relationship between oxidative stress and amyloidosis was
DISCUSSION
established in any of the prior clinical studies because subject
1
The value of noninvasive measurement of GSH by H-MR specgroups were defined clinically without quantifying the degree of
troscopy lies in its potential to directly implicate and support a
underlying amyloidosis. In the present study, with an advanced
role for oxidative stress in the early stages of AD development.
1
H-MR spectroscopy editing technique that enables reliable in
Using this technique, the present study sought to identify a role
vivo measurements of GSH, we have obtained strong preliminary
for oxidative stress in a prospective cohort of healthy older subevidence of an inverse relationship between GSH levels and amyjects, assessing potential associations between cortical GSH levels
loidosis in older adults, even before the onset of mild cognitive
and brain amyloidosis and between GSH and memory. The major
1
impairment. Replication in larger cohorts would both solidify this
finding was that GSH levels, measured with H-MR spectroscopy,
result and support measurement of brain GSH levels with 1H-MR
are negatively associated with brain amyloidosis, as assessed with
spectroscopy as a noninvasive biomarker of AD risk early in disPiB PET, in the temporal and parietal regions. In this cognitively
ease development.
healthy cohort, there were no associations between GSH levels
This study also investigated whether GSH levels are associated
and immediate and delayed memory.
with memory because memory deficits are known to be the earliThe inverse association between levels of GSH and temporal
est clinical manifestation of AD57 and predict time-to-progresand parietal amyloid levels supports a role for oxidative stress in
sion from cognitively healthy to mild cognitive impairment.58
amyloid plaque formation—a finding that is consistent with prior
5,6-8,46-49
Because oxidative stress can exert deleterious effects on mitolaboratory and preclinical studies.
An association bechondrial function and neuronal integrity, we surmised that GSH
tween oxidative stress and amyloidosis has also been suggested by
depletion could also lead to memory dysfunction. Two prior studclinical studies on AD. Mandal et al50 found that GSH levels measured by 1H-MR spectroscopy could accurately discriminate among
ies that included subjects with mild cognitive impairment and AD

Table 3: Association between Alzheimer risk factors and glutathione levels
Regression Coefﬁcients (×10−5)
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reported conflicting results, with one reporting GSH deficits in
mild cognitive impairment and AD50 and the other reporting a
potential compensatory increase of GSH in mild cognitive impairment.56 Our study found no associations between GSH levels
and cognitive scores in our cognitively healthy cohort, necessitating further studies in larger cohorts.
In exploring associations between GSH and AD risk factors,
we found a trend-level inverse association between GSH levels
and body mass index. Barnes and Yaffe15 previously reported that
up to 54% of AD cases may be attributable to modifiable risk
factors, with 21% attributable to physical inactivity and 7% attributable to obesity. In the present cohort, we explored the association between these risk factors and GSH levels and found a trendlevel negative association with body mass index, which could be
consistent with a prior large cohort study of ⬎2000 subjects,
which found increased markers of oxidative stress, which would
deplete GSH, with increased body mass index.59 If this finding is
validated, monitoring GSH levels by 1H-MR spectroscopy could
also serve as a biomarker of the potential benefits of various lifestyle-modification regimens, without the radiation risk and cost
of PET imaging.
Finally, this study has a number of limitations. First, the sample size was relatively small, potentially limiting both statistical
power and generalizability of the findings. Replication of these
findings in larger cohorts will be necessary. Second, our cohort
consisted of cognitively healthy individuals. As a result, subjects
did not have significant memory deficits, possibly limiting our
ability to detect statistically significant associations between GSH
and memory, particularly in a small cohort. Third, we targeted the
precuneus for GSH measurement with MR spectroscopy because
this region is affected early in AD pathology. However, there may
be abnormalities in other brain regions, which would need to be
investigated to obtain a more complete understanding of oxidative stress–associated brain damage in AD and its prodromal
stages. Furthermore, although we found associations between
GSH and amyloidosis, longitudinal studies are necessary to determine whether decreased GSH levels increase subsequent risk of
developing AD. Finally, we did not enroll a control group for
comparison with our cognitively healthy cohort. As a result, it is
not known whether the GSH levels detected in our cohort are
significantly abnormal.
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Noninvasive Assessment of IDH Mutational Status in World
Health Organization Grade II and III Astrocytomas Using DWI
and DSC-PWI Combined with Conventional MR Imaging
X Z. Xing, X X. Yang, X D. She, X Y. Lin, X Y. Zhang, and X D. Cao

ABSTRACT
BACKGROUND AND PURPOSE: Isocitrate dehydrogenase (IDH) has been shown to have both diagnostic and prognostic implications in
gliomas. The purpose of this study was to examine whether DWI and DSC-PWI combined with conventional MR imaging could noninvasively predict IDH mutational status in World Health Organization grade II and III astrocytomas.
MATERIALS AND METHODS: We retrospectively reviewed DWI, DSC-PWI, and conventional MR imaging in 42 patients with World
Health Organization grade II and III astrocytomas. Minimum ADC, relative ADC, and relative maximum CBV values were compared between
IDH-mutant and wild-type tumors by using the Mann-Whitney U test. Receiver operating characteristic curve and logistic regression were
used to assess their diagnostic performances.
RESULTS: Minimum ADC and relative ADC were signiﬁcantly higher in IDH-mutated grade II and III astrocytomas than in IDH wild-type
tumors (P ⬍ .05). Minimum ADC with the cutoff value of ⱖ1.01 ⫻ 10⫺3 mm2/s could differentiate the mutational status with a sensitivity,
speciﬁcity, positive predictive value, and negative predictive value of 76.9%, 82.6%, 91.2%, and 60.5%, respectively. The threshold value of
⬍2.35 for relative maximum CBV in the prediction of IDH mutation provided a sensitivity, speciﬁcity, positive predictive value, and
negative predictive value of 100.0%, 60.9%, 85.6%, and 100.0%, respectively. A combination of DWI, DSC-PWI, and conventional MR imaging
for the identiﬁcation of IDH mutations resulted in a sensitivity, speciﬁcity, positive predictive value, and negative predictive value of 92.3%,
91.3%, 96.1%, and 83.6%.
CONCLUSIONS: A combination of conventional MR imaging, DWI, and DSC-PWI techniques produces a high sensitivity, speciﬁcity,
positive predictive value, and negative predictive value for predicting IDH mutations in grade II and III astrocytomas. The strategy of using
advanced, semiquantitative MR imaging techniques may provide an important, noninvasive, surrogate marker that should be studied
further in larger, prospective trials.
ABBREVIATIONS: ADCmin ⫽ minimum ADC; cMRI ⫽ conventional MR imaging; IDH ⫽ isocitrate dehydrogenase; rADC ⫽ relative ADC; rCBV ⫽ relative CBV;
rCBVmax ⫽ relative maximum CBV; WHO ⫽ World Health Organization

nfiltrating astrocytomas are the most common primary central
nervous system tumors, ranging variably from grade II to IV
according to the 2007 World Health Organization classification
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system.1,2 Glioma grading is based on histopathologic analysis of
tumor differentiation, mitotic activity, cellularity, nuclear atypia,
and the extent of microvascular proliferation and may result in a
great deal of interobserver variability.1-3 Therefore, quantitative
molecular analyses have the potential to reduce subjectivity and
improve diagnosis, prognostication, risk stratification, and management plans. Notably, in the 2016 World Health Organization
(WHO) classification, grade II and III astrocytomas are molecularly divided into isocitrate dehydrogenase (IDH) mutant, IDH
wild type, and not otherwise specified categories, emphasizing the
value of IDH mutation status in astrocytomas.4
IDH gene mutations, originally discovered in high-grade gliomas in 2008, exist in 60%–90% of grade II and III astrocytomas.5,6
The IDH gene (including IDH1 and IDH2 genes) plays prominent
roles in the metabolism, pathogenesis, and progression of astrocytomas.7-9 In addition, stratification of grade II and III gliomas

into subsets defined by IDH mutation would help identify subgroups with distinct prognostic characteristics, therapeutic response, and clinical management.10-16 In a study with a cohort of
475 patients, comparison of overall survival between those with
WHO grade II and III IDH-mutated astrocytomas showed no
remarkable difference, whereas the patients with IDH-mutated
tumors survived much longer than those with IDH wild-type tumors.10 Patients with grade II astrocytomas without IDH mutation were shown to have a poorer prognosis with a 5-year progression-free survival and overall survival rate of 14% and 51%,
respectively, compared with 42% and 93% for those with IDHmutant tumors (P ⬍ .001).17 Moreover, patients with gliomas
whose lesions had IDH mutations were more sensitive to chemoradiation therapy and survived longer than those with wild-type
IDH.10,15
Currently, immunohistochemical staining and DNA sequencing are the most common methods for determining the IDH mutational status in gliomas. IDH gene mutations may reflect alterations in metabolism, cellularity, and angiogenesis, which may
manifest characteristic features on DWI and DSC-PWI.8,18 DWI
can noninvasively provide direct insight into the microscopic
physical properties of tissues through observing the Brownian
movement of water and reflecting cellularity within the lesions by
ADC values.19-21 In vivo measurement of relative CBV (rCBV)
has been demonstrated to correlate with tumor vascularity.22-24
ADC values derived from DWI and DSC-PWI have been used to
detect IDH gene status in gliomas in recent research.24-26 Meanwhile, conventional MR imaging (cMRI) was also used to assess
other characteristics of gliomas (eg, location, distinctness of borders, enhancement, and edema).17,27,28
To our knowledge, there is no study in the literature combining cMRI with diffusion and perfusion techniques to distinguish
IDH genotypes. The purpose of this study was to explore whether
a novel approach, in which DWI and DSC-PWI were combined
with cMRI, was able to noninvasively predict IDH mutational
status in WHO grade II and III astrocytomas.

MATERIALS AND METHODS
Patients
The ethics committee of our hospital approved this retrospective
study, and the requirement for patient informed consent was
waived due to the nature of the retrospective study. Ninety-six
patients who underwent surgical resection or stereotactic biopsy
at our institution from July 2014 through June 2016 were selected.
The inclusion criteria were as follows: 1) definite histopathologic
diagnosis of grade II and III astrocytomas based on the WHO
2016 classification criteria, 2) cMRI, DWI, and DSC-PWI performed before treatment, and 3) all data available in 3T MR imaging. As a result, 42 patients (26 males and 16 females; mean age,
41.83 ⫾ 15.98 years; age range, 8 –72 years) were included in the
study.

MR Imaging Techniques
Images were acquired in the routine clinical work-up on a 3T MR
imaging system (Magnetom Verio Tim; Siemens, Erlangen, Germany) with an 8-channel head matrix coil. The conventional MR
imaging protocols consisted of the following sequences: axial T1-

Table 1: The main clinical and cMRI features of IDH mutational
status in grade II and III astrocytomasa
IDH
IDH Wild
Mutation
Type
(n = 17)
(n = 25)
P Value
Sex (male/female)
9/8
17/8
.157
Age (yr)
35.76 ⫾ 9.13 45.96 ⫾ 18.36
.041
Location
.006
Frontal lobe
9 (52.9%)
4 (16.0%)
Parietal lobe
1 (5.9%)
3 (12.0%)
Temporal lobe
6 (35.3%)
4 (16.0%)
Occipital lobe
0
0
Insular lobe
1 (5.9%)
3 (12.0%)
Others
0
11 (44.0%)
Homogeneity
.439
Homogeneous
4 (23.5%)
7 (28.0%)
Heterogeneous
13 (76.5%)
18 (72.0%)
Edema
.746
Presence
3 (17.6%)
7 (28.0%)
Absence
14 (82.4%)
18 (72.0%)
Borders
.037
Sharp
11 (64.7%)
8 (32.0%)
Indistinct
6 (35.3%)
17 (68.0%)
Contrast enhancement
.286
No
11 (64.7%)
12 (48.0%)
Yes
6 (35.3%)
13 (54.0%)
Histology
.051
Grade II astrocytomas
12 (70.6%)
12 (48.0%)
Grade III astrocytomas
5 (29.4%)
13 (54.0%)
a

Data are number (%) unless otherwise indicated.

weighted gradient-echo imaging (TR ⫽ 250 ms; TE ⫽ 2.48 ms),
axial T2-weighted turbo spin-echo imaging (TR ⫽ 4000 ms; TE ⫽
96 ms), axial fluid-attenuated inversion recovery imaging (TR/
TE ⫽ 9000/94 ms; TI⫽ 2500 ms), and 3 orthogonal plane contrast-enhanced gradient-echo T1-weighted imaging scans (TR/
TE, 250/2.48 ms) acquired following the acquisition of DSC-PWI
sequences. The section thickness (5 mm), intersection gap (1
mm), and FOV (220 ⫻ 220 mm) were uniform in all sequences.
DWI was performed in the axial plane with a spin-echo echoplanar sequence before injection of contrast material. The imaging parameters used were as follows: TR/TE ⫽ 8200/102 ms,
NEX ⫽ 2.0, section thickness ⫽ 5 mm, intersection gap ⫽ 1 mm,
FOV ⫽ 220 ⫻ 220 mm. The b-values were 0 and 1000 s/mm2 with
diffusion gradients encoded in the 3 orthogonal directions to generate 3 sets of diffusion-weighted images. Processing of the ADC
map was generated automatically by the MR imaging system.
DSC-PWI was performed with a gradient-recalled T2*weighted echo-planar imaging sequence. The imaging parameters
were as follows: TR/TE ⫽ 1000 –1250/54 ms, flip angle ⫽ 35°,
section thickness ⫽ 5 mm, intersection gap ⫽ 1 mm, NEX ⫽ 1.0,
FOV ⫽ 220 ⫻ 220 mm. During the first 3 phases, images were
acquired before injecting the contrast material to establish a precontrast baseline. When the scan was to the fourth phase of DSCPWI, a bolus of gadobenate dimeglumine at a dose of 0.1
mmol/kg of body weight and 5 mL/s was injected intravenously
with an MR imaging– compatible power injector. After we injected a bolus of the contrast material, a 20.0-mL bolus of saline
was administered at the same injection rate. The series of 20 sections, 60 phases, and 1200 images was obtained in 1 minute 36
seconds.
AJNR Am J Neuroradiol 38:1138 – 44
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At least 5 small round ROIs (30 – 40
mm2) were placed inside the tumors on
the ADC maps without overlap. The bigger the tumor was, the more ROIs were
selected. Finally, the ROI with the lowest
ADC value was chosen to calculate minimum ADC (ADCmin). We made the
ROI placement from the solid portion of
the lesion (defined on T2WI and contrast-enhanced T1WI), avoiding hemorrhagic, cystic, necrotic, or apparent
blood vessel regions that might influence the ADC values. The minimum
ADC is calculated as the mean value of
the ROI of the lowest ADC value. The
same method was applied to a corresponding area in the contralateral normal-appearing white matter judged on
both T2WI and contrast-enhanced
T1WI. Relative ADC (rADC) of the tumors was determined as the ratio of the
minimum ADC divided by the mean
ADC of the contralateral unaffected
white matter. ADCmin values were expressed as ⫻ 10⫺3 square millimeters
per second.
For assessment of DSC-PWI data,
whole-brain CBV maps were generated
by applying a single-compartment model
and an automated arterial input function.
The relative maximum CBV (rCBVmax)
FIG 1. A 52-year-old woman with a diffuse astrocytoma without IDH mutation. A, Axial T2WI
demonstrates heterogeneous high signal intensity with indistinct borders on the left temporal was calculated by dividing the tumor CBV
lobe. B, Contrast-enhanced axial T1-weighted image demonstrates a lesion enhancement with voxel value by the mean CBV value of the
blurred borders. C, A corresponding ADC map shows the tumor with a decreased ADC value contralateral unaffected white matter to
(ADCmin ⫽ 0.684 ⫻ 10⫺3 mm2/s, rADC ⫽ 1.08). D, Correlative color CBV image shows elevated
minimize variances in rCBVmax values in
perfusion with the calculated rCBVmax of 3.10.
each individual patient. Measurements of
rCBVmax values were performed with the
Data Processing
Image postprocessing of perfusion data and perfusion measuresame ROIs as those used for ADC measurements. The ROIs for the
ments was performed on an off-line syngo B19 workstation (SieADC and rCBV measurements were not identical and were not from
mens) with standard software. All cMRI data with respect to tuthe same region of the tumor in each patient. The signal intensities on
mor locations, heterogeneity, borders, peritumoral edema, and
DWI, rADC, ADCmin, and rCBVmax parameters were determined by
contrast-enhancement pattern were assessed by 2 neuroradioloanother senior neuroradiologist who was experienced in diffusion
gists who were blinded to tumor histology and molecular characand perfusion data acquisition and blinded to the tumor histology
teristics. Tumor location, considered to be the lobe within which
and molecular data. This method has been shown to provide the
the bulk of the tumor resided, was divided into 6 groups: frontal
highest interobserver and intraobserver reproducibility.29
lobe, temporal lobe, parietal lobe, insular lobe, occipital lobe, and
others (basal ganglia, thalamus, brain stem, and cerebellum).
Immunohistochemistry Staining
Edema was defined as a nonenhanced area on contrast-enhanced
Immunohistochemistry was performed on 5-m-thick sections
T1WI and higher signal outside the tumoral solid area on T2WI
from paraffin-embedded tumor specimens of all evaluated patients.
and FLAIR. Tumor borders were classified as sharp or indistinct
Sections were incubated overnight at 4°C with the monoclonal antion the basis of T2WI and FLAIR sequences (relatively decreased
mIDH1 antibody (DIA-H09; Dianova, Hamburg, Germany) that
signal intensity on T2WI or FLAIR should be regarded as tumor
specifically reacts with the mutant IDH1-R132, the most common
area rather than edema in gliomas). A senior neuroradiologist
glioma-derived mutation,30 but not with the wild-type IDH1. Folmade the final decision when 2 observers disagreed.
lowing incubation with horseradish peroxidase– conjugated secondFor evaluation of DWI data, ADC values were measured by
ary antibody, the slides were then stained with the Cytomation Enmanually selecting ROIs inside the tumor regions on the ADC
maps. All continuous sections including tumors were observed.
Vision ⫹ System horseradish peroxidase (diaminobenzidine) detection
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GGCGGCTGCAGT-3⬘) and IDH2r
(5⬘-GGGGTGAAGACCATTTTGAA-3⬘).

Data Analysis
All quantitative parameters are presented as mean ⫾ SD. Comparisons of
ADCmin, rADC, and rCBVmax values between IDH-mutant and wild type of
grade II and III astrocytomas were made
with the Mann-Whitney U test. The receiver operating characteristic and logistic regression analysis were performed to
determine the best cutoff value in discriminating IDH-mutant from wildtype tumors. The sensitivity, specificity,
positive predictive value, negative predictive value, Youden index, and area
under the curve based on optimum
thresholds for variable parameters were
calculated. We chose the cutoff value for
each quantitative parameter that provided optimal sensitivity and specificity.
In addition, comparisons of the areas
under the curve for different variables
were made with the Z-test. Statistical
analysis was calculated in SPSS, Version
19.0 (IBM, Armonk, New York). P ⬍ .05
was considered significant.

RESULTS
Forty-two histologically confirmed
grade II and III astrocytoma cases including 17 cases with IDH mutation and
25 cases without such mutation were enrolled in this study. The clinical, histologic, and cMRI characteristics are summarized in Table 1. Twenty-five patients with no IDH1 or IDH2
mutations were older (IDH mutation ⫽ 35.76 ⫾ 9.13 years, IDH
wild type ⫽ 45.96 ⫾ 18.36 years, P ⫽ .041) and demonstrated
more indistinct margins than those with IDH mutations (IDH
mutation, 6/17; IDH wild type, 17/25; P ⫽ .037). Tumors with
IDH mutations were more likely to occur in the frontal lobes (Figs
1A, -B, and 2A, -B). No differences in heterogeneous appearance
were observed among the groups.
The ADCmin values, rADC ratios, and rCBVmax calculated for
IDH-mutant and wild-type grade II and III astrocytomas are summarized in Table 2. Both the ADCmin (IDH mutation ⫽ 1.21 ⫾
0.27, IDH wild type ⫽ 0.87 ⫾ 0.18; P ⬍ .001) and rADC (IDH
mutation ⫽ 1.88 ⫾ 0.41; IDH wild type ⫽ 1.37 ⫾ 0.31; P ⬍ .001)
were significantly higher in IDH-mutant tumors than in wild
types (Figs 1C and 2C). The rCBVmax (IDH mutation ⫽ 1.41 ⫾
0.50; IDH wild type ⫽ 3.47 ⫾ 2.34; P ⫽ .004) in patients with
IDH-mutant tumors was significantly lower than in
those with IDH wild-type tumors (Table 2 and Figs 1D
and 2D).
The results of the receiver operating characteristic curve analysis are shown in Table 3 and Fig 3. Logistic regression analysis

FIG 2. A 50-year-old man with an anaplastic astrocytoma with an IDH mutation. A, Axial T2WI
demonstrates heterogeneous high signal intensity with sharp borders on the right temporal lobe.
B, Contrast-enhanced axial T1-weighted image demonstrates a nonenhancing lesion in the right
temporal region. C, A corresponding ADC map shows the tumor with an increased ADC value
(ADCmin ⫽ 1.456 ⫻ 10⫺3mm2/s, rADC ⫽ 2.51). D, Correlative color CBV image shows relatively low
perfusion with the calculated rCBVmax of 1.86.
Table 2: Comparison of DWI and DSC-PWI variables between IDH
mutation and wild-type grade II and III astrocytomas
IDH Mutation IDH Wild Type P Value
1.21 ⫾ 0.27
0.87 ⫾ 0.18
⬍.001
ADCmin (⫻10⫺3 mm2/s)
rADC
1.88 ⫾ 0.41
1.37 ⫾ 0.31
⬍.001
1.41 ⫾ 0.50
3.47 ⫾ 2.34
.004
rCBVmax
a

Data are means.

kit (Dako, Carpenteria, California) and counterstained with hematoxylin. Staining was interpreted as positive when ⱖ10% of tumor
cells showed a strong cytoplasmic staining for mIDH1, whereas
staining of ⬍10% of tumor cells was counted as negative findings.31

DNA Sequencing
Genomic DNA was extracted from formalin-fixed, paraffin-embedded tissue sections by using MyghtyAmp for FFPE (Takara Bio,
Shiga, Japan), according to the manufacturer’s instructions. Mutational alterations of IDH1 and IDH2 at hotspot codons R132 and
R172 were assessed by a bidirectional cycle sequencing of polymerase
chain reaction–amplified fragments with the following primers:
IDH1f (5⬘-TGCCACCAACGACCAAGTCA-3⬘) and IDH1r (5⬘CATGCAAAA TCACATATTTGCC-3⬘); IDH2f (5⬘-TGAAAGAT-
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Table 3: Measurement of TV, sensitivity, speciﬁcity, PPV, NPV, YI, and AUC of ADCmin values, rADC, rCBVmax, cMRI, DWI ⴙ DSC-PWI,
and cMRIⴙ DWI ⴙ DSC-PWI for assessing the IDH status of grade II and III astrocytomas
TV
Sensitivity (%)
Speciﬁcity (%)
PPV (%)
NPV (%)
YI
AUC (95% CI)
1.01
76.92
82.61
91.20
60.50
0.60
0.87 (0.71–0.96)
ADCmin
rADC
1.60
84.62
73.91
88.30
67.30
0.59
0.84 (0.68–0.94)
2.35
100.00
60.87
85.60
100.00
0.61
0.82 (0.66–0.93)
rCBVmax
cMRI
88.24
52.00
88.50
44.30
0.40
0.78 (0.63–0.89)
DWI ⫹ DSC-PWI
100.00
65.22
87.00
100.00
0.65
0.88 (0.54–0.84)
cMRI⫹ DWI ⫹ DWI-PWI
92.31
91.30
96.10
83.60
0.84
0.92 (0.78–0.98)
Note:—TV indicates threshold values; PPV, positive predictive value; NPV, negative predictive value; YI, Youden Index; AUC, area under the curve.

was used to test these cMRI parameters among groups; then, a
combination of cMRI, DWI, and DSC-PWI for the diagnosis of
IDH mutation yielded a sensitivity, specificity, positive predictive
value, negative predictive value, and Youden index of 92.31%,
91.30%, 96.10%, 83.60%, and 0.84, respectively. A significant difference was found in the areas under the curve between cMRI and
cMRI ⫹ DWI ⫹ DSC-PWI (Z ⫽ 2.8, P ⫽ .005).

DISCUSSION
The present study demonstrates that cMRI, DWI, and DSC-PWI
can be used to evaluate the IDH mutational status in gliomas and
that a combination of DWI, DSC-PWI, and cMRI further improves the diagnostic accuracy. We found that patients with IDH
wild-type tumors were significantly older than those with IDHmutated tumors. This correlation between age and IDH mutation
status in grade II gliomas has also been reported by Metellus et
al.17 Our finding that IDH-mutated tumors tend to reside in the
frontal lobes is consistent with previous studies reporting that
IDH-mutation tumors are strongly associated with frontal locations.9,28 In this study, all 11 tumors that did not involve the
cerebral cortex were IDH wild type, which confirmed a previous
finding in anaplastic gliomas that tumors not located in the cerebral cortex were IDH-intact tumors.27 While the radiologic appearance of infiltrating lesions in anaplastic gliomas was associated with IDH mutation status,17 these cMRI characteristics lack
the ability to quantify the findings. Indeed, it is challenging to
determine molecular alterations of such tumors by using cMRI
only.
ADCmin values have been extensively used to investigate brain
tumors and their prognosis.21,32-34 Tan et al25 reported that
ADCmin and rADC could be used to identify gliomas with and
without IDH mutation. Similarly, Lee et al35 found that the mean
ADC value was a useful parameter for differentiating IDH1 gene
mutation–positive high-grade gliomas from the mutation-negative subtypes with histogram analysis. Our study demonstrated
that the ADCmin and rADC values of IDH-mutant grade II and III
astrocytomas were higher than those of wild types. ADCmin has
been shown to depict the sites of highest cellularity within heterogeneous tumors.21,33 Therefore, we chose this simple-but-efficient method for the tumor analysis and differentiation. Accumulating evidence has indicated that mutation in the IDH gene family could reduce catalytic generation of ␣-ketoglutarate and, in
turn, lead to the production of the oncometabolite (R)-2-hydroxyglutarate [(R)-2HG], ultimately giving rise to increased cell
proliferation or cellularity.36-38 Therefore, it is conceivable that
differences in ADCmin and rADC values as presented in the current study might be useful for predicting the molecular profile in
astrocytomas with respect to IDH mutational status.
1142

Xing

Jun 2017

www.ajnr.org

DSC-PWI has the potential to noninvasively provide morphologic and functional information about gliomas.22,23 Law et al39
reported that DSC-PWI could be used to predict the median time
to progression in gliomas and that a lower rCBV corresponds to
significantly prolonged progression-free survival. However, these
authors did not investigate the rCBV-related molecular mechanisms such as IDH mutation. Our data suggest that rCBVmax values are significantly associated with the IDH mutational status.
Recent research showed that IDH mutation leads to 2HG (an
activator of Egl-9 prolyl-4-hydroxylases) accumulation, resulting
in decreased hypoxia-inducible-factor 1-␣ activation and downstream inhibition of angiogenesis-related signaling.38,40 As demonstrated by Kickingereder et al18 that IDH-mutant and wild-type
tumors were both associated with distinct imaging phenotypes
and were predictable with rCBV imaging in a clinical setting,
rCBV maps were used to evaluate IDH mutational status of highgrade gliomas with similar results (ie, IDH mutant tumors represented considerably lower rCBV).35 Similarly, the rCBVmax values
in our cases with IDH mutation were significantly lower than wild
types. Therefore, our findings are in good agreement with prior
results and theories. In this study, IDH-mutated grade II and III
astrocytomas were found to correlate with higher ADCmin and
rADC and lower rCBV; this correlation corresponds to low levels
of cellular density and angiogenesis. These relationships may
explain why IDH mutation is an independent favorable prognostic marker in patients with gliomas.14-19 Glioblastoma is
the most common malignant and fatal type of brain tumor,
with a poor prognosis.5,10 Although the presence of an IDH
mutation is a strong, independent prognostic factor in gliomas, it had been shown that even IDH-mutated glioblastomas
exhibited clinical outcomes similar to those of grade III astrocytomas without IDH mutation.6 The IDH mutation is relatively rare in glioblastomas because it is associated with secondary but not primary tumors.5 Thus, glioblastomas were
excluded from our study.
IDH mutation in diffuse gliomas has been considered the most
robust prognostic implication in previous studies.10-17 IDH mutation was associated with a significantly better clinical outcome with
5-year overall survival (93% compared with 51% for wild type).17
Although our results demonstrated that MR imaging parameters
could noninvasively predict IDH mutational status in WHO grade II
and III astrocytomas, the correlation between imaging parameters
and clinical outcomes has not been studied because of the retrospective nature of this study and a short-term follow-up. Nevertheless, a
few studies have demonstrated that low ADC values related directly
to poor survival in high-grade astrocytomas and that rCBV values

and DSC-PWI is useful to predict IDH mutational status in grade
II and III astrocytomas and may provide an important, noninvasive, surrogate marker that should be studied further and clinically correlated in larger, prospective trials.
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ADULT BRAIN

Differentiation of Enhancing Glioma and Primary
Central Nervous System Lymphoma by Texture-Based
Machine Learning
X P. Alcaide-Leon, X P. Dufort, X A.F. Geraldo, X L. Alshafai, X P.J. Maralani, X J. Spears, and X A. Bharatha

ABSTRACT
BACKGROUND AND PURPOSE: Accurate preoperative differentiation of primary central nervous system lymphoma and enhancing
glioma is essential to avoid unnecessary neurosurgical resection in patients with primary central nervous system lymphoma. The purpose
of the study was to evaluate the diagnostic performance of a machine-learning algorithm by using texture analysis of contrast-enhanced
T1-weighted images for differentiation of primary central nervous system lymphoma and enhancing glioma.
MATERIALS AND METHODS: Seventy-one adult patients with enhancing gliomas and 35 adult patients with primary central nervous
system lymphomas were included. The tumors were manually contoured on contrast-enhanced T1WI, and the resulting volumes of
interest were mined for textural features and subjected to a support vector machine– based machine-learning protocol. Three readers
classiﬁed the tumors independently on contrast-enhanced T1WI. Areas under the receiver operating characteristic curves were estimated
for each reader and for the support vector machine classiﬁer. A noninferiority test for diagnostic accuracy based on paired areas under the
receiver operating characteristic curve was performed with a noninferiority margin of 0.15.
RESULTS: The mean areas under the receiver operating characteristic curve were 0.877 (95% CI, 0.798 – 0.955) for the support vector
machine classiﬁer; 0.878 (95% CI, 0.807– 0.949) for reader 1; 0.899 (95% CI, 0.833– 0.966) for reader 2; and 0.845 (95% CI, 0.757– 0.933) for
reader 3. The mean area under the receiver operating characteristic curve of the support vector machine classiﬁer was signiﬁcantly
noninferior to the mean area under the curve of reader 1 (P ⫽ .021), reader 2 (P ⫽ .035), and reader 3 (P ⫽ .007).
CONCLUSIONS: Support vector machine classiﬁcation based on textural features of contrast-enhanced T1WI is noninferior to expert
human evaluation in the differentiation of primary central nervous system lymphoma and enhancing glioma.
ABBREVIATIONS: AUC ⫽ area under the receiver operating characteristic curve; PCNSL⫽ primary central nervous system lymphoma; SVM ⫽ support vector
machine

liomas and primary central nervous system lymphoma
(PCNSL) represent the 2 most common primary malignant
brain tumors.1 Treatment of PCNSL consists of chemotherapy
and/or radiation.2 Because resection of PCNSL confers no survival benefit for patients,3 stereotactic brain biopsy sampling is
the standard procedure for obtaining a pathologic diagnosis.4 In
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high-grade gliomas, on the contrary, extensive resections have
been shown to improve survival.5,6 Accurate preoperative diagnosis is also important to avoid administration of steroids before
biopsy in PCNSL because this medication can cause false-negative
results of histologic examinations.7
Differentiation between enhancing glial tumors and PCNSL
by conventional MR imaging can be challenging. Multiple imaging techniques have been used to solve this problem, including
different types of MR perfusion,8-10 ADC quantification,10,11
SWI,12 DTI,13 and [18F]-fluorodeoxyglucose positron-emission
tomography.14 Texture analysis has also been used to differentiate
high-grade gliomas and PCNSL,15,16 and only 1 study15 has combined this approach with machine learning to improve the diagnostic accuracy of textural features on conventional MR images.
To our knowledge, no prior studies on the differentiation between
glioma and lymphoma have adequately compared the accuracy of
a machine-learning algorithm and neuroradiologists.
PCNSL typically demonstrates intense homogeneous enAJNR Am J Neuroradiol 38:1145–50
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hancement as opposed to more heterogeneous enhancement of
glial tumors. We hypothesized that the extraction of textural features of tumors and posterior input of these features in a machinelearning algorithm could provide a model for accurate and robust
tumor classification. In machine learning, support vector machines (SVMs) are supervised learning algorithms that analyze
data used for classification. From a set of training examples, each
of them belonging to one of the categories, the SVM can build a
model that classifies new data in the different categories. The purpose of this study was 3-fold: 1) to develop a classification model
by using texture analysis and a machine-learning algorithm to
differentiate PCNSL and enhancing glial tumors; 2) to compare
the diagnostic accuracy of the SVM classifier with that of neuroradiologists; and 3) to examine whether the SVM classifier and the
radiologists tend to misclassify the same cases.

MATERIALS AND METHODS
Study Design
A noninferiority statistical design with a noninferiority margin of
0.15 was adopted for this study. The study entailed comparisons
of diagnostic accuracy between the radiologists and the SVM classifier in the differentiation of enhancing glioma and PCNSL. The
area under the receiver operating characteristic curve (AUC) was
the primary outcome measure. The sample size for the comparison of diagnostic accuracies between the radiologists and the SVM
classifier was estimated by using 1-sided calculations with an ␣ of
.05 and a power of 80% based on a noninferiority margin17 of
⫺15%. The selection of this noninferiority margin was based on
the goal of this technique not substituting for the radiologist’s
judgment but assisting in the diagnosis; therefore a noninferiority
margin of ⫺15% seems clinically acceptable. A priori sample size
calculation was based on prior reported accuracies of 99.1% for
texture analysis in a machine-learning algorithm16 and 88.9% for
radiologists.16 The total sample size required was 22 (11 gliomas
and 11 PCNSLs) according to the formula described by Blackwelder18: n ⫽ f(␣, ␤) ⫻ (s ⫻ [100 ⫺ s] ⫹ e ⫻ [100 ⫺ e]) /
(s ⫺ e ⫺ d)2, where s and e are the true percentage “success”
in the standard and experimental treatment group, respectively,
and f(␣, ␤) ⫽ [⌽-1(␣) ⫹ ⌽ ⫺ 1(␤)]2, with ⌽-1 being the cumulative distribution function of a standardized normal deviate. We
opted for a more conservative approach with a larger sample size
because our sample of tumors was more heterogeneous compared
with other studies and accuracies may differ substantially.

Subjects
Institutional review board approval was obtained and informed
consent was waived for this Health Insurance Portability and Accountability Act– compliant retrospective study. Inclusion criteria consisted of consecutive adult patients (older than 18 years of
age) with a pathologic diagnosis of PCNSL or enhancing glial
tumor and preoperative MR imaging performed at St. Michael’s
Hospital, including contrast-enhanced T1WI, between January
2005 and December 2015. An exclusion criterion was poor image
quality due to motion or other artifacts. A random sample of 10%
of patients with enhancing gliomas and 20% of patients with
PCNSLs was selected. Two patients with enhancing glial tumors
were excluded due to motion artifacts degrading the images. One
1146
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hundred six patients were included (71 patients with enhancing
glial tumors and 35 patients with PCNSLs). Surgery and histologic
evaluation were performed within a month interval after imaging.

Image Acquisition
Thirty-two patients (20 with gliomas and 12 with PCNSLs) were
scanned in a 3T magnet (Magnetom Skyra; Siemens, Erlangen,
Germany) equipped with a 20-channel head-neck coil. A T1WI
FLASH sequence (TR/TE, 250/2.49 ms; flip angle, 70°; section
thickness, 5 mm; in-plane voxel size, 0.6 ⫻ 0.6 mm; FOV, 200
mm; gap, 0.5 mm; NEX, 1) was performed after administration of
10 mL of gadobenate dimeglumine. The total duration of the sequence was 1:1 minutes. Seventy-four patients (51 with gliomas
and 23 with PCNSLs) were scanned in a 1.5T magnet (Intera;
Philips Healthcare, Best, the Netherlands) equipped with a
6-channel head coil. A T1WI spin-echo sequence was acquired in
the axial plane after administration of 10 mL of gadobenate
dimeglumine (TR/TE, 400/8 ms; flip angle, 90°; section thickness, 5 mm; in-plane voxel size, 0.83 ⫻ 0.83 mm; FOV, 200
mm; gap, 1 mm; NEX, 2). The total duration of the sequence
was 4:19 minutes.

Reading of Radiologists
Three neuroradiologists (L.A., A.F.G., and P.J.M. with 3, 2, and 4
years of experience in neuroradiology after residency) classified
106 tumors as gliomas or PCNSLs independently and blinded to
clinical information and pathology reports. The 3 readers evaluated the contrast-enhanced T1WI of 106 patients and recorded
their diagnoses and degrees of confidence by using a 4-point scale:
1, definite glioma; 2, likely glioma; 3, likely PCNSL; and 4, definite
PCNSL. The readers were selected from other hospitals to ensure
lack of prior exposure to the cases, and they were not informed of
the number of cases in each category. The readers spent between 1
and 2 hours reviewing the images.

Texture Metrics
A neuroradiologist (P.A.-L.) with 6 years of experience in neuroradiology created tumor volumes of interest by contouring the
outer margin of the enhancing component of the tumors in all
sections on the contrast-enhanced T1WI sequence. In cases of
multiple enhancing lesions, only the 2 largest lesions were contoured. The process of manual VOI generation took around 10
hours.
The generation of the texture features was accomplished by
using a customized code written by one of the authors (P.D.) and
took on the order of a few seconds for each study. The calculation
of most texture features involves 2 steps: The first is the accumulation of histograms, and the second is the evaluation of nonlinear
functions that take the histograms as input. The first-order texture metrics require 1D histograms that count the number of
times image voxels of each possible value occur in the VOI. The
functions that take these histograms as input can evaluate percentiles of the distribution or other measures of its shape such as
means, variances, skewness, and kurtosis. The second-order metrics are based on 2D histograms that count the number of times
voxels of one value are found spatially adjacent to voxels of another value over the entire VOI. Many nonlinear functions take

these histograms as input to produce second-order texture metrics such as entropy, correlation, contrast, and the angular second
moment.
A set of 11 first-order and 142 second-order texture metrics
was generated from each VOI. The first-order metrics consisted of
the 11 image-intensity percentiles from each VOI, ranging from
0% (minimum value) to 100% (the maximum value) with 9 steps
of 10% between them. These metrics provide a characterization of
the 1D image-intensity histogram shape.
Before we computed the 142 second-order texture metrics, the
intensities within each VOI were binned into 32 equal-sized bins
spanning the range of image intensities between the first percentile at the bottom and the 99th percentile at the top. The binning
is a standard technique for minimizing histogram noise when
computing second-order texture metrics, while the use of image
intensities between the first and 99th percentiles serves to minimize the effect of outliers on the bin layout. The second-order
texture features consisted of metrics from 4 classes computed
from multidimensional histograms: 1) the mean and range of the
13 Haralick features computed from the gray-scale co-occurrence
matrix19 taken over all 13 neighbor orientations20; 2) 5 features
based on the neighborhood gray tone difference matrix21; 3) 10
features from the gray-level run-length matrix22; and 4) the same
10 features from the gray-level size zone matrix.23 A detailed,
illustrated description of these metrics has been previously published.20 The result of this computation is a set of 153 texture
features that are then fed into the machine-learning algorithm as
predictors.

A nested cross-validation scheme was used to tune the 3 hyperparameters while keeping the assessment of accuracy completely independent. In each of 100 iterations of the outer loop,
10-fold cross-validation was used to hold out 10% of the data for
testing, while the remaining 90% was passed to the inner loop.
Within the inner loop, a further 10-fold cross-validation protocol
was used for each point in a 3D grid covering a range of fractions
of the best features to retain, values of the SVM cost parameter,
and values of the radial basis function width. The inner loop
cross-validation result was recorded for each grid point searched,
and at the conclusion of the inner loop, the best performing triple
of the hyperparameters was used to train a classifier by using all of
the inner loop data. This classifier was then applied to classify the
held-out data from the outer loop. A SVM classifier does not
produce a dichotomous binary classification as its output, but
rather a single, continuous number on the real line. Only when a
threshold is applied, is it transformed into a classification. Repeating the outer loop of the nested cross-validation protocol 100
times yields 100 such numbers for each tumor. Each of the 100
numbers for a particular tumor represents an instance in which it
was held out during cross-validation with a different 10% of the
data. The percentage of trials in which each case was classified as a
PCNSL was recorded.
The training of the classifier took a few days of computer time
to complete, and the estimation of the accuracy of the classifier
took 3 weeks. After the classifier has been produced, its application to each new case in a production environment would take
only a small fraction of a second.

Machine Learning

Statistical Analysis

The goal of the machine learning was to train a classifier to predict
whether each tumor was a glioma or lymphoma based on the
texture features extracted from the VOIs. All machine learning
was performed by using the SVM algorithm with a radial basis
function kernel. The Matlab (MathWorks, Natick, Massachusetts) interface to the LibSVM software library (http://www.
csie.ntu.edu.tw/⬃cjlin/libsvm/)24 was used to apply the SVM
training algorithm to the data. The SVM25 was selected over other
machine-learning methods such as deep learning (eg, convolutional neural networks) for 2 reasons: first, because deep learning
in general and convolutional neural networks in particular requires very large datasets for training; second, because the tumors
investigated in this study have very predictable internal structures
and whatever exploitable regularity may be present in tumors has
so far been shown to be primarily statistical in nature, a category
of pattern that is much better quantified by using texture metrics
than convolutional kernels. For each SVM training run, it was
necessary to tune 3 hyperparameters governing the behavior of
the classifier. The first hyperparameter pertained to feature selection. An F-statistic approach26 was used to rank the 153 input
texture features in the order of their association with the response
classification. A tunable hyperparameter representing the fraction
of the most highly associated features to keep was then applied to
select the features that were used. The second hyperparameter was
the standard cost parameter common to all types of SVM, while
the third was the width of the Gaussian that makes up the radial
basis function kernel.

Receiver operating characteristic curves were constructed for each
reader and for the SVM classifier by using SPSS, Version 21 (IBM,
Armonk, New York). For the receiver operating characteristic
curve and AUC calculation, glioma was considered “negative”
and PCNSL was considered “positive.” The AUCs were estimated
in each case by nonparametric methods. The noninferiority test
for diagnostic accuracy based on the paired AUCs described in
Zhou et al27 was performed to compare each radiologist with the
SVM classifier. The standard error of the difference between
AUCs was calculated by taking into account the correlation derived from the paired nature of the data as described by Hanley
and McNeil.28
To assess whether the radiologists and the SVM classifier
tended to misclassify the same cases, we estimated interrater
agreement among the 3 readers, and the SVM classifier was estimated by a linearly weighted .29 The results from the SVM classifier were simplified to 4 categories so that they could be compared with the radiologists’ readings. These categories were
defined by the percentage of trials in which each case classified as
PCNSL: 0%–25%, definite glioma; 26%–50%, likely glioma;
51%–75%, likely PCNSL; and 76%–100%, definite PCNSL.

RESULTS
In the glioma group (n ⫽ 71), there were 23 women (mean age,
59.5 years; range, 33– 88 years) and 48 men (mean age, 54.5 years;
range, 19 – 84 years). Two gliomas were grade III, and 69 were
grade IV. In the PCNSL group (n ⫽ 35), there were 14 women
AJNR Am J Neuroradiol 38:1145–50
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FIG 1. Receiver operating characteristic curves for discrimination of
primary central nervous system lymphoma (positive) and glioblastoma (negative) of the support vector machine classiﬁer (continuous
line) and the 3 readers (dashed lines). The mean areas under the curve
estimated under the nonparametric assumption were 0.877 (95% conﬁdence interval, 0.798 – 0.955) for the SVM classiﬁer; 0.878 (95% conﬁdence interval, 0.807– 0.949) for reader 1; 0.899 (95% conﬁdence
interval, 0.833– 0.966) for reader 2; and 0.845 (95% conﬁdence interval, 0.757– 0.933) for reader 3.
Table 1: Differences in mean AUC between the SVM classiﬁer and
the neuroradiologists
95% CI for
P
Comparison
Difference
Difference
Valuea
SVM classiﬁer vs reader 1
⫺0.001
⫺0.096, 0.094
.021
SVM classiﬁer vs reader 2
⫺0.022
⫺0.106, 0.062
.035
SVM classiﬁer vs reader 3
0.032
⫺0.074, 0.138
.007
a

P value for the test of noninferiority.

(mean age, 55.7 years; range, 41–71 years) and 21 men (mean age,
58.9 years; range, 39 – 83 years). Thirty-four cases of PCNSL corresponded to diffuse large B-cell lymphomas, and 1 was a T-cell
lymphoma. Thirty-three cases of PCNSL occurred in immunocompetent patients, 1 in a patient with HIV, and 1 corresponded
to an Epstein-Barr virus– driven lymphoma in a patient with a
kidney transplant.

Diagnostic Accuracy
The mean AUCs were 0.877 (95% CI, 0.798 – 0.955) for the SVM
classifier; 0.878 (95% CI, 0.807– 0.949) for reader 1; 0.899 (95%
CI, 0.833– 0.966) for reader 2; and 0.845 (95% CI, 0.757– 0.933)
for reader 3. Receiver operating characteristic curves are shown in
Fig 1. The mean AUC of the SVM classifier was significantly noninferior to the radiologists’ mean AUCs. Differences in the AUCs
between the SVM classifier and each of the readers are detailed in
Table 1 and featured in Fig 2.

Agreement
Table 2 shows the linearly weighted Cohen  coefficients for each
pair of readers or reader-SVM classifier. Agreement was slightly
higher among radiologists than between the SVM classifier and
the radiologists.
Figure 3 shows the percentage of correctly classified trials by
the SVM classifier in the order of decreasing accuracy on a caseby-case basis. The number of radiologists who classified each tumor correctly is also represented.
1148
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FIG 2. The chart shows the mean differences in area under the curve
(95% conﬁdence interval between the support vector machine classiﬁer and reader 1 ⫽ ⫺0.001 (95% CI, ⫺0.096 – 0.094); between the
SVM classiﬁer and reader 2 ⫽ ⫺0.022 (95% CI, ⫺0.106 – 0.062); and
between SVM classiﬁer and reader 3 ⫽ 0.032 (95% CI, ⫺0.074 – 0.138).
All the conﬁdence intervals sit wholly above the ⫺0.15 limit (dashed
line) representing the noninferiority margin.
Table 2: Linearly weighted  coefﬁcients representing the
agreement between the neuroradiologists and the SVM classiﬁer
Reader 1
Reader 2
Reader 3
SVM Classiﬁer
Reader 1
–
0.58
0.56
0.40
Reader 2
–
0.63
0.55
Reader 3
–
0.46

Figure 4 shows images from 2 cases in which there was agreement between the radiologists but a mismatch between the SVM
classifier and the radiologists.

DISCUSSION
This article presents an SVM classification scheme for differentiating enhancing glioma and PCNSL noninferior to human evaluation. Prior studies with smaller samples have used texture analysis for differentiation of PCNSL and glioblastoma with16 and
without 15 machine learning. Yamasaki et al,15 in a study including 40 patients, reported an accuracy of 91%. Their higher accuracy can be explained by lack of grade III glial tumors in their
sample, which was limited to grade IV glial tumors. Grade III
tumors typically lack necrosis, making the differential diagnosis
with PCNSL more challenging. This study also lacks details regarding enrollment and a comparison with the accuracy of radiologists. The work by Liu et al,16 also based on texture analysis,
incorporates machine learning. They included only 18 patients
and excluded not only non-grade IV glial tumors but also immunocompromised patients with PCNSLs. PCNSLs in immunocompromised patients commonly show atypical features (necrosis and hemorrhage), mimicking high-grade glial tumors and
metastases. These exclusion criteria may explain the high accuracy of the machine learning algorithm (99.1%) in the work by
Liu et al,16 which was reported to be higher than that of the radiologists (88.9%) despite lack of statistical analysis for this comparison. In summary, prior studies on the topic lack representative samples and direct comparison with the diagnostic
performance of radiologists. Our study on a random sample of

FIG 3. Comparison between the accuracy of the radiologists and the support vector machine classiﬁer for each of the 106 cases. The horizontal
axis shows the different cases sorted in order of decreasing SVM classiﬁer accuracy. The left vertical axis shows the percentage of correctly
classiﬁed trials by the SVM across 100 nested cross-validation trials. The right vertical axis shows the number of radiologists that classiﬁed the
tumor correctly. For this graph, the results of the radiologists were simpliﬁed to 2 categories “glioma” and “lymphoma” without taking into
account the degree of certainty. Although agreement is slightly better among radiologists than between radiologists and the SVM classiﬁer, the
cases in which the SVM provides different results for different trials (midright area of the graph) correspond to cases with more disagreements
among the radiologists.

FIG 4. A, Axial contrast-enhanced T1-weighted image of a 51-year-old woman with a grade IV glioma. All 3 radiologists incorrectly classiﬁed the
tumor as PCNSL, whereas the SVM classiﬁed it correctly in 92% of the trials. B and C, Axial contrast-enhanced T1WI of a 47-year-old woman with
a grade IV glioma. All 3 radiologists incorrectly classiﬁed the tumor as PCNSL, whereas the SVM classiﬁer provided the right diagnosis in 88% of
the trials.

consecutive patients including 106 subjects is more likely to encompass the whole imaging spectrum of enhancing gliomas and
PCNSLs, providing more realistic estimates of diagnostic accuracy than prior work.
The radiologists tended to agree slightly more among themselves than with the SVM classifier. It is interesting to analyze the
disagreements, particularly those cases in which the SVM provided the right diagnosis and the radiologists failed. Figure 4
shows 2 such cases. In the case illustrated in Fig 4A, the tumor has
a very heterogeneous appearance, more typical of gliomas; however, the radiologists classified it as a lymphoma, likely due to the
periventricular location. The SVM classifier, on the contrary, only

uses textural information and classified the case correctly as a
glioma. One of the sources of disagreements between radiologists
and the SVM classifier may be that radiologists take other tumor
features into account such as the location and the presence of
nonenhancing infiltrative components. Another possible source
of disagreement is that the SVM classifier had only textural information from the 2 largest enhancing lesions, whereas the radiologists analyzed the whole brain. In the future, SVM and other
types of machine-learning algorithms will be able to analyze the
full dataset of images, combine it with the clinical information,
and provide more reliable results. Adequately trained SVMs may
support preoperative tumor diagnosis, especially in centers withAJNR Am J Neuroradiol 38:1145–50
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out experienced neuroradiologists. This support will help avoid
unnecessary neurosurgical resections in patients with PCNSL.
Our study has a number of limitations. First, the evaluation of
contrast-enhanced T1WI in isolation from other valuable sequences such as ADC, perfusion, and T2 gradient-echo is not
representative of the real clinical scenario. Second, the requirement of VOI tracing from an expert makes our approach semiautomatic and therefore subject to intra- and interobserver variability. Third, only the 2 largest enhancing lesions were segmented
and analyzed by the SVM in cases of multiple lesions.

11.

12.

13.

CONCLUSIONS
Our results show that SVMs can be trained to distinguish PCNSL
and enhancing gliomas on the basis of textural features of contrast-enhanced T1WI with an accuracy significantly noninferior
to that of neuroradiologists. The testing of larger datasets including other MR images will not only provide better accuracy estimations but also further improve the performance of the classifier, because SVM classification systems benefit from more
extensive training.
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Safety and Efﬁcacy of Aneurysm Treatment with the WEB:
Results of the WEBCAST 2 Study
X L. Pierot, X I. Gubucz, X J.H. Buhk, X M. Holtmannspötter, X D. Herbreteau, X L. Stockx, X L. Spelle, X J. Berkefeld, X A.-C. Januel,
X A. Molyneux, X J.V. Byrne, X J. Fiehler, X I. Szikora, and X X. Barreau

ABSTRACT
BACKGROUND AND PURPOSE: Flow disruption with the Woven EndoBridge (WEB) device is an innovative technique for the endovascular treatment of wide-neck bifurcation aneurysms. The initial version of the device (WEB Double-Layer) was evaluated in the WEB
Clinical Assessment of IntraSaccular Aneurysm Therapy (WEBCAST) study, whereas the French Observatory study evaluated both WEB
Double-Layer and Single-Layer versions of the device. WEBCAST 2 was designed to evaluate the WEB Single-Layer with Enhanced
Visualization.
MATERIALS AND METHODS: Patients with wide-neck bifurcation aneurysms for which WEB treatment was possible were included.
Clinical data including adverse events and clinical status at 1 month and 1 year were collected and analyzed. A core laboratory evaluated
anatomic results at 1 year following the procedure.
RESULTS: Ten European neurointerventional centers included 55 patients (38 women; 27–77 years of age; mean, 54.4 ⫾ 10.0 years) with 55
aneurysms. Aneurysm locations were the middle cerebral artery in 25 aneurysms (45.5%), the anterior communicating artery in 16 (29.1%),
the basilar artery in 9 (16.4%), and the internal carotid artery terminus in 5 (9.1%). Procedural morbidity and mortality at 1 month were,
respectively, 1.8% (1/55 patients) and 0.0% (0/55 patients). Morbidity and mortality at 1 year were, respectively, 3.9% (2/51 patients) and 2.0%
(1/51 patients). At 1 year, complete occlusion was observed in 27/50 aneurysms (54.0%); neck remnant, in 13/50 (26.0%); and aneurysm
remnant, in 10/50 (20.0%) (adequate occlusion in 40/50, 80.0%).
CONCLUSIONS: WEBCAST 2 conﬁrms the high safety and efﬁcacy of WEB aneurysm treatment demonstrated in the WEBCAST and
French Observatory studies.
ABBREVIATIONS: EV ⫽ Enhanced Visualization; WEB ⫽ Woven EndoBridge; WEBCAST ⫽ WEB Clinical Assessment of IntraSaccular Aneurysm Therapy; WEB-DL ⫽
WEB Double-Layer; WEB-SL ⫽ WEB Single-Layer; WEB-SLS ⫽ Single-Layer Spherical

ndovascular treatment is now the first-line treatment for ruptured aneurysms.1 For unruptured aneurysms, no randomized trial has been completed that permits the direct comparison
of clipping with endovascular treatment. However, at least in Europe, the tendency is to give priority to endovascular treatment.2
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Some aneurysms, especially those with a wide-neck, are difficult
to treat due to the challenges of stabilizing coils inside the aneurysm sac and avoiding their protrusion into the parent artery.
Thus, more complex endovascular techniques have been developed, such as balloon-assisted coiling, stent-assisted coiling, and
flow diversion.3-8
Flow disruption is now a well-established procedure for the
treatment of wide-neck bifurcation aneurysms.9-13 Today, it is
also used in narrow-neck aneurysms and sidewall aneurysms.14
The therapy involves the placement of an intrasaccular device that
alters the flow inside the aneurysm, inducing intrasaccular
thrombosis. Introduced in 2010 in Europe, the Woven EndoBridge (WEB; Sequent Medical, Aliso Viejo, California) is the
only intrasaccular device that has been extensively evaluated in
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the literature with several single- and multicenter, retrospective,
and prospective series.9-21 Good Clinical Practice studies, including the WEB Clinical Assessment of IntraSaccular Aneurysm
Therapy (WEBCAST) and the French Observatory studies, have
shown a high level of safety with the device.15-18 Efficacy has to be
further evaluated, but 1-year anatomic results in both the WEBCAST and French Observatory studies are encouraging. However,
important changes in the device have been introduced across the
time, moving from a dual-layer, larger profile version (WEB-DL)
to single-layer, lower profile versions (WEB-SL and WEB SingleLayer Spherical [SLS]) and more recently Single-Layer with Enhanced Visualization (EV) obtained by introducing composite
wires of nitinol and platinum in the braid itself.
The WEBCAST study evaluated the WEB-DL, whereas the
French Observatory evaluated the WEB-DL, WEB-SL, and the
WEB-SLS.15-18 In the continuing effort to assess the clinical and
anatomic performance of these new devices, it was logical to further evaluate this technique with a series of patients treated exclusively with single-layer (SL, SLS) and Enhanced Visualization
devices.

MATERIALS AND METHODS
WEBCAST 2 is a prospective, consecutive, multicenter, European
registry dedicated to the evaluation of WEB-SL EV and WEB-SLS
EV treatment for bifurcation aneurysms.
The study received national regulatory authorization (Advisory Committee on Information Processing in Material Research
in the Field of Health), Reims Institutional Review Board approval, and National Commission for Data Processing and Freedom approval. Written informed consent was obtained for all
patients.

rysm. If the treatment plan included use of ancillary implant devices, the patient was not enrolled in the study. Treatment with
ancillary devices (coils, stent, flow diverters) was allowed during
the procedure if deemed necessary by the physician and was not
considered a treatment failure.

Data Collection
The following data were collected for each patient: age and sex;
aneurysm rupture status; aneurysm characteristics including location, size, and neck size; date of the procedure; perioperative
antiplatelet medications; occurrence of complications during or
after the procedure; and use of additional devices during the procedure (coils, remodeling balloons, stents, or flow diverters). The
preoperative Hunt and Hess grade was collected in case of ruptured aneurysms. The modified Rankin Scale score was collected
before treatment (unruptured aneurysms) and at 30 ⫾ 7 days and
12 ⫾ 3 months for all patients. Vascular imaging at 12 ⫾ 3 months
was collected.

Data Analysis
Clinical data were independently monitored and analyzed, including all adverse events. Morbidity was defined as mRS ⬎ 2 if
preoperative mRS was ⱕ2 (or in case of ruptured aneurysm), or
an increase of 1 point when the preoperative mRS was ⬎2.
An expert interventional neuroradiologist (J.B.) independently evaluated aneurysm measurements and occlusion by using
a 3-grade scale: complete occlusion, neck remnant, and aneurysm
remnant. According to a previous publication, opacification of
the proximal recess of the WEB device was considered complete
occlusion.15

Statistical Analysis
Trial Design and Procedural Modalities
WEBCAST 2 protocol was similar to that in WEBCAST with some
amendments.17 Inclusion criteria were ruptured (Hunt and Hess
1, 2, or 3) and unruptured bifurcation aneurysms located in the
basilar artery, middle cerebral artery, anterior communicating artery, posterior communicating artery, and internal carotid artery
terminus. The indication for endovascular treatment was determined in each center by a local multidisciplinary team that included neurosurgeons and neuroradiologists. The selection of
aneurysms treated with the WEB device was performed autonomously in each center by the interventional neuroradiologists according to aneurysm characteristics (aneurysm status, aneurysm
location and size, and neck size).
The treatment of aneurysms with the WEB was performed by
using techniques similar to those used in the treatment of aneurysms with coils. The study protocol did not specify the antiplatelet regimen to be followed, and it was managed in each center as
indicated for typical endovascular treatment with coils or stents
and coils. Triaxial access was recommended. A very careful sizing
of the aneurysm was recommended because previous evaluation
showed that oversizing of the device plays an important role in the
quality of anatomic results. On the basis of the size of the WEB
device to be used, VIA-21 (WEB SL/SLS 4 –7 mm), VIA-27 (WEB
SL/SLS 8 –9 mm), and VIA-33 (WEB SL/SLS 1011 mm) microcatheters (Sequent Medical) were used to catheterize the aneu1152
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Continuous variables were described as mean ⫾ SD. Categoric
data were described numerically as a categoric total and as a percentage of the population analyzed. Binomial data were described
as a ratio of the true value and the population analyzed. Confidence intervals for binomial data were calculated by the ClopperPearson method, and P values were calculated by the Fisher exact
test. Analyses were conducted by using SPSS statistical software
(IBM, Armonk, New York) for confidence intervals and P values.

RESULTS
Patient and Aneurysm Population
Between August 2014 and May 2015, 10 European centers included 55 patients (38 women, 69.1%; 27–77 years of age; mean,
54.4 ⫾ 10.0 years) with 55 aneurysms.
Four (7.3%) aneurysms were ruptured, and 51 (92.7%), unruptured. In patients with ruptured aneurysms, the Hunt and
Hess grade was 1 in 1 patient and 3 in 3 patients. For patients
treated for unruptured aneurysms, the preoperative mRS was 0 in
39/51 patients (76.5%), 1 in 10/51 patients (19.6%), 2 in 1/51
patients (2.0%), and 4 in 1/51 patients (2.0%). Aneurysm locations were the MCA in 25 aneurysms (45.5%), the anterior communicating artery in 16 (29.1%), the basilar artery in 9 (16.4%),
and the ICA terminus in 5 (9.1%). The aneurysm neck was between 2.5 and 8.0 mm (mean, 4.6 ⫾ 1.1 mm). The aneurysm neck
was ⱖ4 mm in 41/55 aneurysms (74.5%). Aneurysm size was

between 2.8 and 17.0 mm (mean, 6.7 ⫾ 2.3 mm). The aneurysm
was ⱖ10 mm in 3/55 aneurysms (5.5%).
Modalities of antiplatelet treatment before, during, and after
the procedure are described in Table 1.

Treatment Feasibility, Adjunctive Treatments, and
Adverse Events
Treatment was successfully performed in all except 2 patients
(96.4%), with the WEB-SL in 47/53 patients and the WEB-SLS in
6/53 patients.
An adjunctive device (flow diverter and stent) was used in 1/53
aneurysms (1.9%).
Intraoperative thromboembolic events were reported in 8 patients (8/55, 14.5%). Four of these 8 patients had 1 antiplatelet
agent, and 4 had 2 antiplatelet agents before the complication.
There was no clinical worsening in 2 patients (3.6%), a transient
deficit in 3 patients (5.4%), and a permanent deficit in 3 patients
(5.4%). These 3 patients had a 1-month mRS of, respectively, 1, 2,
and 3.
Another thromboembolic event was reported 5 months postprocedure, related to a concurrent condition (history of stroke).
The patient had dual antiplatelet treatment before and after the
procedure. The patient had a small cerebral infarct, which was not
associated with a permanent deficit.
Intraoperative rupture was reported in 1/55 patients (1.8%)
and was not symptomatic.

Mortality/Morbidity at 1 Month
At 30 days, all patients enrolled in the study had a clinical evaluation with mRS scoring. There was no mortality at 1 month. Procedural morbidity was observed in 1/55 patients (1.8%) related to
a thromboembolic event (mRS 3). One patient (1.8%) with a
ruptured aneurysm was mRS 4 at 1 month due to the initial bleeding. Global morbidity at 1 month was 3.6% (2/55).

patient had a huge retroperitoneal hematoma after the WEB procedure, further associated with intensive care complications (cardiac and respiratory). Mortality at 1 year was 1/51 (2.0%). Among
the 2 patients who had mRS ⬎ 2 at 1 month, the patient with the
initial ruptured aneurysm improved at 1 year (mRS 2). The patient with a TE event due to the procedure was still mRS 3 at 1 year.
Another patient retreated at 14 months with a flow diverter had a
thromboembolic complication with mRS 3 at discharge. Global
morbidity at 1 year was 2/51 (3.9%).

Retreatment
Of the 53 aneurysms treated with the WEB, aneurysm occlusion
and retreatment were not evaluated in 3 patients at 1 year: One
patient died, 1 patient withdrew consent, and follow-up was missing for 1 patient. During the 12 ⫾ 3 months’ follow-up period,
4/50 aneurysms (8.0%) were retreated or had an attempted retreatment (Table 2). In all 4 cases, aneurysm remnants were detected at 6 months. In 1 patient, additional treatment by clipping
was attempted 8 months after the initial procedure. Clipping was
unsuccessful, and the patient had hemiplegia immediately after
the procedure. Neurologic improvement was rapid, and the patient was mRS 2 at 1 year. This aneurysm was successfully retreated with the WEB SLS at 14 months. In another case, retreatment with Y-stent placement and coiling took place 10 months
after the initial treatment.
In the 2 other cases, aneurysm retreatment took place after the
1-year DSA showed that the aneurysm remnant remained. Retreatment was performed in these 2 patients at 14 months. One
was successfully retreated with Y-stent placement and coiling, and
1 patient was treated with a flow diverter. For this last patient, an
intrastent thrombosis occurred during the procedure and the
flow diverter was removed. The patient had clinical worsening
with mRS 3 at discharge.

Anatomic Results at 1 Year
Mortality/Morbidity at 1 Year
At 12 months, 51 of the 55 patients enrolled in the study were
clinically evaluated with mRS scoring. Four patients were not included in the 1 year mortality/morbidity analysis (2 patients not
treated with the WEB, 1 patient lost for follow-up, and 1 patient
withdrawing his consent before 12-month follow-up).
One patient died between 1 month and 1 year follow-up: This

The vascular imaging technique was digital subtraction angiography in 39/50 patients (78.0%), MRA in 10 patients (20.0%), and
CTA in 1 patient (2.0%).
Complete occlusion was observed in 27/50 aneurysms (54.0%);
neck remnant, in 13/50 aneurysms (26.0%); and aneurysm remnant,
in 10/50 aneurysms (20.0%). Adequate occlusion (complete occlusion or neck remnant) was observed in 40/50 aneurysms (80.0%).

Table 1: Antiplatelet treatment before, during, and after WEB procedure
Before
During
No antiplatelet (No.)
16/55 (29.1%)
10/55 (18.2%)
Single antiplatelet (No.)
15/55 (27.3%)
16/55 (29.1%)
Dual antiplatelet (No.)
24/55 (43.6%)
29/55 (51.7%)

DISCUSSION
After (1-Mo FU)
11/55 (20.0%)
31/55 (56.4%)
13/55 (23.6%)

Note:—FU indicates follow-up.

Table 2: Retreatment completed 12 ⴞ 3 months
Patient Sex,
Aneurysm
Aneurysm Transverse
Age (yr)
Location
Diameter (mm)
M, 65
AcomA
6.3
F, 41
MCA
5.9
F, 27
BA
7.9
F, 50
BA
9.6a

WEB
Size (mm)
SL 6 ⫻ 3
SL 6 ⫻ 3
SL 10 ⫻ 5
SLS 11

The rapid technologic evolution of the
WEB device (Single-Layer, Enhanced
Visualization) makes it necessary to have a
proper evaluation of the latest generation of devices. In continuity with previ-

Retreatment
Delay (mo)
14
8, 14
10
14

Retreatment Type
Y-stenting/coils
Operation (failed)/WEB SLS
Y-stenting/coils
Flow diverter (failed)

Note:—AcomA indicates anterior communicating artery; BA, basilar artery.
a
Giant partially thrombosed aneurysm. Transverse diameter of the circulating part.
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ously published WEB Good Clinical Practice studies (WEBCAST,
French Observatory) and in parallel with ongoing Good Clinical
Practice studies (WEB- Intrasaccular Therapy Study under FDA
investigational device exemption in the United States, and CLinical Assessment of WEB Device in Ruptured aneurYSms [CLARITY] in Europe), WEBCAST 2 was designed according to the same
protocol as WEBCAST to evaluate the WEB-SL with Enhanced
Visualization in wide-neck bifurcation aneurysms.17 However,
recent reports have outlined the possibility of using the WEB in
other indications, including sidewall and narrow-neck aneurysms
not included in WEBCAST 2.14
The results of WEBCAST 2 confirm that WEB treatment, with
lower profile devices and smaller inner diameter microcatheters,
is highly feasible, with a technical success rate of 96.4%, similar to
that observed in the WEBCAST (94.1%) and the French Observatory (98.4%) studies.16,17 All patients in WEBCAST were
treated with the WEB-DL, and in the French Observatory, 31/63
aneurysms were treated with the WEB-DL, with the remaining
aneurysms treated with the WEB-SL or -SLS (most without the
EV materials). Of note, the feasibility rate is not higher in WEBCAST 2 than in WEBCAST, given that the WEB-SL and SLS were
thought to be easier to navigate and deploy. In fact, the selection
of patients and aneurysms for WEB treatment was different in
WEBCAST and WEBCAST 2 as illustrated by the higher percentage of anterior communicating artery aneurysms treated in WEBCAST 2 (29.1%) compared with WEBCAST (7.8%). A similar difference in patient/aneurysm selection when treating with the WEB-DL
and WEB-SL and SLS was also observed in the French Observatory
study.15,16
WEBCAST 2 confirms the high safety of aneurysm treatment
with the WEB observed in the WEBCAST study. Morbidity and
mortality at 1 month were very similar at 2.0% and 0.0%, respectively.17 Similar results were also reported in the French Observatory with 1-month morbidity at 3.2% and mortality at 0.0%.15,16
Moreover, morbidity and mortality at 1 month were not different
in the DL and SL/SLS groups.
Efficacy as evaluated with anatomic results at 1-year is as good
in WEBCAST 2 as in the WEBCAST (at 6 months) and French
Observatory studies. Adequate occlusion was observed in 80.0% in
WEBCAST 2, 85.4% in WEBCAST, and 79.3% in French Observatory.16,17 This result is quite important because it means that
the new braiding of the single-layer devices provides a low-porosity equivalent, at least in term of anatomic results, to the previous
braiding placed in 2 layers at the level of the neck. The new braiding decreases the porosity and provides a single-layer device that is
less rigid than a dual-layer one, and easier to navigate, without
worsening its efficacy. Also, the single-layer device has permitted
a reduction in the size of the microcatheter used for delivery and
deployment.
Finally, the retreatment rate is similar to that reported in the
cumulative population of the WEBCAST and French Observatory
studies, in which the retreatment rate was 6.4%, including retreatment effectively performed (3.6%), failed retreatment (0.9%),
and planned retreatment (1.8%). In WEBCAST 2, retreatment
was performed in 2 patients when the WEB device was not oversized (as currently recommended) and in 1 patient with a giant
partially thrombosed aneurysm. A recent, single-center series
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showed that adequate occlusion was more frequent (but not significantly so) when the WEB device was appropriately sized
(92.9%) than undersized (70.0%).22 In WEBCAST 2, two patients
were retreated as a consequence of WEB undersizing; this scenario
must be avoided.
Compared with alternative therapeutics, the safety of aneurysms treatment with the WEB-SL is similar to that of coiling. In
CLARITY (ruptured aneurysms) and Analysis of Treatment by
Endovascular Approach of Nonruptured Aneurysms (ATENA)
(unruptured aneurysms), intraoperative rupture occurred in
3.7% and 2.6%, respectively, and thromboembolic events, in
13.3% and 7.1%, respectively.1,2 In ATENA, morbidity and mortality rates at 1 month were 1.7% and 1.4%, respectively, whereas
in CLARITY, treatment morbidity and mortality were 3.7% and
1.5%, respectively. Comparison with surgical series is more difficult because the rate of thromboembolic events and intraoperative rupture is rarely reported, possibly because it is less frequent
or underestimated.23 When we looked at the morbidity/mortality, in the largest meta-analysis dealing with unruptured aneurysms treated by clipping, the rate of death (1.7%) was higher
compared with that in WEBCAST 2 (0.0%) and the rate of unfavorable outcome at 1 year was 6.7% compared with 5.9% in WEBCAST 2.23 The same meta-analysis showed interesting results
regarding the efficacy of clipping. In 82.2% of all clipped aneurysms, the postoperative aneurysm occlusion rate was not reported. When it was reported, it was not independently evaluated
(unlike the entire series of Good Clinical Practice WEB studies).
When reported, complete occlusion was 91.8% (neck remnant in
3.9% and aneurysm remnant in 4.3%). There are no data on longterm follow-up.
This study has several limitations. First, the population was
relatively small (55 patients). However, it is the first prospective,
multicenter study evaluating the safety and efficacy of aneurysm
treatment with WEB-SL and WEB-SLS devices with independent
assessment of adverse events and anatomic results. Second, it is
not a randomized study, and comparison with other techniques is
not easy. However, safety data are excellent and quite comparable
with those observed in large coiling series. Efficacy data are more
difficult to compare with historical series because most are mixed
sidewall and bifurcation locations, with both narrow- and wideneck aneurysms. Third, the potential WEB “compression” phenomenon has not been evaluated in this study, and further work is
being conducted on this topic.24,25 Finally, anatomic results were
evaluated with heterogeneous imaging techniques (DSA, MRA,
and CTA), and MRA has a relatively low sensitivity for aneurysm
remnant detection.26

CONCLUSIONS
WEBCAST 2 results are in line with WEBCAST and French Observatory results, showing high safety and great efficacy of aneurysm treatment with WEB-SL devices.
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Large Basilar Apex Aneurysms Treated with
Flow-Diverter Stents
X V. Da Ros, X J. Caroff, X A. Rouchaud, X C. Mihalea, X L. Ikka, X J. Moret, and X L. Spelle

ABSTRACT
BACKGROUND AND PURPOSE: The treatment of wide-neck, large basilar apex aneurysms is challenging with either an endovascular or
a surgical approach. The aim of the present study was to report our experience treating basilar apex aneurysms with ﬂow-diverter stents
and to evaluate their efﬁcacy and safety proﬁle in this speciﬁc anatomic condition.
MATERIALS AND METHODS: We retrospectively analyzed data from all consecutive patients treated with ﬂow-diverter stents at our
institution between January 2011 and January 2015. Patients with large basilar apex aneurysms treated with a ﬂow-diverter stent were
included in the study. Clinical presentations, technical details, intra- and perioperative complications, and clinical and angiographic
outcomes were recorded, with a midterm follow-up.
RESULTS: Of the 175 aneurysms treated with ﬂow-diverter stents at our institution, 5 patients (2 women and 3 men; age range, 44 –58
years) received ﬂow-diverter stent for basilar apex aneurysms. The mean follow-up after stent deployment was 21 months (range, 15–24
months). One patient died on day 31 from an early postprocedural midbrain hemorrhage. One patient had a right cerebellar hemispheric
ischemic lesion with a transient cerebellar syndrome resolved within 24 hours without neurologic sequelae at the latest follow-up. The
mRS was 0 in 4 patients and 6 in 1 patient at last follow-up.
CONCLUSIONS: Flow diversion is a feasible technique with an efﬁcacy demonstrated at a midterm follow-up, especially in the case of
basilar apex aneurysm recurrences after previous endovascular treatments. Concern about its safety proﬁle still exists.
ABBREVIATIONS: BAA ⫽ basilar apex aneurysm; mRR ⫽ modiﬁed Raymond-Roy; PCA ⫽ posterior cerebral artery

ide-neck, large basilar apex aneurysms (BAA) are rare lesions that account for approximately 7%– 8% of all intracranial aneurysms.1,2 Their treatment is challenging when using
either endovascular or surgical approaches.3,4
The endovascular approach is considered the “gold standard”
for posterior circulation intracranial aneurysms because of a
lower rate of procedural complications compared with surgery.5
However, long-term angiographic studies of large posterior circulation aneurysms after coiling show high recurrence rates.6
The advent of flow-diverter stents has allowed for the treat-
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ment of wide-neck, large aneurysms with promising clinical and
angiographic outcomes.7-9 Only a few articles have reported the
results of the use of flow-diverter stents in posterior circulation
aneurysms,7,10,11 and concerns remain regarding their use.
Large BAAs are characterized by specific issues when a flowdiverter stent is the treatment of choice. These issues are mostly
related to their anatomic location and include the risk of occlusion of the posterior cerebral (PCA) and superior cerebellar arteries,12 brain stem ischemic lesions caused by coverage of the perforator arteries,13 and delayed rupture of the treated aneurysm.14
The aim of this study was to report midterm follow-up results
after the treatment of wide-neck, large BAAs with flow-diverter
stents. We describe our experience in terms of the feasibility, safety,
and efficacy of the procedure in this specific anatomic condition.

MATERIALS AND METHODS
From a prospective data base that collected data from all patients
treated with a flow-diverter stent for intracranial aneurysms at
our institution between January 2011 and January 2015, we
searched for complex large BAAs. These were defined as aneu-

rysms with a large diameter (⬎10 mm) and a wide neck treated
with a flow-diverter stent either as the first-line treatment or after
a recurrence after previous coiling.
As part of a multidisciplinary team, neurosurgeons and neuroradiologists discussed all the cases to determine the optimum
aneurysm management. The individual risk-benefit analysis of
different treatment modalities was taken into account, and a flowdiverter stent was chosen as the best treatment of choice after the
exclusion of other endovascular (coiling, stent, or balloon-assisted coiling) or microsurgical (clip reconstruction or vessel sacrifice with or without bypass) approaches. Each decision was
made in consensus with the patients and/or their relatives. Informed consent was obtained from all patients.
The periprocedural pharmacologic protocol for patients undergoing flow-diverter stent implantation was uniform throughout the study period. All patients were premedicated with a dualantiplatelet regimen (75 mg of clopidogrel with 160 mg of aspirin
per day) for at least 7 days before the procedure. Thrombocyte
inhibition levels were confirmed by using the VerifyNow P2Y12
assay (Accumetrics, San Diego, California) and 4 hematologic
laboratory tests. P2Y12 percent inhibition of 30%– 40% was generally used as a minimum degree of preprocedure P2Y12 receptor
inhibition required. All procedures were performed under heparinization, with a bolus of 2000 –5000 IU of heparin administered
once the femoral sheath was in place.
In all cases, the flow-diverter stent was delivered to cover the
whole length of the aneurysm neck or remnant. The correct
deployment was assessed with a VasoCT (Phillips Healthcare,
Best, the Netherlands) scan,15 used to evaluate the necessity of
further maneuver after stent deployment (ie, ballooning).
All patients underwent radiologic follow-up with conventional angiography, scheduled at 3– 6, 12, and 24 months after
treatment. MR imaging and MR angiography imaging were performed during the follow-up only where clinical symptoms changed.
For each patient, the following outcomes were evaluated: 1)
the feasibility of the procedure, defined as the technical possibility
of delivering the flow-diverter stent to the desired position; 2) the
safety of the procedure, including early complications (defined as
those occurring within 24 – 48 hours of the procedure) and late
events (defined as events occurring during the follow-up period);
3) the efficacy in achieving target aneurysm occlusion, categorized
by using the modified Raymond-Roy (mRR) classification16;
adequate aneurysm occlusion (complete occlusion ⫹ neck remnant) considered as stable results during the subsequent follow-up was also assessed17; 4) major recurrence rates after flowdiverter stent deployment, defined as any increase in the size of
the aneurysmal remnant that required retreatment during the follow-up period; and, 5) clinical outcome assessed by the mRS during midterm follow-up.

RESULTS
Between January 2011 and January 2015, 175 aneurysms were
treated with flow-diverter stents at our institution. We identified
5 patients (3 men and 2 women) with wide-neck, large BAAs.
Patient demographics and aneurysm characteristics are summarized in the On-line Table. Patient ages varied from 44 –58 years,
with a mean age of 50 years.

Aneurysm size ranged from 10 –23 mm, with a median value
of 20 mm. Of the 3 patients presenting with a ruptured aneurysm,
2 were treated with conventional coiling in the first instance, and
1 was treated with stent-assisted coiling (Patient 3).
The indications for flow-diverter stent implantation included:
aneurysm recurrence after previous endovascular treatment with
coils alone (Patients 4 and 5) or with stent and coils (Patient 3),
intention-to-cure treatment with a single staged session of flowdiverter stent implantation after conventional coiling (Patient 2),
or 2-step treatment with coils and a scheduled flow-diverter stent
implantation within 6 weeks (Patient 1). Moreover, chiasmal
compression syndrome was an additional indication for treatment in 1 patient (Patient 4).
The flow-diverter stents used were the Pipeline Embolization
Device (Covidien, Irvine, California) in Patients 1 and 3, the Silk
flow diverter (Balt Extrusion, Montmorency, France) in Patient
2, and the Flow-Redirection Endoluminal Device (FRED;
MicroVention, Tustin, California) in Patients 4 and 5. The choice
of the flow-diverter stent type was based on the operator’s confidence with the device. Stent deployment was feasible without intraprocedural complications in all cases.
In all 5 cases, adequate occlusion of the BAAs was achieved at
last follow-up (mean delay, 6 months) without any major recurrence after flow-diverter stent implantation.
PCAs and superior cerebellar arteries covered by the flow diverter were patent during the follow-up for Patients 1, 2, 3, and 4.
In Patient 5, both covered superior cerebellar arteries were not
visualized at the subsequent DSA follow-up (Fig 1). This patient
presented with a postprocedural transient cerebellar syndrome
caused by a small infarction of the right cerebellar hemisphere
that resolved within 24 hours, without associated neurologic sequelae during the follow-up; in Patient 2, a fatal postprocedural
hemorrhage occurred 12 hours after flow-diverter stent deployment. The 3 remaining patients did not present with changes to
their clinical symptoms during the follow-up period. Patient 4,
who presented with an amputation of the visual field, with
“tunnel vision” caused by chiasmal compression, completely
recovered visual acuity within 6 months of flow-diverter stent
implantation.
Here, we report a brief description of each case.

Illustrative Cases
Patient 1. A 44-year-old man underwent an MR imaging evaluation for acute severe headache, which identified an incidental,
large, wide-neck, nonthrombosed BAA.
On 3D-DSA, the BAA measured 20 ⫻ 18 ⫻ 12 mm (Fig 2).
The aneurysm was first treated with a simple coiling with loose
packing attenuation; the treatment was completed 6 weeks later,
with the deployment of a 3.5 ⫻ 20 mm Pipeline flow-diverter
stent. The latest DSA follow-up (24 months) revealed complete
aneurysmal occlusion (mRR class I; mRS, 0).
Patient 2. A 58-year-old woman presented with a progressive
midbrain compression syndrome caused by a large BAA discovered on MR imaging.
The 3D-DSA showed a 23 ⫻ 21 mm wide-neck, large BAA
AJNR Am J Neuroradiol 38:1156 – 62
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FIG 1. A, DSA shows a ruptured large BAA (10 ⫻ 10 mm; neck, 4.4 mm).
B, Aneurysmal embolization was performed with the balloon-remodeling technique. C, Six-month DSA follow-up shows a signiﬁcant neck
recanalization (5 mm ⫻ 6 mm). D, At the 9-month follow-up, a second
coiling remodeling technique associated with the deployment of a
FRED ﬂow-diverter stent across the right PCA was performed. E and F,
The 24-hour postprocedural MR imaging, with DWI and ADC map,
shows the presence of a small ischemic right cerebellar lesion. G, At
21-month DSA follow-up, both covered superior cerebellar arteries
were not visualized, and the persistence of complete BAA occlusion
was conﬁrmed (mRR class I; mRS, 0).

treated in a single session with coiling and a Silk flow-diverter
stent (Fig 3).
Twelve hours after the treatment, the patient experienced
an acute loss of consciousness. The MR imaging showed a midbrain hematoma associated with an intraventricular hemorrhage
and an acute hydrocephalus. Steroids were administered to reduce the midbrain posthemorrhagic edema, and a second flowdiverter stent was deployed; then, an external ventricular shunt
was inserted.
After 5 days, the patient, already under mechanical ventilation, experienced fever and severe pneumonia. The 2-week
DSA and MR imaging follow-up demonstrated aneurysmal sac
occlusion (mRR class I) and mild increase of the initial
hydrocephalus.
After the recurrence of a second episode of hypoxic pneumonia, the patient died on day 31 of hospitalization (mRS, 6).
Patient 3. A 45-year-old man presented with an acute SAH and a
Glasgow Coma Scale score of 13. The initial DSA showed a
wide-neck BAA (8 ⫻ 10 mm), which was embolized with
a stent-assisted (Neuroform; Stryker Neurovascular, Kalamazoo, Michigan [3.5 mm ⫻ 20 mm]) coiling technique (Fig 4).
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FIG 2. A, DSA shows the remnant of a wide-neck, large BAA aneurysm
that involved both superior cerebellar arteries and the left P1 segment, with a 5-mm right superior cerebellar artery fusiform aneurysm,
and a fetal origin of the right PCA, treated with a simple coiling. B, Six
weeks later, the remnant was treated with a Pipeline stent. C, Twelvemonth and D, 24-month follow-up DSA reveal complete aneurysmal
occlusion (mRR class I).

At 15-month follow-up, DSA revealed a residual aneurysmal
neck, which appeared enlarged on the subsequent DSA follow-up 4 months later (8 mm ⫻ 5 mm ⫻ 2 mm). A Pipeline
flow-diverter stent was used to treat the neck remnant. The
15-month DSA showed adequate sac occlusion (mRR class
IIIa; mRS, 0).
Patient 4. A 53-year-old man had a recent history of a large (20
mm), wide-neck, ruptured BAA that had been partially coiled at
another institution. Four months later, an increased aneurysmal
mass effect on the chiasma was seen on MR imaging. At that time,
the patient presented with an amputation of the visual field with
“tunnel vision,” and a second partial coiling embolization was
performed (Fig 5). After a 3-month early aneurysmal recurrence
(10 mm ⫻ 9 mm), an additional coiling of the sac remnant and
flow-diverter stent deployment (FRED 3.5 mm ⫻ 16 –22 mm)
was performed.
The 24-month DSA follow-up showed adequate BAA occlusion (mRR class IIIa), along with complete recovery of the visual
field (mRS, 0).
Patient 5. A 46-year-old woman was referred to the emergency
department with an acute SAH (classified as Fisher 4 with hydrocephalus; Glasgow Coma Scale, 12) caused by a ruptured BAA
(10 ⫻ 10 mm; neck, 4.4 mm). The aneurysm was coiled, and at the
6-month DSA follow-up, a neck recanalization (5 mm ⫻ 6 mm)
was observed (Fig 1).
At 9-month follow-up, a second coiling was performed, along
with a FRED flow-diverter stent deployment.
Upon waking from anesthesia, the patient presented with a

FIG 4. A, The initial DSA demonstrates a wide-neck, large BAA involving the origin of both PCAs and superior cerebellar arteries (B) treated
with a stent-assisted coiling technique (Neuroform 3.5 mm ⫻ 20 mm).
C, The 18-month DSA follow-up reveals an aneurysmal recurrence at
the level of the neck. D, A Pipeline stent was used to treat the neck
remnant with (E) adequate aneurysm occlusion at 15-month DSA follow-up (mRR class IIIa) demonstrated in the working projection. F, The
compression test performed conﬁrms the result.

DISCUSSION

FIG 3. A, DSA shows a wide-neck, large BAA aneurysm (B) treated in a
single session with coiling and a Silk ﬂow-diverter stent across the left
PCA. C and D, MR imaging shows the presence of a midbrain hematoma 12 hours after the treatment. E, Anteroposterior view DSA
shows residual ﬁlling at the level of the aneurysmal neck. A second
Pipeline ﬂow diverter was then deployed. F, The 2-week DSA follow-up shows complete aneurysmal sac occlusion (mRR class I).

cerebellar kinetic syndrome with diplopia, confirmed by the presence of a small ischemic right cerebellar lesion on the postprocedural MR imaging; the neurologic symptoms completely resolved
within 24 hours.
The patient was maintained on a full dose of heparin and an
elevated arterial pressure (mean, 140 mm Hg) for 1 week.
At 21-month DSA follow-up, both covered superior cerebellar
arteries were not visualized, and the persistence of complete BAA
occlusion was confirmed (mRR class I; mRS, 0).

Of the few articles reporting the treatment of posterior circulation
aneurysms with flow-diverter stents,7,10,11 to the best of our
knowledge, none have focused on the use of flow-diverter stents
for the treatment of wide-neck, large BAAs. In this clinical report,
we describe the remarkable midterm follow-up results we obtained with the use of flow-diverter stents in this infrequent location. We detailed the feasibility and efficacy of the technique,
including its ability to determine aneurysmal growth arrest in all
the cases of aneurysmal recurrence after previous endovascular
treatments.
Use of flow diverters in the posterior circulation carries higher
complication rates compared with use in the anterior circulation.
However, in the literature, flow diverters in the posterior circulation were mostly used for the treatment of dissecting, fusiform,
and/or partially thrombosed aneurysms18; this makes the comparison of our findings with previous series difficult.
In this study, flow-diverter stent deployment was feasible in all
patients, and compared with surgical clipping, the flow-diverter
stent deployment presented a less technical challenge.19 The fact
that all treated patients in this series except 1 (Patient 2) had
wide-neck, large BAA recurrences after previous endovascular
treatments (ie, coiling or stent ⫹ coiling) was the determinant for
us to adopt a different strategy concept: flow diversion. In all cases
AJNR Am J Neuroradiol 38:1156 – 62
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FIG 5. A, The preoperative DSA shows a large, wide-neck BAA, twice
partially coiled in an emergency setting, responsible for a chiasmal
compression syndrome. B, Additional coiling of the sac remnant occurred and a subsequent ﬂow-diverter stent (FRED 3.5 mm ⫻ 22–16
mm) was deployed across the right P1 segment. C, Twelve-month and
D, 24-month DSA follow-up demonstrate adequate BAA occlusion
(mRR class IIIa), and the visual ﬁeld was completely recovered.

of BAA recurrence (Patients 1, 3, 4, and 5), the flow-diverter stent
was intended as a “rescue” strategy where a coiling procedure had
failed. The flow-diverter deployment determined progressive sac
exclusion, with no need for further treatments during follow-up.
Although other treatment options were available, the use of a
flow-diverter stent offered a more effective scaffolding to the diseased target artery compared with a conventional stent; moreover, other techniques such as Y-stent placement have demonstrated efficacy in previous studies. However, according to
Bartolini et al,20 Y-stent placement carries the risk of up to 10%
procedure-related permanent neurologic deficits. Finally, the
flow-diverter stent deployment was a less technically demanding
procedure than the Y-stent placement technique.
Patient 2 was treated for an unruptured BAA with coiling and
flow-diverter stent in a single session, with a “first intention-tocure” strategy, and the patient experienced an early postprocedural hemorrhage.
The delayed aneurysm rupture risk after flow-diverter stent
deployment has been previously described.14 The small population of this study determines the impossibility of relating the only
hemorrhagic complication observed to a specific type of device
rather than to the flow-diversion effect. However, the rapid intraaneurysmal thrombus formation is a source of various proteases
with high proteolytic activity, which could participate in the degradation of the arterial wall and lead to aneurysm rupture. Moreover, the larger aneurysms, like those presented in this series, are
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generally more likely to have intraluminal thrombus.21-23 Thus,
this mechanism probably was the most involved in the delayed
aneurysm rupture observed in Patient 2. In this case, the steroids
were administered only after aneurysmal rupture, mainly to reduce the midbrain posthemorrhagic edema because, to the best of
our knowledge, the efficiency of steroids to prevent the lytic activity has not been demonstrated yet.24 Unfortunately, how to
prevent this dramatic complication is still a matter of debate.
To protect against delayed aneurysm rupture,25 our choice
was the use of loose-packing coiling before flow-diverter stent.
Retrospectively, we assume that the loose-packing coiling was not
sufficient to act as a scaffold to organize thrombi into stable fibrous tissue26 and that the time between the procedures was not
long enough to allow a progressive thrombus formation after coiling. Our experience confirms that the optimum packing attenuation of coils and the timing between coiling and flow-diverter
stent placement is still to be determined.
Posterior circulation flow-diverter stents carry a risk of ischemic lesions caused by the occlusion of covered branches (ie,
superior cerebellar arteries and PCAs),27 including a higher
rate of injury to posterior perforators relative to their anterior
counterparts.3,28,29
In this series, we observed 1 case (Patient 5) of early ischemic
lesion after flow-diverter stent coverage. In this case, the placement of a flow diverter in front of the superior cerebellar arteries
led to their early occlusion, with a unilateral transient cerebellar
syndrome observed after the procedure. At the subsequent follow-up, the superior cerebellar artery occlusion remained clinically silent. To the best of our knowledge, there is no previous
literature specifically analyzing superior cerebellar artery occlusion after flow-diverter coverage. However, in the anterior circulation, slow flow of the side branches covered by the flow-diverter
stent is observed in up to 19.1% of cases30 and vessel occlusion is
observed in up to 21%.31 In most of these cases, neither permanent deficit or death nor neurologic deficit were described within
covered branches, perhaps because of the good collateral circulation.11,27,30 As described by Alqadri et al,32 several collateral anastomoses also exist in the posterior circulation. These findings suggest that in Patient 5, the occlusion of the superior cerebellar
arteries after flow-diverter stent deployment was responsible for
an initial vascular and hemodynamic regional unbalance, which
determined an early initial clinical manifestation. The subsequent
early activation of the posterior collateral circulation allowed for
the patient’s rapid clinical improvement without neurologic
manifestation during the follow-up. In case of uncertainty regarding the collateral circulation, it could be valuable to perform a
balloon occlusion test to assess the vascular territory supply of the
covered branches.
Finally, deploying flow-diverter stents in the basilar bifurcation determines flow modification at the level of the covered PCA.
In accordance with the anatomic knowledge of Brassier et al,33
to protect as many perforators as possible, the flow diverter
should reasonably be deployed in the most caudal PCA, where the
number of perforators is less common. However, it also should be
taken into account that most of the flow diverters are composed of microfilaments of 30 –35 m, and the pore size varies
between 110 –250 m (much depending on the final FD mor-

phology and selection of the proper size adapted to the vessel
diameter).34 These anatomic characteristics suggest that in the
worst case, when 2 filaments cross in front of a 100 m perforator vessel, this small artery will lose no more than 55% of its
orifice area. This still provides sufficient blood flow to the
distribution territory.35
Thus, to choose which PCA to put the stent in, we mostly
focused our attention on hemodynamic criteria. In particular, we
simply decided to cover the smallest P1 segment with the largest
posterior communicating artery with the stent. This approach
was based on several reasons. First, in case of subsequent occlusion of the covered P1 segment, this would be supplied by a larger
posterior communicating artery. Second, in this configuration,
the larger uncovered posterior communicating artery is preferentially used to supply the distal P2 segment in an anterograde fashion (rather than the P1 segment in a retrograde fashion). As a
consequence, the filling flow into the aneurysmal sac from the
covered P1 is potentially reduced. Finally, a flow diverter deployed in the P1 segment with the smaller or absent posterior
communicating artery determines a higher gradient pressure at
that level because of the reduced flow competition between the P1
segment and posterior communicating artery. This theoretically
favors the perforators’ patency maintenance.
In line with these considerations, in Patients 1, 2, and 3, this
approach induced flow changes in the smaller covered posterior
communicating artery, with posterior communicating arteries
still patent, but no more visible except after performing an occlusion test (Patient 3); in Patient 4, we decided to put the flowdiverter stent in the right PCA because the right posterior communicating artery was smaller compared with the left one; finally,
in Patient 5, we decided to deploy the stent in the right PCA only
because it was technically easier because neither anatomic nor
hemodynamic differences were observed between the right and
left side (with a symmetry of both PCAs and posterior communicating arteries and the aneurysmal neck centered between
the 2 PCAs). This approach has proved to be efficient in preserving covered PCA patency without significant aneurysm sac
supply at midterm follow-up and with no perforator infarction
observed.

Limitations
This clinical report has several limitations, including the small
number of patients and the retrospective collection of the cases.
However, all the wide-neck, large BAAs treated with flow-diverter
stents in our department have been included in this series without
any selection. In addition, the follow-up period is quite short;
longer follow-up is essential to assess the long-term stability of
adequate occlusion. Because of the small size of this study, we did
not perform between-case analysis.

CONCLUSIONS
A wide-neck, large BAA is a complex, multifactorial problem, for
which the use of flow-diverter stents plus coiling appears to be a
promising approach. However, the exact staging of the treatments
and the packing density of coiling require further evaluation to
minimize the risk of its application.

Disclosures: Jacques Moret—UNRELATED: Consultancy: Microvention-StrykerMedtronic. Laurent Spelle—UNRELATED: Consultancy: Stryker, Medtronic,
Sequent.
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INTERVENTIONAL

Preliminary Experience with Stent-Assisted Coiling of
Aneurysms Arising from Small (<2.5 mm) Cerebral Vessels
Using The Low-Proﬁle Visualized Intraluminal Support Device
X C.-C. Wang, X W. Li, X Z.-Z. Feng, X B. Hong, X Y. Xu, X J.-M. Liu, and X Q.-H. Huang

ABSTRACT
BACKGROUND AND PURPOSE: The Low-Proﬁle Visualized Intraluminal Support (LVIS) stent is a new device recently introduced for
the treatment of wide-neck intracranial aneurysms. This single-center study presents the authors’ preliminary experience using the
LVIS stent to treat saccular aneurysms with parent arteries smaller than 2.5 mm.
MATERIALS AND METHODS: Aneurysms with a LVIS stent used in a small parent vessel (⬍2.5 mm in diameter) between October 2014 and
April 2016 were included. Procedure-related complications, angiographic results, clinical outcomes, and midterm follow-up data were
analyzed retrospectively.
RESULTS: A total of 22 patients was studied, including 5 ruptured and 17 unruptured aneurysms. Most of the aneurysms were located in
the anterior circulation (90.9%). Stent placement in the parent arteries measuring 1.7–2.4 mm in diameter (mean, 2.1 mm) was successful in
100% of cases. Procedure-related complication developed in 1 patient (4.5%) who presented with aneurysm rupture. No permanent
morbidity and mortality occurred. Immediate angiographic outcome showed complete occlusion in 8 aneurysms (36.4%), neck residual in
8 (36.4%), and residual aneurysm in 6 (27.3%). All patients underwent angiographic follow-up at a mean of 8.3 months, which revealed
complete occlusion in 18 (81.8%) patients, neck remnant in 3 (13.6%), and residual sac in 1 (4.5%). No recanalization of the target aneurysm was
observed. There was 1 case with asymptomatic in-stent stenosis.
CONCLUSIONS: Our preliminary results show that the deployment of LVIS stents in small vessels is feasible, safe, and effective in the
midterm. Larger studies with long-term follow-up are needed to validate our promising results.
ABBREVIATION: LVIS ⫽ Low-Proﬁle Visualized Intraluminal Support
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stents for treating wide-neck distal intracranial aneurysms
with small parent vessels remains challenging. Several previous
studies reported relatively high rates of periprocedural thromboembolic events and in-stent stenosis.3-11
The Low-Profile Visualized Intraluminal Support (LVIS)
device (MicroVention, Tustin, California), a new device offering an option between conventional stents and flow diverters,
is designed for the stent-assisted coil embolization of wideneck intracranial aneurysms. There is an increasing number of
publications on the use of the LVIS device.12-16 However, to
our knowledge, no studies to date have specifically investigated
the placement of the LVIS device in small vessels. Hence, we
conducted this retrospective study to examine the LVIS device
in terms of its safety, deployment feasibility, and treatment
effectiveness in intracranial aneurysms with parent vessels
measuring ⬍2.5 mm in diameter.
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MATERIALS AND METHODS

he introduction of stent devices has greatly advanced the
endovascular treatment options of intracranial aneurysms.
Many aneurysms that had been previously considered untreatable because of their morphology, including those with unfavorable dome-to-neck ratios and/or location, are now amenable to coiling with the use of stents.1,2 However, the use of
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Table 1: Clinical data of all patients
Age
Patient (yr), Risk
Aneurysm
No.
Sex Factors
Presentation
HHG Location
1
42, F NS
Chronic headaches
0
BT
2
57, M HP
Lt hemiparesis, unconsciousness 3
MCA
3
65, M HP
Acute onset of headaches
2
ACA
4
63, M HP, DM Lt UE weakness, slurred speech
0
AComA
5
44, F NS
Incidental
0
AComA
6
61, M HP
Acute onset of headaches
2
MCA
7
53, M NS
Incidental
0
AComA
8
40, M HP, S Recanalized
0
MCA
9
49, M NS
Headaches, seizure
1
MCA
10
52, M NS
Incidental
0
BT
11
61, M HP, DM Incidental
0
MCA
12
35, M NS
Chronic headaches
0
AComA
13
51, F HP
Chronic headaches and dizziness 0
MCA
14
55, F HP, DL Incidental
0
MCA
15
46, F HP
Incidental
0
MCA
16
33, M S
Recanalized
0
AComA
17
18
19
20
21
22

54, M
54, F
59, M
60, F
49, F
53, F

HP
NS
S, DL
HP
NS
HP

Acute onset of headaches
Incidental
Incidental
Dizziness, nausea, vomiting
Chronic headaches
Chronic headaches

2
0
0
0
0
0

MCA
MCA
MCA
MCA
MCA
MCA

Initial
FU
Aneurysm PA Angiogram
Angiogram FU
Size Neck Size Results Complications Results Time
8.5 8.2 1.9
RA
N/A
NR
13
8.8 5.1
1.8
NR
N/A
CO
8
5.6 4.6 1.7
NR
N/A
NR
14
2.1
1.4 2.1
CO
Rupture
CO
11
10.8 5.2 2.1
CO
N/A
CO
8
4.4 3.2 2.0
CO
N/A
CO
10
3.6 3.1 2.1
NR
N/A
CO
6
3.0 2.9 2.3
NR
N/A
CO
8
5.0 4.7 2.4
NR
N/A
NR
6
4.4 3.6 1.8
CO
N/A
CO
6
6.5 6.0 2.3
RA
N/A
CO
9
6.7 3.3 2.3
CO
N/A
CO
6
4.8 2.7
1.8
RA
N/A
CO
11
3.5 1.8 2.2
NR
N/A
CO
6
1.8 1.5 2.1
RA
N/A
CO
10
3.0 2.3 2.1
NR
N/A
CO and PA 8
stenosis
3.6 2.5 2.0
CO
N/A
CO
8
3.2 2.0 2.3
CO
N/A
CO
8
1.7 1.5 1.9
RA
N/A
RA
6
7.9 5.0 1.9
NR
N/A
CO
7
3.6 2.6 2.3
CO
N/A
CO
8
3.7 3.2 2.2
RA
N/A
CO
6

Note:—ACA indicates anterior cerebral artery; AComA, anterior communicating artery; BT, basilar tip; CO, complete occlusion; DL, dyslipidemia; DM, diabetes mellitus; FU,
follow-up; HP, hypertension; Lt, left; N/A, not available; NR, neck residual; NS, not signiﬁcant; PA, parent artery; RA, residual aneurysm; S, smoking; UE, upper extremity; HHG,
Hunt and Hess grade.

Patients
All patients who underwent stent-assisted coiling treatment with
the LVIS device at our institution from October 2014 to April
2016 were retrospectively reviewed. We identified 30 patients
with 30 saccular aneurysms arising from parent arteries that were
⬍2.5 mm in diameter with no atherosclerotic stenosis. Eight
patients without angiographic follow-up were excluded. For the
remaining 22 patients, clinical data, aneurysm characteristics, indication for stent use, periprocedural complications, initial angiographic results, and follow-up angiography data were carefully
reviewed. Particular attention was given to vessel patency, aneurysm occlusion, and the incidence of thromboembolic events, and
they were reviewed after intervention and on follow-up imaging
by 2 experienced interventional neurosurgeons (Q.-H.H. and J.M.L.). Before treatment, informed written consent was obtained
from all patients after careful evaluation of risks, benefits, and treatment alternatives, including but not limited to observation, surgical
clipping, and various endovascular options. Therapeutic decisionmaking entailed a multidisciplinary deliberation by both surgical and
nonsurgical neurointervention teams.

Endovascular Treatment
All procedures were performed with patients under general anesthesia. DSA was performed on a biplane angiographic system (Artis zee Biplane; Siemens, Erlangen, Germany). A 6F guiding catheter was introduced through a femoral sheath into the internal
carotid artery for anterior circulation aneurysms or into the vertebral artery for posterior circulation aneurysms. A 0.021-in internal diameter Headway microcatheter (Microvention) was used
to deliver the LVIS stent in each case. The smallest 3.5-mm LVIS stent
(which is different from the LVIS Jr stent) in various lengths was used
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for all cases because the diameter of the parent artery was smaller than
2.5 mm. After the deployment, DynaCT (Siemens) or multiprojection fluoroscopy were performed to identify wall apposition.

Periprocedure Anticoagulation and Antiplatelet
Management
Heparin was titrated during the procedure to achieve an activated
clotting time of 2–2.5 times that of baseline. If stent placement was
proposed for a patient with an unruptured aneurysm, dual antiplatelet drugs (aspirin, 100 mg/d plus clopidogrel, 75 mg/d) were
given for at least 3 days before the procedure. However, for patients with acutely ruptured aneurysms, a loading dose of clopidogrel and aspirin (300 mg of each) was administered orally by
gastrointestinal tube or per rectum 2 hours before stent placement.
Regardless of whether their aneurysm was ruptured, all patients were
administrated a daily dose of aspirin (100 mg) and clopidogrel (75
mg) postoperatively for 6 weeks, followed by aspirin alone, which was
maintained indefinitely. During the procedure, 0.1 g/kg/min of glycoprotein IIb/IIIa antagonist (tirofiban) was injected intravenously
when acute intrastent thrombosis occurred.

Clinical and Angiographic Follow-Up
The efficacy of aneurysm coiling was assessed by using the Raymond scale. MR angiography was recommended 3 months after
embolization. Postprocedural DSA follow-up was performed at
6-month intervals. Hemodynamical in-stent stenosis and branch
vessel stenosis were defined as equal to or greater than 50% diameter loss. Clinical outcome was assessed with the mRS based
on the latest follow-up record retrieved from an outpatient
department. Evidence of stroke in the treated territory identi-

FIG 1. (Patient #15) This 46-year-old woman has a history of SAH 6 months ago, with multiple aneurysms (a ruptured anterior communicating
artery aneurysm [previously coiled] and bilateral unruptured MCA aneurysms). A, Left ICA DSA showed a tiny saccular aneurysm at left MCA M2
bifurcation (black arrow). B, 3D DSA demonstrated the branch artery arising from the proximal aspect of the aneurysm sac. C, An LVIS stent was
deployed in the MCA M2 trunk initially. D, A coil delivery microcatheter was navigated close to the stent interstices, but not through the
interstice. Only 1 coil was introduced into the aneurysm sac. E, Initial angiogram after treatment showed the sac residual with patency of the
parent vessels. F, The ﬁnal ﬂuoroscopy demonstrated that the stent was completely opened and totally covered the aneurysm neck. G and H,
Follow-up angiography at 10 months demonstrated complete obliteration of the aneurysm with preserved patency of the parent and branch
arteries.

fied via MR imaging, perfusion status, and stent patency was
documented.

RESULTS
Clinical and demographic data of all patients are detailed in Table 1.

Study Population
A total of 22 patients (9 women and 13 men) with 22 intracranial
aneurysms were included. Their mean age was 51.6 years (range,
33– 65 years). Patient risk factors included hypertension (54.5%),
smoking (18.2%), diabetes (13.6%), and dyslipidemia (9.1%).
Five patients presented with SAH. According to Hunt-Hess grading, 1 case was classified as Hunt and Hess grade 1, 3 as grade 2,
and 1 as grade 3.

Aneurysm Characteristics
Most of the aneurysms were located in the anterior circulation
(90.9%), with 14 MCA aneurysms (63.6%), 5 anterior communicating artery aneurysms (22.7%), and 1 anterior cerebral artery
aneurysm (4.5%). Two aneurysms were located at the basilar artery tip. Two aneurysms had been previously coiled, but recanalized, and were thus retreated with an LVIS stent. The parent
vessel sizes varied from 1.7–2.4 mm (mean, 2.1 mm). The maximum sizes of aneurysms (or the circulating portion in recanalized
aneurysms) varied from 1.7–10.8 mm (mean, 4.8 mm).

Immediate Outcome and Periprocedural Complications
The technical success rate of stent placement was 100%, and there
was no failure in navigating or deploying the LVIS stent. Immediate postprocedural angiograms showed complete occlusion in 8
aneurysms (36.4%), neck residual in 8 (36.4%), and residual aneurysm in 6 (27.3%).
Procedure-related complications occurred in 1 patient
(4.5%). This patient developed aneurysm perforation during the
treatment of an anterior communicating artery aneurysm. A mild
contrast extravasation from the aneurysm developed during coiling. Complete aneurysm occlusion was achieved within a few
minutes, and the patient awoke with a mild headache. The postprocedural CT image revealed the contrast extravasation and
SAH. This patient did not develop any neurologic deficits. No
thromboembolic event was observed in our series, and there was
no permanent morbidity or mortality. All patients were independent with a mRS score of 0 –2 at discharge.

Follow-Up Results
All 22 patients underwent DSA follow-up at intervals ranging
from 6 –14 months (mean, 8.3 months). According to follow-up
images, complete occlusion was achieved in 18 (81.8%) patients,
neck remnant in 3 (13.6%), and residual sac in 1 (4.5%). None of
the patients had any target aneurysm recurrence (Fig 1). One
AJNR Am J Neuroradiol 38:1163– 68
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asymptomatic in-stent stenosis occurred
in 1 follow-up case (4.5%). The stenosis
was located at the distal stent marker, and
distal cerebral perfusion was normal (Fig
2). In addition, mild stenosis of branch
arteries covered by the stents occurred in
1 case, and the patient did not present any
neurologic deficit (Fig 3). Clinical follow-up at 6 –23 months (mean, 16.1
months) was achieved in all patients, and
no new neurologic deterioration or death
was observed.

DISCUSSION

FIG 2. (Patient #16) A, Angiogram showed a ruptured anterior communicating artery aneurysm.
B, The aneurysm underwent conventional coiling initially. C and D, Follow-up at 1 month revealed the residual sac ﬁlling, and an LVIS stent was then deployed in the ipsilateral anterior
cerebral artery. E and F, Total aneurysm occlusion was achieved at 8-month follow-up. In-stent
stenosis occurred at the distal stent marker for approximately 55%.

FIG 3. (Patient #21) A, Oblique left ICA angiogram showed an MCA M1 bifurcation aneurysm. B,
Roadmap image revealed the coiling microcatheter and stent placement microcatheter in place
(black arrows). C, Native image after stent-assisted coil embolization. D, Seven-month follow-up demonstrated complete occlusion of the aneurysm with the patency of the parent
vessel. Insigniﬁcant stenosis was found in the inferior branch covered by stent. E and F, The
ﬂuoroscopy demonstrated that the stent was fully deployed, with the midsegment expanded
across the aneurysm neck and good stent apposition to parent vessel wall.
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In our study, we describe our preliminary
experience of using the LVIS stent to treat
saccular aneurysms with parent arteries
smaller than 2.5 mm. Overall, the results
of this single-center cohort demonstrated
high rates of complete occlusion at midterm follow-up for aneurysms treated
with the LVIS device. Initial in-stent
thrombus and in-stent stenosis at follow-up are uncommon. We also demonstrated that procedure-related complications are acceptable, with a rate of 4.5%.
No procedure-related morbidity or mortality occurred in our case series. These
findings suggest that LVIS deployment in
small intracranial vessels is a safe and effective means for treating intracranial aneurysms amenable to this endovascular
approach. To our knowledge, this is the
first reported series of patients with LVIS
device placement in small vessels.
Stent-assisted coiling of wide-neck aneurysms in small parent vessels measuring
⬍2.5 mm in diameter is a technically
challenging procedure. Several studies
had detailed the use of different stents, including Neuroform (Stryker Neurovascular, Kalamazoo, Michigan), Wingspan
(Stryker), LEO (Balt Extrusion, Montmorency, France), and Enterprise (Codman & Shurtleff, Raynham, Massachusetts) for the treatment of wide-neck
intracranial aneurysms with small vessels.4-9 According to the previous literature, thromboembolic events or vascular
occlusions are major complications of
stent-assisted coiling of these aneurysms
(Table 2). Puri et al3 published a case series on the use of small flow diverters
(Pipeline Embolization Device; Covidien,
Irvine, California) in 7 patients, showing
good safety and effectiveness. Among
them, 1 patient suffered in-stent stenosis

Table 2: Clinical and anatomic results of the stent deployment in small intracranial vessels in previous studies
Near or
Complication (%)
Follow-Up (%)
Sample Vessel
Technical
Complete
Size Diameter
Success
Occlution Recurrence In-Stent
Series, yr
(no.)
(mm)
Stent
Rate (%) Thromboembolic Hemorrhagic Rate (%)
Rate
Stenosis
8
1.5
NF
100
25
0
100
0
N/A
Turk et al, 20079
8
1.58
EP
100
12.5
0
100
25
12.5
Siddiqui et al, 20098
11
1.6
NF
100
0
0
100
0
9.1
Yun and Cho, 20107
12
1.8
NF, LEO, WP
100
8.3
0
91.6
NA
N/A
Zhang et al, 20106
31
1.6
EP
100
9.7
0
96.3
0
11.1
Chung et al, 20155
44
1.7
NF, EP
93.2
13.6
2.3
88.6
9.1
6.1
Kühn et al, 20164
80
2.35
LEO Baby
97.5
7.5
1.3
96.3
6.5
15.6
Aydin et al, 201511
43
2.2
LVIS Jr
100
10
5
95.3
5
17.5
Alghamdi et al, 201610
7
1.9
PED
100
0
0
N/A
0
28
Puri et al, 20163
Note:—N/A indicates not available; NF, Neuroform stent; EP, Enterprise stent; WP, Wingspan stent; PED, Pipeline Embolization Device.

at follow-up. Recently, 2 low-profile self-expandable microstents,
LEO Baby and LVIS Jr, were introduced. These stents can be delivered and deployed in small distal arteries via a 0.017-in microcatheter and are dedicated for the endovascular treatment of aneurysms with small parent arteries from 2–3.5 mm. Thus,
surgeons have recently been using the Leo Baby and LVIS Jr stents
in small cerebral arteries. However, according to 2 case series reported by Aydin et al11 and Alghamdi et al,10 thromboembolic
events and in-stent stenosis are also not negligible in the deployment of the LEO Baby and LVIS Jr stents in small cerebral arteries.
In addition, the LEO Baby and LVIS Jr stents have not been approved for aneurysm treatment in our country. Similar to the
design of LEO Baby and LVIS Jr, a higher-profile LVIS stent is a
self-expandable braided stent that provides higher metal coverage
rate and higher radial force. The safety and efficacy of the LVIS
device deployment in small vessels is worthy of attention.
Incomplete stent expansion and poor wall apposition are
common causes for the thromboembolic events.17,18 Increased
metal surface coverage might also increase the risk of thromboembolism when stents are deployed in small arteries. The LVIS
stent, with braided morphology and full-length visualization design, allows greater flexibility and visibility to provide operators
more control for stent deployment. The higher radial force of
LVIS stents could facilitate better apposition to vessel wall. Moreover, the minimum size of the LVIS device is 3.5 mm in diameter;
therefore, when an LVIS stent is deployed in a vessel smaller than
2.5 mm, it may be elongated, and the stent cells may become
larger. Decreased metal surface coverage might lower the vascular
stimulation and, hence, decrease the risk of thromboembolism. In
our study, no periprocedural thromboembolic complications occurred. One asymptomatic in-stent stenosis occurred in 1 follow-up case (4.5%). The stenosis was located at the distal stent
marker, which might result from vascular injury by the distal
flares during stent manipulation and then neointimal hyperplasia
at the distal stent marker segment.
Endovascular treatment of wide-neck bifurcation cerebral aneurysms is challenging, especially with small arteries involved.
The special design of the LVIS device provides more bulging capability at bifurcation. Therefore, we use the so-called “barrel
technique” to expand a segment of the stent into the aneurysm
neck, providing greater neck coverage and changing a wide-neck
aneurysm into a narrow-neck one, which consequently protects
the parent vessel and the bifurcation (Fig 3).19 In addition, the

stent was pushed at the aneurysm neck to make a denser metal
surface coverage and improve flow diversion effect, which may
facilitate aneurysm thrombosis and enable more complete rate of
occlusion during the long-term follow-up. Our results showed
only 1 aneurysm that demonstrated residual sac filling and no case
of recanalization on follow-up angiography examinations. However, pushing the stent microcatheter may change the tension of
the coil microcatheter and then increase the related risk of perforation, so caution must be used in the manipulation of microcatheters when pushing the stent. In our study, 1 intraprocedural aneurysm rupture developed during the stent deployment in an
anterior communicating artery aneurysm.
Limitations of this study include its retrospective design, limited number of cases from a single institution, the nonblinded
authors’ interpretation of the radiographic results, and the relatively short angiographic follow-up.

CONCLUSIONS
This study shows that the LVIS stent is a safe and effective device
for endovascular treatment of intracranial aneurysms with small
parent vessels. Periprocedural thromboembolic complications
and in-stent stenosis are uncommon. Larger studies with longterm follow-up are needed to validate our promising results.
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4D DSA for Dynamic Visualization of Cerebral Vasculature: A
Single-Center Experience in 26 Cases
X S. Lang, X P. Gölitz, X T. Struffert, X J. Rösch, X K. Rössler, X M. Kowarschik, X C. Strother, and X A. Doerﬂer

ABSTRACT
BACKGROUND AND PURPOSE: 4D DSA allows acquisition of time-resolved 3D reconstructions of cerebral vessels by using C-arm
conebeam CT systems. The aim of our study was to evaluate this new method by qualitative and quantitative means.
MATERIALS AND METHODS: 2D and 4D DSA datasets were acquired in patients presenting with AVMs, dural arteriovenous ﬁstulas, and
cerebral aneurysms. 4D DSA was compared with 2D DSA in a consensus reading of qualitative and quantitative parameters of AVMs (eg,
location, feeder, associated aneurysms, nidus size, drainage, Martin-Spetzler Score), dural arteriovenous ﬁstulas (eg, ﬁstulous point, main
feeder, diameter of the main feeder, drainage), and cerebral aneurysms (location, neck conﬁguration, aneurysmal size). Identiﬁability of
perforators and diameters of the injection vessel (ICA, vertebral artery) were analyzed in 2D and 4D DSA. Correlation coefﬁcients and a
paired t test were calculated for quantitative parameters. The effective patient dose of the 4D DSA protocol was evaluated with an
anthropomorphic phantom.
RESULTS: In 26 patients, datasets were acquired successfully (AVM ⫽ 10, cerebral aneurysm ⫽ 10, dural arteriovenous ﬁstula ⫽ 6).
Qualitative and quantitative evaluations of 4D DSA in AVMs (nidus size: r ⫽ 0.99, P ⫽ .001), dural arteriovenous ﬁstulas (diameter of the
main feeder: r ⫽ 0.954, P ⫽ .03), and cerebral aneurysms (aneurysmal size: r ⫽ 1, P ⫽ .001) revealed nearly complete accordance with 2D
DSA. Perforators were comparably visualized with 4D DSA. Measurement of the diameter of the injection vessel in 4D DSA was equivalent
to that in 2D DSA (P ⫽ .039). The effective patient dose of 4D DSA was 1.2 mSv.
CONCLUSIONS: 4D DSA is feasible for imaging of AVMs, dural arteriovenous ﬁstulas, and cerebral aneurysms. 4D DSA offers reliable
visualization of the cerebral vasculature and may improve the understanding and treatment of AVMs and dural arteriovenous ﬁstulas. The
number of 2D DSA acquisitions required for an examination may be reduced through 4D DSA.
ABBREVIATIONS: dAVF ⫽ dural arteriovenous ﬁstula; IQ ⫽ image quality; MS-S ⫽ Martin-Spetzler Score; VA ⫽ vertebral artery

he current criterion standard for visualization of the cerebral
vasculature is DSA by acquisition of dynamic 2D series (2D
DSA). Additional 3D rotational angiography is used for the diagnostic work-up of arteriovenous malformations, dural arteriovenous fistulas (dAVFs), and cerebral aneurysms.1-3 Despite the
high image quality of 2D DSA and the opportunity to visualize
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vessels at any angle by 3D DSA, this method is limited due to
overlap of arterial and venous structures.4,5 This may impair recognition of anatomic details, especially in complex pathologies.
Despite the use of 3D DSA images for improved spatial understanding, 2D DSA series are still necessary to better understand
the dynamics of blood flow. The more complex the pathology, the
more 2D projections might be necessary. It would be obligatory to
limit the number of 2D series to reduce the effective patient dose
and contrast volumes. Therefore, a technique that combines flow
information with 3D imaging would be desirable in the visualization of the cerebral vasculature.
A novel method has been described recently, which is based on
the rotational acquisitions of mask and fill projection images and
generates a static 3D DSA dataset and a series of time-resolved 3D
vascular volumes (4D DSA), that illustrates the contrast in- and
outflow with time. In 2013, Davis et al6 demonstrated the technical
feasibility of this new technique. Meanwhile, Sandoval-Garcia et al7,8
AJNR Am J Neuroradiol 38:1169 –76
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have shown the clinical feasibility of 4D DSA both in a canine model
and in patients, with promising results. Recently, the detailed analysis
of dAVFs and AVMs with 4D DSA of Lescher et al9 demonstrated a
significantly improved visualization of a fistulous point of the dAVF
or a nidus of the AVM by using 4D DSA; in many cases, 4D DSA even
came close to superselective angiography.
In this article, we present our initial clinical experience with
4D DSA in the diagnostic work-up of vascular malformations by
comparing 4D with 2D DSA. Furthermore, we provide information about the effective radiation dose for this new technique.

MATERIALS AND METHODS
Patients
Patients presenting with AVMs, dural fistulas, or cerebral aneurysms were included in this study. Ethics committee approval was
obtained before this study, and informed consent was obtained
from all patients enrolled.

4D DSA
4D DSA refers to a novel acquisition method to create time-resolved datasets of vascular volumes by using C-arm conebeam CT
systems.6,10 This is accomplished with a 3D DSA acquisition protocol that comprises 2 rotational runs: mask and fill. Proper timing of the contrast injection allows visualization of the inflow of
contrast in any projection. The enlarged rotational angle in comparison with established 3D DSA programs (5s DSA program;
Siemens, Erlangen, Germany) generates a sufficiently large number of projections for an adequate time duration that is sufficient
to follow the contrast bolus throughout the vasculature.
We used an acquisition protocol (12s 4D DSA program, Siemens) that applies 2 runs (native and fill run) of 12 seconds each.
Each run yields a total of 304 projection images over a rotational
angle of 260°. The detector dose per projection image is selected as
0.36 Gy (70 kV, 1240 ⫻ 960 detector elements with 2-by-2 binning of pixels, projection on a 30 ⫻ 40 cm flat panel size, increment of 0.85°/frame, frame rate of 30 frames/s).
Postprocessing generates a conventional 3D DSA reconstruction before the reconstruction of the time-resolved series of volumes (4D DSA). The subsequent reconstruction of 4D DSA volumes is based on embedding the temporal flow information
extracted from the rotational projections of the fill run to the
preliminary reconstructed conventional 3D DSA dataset. Technically, this computational step is referred to a “constrained reconstruction.”10 With the 4D DSA prototype software, each projection of the rotational fill run leads to a temporal volume of the 4D
DSA image series. Hence, the time-resolved series of vascular volumes covers 304 time-steps, providing a temporal solution of 12
seconds in total. On the basis of the combination of a conventional 3D DSA dataset with flow information from these 304 projection images, 4D DSA can provide “any view at any time.”6

Data Acquisition and Postprocessing
Cerebral angiography (including 2D DSA and 4D DSA) was performed by using a biplane flat panel detector angiographic system
(Artis zee biplane; Siemens). By standard angiographic methods
(via the transfemoral route), a diagnostic catheter (5F) was positioned in the proximal internal carotid artery or in the vertebral
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artery (VA) to obtain standard posteroanterior and lateral projections (2D DSA). After we adjusted the C-arm (as known from
other flat-detector acquisition protocols), we obtained the rotational scan by using the identical 4D DSA acquisition protocol
provided by the manufacturer in all patients. An initial rotational
scan (native “mask run”) is followed by a second rotational scan
(contrast-enhanced “fill run”). According to our examination
protocol, manual injection of the contrast medium was started
after initiation of the fill run for illustration of the contrast material inflow into the cerebral vasculature. The injection was maintained for 8 seconds. Then, the injection was stopped to display
venous outflow as well. The total contrast volume was 15 mL
(iopamidol, Imeron 300; Bracco, Milan, Italy). The angiographic
data were transferred to a dedicated workstation (syngo X Workplace; Siemens) running prototype software for postprocessing of
4D DSA images. According to standardization and previous experience, we used reconstruction parameters identical to those
used in conventional 3D DSA (kernel type: “edge enhanced”; image characteristics: “smooth”; mode of reconstruction: “subtracted”; 512 ⫻ 512 image matrix). Before image interpretation,
postprocessing of 4D DSA datasets requires, depending on selected voxel size, between 3 minutes 30 seconds for aneurysms
and 6 minutes 45 seconds for AVMs or dAVFs. On the basis of
static and time-resolved reconstructions of 4D DSA, we determined the best projections for subsequent enlarged oblique 2D
series (“target projections”).

Data Evaluation
Any 2D and 4D data were anonymized and stored in random
order. 2D DSA series as the criterion standard were analyzed with
regular viewing software. The range of 2D DSA series considered
for evaluation was confined to the injection vessel of the corresponding 4D DSA. Image evaluation of 4D DSA was performed
with volume-rendered, multiplanar, and MIP reconstructions
by using the syngo InSpace plug-in of the prototype software
(Siemens).
Analysis of 2D and 4D DSA datasets was performed by 2 experienced neuroradiologists in a consensus reading, blinded to
clinical information.

Image Quality
All 2D and 4D DSA datasets were evaluated by the 2 neuroradiologists for parameters that compromise image and diagnostic
quality (eg, movement). The quality of the acquired 2D and 4D
DSA datasets was assessed in a consensus reading by using a 5-fold
scaled grading system: 4 ⫽ excellent (high contrast, no artifacts);
3 ⫽ good (high contrast; minimal artifacts, eg, due to movement
or metallic implants); 2 ⫽ compromised (eg, noticeable movement artifacts and/or reduced homogeneity of the vessel contrast); 1 ⫽ heavily compromised (low contrast and/or strong
movement artifacts); 0 ⫽ not diagnostic (vasculature is not differentiable due to heavy artifacts and/or missing contrast).

Qualitative and Quantitative Evaluation of the 2D and
4D DSA Datasets
AVM. For qualitative assessment of AVM involvement of an eloquent brain area, origin of the main feeders, venous drainage

FIG 1. Images show measurements in 2D (A and C) and 4D DSA (B and D) of the vessel diameters of the ICA and VA in lateral projections of the
anterior left-sided circulation and the posterior circulation, respectively. Comparable vessel diameters can be evaluated for the ICA (2D DSA ⫽
0.72 cm, 4D DSA ⫽ 0.74 cm) and the VA (2D DSA ⫽ 0.34 cm, 4D DSA ⫽ 0.36 cm).

(superficial, deep), and pathologies of venous vessels (stenosis,
pouch) were evaluated in both 2D and 4D DSA datasets with
standard and working projections. As quantitative parameters,
the number of feeders (with standard and working projections),
the number of associated flow-related/intranidal aneurysms
(with standard and working projections), and the maximum diameter of the nidus (with a strict lateral projection) were analyzed
in both modalities. On the basis of the collected data, the MartinSpetzler Scores (MS-S) for the 2D and 4D DSA datasets were
calculated.
dAVF. For qualitative assessment of the origin of the main feeders of the dAVFs (eg, internal carotid artery, ophthalmic artery,
posterior meningeal artery), the primary vessel of venous drainage (vein or sinus), the localization of the fistulous point (anterior/middle/posterior cranial fossa), and drainage of the fistula
(transverse-sigmoid, petrous, superior sagittal, and straight sinuses) were evaluated in both 2D and 4D DSA datasets by using
standard and working projections. As a quantitative parameter,
the maximum diameter of the main feeder was measured in both
modalities by using a strict lateral projection.
Cerebral Aneurysms. For qualitative assessment of cerebral aneurysms, location (parent vessel, eg, internal carotid artery, middle cerebral artery, basilar artery), neck configuration (small, ⬍5
mm; medium, ⬎5 mm/⬍10 mm; large, ⬎10 mm; not definable),
and aneurysmal configuration (sacciform, fusiform) were evaluated in both 2D and 4D DSA datasets by using standard and working projections. As a quantitative parameter, the maximal aneurysmal size was measured in both modalities by using a working
projection.

Quantitative Assessment of the Injection Vessel
To compare 4D DSA with 2D DSA in terms of accuracy, both readers
measured the maximum-diameter vessel with standard tools of the
prototype workstation in strict lateral projections. Measurement for
datasets of the anterior circulation was performed via the ICA at the
C4 segment according to the Bouthillier classification, as exemplarily
demonstrated in Fig 1. Measurement for datasets of the posterior
circulation was performed via the VA at the V4 segment.

Statistical Analysis
Qualitative parameters (eg, location of the pathology, origin of the
main feeder, drainage, and so forth) were analyzed by using descriptive
statistics only. Quantitative parameters (measurements of the nidus size,
aneurysmal size, diameters of the main feeder of the dural fistula, and
injection vessels) were tested for normal distribution by using the
D’Agostino-Pearson test (if P ⬎ .05 normality was accepted). The Pearson correlation coefficient (r) was used to evaluate correlations for linear
scaled variables (the number of AVM feeders, the number of intranidal
aneurysms, nidus size, the main feeder of the fistula, aneurysm size); the
Kendall  ␤ was used for ordinal scaled variables (image quality [IQ],
numberofflow-associatedaneurysms).Apairedttestwasperformedfor
statistical analysis of the diameter of the injection vessels.

Dose Measurement
We used an anthropomorphic phantom (Alderson RANDO; Radiology Support Devices, Long Beach, California), as previously
described, and thermoluminescent dosimeters (Thermo Fisher
Scientific, Waltham, Massachusetts) to measure the effective dose
to the patient of the new 12s 4D DSA protocol.11-13

RESULTS
Patients

Qualitative Evaluation of Perforators
4D DSA was compared with 2D DSA concerning visualization
of the smallest vessels (perforators): exemplarily and due to
standardization, the identifiability of lenticulostriate and
thalamoperforating arteries (in datasets of the anterior and
posterior circulation, respectively) was assessed by both readers with standard projections.

Twenty-six patients (mean age, 55.04 ⫾ 15 years; 8 women and 18
men) with 10 AVMs, 10 cerebral aneurysms, and 6 dAVFs were
enrolled in our study. Six patients (23%) had intracranial hemorrhage; 20 patients (77%) had an incidental finding. In all cases, a
4D DSA dataset was acquired in addition to conventional 2D
DSA. Contrast medium was applied in 21 patients via the ICA
(81%) and in 5 patients via the VA (19%).
AJNR Am J Neuroradiol 38:1169 –76
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FIG 2. Illustrative case 1. MR imaging reveals an incidental AVM of the right occipital lobe in a 47-year-old man with persistent headache. This
case demonstrates the potential of 4D DSA (G–L, lower row) to illustrate sequential ﬁlling of cerebral vessels concordant with 2D DSA (A–F,
upper row). Early 4D volumes show both feeders originating from the posterior parietal artery and the initial enhancement of the nidus. Later
volumes of 4D DSA display the compact nidus. Flow-associated/intranidal aneurysms and a direct AVF can be excluded. Late volumes illustrate
exclusive venous outﬂow via superﬁcial veins and the superior sagittal sinus (Martin-Spetzler Score 2). The upper timeline shows the real-time
of the ﬁlling phases; the lower timeline shows the temporal differences between each image.

Image Quality
In all cases (n ⫽ 26), 4D DSA yielded diagnostic quality
(average2D ⫽ 3.88 ⫾ 0.43; average4D ⫽ 3.85 ⫾ 0.46; IQ ⫽ 0.78,
P ⫽ .001). The IQ of three 2D and three 4D datasets was limited
because of motion artifacts.

Qualitative and Quantitative Evaluation of Vascular
Pathologies
AVM. Ten 4D datasets were successfully acquired by injection via
the ICA (nleft ⫽ 8, nright ⫽ 2). Analysis of 4D datasets revealed
identical results concerning qualitative parameters: effect on eloquent brain areas (n2D ⫽ 5, n4D ⫽ 5), main feeder of the AVM
(MCA: n2D ⫽ 10, n4D ⫽ 10), venous drainage (superficial: n2D ⫽
7, n4D ⫽ 7; deep: n2D ⫽ 3, n4D ⫽ 3), and pathologies of venous
vessels (stenosis: n2D ⫽ 1, n4D ⫽ 1; pouch: n2D ⫽ 2, n4D ⫽ 2). The
number of arterial feeders (n2D ⫽ 26, n4D ⫽ 26; r ⫽ 1, P ⫽ .001)
was rated identically; the number of associated aneurysms (flowrelated: n2D ⫽ 2, n4D ⫽ 2;  ⫽ 1, P ⫽ .001; intranidal: n2D ⫽ 7,
n4D ⫽ 8; r ⫽ 0.9, P ⫽ .001) was rated nearly identically (compare
with Fig 2). Measurement of the nidus size in the acquired 4D
datasets (2.78 ⫾ 1.4 cm) showed a strong correlation (r ⫽ 0.99,
P ⫽ .001) to the 2D datasets (2.79 ⫾ 1.4 cm). Martin-Spetzler
Scores were identical for AVMs in 2D and 4D DSA (nMS-S1 ⫽ 2;
nMS-S2 ⫽ 4; nMS-S3 ⫽ 3; nMS-S4 ⫽ 1).
dAVF. In total, six 4D datasets were successfully acquired by selective injection via the ICA (n ⫽ 4) and the VA (n ⫽ 2). Analysis
of 4D datasets revealed identical results with regard to qualitative
parameters (compare with Fig 3): the origin of the main feeders
(ICA: n2D ⫽ 2, n4D ⫽ 2; ophthalmic artery: n2D ⫽ 2, n4D ⫽ 2;
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posterior meningeal artery: n2D ⫽ 2, n4D ⫽ 2), localization of the
fistulous point (anterior cranial fossa: n2D ⫽ 2, n4D ⫽ 2; middle
cranial fossa: n2D ⫽ 2, n4D ⫽ 2; posterior cranial fossa: n2D ⫽ 2,
n4D ⫽ 2), primary vessel of venous drainage (vein: n2D ⫽ 5, n4D ⫽
5; sinus: n2D ⫽ 1, n4D ⫽ 1), and drainage of the fistula (transverse
sigmoid sinus: n2D ⫽ 2, n4D ⫽ 2; petrous sinus: n2D ⫽ 1, n4D ⫽ 1;
straight sinus: n2D ⫽ 1, n4D ⫽ 1; superior sagittal sinus: n2D ⫽ 2,
n4D ⫽ 2). Measurement of the main feeder of the fistula in the
acquired 4D datasets (0.12 ⫾ 0.04 cm) showed a strong correlation (r ⫽ 0.954, P ⫽ .003) to the 2D datasets (0.11 ⫾ 0.03 cm).
Cerebral Aneurysms. In total, 10 4D datasets were successfully
acquired by selective injection via the ICA (n ⫽ 7) and the VA
(n ⫽ 3). Analysis of 4D datasets revealed identical results for
qualitative parameters (compare with Fig 4): location (basilar
artery: n2D ⫽ 3, n4D ⫽ 3; right ICA: n2D ⫽ 5, n4D ⫽ 5; left ICA:
n2D ⫽ 2, n4D ⫽ 2), aneurysmal configuration (sacciform:
n2D ⫽ 9, n4D ⫽ 9; fusiform: n2D ⫽ 1, n4D ⫽ 1), and aneurysmal
neck (small: n2D ⫽ 4, n4D ⫽ 4; medium: n2D ⫽ 3, n4D ⫽ 3;
large: n2D ⫽ 2, n4D ⫽ 2; not definable: n2D ⫽ 1, n4D ⫽ 1).
Measurement of the aneurysm size in the acquired 4D datasets
(1.33 ⫾ 0.9 cm) showed a strong correlation (r ⫽ 1, P ⫽ .001)
to the 2D datasets (1.34 ⫾ 0.98 cm).

Qualitative Evaluation of Perforators
Analysis of 4D datasets revealed nearly identical results compared with 2D DSA with regard to visualization of perforators
(nlenticulostriate arteries 2D ⫽ 19, nlenticulostriate arteries 4D ⫽ 18;
nthalamoperforating arteries 2D ⫽ 5, nthalamoperforating arteries 4D ⫽ 5;
examples are shown in Figs 5 and 6). In 2 cases, lenticulostriate

FIG 3. Illustrative case 2. This 39-year-old male patient has left-sided pulsatile tinnitus. Comparable with 2D DSA (A–E, upper row), 4D DSA (F–J)
illustrates the early enhancement of a ﬁstulous network on the left-sided skull base originating from the distal ICA. Later volumes show the early
ﬁlling of the straight sinus via the ectatic basal vein. The upper timeline shows, in real-time, the ﬁlling phases; the lower timeline shows the
temporal differences between each image.

identified due to reduced IQ (IQ ⫽ 2)
caused by movement artifacts during
4D DSA acquisition.

Quantitative Assessment of the
Injection Vessel
In all 2D and 4D datasets (n ⫽ 26), measurement of the diameter of the injection vessel was successfully performed
(ICA ⫽ 21, VA ⫽ 5). Acquired values
did not differ significantly (mean2D ⫽
0.45 ⫾ 0.08 cm; mean4D ⫽ 0.46 ⫾ 0.09
cm; P ⫽ .039).

Dose Measurement

FIG 4. Illustrative case 3. This 73-year-old male patient has visual loss on the left side due to a
giant sacciform aneurysm of the left carotid-T. Comparable with 2D DSA (A–D, upper row), 4D
DSA (E–H, lower row) shows successive intra-aneurysmal ﬁlling with contrast medium. The best
time for evaluation of the aneurysmal neck was a late arterial volume that shows a fully enhanced
aneurysm. Later volumes offer only residual contrast of the aneurysmal sac due to the washout
of contrast agent. The upper timeline shows, in real-time, the ﬁlling phases; the lower timeline
shows the temporal differences between each image.

arteries were not detected in either 2D or 4D DSA datasets due
to heavy steal effects caused by high-flow AVMs (MS-S 3; MS-S
4). In 1 dAVF case, lenticulostriate arteries were not clearly

The calculated effective dose for the 12s
4D DSA was 1.2 mSv. The rotation angle
differed by 60° between 3D and 4D DSA
(200° versus 260°) DSA, whereas tube
potential and dose per frame were chosen equally.

DISCUSSION

Currently, 2D DSA (in combination
with 3D DSA) is regarded as the criterion standard in the diagnostic work-up
of cerebrovascular disease.2,13 However, existing 2D and 3D techniques are limited in different ways. Although 2D DSA offers high
spatial and temporal resolution, it is limited by the C-arm system
AJNR Am J Neuroradiol 38:1169 –76
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sessment of the risk factors regarding
hemorrhage has become even more
important for generating individual
therapeutic strategies.
Previous publications have exclusively analyzed 4D DSA in regard to
qualitative parameters.6-8 To evaluate
the accuracy of 4D DSA compared with
the current criterion standard (2D
DSA), we measured, on the one hand,
FIG 5. This 52-year-old female patient has an AVM in the left hemisphere with feeders from the the maximum diameter of the injection
MCA territory and superﬁcial drainage. The magniﬁed 2D DSA image (A) and the MIP and volume vessel and, on the other hand, specific
rendered images of 4D DSA (B and C) of the left-sided anterior circulation demonstrate compaarchitectural features of vascular patholrable visualization of lenticulostriate arteries in 2D and 4D DSA (red arrows), respectively. Espeogies (eg, nidus size in AVMs, aneurysm
cially, MIP images (B) are a helpful tool for identiﬁcation of perforators.
size, diameter of the main feeder of a
dAVF). Our quantitative evaluation of
4D DSA shows excellent agreement with
2D DSA and demonstrates the reliability
of this new technique. However, due to
the wide range of possible windowing
and missing standardization of the postprocessing, over- and undersizing of
vascular structures might be a potential
source of error. Moreover, due to the
maximum 12-second scan time, 4D
FIG 6. This 59-year-old male patient has pulsatile tinnitus caused by a dAVF (Cognard I) with DSA could be limited in the visualizafeeders originating from the posterior meningeal artery and antegrade drainage via the transverse
sigmoid sinus. The magniﬁed 2D DSA image (A) and the MIP and volume rendered images of 4D tion of very slow vascular malformaDSA (B and C) of the basilar tip demonstrate comparable visualization of thalamoperforating tions, (eg, low-flow dAVFs, with a bolus
arteries in both modalities (red arrows).
passage of ⬎12 seconds). Therefore, 4D
DSA might not be considered a substituin special projections (eg, with extreme angulation). Despite 3D
tion for the conventional 2D DSA series, but it has the potential to
DSA offering no limitation concerning the choice of projections,
replace 3D DSA in complex vascular malformations and can help
this method is limited because of lack of temporal information
decrease the amount of 2D projections in many cases. Hence, a
and consecutive vascular overlap. This limitation is especially true
significant reduction of radiation dose and contrast medium, esin the case of AVMs and AVFs. Therefore, 4D DSA might be
pecially in patients with complex vascular pathologies,6 is possihelpful in such tasks as evaluation of the AVM angioarchitecture
ble. Consequently, this new technique might offer obvious advanand details of dAVF filling and drainage because it combines adtages, in particular for young patients or those with renal
vantages of both techniques.
dysfunction, and might lead to a reduction of the procedural
In our case series, 4D DSA, as a novel imaging technique, was
time, which is seen as a protective factor in periprocedural
performed successfully in all patients and was suitable for imaging
complications.15
of vascular malformations such as AVMs, cerebral aneurysms,
In contrast to Lescher et al,9 who observed a limited visualizaand dAVFs. We describe a possible postprocessing method that
tion of small meningeal dAVF feeders, our readers did not feel
offers conventional and time-resolved 3D DSA images with high
restricted in identifying even the smallest vessels (eg, lenticulosresolution.
triate or thalamoperforating arteries). Especially, the use of MIP
In line with recent literature, qualitative parameters obimages can be helpful in differentiating the smallest vessels. Only
tained from 4D DSA also demonstrated excellent agreement
in cases of heavy steal phenomena (n ⫽ 2) or movement artifacts
with 2D DSA in our series regarding image quality and arterio(n ⫽ 1), was visualization of the smallest vessels limited in our
venous visualization of the angioarchitecture of the pathology.
series. In our experience, these different findings might refer to
Sandoval-Garcia et al8 and Lescher et al9 observed a superior
different injection protocols (8 seconds in our series versus 7 secvisualization of intranidal structures and the fistulous point of
onds in the series of Lescher et al) because the duration of arterial
a dAVF, respectively, with 4D DSA because time-resolved 3D
contrast could have a significant influence on the IQ and visualimaging enables easy differentiation of arterial and venous
ization of vessels. Because prolonged injection potentially generstructures. We fully agree with the hypothesis of Sandovalates, as also observed by other authors,8,9 overlapping angioGarcia et al that 4D DSA might simplify the understanding of
graphic phases, further investigation of contrast application to
complex vascular malformations and provides valuable supestablish optimized injection protocols seems obligatory.
port in risk assessment and therapeutic strategies.8 Especially
The effective patient dose was measured as 1.2 mSv, which is
after publication of A Randomized Trial of Unruptured Brain
slightly higher than that of a conventional 3D rotational angiogArteriovenous Malformations (ARUBA),14 an individual asraphy (0.9 mSv, 5s DSA) and a standard 2D angiographic series
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(1 mSv).11 Similar to 3D rotational angiography, the effective patient dose can be additionally decreased by using collimation,
which has not been performed during the dose measurements
with the anthropomorphic phantom.11
Several noninvasive approaches have tried to generate timeresolved 3D images of the cerebral vasculature. Several authors
applied time-resolved MR angiography (4D MRA) with spin-labeling or contrast-enhanced sequences on typical cerebrovascular
pathologies and demonstrated high agreement with DSA in hemodynamic information16 in the assessment of AVMs17-19 and
fistulas.20-22 4D MRA seems to be a promising alternative for
DSA. In fact, 4D MRA avoids the use of radiation and, in using
arterial spin-labeling techniques, contrast agents. However, these
techniques are limited in various ways. Compared with DSA, 4D
MRA provides reduced spatial resolution18,22,23 with resulting
difficulty in differentiating small arterial vessels18,21,22 or draining
veins.19,20 Furthermore, ferromagnetic artifacts (eg, retainers,
dental implants)18 and a long acquisition time20 might contribute
to reduced diagnostic quality. Still, recent literature advises performing DSA for definite evaluation of the preferred therapy
strategy17 or the posttherapeutic follow-up of AVMs.24
Another encouraging approach is time-resolved CT angiography (4D CTA), which has already found multifunctional applications in cerebrovascular diagnostics (eg, in the evaluation of
dAVFs, AVMs, and cerebral collaterals in cases of vessel occlusion).25 Several publications demonstrated the clinical feasibility26 and a high agreement between 4D CTA and DSA.27-29 Although the spatial resolution of 4D CTA is rated higher than that
of 4D MRA,30 both modalities are struggling with the same limitations. Small vessels (eg, tiny feeders of an AVM27) and specific
angioarchitectural details of dAVFs29 do not have the same visual
quality as in DSA. Willems et al31 analyzed the value of 4D CTA in
the diagnostic work-up of dAVFs in 11 cases. Although both readers fully agreed in 11 cases on an established classification system,
there was 1 low-flow fistula that was not detected on 4D CTA at
all. Therefore, relying on 4D CTA alone might lead to loss of
detailed information (eg, on the exact number of feeders or the
exact angioarchitecture of the nidus).
Although data acquisition was successful in all 26 cases, our
analysis has several limitations. First, it was limited by the small
amount of any pathology. Moreover, any dataset in our series was
acquired by selective injections either via the ICA or VA. Therefore, our series does not cover datasets acquired by injection from
the subclavian, external, or common carotid artery. Missing standardization for contrast application and postprocessing is the
most important limitation of our analysis.

CONCLUSIONS
4D DSA is a promising new method for time-resolved 3D imaging
of cerebral vessels that allows visualization of the vascular anatomy comparable with that of 2D DSA with an effective dose
within the range of a standard angiographic series. Therefore, 4D
DSA might simplify the understanding and improve treatment
planning of complex malformations. Furthermore, because the
diagnostic information from a 4D DSA was equivalent to that in
the 2D acquisitions, we believe that the number of 2D acquisitions
required for an examination may be reduced through the use of
4D DSA.

Disclosures: Markus Kowarschik—UNRELATED: Employment: Siemens, Comments:
full-time employee. Charles Strother—UNRELATED: Grant: National Institutes of
Health.* *Money paid to the institution.
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Minor Stroke Syndromes in Large-Vessel Occlusions:
Mechanical Thrombectomy or Thrombolysis Only?
X M.P. Messer, X S. Schönenberger, X M.A. Möhlenbruch, X J. Pfaff, X C. Herweh, X P.A. Ringleb, and X S. Nagel

ABSTRACT
SUMMARY: While mechanical thrombectomy for large-vessel occlusions is now an evidence-based treatment, its efﬁcacy and safety in
minor stroke syndromes (NIHSS ⱕ 5) is not proved. We identiﬁed, in our prospective data base, 378 patients with minor strokes in the
anterior circulation; 54 (14.2%) of these had proved large-vessel occlusions. Eight of 54 (14.8%) were immediately treated with mechanical
thrombectomy, 6/54 (11.1%) after early neurologic deterioration, and the rest were treated with standard thrombolysis only. Rates of
successful recanalization were similar between the 2 mechanical thrombectomy groups (75% versus 100%). Rates of excellent outcome
(modiﬁed Rankin Scale 0 –1) were higher in patients with immediate thrombectomy (75%) compared with patients with delayed
thrombectomy (33.3%) and thrombolysis only (55%). No symptomatic intracranial hemorrhage occurred in either group. These
descriptive data are encouraging, and further analysis of large registries or even randomized controlled trials in this patient subgroup
should be performed.
ABBREVIATIONS: IV ⫽ intravenous thrombolysis only; MSS ⫽ minor stroke syndrome; MT ⫽ mechanical thrombectomy; END ⫽ early neurologic deterioration;
MT-I ⫽ mechanical thrombectomy immediately; sICH ⫽ symptomatic intracranial hemorrhage

n addition to thrombolysis, mechanical thrombectomy has become the standard of care for patients presenting with ischemic
strokes due to large-vessel occlusions in the anterior circulation.1
In general, large-vessel occlusions are associated with severe
stroke symptoms indicated by high National Institutes of Health
Stroke Scale scores. However, large-vessel occlusions may also
present as a minor stroke syndrome (MSS).
Three of the 5 seminal thrombectomy studies enrolled patients with a baseline NIHSS ⱖ 6 (Endovascular Treatment for
Small Core and Proximal Occlusion Ischemic Stroke [ESCAPE],
Endovascular Revascularization With Solitaire Device Versus
Best Medical Therapy in Anterior Circulation Stroke Within 8
Hours [REVASCAT]) or ⱖ8 (Solitaire With the Intention for
Thrombectomy as Primary Endovascular Treatment [SWIFTPRIME]), therefore excluding MSS.1-4 The Multicenter Randomized Clinical Trial of Endovascular Treatment for Acute Ischemic
Stroke in the Netherlands (MR CLEAN) and Extending the Time
for Thrombolysis in Emergency Neurological Deficits–Intra-Ar-

I

Received November 2, 2016; accepted after revision January 31, 2017.
From the Departments of Neurology (M.P.M., S.S., P.A.R., S.N.) and Neuroradiology
(M.A.M., J.P., C.H.), University of Heidelberg, Heidelberg, Germany.
Please address correspondence to Simon Nagel, MD, Department of Neurology,
University Hospital Heidelberg, INF 400, 69120 Heidelberg, Germany; e-mail:
simon.nagel@med.uni-heidelberg.de
Indicates article with supplemental on-line table.
http://dx.doi.org/10.3174/ajnr.A5164

terial (EXTEND-IA) trials did not set a lower NIHSS cutoff but
included only a small number of patients with MSS, resulting in a
mean baseline NIHSS of 17.1,5,6 Hence, it is unclear whether patients presenting with MSS due to large-vessel occlusions may
benefit from thrombectomy. Here we present a retrospective and
descriptive analysis of a case series derived from a large prospective stroke data base, with particular focus on mechanical thrombectomy performed immediately after presentation with MSS or
as rescue therapy after clinical deterioration.

Case Series
We searched our prospective data base between 1998 and 2015 for
patients with ischemic strokes due to large-vessel occlusions in the
anterior circulation who received an acute recanalization therapy
and presented with MSS. All patients were treated according to
current in-house standard operating procedures in either our
stroke unit or neurointensive care unit. Clinical baseline, radiologic data, and outcome data were obtained from the data base.
Recanalization was assessed with the TICI scale by 2 blinded investigators on a consensus basis, and successful recanalization was
defined as ⱖTICI 2b. The outcome was measured with the modified Rankin Scale after 3 months and was obtained through rehabilitation reports, outpatient assessments, or a standardized interview by an unblinded investigator. Symptomatic intracranial
hemorrhage (sICH) was defined according to the European Cooperative Acute Stroke Study-II (blood at any site in the brain and
AJNR Am J Neuroradiol 38:1177–79
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groups. The On-line Table shows all relevant parameters. Neither
onset-to-earliest treatment nor door-to-needle time was considerably different among the groups, but mean door-to-vessel time
was much shorter in MT-I compared with MT-END (207 ⫾ 144
versus 663 ⫾ 534 minutes) for obvious reasons. The median
NIHSS was lower in MT-I at baseline and before thrombectomy
(2 versus 4 and 4 versus 14). All (22/57) M2 occlusions were in the
IV group. Three patients in the MT-I group did not receive
thrombolysis, whereas all patients in the MT-END group were
initially treated with thrombolysis. Acute carotid artery stent
placement was performed in 50% of patients in each MT group.
Rates of successful recanalization were very similar between the
MT-I and the MT-END groups (75% versus 100%). In only
22.5% (9/40) of patients receiving IV thrombolysis was follow-up
MR vessel imaging performed. Of those, only 44.4 (4/9) showed
signs of recanalization on MRA. MRA, however, is not comparable with a cerebral angiography.
No changes regarding the site and extent of occlusion were
seen between the initial imaging and the endovascular treatment. Rates of excellent outcome (modified Rankin Scale 0 –1)
were highest in patients with MT-I (75%) compared with the
other groups (MT-END, 33.3%; IV, 55%). Excluding the M2
occlusions, thrombolysis accounted for an excellent functional
outcome of merely 39%, similar to MT-END with 33%, but
again in contrast to MT-I with 75%. No sICH occurred in any
group. In total, only 2 treated patients with MSS died within 3
months.
FIG 1. Flow chart of the patient inclusion criteria, indicating how
patients were selected for the case series.

DISCUSSION

clinical deterioration with an increase in the NIHSS score of at
least 4 points compared with the lowest value within the first 7
days or any intracranial hemorrhage leading to death).7 Early
neurologic deterioration (END) was defined as an increase of the
NIHSS of ⱖ4 points within the first 24 hours. Patients with MSS
with occlusions of the internal carotid artery and the M1 and M2
segments of the middle cerebral artery were divided into 3 groups:
patients who received mechanical thrombectomy immediately
(MT-I) or mechanical thrombectomy after early neurologic deterioration (MT-END) or intravenous thrombolysis only (IV). Due
to the small sample size and the explorative and descriptive nature
of the data, no statistical analysis was performed and data were
presented either as frequencies, mean ⫾ SD for continuous data,
or median with range for ordinal data.
Of 2213 patients in our recanalization data base with ischemic
strokes in the anterior circulation, we identified 378 (17.1%) with
MSS (Fig 1). Of those, 250 (66%) had an excellent outcome (mRS
0 –1) and sICH occurred in 9 (2.4%). One-hundred eighty-one of
the patients with MSS (47.9%) underwent either CT or MR angiography. Of those, 54 (29.8%) patients had a large-vessel occlusion (ICA, M1, or M2) and 14 (7.7%) had an occlusion of the
distal ICA or combined ICA/M1 occlusions and 18 (9.9%) had an
M1 occlusion. Eight of 54 (14.8%) were initially treated with
thrombectomy (MT-I); 6/54 (11.1%), after deterioration (MTEND); and 40/54 (74%), with thrombolysis only (IV). Of these IV
patients, another 3 experienced END and no thrombectomy was
performed. Clinical baseline characteristics were similar in all

Patients presenting with MSS usually have a high chance of
excellent outcome.8 However, patients with MSS and largevessel occlusions have a less favorable outcome than patients
presenting with MSS without these major vessel occlusions.8,9
In our case series, we found that patients with MSS and largevessel occlusions had, if immediately treated with MT, slightly
better outcomes compared with patients with MSS who were
only thrombolyzed (75% [MT-I] versus 66% for all our patients with MSS or 55% for those with MSS with large-vessel
occlusions). Delaying mechanical thrombectomy until neurologic deterioration seemed to lower the beneficial effect, with a
rate of excellent outcome of only 33.3%. The functional outcome of patients in the MT-I group was also very similar to that
described in a previous report of patients with MSS presenting
without large vessel occlusion who had been treated with IV
only.9 In contrast, a meta-analysis of the 5 seminal thrombectomy studies did not show a significant effect in patients with
NIHSS ⱕ 10.1 However, few patients with NIHSS ⱕ 10 were
analyzed. Considering that there was a high fraction (55%,
22/40) of M2 occlusions in the IV group whereas all occlusions
in the MT groups were located in the ICA or M1, the efficacy of
thrombectomy may be even higher. According to our data, the
rates of excellent outcomes were then the following: 75% (MTI), 33% (MT-END), and 39% (IV). Clearly, in this series, the
more recent use of (immediate) thrombectomy compared with
thrombolysis alone was dependent on the increased availability and performance of thrombectomy since the introduction
of modern stent retrievers (all our patients undergoing MT
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were treated with these) and our clinical experience with time.
Also, the overall standard of care might have improved during
that time.
The median NIHSS score at baseline, and expectedly before
thrombectomy, in the MT-END group was considerably higher than
in the MT-I group; this might have contributed to the reduced
chance of an excellent outcome. Because there was no thrombus
dislodgement observed between the initial imaging and the endovascular treatment, we presume that hemodynamic disturbances
over time caused END.10 Fifty percent of all MT patients required
carotid artery stenting, which is an interesting finding, also indicating that patients with MSS with combined ICA/MCA occlusions might benefit from immediate treatment. MT led to a similar recanalization rate in both groups; most important, no sICH
occurred in either group, which is in line with the published data
on recanalization and safety of the recent thrombectomy trials.2-6
Another interesting finding of this analysis is that of 181 patients
with MSS who received acute vessel imaging, large vessel occlusion (ICA, M1, and M2) was detected in almost 30%, indicating
that this is not a rare finding.
Due to the small sample size, the retrospective and exploratory nature of our data must be interpreted with caution.
Owing to these circumstances, no statistical analysis was performed and the data should be regarded as hypothesis-generating and descriptive. Our results do not support previous
findings that suggested that patients with MSS due to large
vessel occlusion being treated with MT have an increased rate
of sICH and that only thrombolysis and not MT was associated
with significantly greater chances of full recovery.11 In our
opinion, patients with large vessel occlusion and MSS do represent a subgroup of patients in whom considerable uncertainty remains with regard to the optimal acute recanalization
therapy (ie, thrombolysis only or MT only after deterioration
or MT immediately). Our data indicate that further analysis of
larger registries or maybe even randomized trials in these patients should be performed. Our data also suggest that every
patient with acute ischemic stroke should receive immediate
vessel imaging because in this cohort, approximately 30% of
patients with MMS in the anterior circulation did have largevessel occlusion (ICA, M1, and M2).
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Understanding Angiography-Based Aneurysm Flow Fields
through Comparison with Computational Fluid Dynamics
X J.R. Cebral, X F. Mut, X B.J. Chung, X L. Spelle, X J. Moret, X F. van Nijnatten, and X D. Ruijters

ABSTRACT
BACKGROUND AND PURPOSE: Hemodynamics is thought to be an important factor for aneurysm progression and rupture. Our aim was
to evaluate whether ﬂow ﬁelds reconstructed from dynamic angiography data can be used to realistically represent the main ﬂow
structures in intracranial aneurysms.
MATERIALS AND METHODS: DSA-based ﬂow reconstructions, obtained during interventional treatment, were compared qualitatively
with ﬂow ﬁelds obtained from patient-speciﬁc computational ﬂuid dynamics models and quantitatively with projections of the computational ﬂuid dynamics ﬁelds (by computing a directional similarity of the vector ﬁelds) in 15 cerebral aneurysms.
RESULTS: The average similarity between the DSA and the projected computational ﬂuid dynamics ﬂow ﬁelds was 78% in the parent
artery, while it was only 30% in the aneurysm region. Qualitatively, both the DSA and projected computational ﬂuid dynamics ﬂow ﬁelds
captured the location of the inﬂow jet, the main vortex structure, the intrasaccular ﬂow split, and the main rotation direction in
approximately 60% of the cases.
CONCLUSIONS: Several factors affect the reconstruction of 2D ﬂow ﬁelds from dynamic angiography sequences. The most important
factors are the 3-dimensionality of the intrasaccular ﬂow patterns and inﬂow jets, the alignment of the main vortex structure with the line
of sight, the overlapping of surrounding vessels, and possibly frame rate undersampling. Flow visualization with DSA from ⬎1 projection is
required for understanding of the 3D intrasaccular ﬂow patterns. Although these DSA-based ﬂow quantiﬁcation techniques do not
capture swirling or secondary ﬂows in the parent artery, they still provide a good representation of the mean axial ﬂow and the
corresponding ﬂow rate.
ABBREVIATIONS: CFD ⫽ computational ﬂuid dynamics; MAFA ⫽ mean aneurysm ﬂow amplitude (determined from DSA); MEAN ⫽ projection average; VEL ⫽
mean aneurysm velocity (determined from CFD)

isualization of in vivo aneurysmal flow structures and quantification of aneurysm hemodynamic characteristics is important in understanding the role of hemodynamics in the mechanisms responsible for wall degeneration and progression toward
rupture or stabilization1 as well as for evaluating endovascular
procedures such as flow diversion.2,3
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Previous studies have used computational fluid dynamics
(CFD) to characterize the hemodynamic environment of the aneurysm to study aneurysm evolution4,5 and rupture.6-8 Other
studies have used CFD to evaluate flow-diverting devices and procedures.9,10 On the other hand, imaging researchers have investigated using phase-contrast MR imaging to depict the in vivo flow
fields within cerebral aneurysms,11 while others have developed
flow-quantification methods from dynamic angiography.12,13 Visualization and quantification of flow fields directly from angiography data are attractive because they can be performed directly in
the angiography suite while imaging the aneurysm for diagnosis
or treatment. Previous studies along this line have shown the potential clinical value of these techniques and have compared the
results with those of Doppler sonography and synthetic angiography generated from CFD simulations.14
The purpose of our study was to analyze the flow fields reconstructed from dynamic angiography data by comparing them
with patient-specific CFD models; in particular, we investigated

whether these fields can be used to realistically represent the main
intra-aneurysmal flow structures and identify limitations and factors that affect the flow field reconstruction.

MATERIALS AND METHODS
Angiography-Based Flow Quantiﬁcation
Fifteen cerebral aneurysms with diameters of ⬎5 mm, imaged
with 3D rotational angiography and 2D digital subtraction angiography at 60 frames per second and a typical in-plane resolution of 0.29 mm, were studied. Because the dose per frame is
relatively low, the dose-area product level is comparable with a
standard 3-frames per second DSA acquisition (dose-area product ⫽ 716 mGy 䡠 cm2/s for the 60-frames per second protocol
versus 786 mGy 䡠 cm2/s for the 3-frames per second protocol). We
acquired the 2D DSA sequences from 2 different viewpoints, trying to minimize the overlap between the aneurysm and the surrounding vessels. These sequences spanned approximately 7–12
cardiac cycles. In 2 patients, DSA sequences were acquired from
a single projection, making a total of 28 sequences for all 15
patients.
2D flow fields in the aneurysms and surrounding vessels were
reconstructed from the DSA sequences by using a previously developed technique based on an optical flow approach.12 Visualizations of these DSA flow fields were created by using virtual
particle tracing (ie, a visualization technique based on integration
of the equation of motion of massless particles to visualize velocity
vector fields). Measurements of the instantaneous flow rate in the
parent artery were obtained by integration of the velocity profile
in ROIs placed on the proximal parent artery. The mean aneurysm flow amplitude (MAFA) was calculated by averaging the
velocity magnitude over an ROI delineating the aneurysm
contour.13

Computational Fluid Dynamics Modeling
Computational fluid dynamics models with patient-specific geometries were constructed from the 3D rotational angiography
images by using previously described methods.15 We performed
pulsatile flow simulations by numerically solving the 3D incompressible Navier-Stokes equations, assuming rigid walls and Newtonian fluid.16 These assumptions seem reasonable because aneurysm walls in general do not undergo large displacements, and
shear thinning effects do not have enough time to develop in
aneurysm flows.16 The maximum element size was set to 0.02 cm,
and a minimum of 10 points across any vessel cross-section was
specified. The resulting number of elements ranged from 3 to 4
million tetrahedra. The time-dependent flow rate measurements
obtained in the parent artery from the DSA sequences were used
to prescribe patient-specific inflow boundary conditions. The
simulations were performed for all cardiac cycles covered by the
dynamic DSA sequences, by using 120 time-steps per cycle. To
avoid possible imprecisions due to the initialization of the flow
calculations, we discarded data from the first cardiac cycle. The
resulting CFD fields were saved at 60 frames per cycle, coinciding
with the time instants of the DSA sequences. The mean aneurysm
velocity (VEL) was calculated as the average of the 3D velocity
magnitude over the aneurysm region and over the cardiac cycles
and compared with the MAFA.

Similarity of DSA and MEAN CFD projected ﬂow ﬁelds in the
region of the vessel, aneurysm, and both regions combined
Patient View
Vessel
Aneurysm
Combined
1
1
80.3%
66.0%
76.2%
2
1
93.9%
52.7%
76.7%
3
1
80.5%
46.4%
76.3%
2
91.3%
39.4%
86.0%
4
1
59.6%
55.9%
57.9%
2
73.4%
50.2%
67.9%
5
1
91.4%
⫺23.0%
48.0%
2
81.9%
⫺64.6%
20.3%
6
1
71.4%
66.8%
70.7%
2
71.3%
41.8%
66.8%
7
1
57.6%
⫺1.0%
46.8%
2
74.3%
9.8%
64.7%
8
1
78.9%
12.5%
71.2%
2
77.3%
⫺2.0%
66.9%
9
1
80.0%
32.8%
69.5%
2
85.2%
65.0%
79.6%
10
1
66.8%
67.9%
67.3%
2
83.0%
84.9%
83.7%
11
1
88.5%
25.7%
73.3%
2
81.5%
11.5%
68.7%
12
1
71.4%
46.1%
66.4%
2
82.9%
44.2%
76.8%
13
1
77.5%
63.1%
72.6%
2
93.6%
9.8%
72.5%
14
1
74.2%
15.3%
62.8%
2
58.3%
25.5%
52.1%
15
1
73.2%
⫺0.6%
43.2%
2
80.5%
26.8%
56.2%
Mean
78.4% ⫾ 10.1% 30.4% ⫾ 32.0% 66.0% ⫾ 13.7%

For comparison, the CFD flow fields were projected to the
same views used for the DSA acquisitions. This projection results
in a 2D vector field on the imaging plane normal to the line of
sight. Because the 3D rotational angiography images used to reconstruct the CFD models and the 2D DSA sequences were acquired relative to the same reference frame, this projection was
straightforward (ie, it did not require any image coregistration).
During the projection, the CFD velocity components along the
line of sight were discarded. The remaining in-plane components
were averaged along the line of sight. All CFD mesh points
mapped to the same DSA pixels were averaged (for a MEAN or
average projection), or the vector with the maximum magnitude
was taken (for an MIP projection). The projected 2D CFD flow
fields were visualized in a manner similar to the DSA fields by
using virtual particle tracing.

Data Analysis
The 2D DSA and CFD flow fields were quantitatively compared
by using a directional similarity measure s defined as
s⫽

1
N

冘

i 僆 ROI

vi 䡠 ui
⎪v i⎪⎪u i⎪

⫽ 100,

where vi is the DSA velocity vector; ui, the projected CFD velocity
vector; ROI, the region of interest (aneurysm or parent vessel); N,
the number of pixels in the ROI; and the dot operator denotes the
dot product. This quantity measures the similarity of the directions of the 2 vector fields over the ROI. A similarity of 100%
means a perfect match, random input would yield a 0%, and opAJNR Am J Neuroradiol 38:1180 – 86
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FIG 1. A, Linear correlation between the MAFA and VEL. Red dots represent cases discarded from the regression analysis due to substantial
overlap between the aneurysm and surrounding vessels in the selected DSA view. B, Ratio of MAFA/VEL as a function of the number of frames
needed for a particle to traverse the aneurysm diameter (mean aneurysm transit time).

FIG 2. Examples of 4 aneurysms (rows) with vortex structures with varying alignment with the line of sight of DSA sequences. From left to right,
columns show the following: reconstructed CFD model, visualization of 3D ﬂow ﬁeld by using streamlines, 2D DSA ﬂow ﬁeld, and 2D projected
MEAN CFD ﬂow ﬁeld. Dotted red lines indicate the location of the vortex in the 3D ﬂow. Yellow arrows indicate ﬂow artifacts (divergence of
particle paths) in the DSA ﬂow reconstruction aligned with the vortex centers.
1182
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FIG 3. Top row: an example of when the DSA ﬂow visualization does not depict the intrasaccular ﬂow split. Center and bottom rows: an
example of when the DSA ﬂow visualizations from 2 roughly normal projections depict the intrasaccular ﬂow split and allow understanding of
the 3D ﬂow structure. From left to right, columns show the reconstructed CFD model, visualization of 3D ﬂow ﬁeld by using streamlines, 2D DSA
ﬂow ﬁeld, and the 2D projected MEAN CFD ﬂow ﬁeld. Yellow arrows point to the region of ﬂow split. Red dotted line indicates center of
rotation, and red arrows, the “convergent vectors” effect.

posing fields would give a ⫺100%. Similarities of the 2D DSA and
CFD fields were calculated for the aneurysm and parent artery
regions separately and for both regions combined.
The DSA flow fields and the 2D projected CFD fields were
qualitatively compared with visualizations of the 3D flow fields
obtained from the CFD models by using streamlines. These comparisons were performed to evaluate whether the DSA or the projected CFD fields were able to depict the location of the inflow jet,
the main vortex structure within the aneurysm, the flow split
within the aneurysm (if any), the direction of flow rotation within
the aneurysm, and the swirling or secondary flows in the parent
artery.

RESULTS
The directional similarity measures between the DSA and the projected CFD flow fields are presented in the Table for the aneurysm
and vessel regions and for both regions combined. In the parent
artery, the DSA and projected CFD flow fields are in good agreement with an average similarity of 78%. In contrast, the average
agreement within the aneurysm region alone is quite poor with a
mean similarity of only 30%.
To understand this discrepancy in the agreement of the DSA
and CFD fields between the aneurysm and parent artery regions,
we visually compared the 2D fields with visualizations of the 3D
field. The results are presented in the On-line Table. This table
indicates whether the DSA or projected CFD fields capture differ-

ent flow characteristics observed in the streamline visualizations
of the 3D fields. As explained previously, the in-plane components of the projected CFD velocity were averaged along the line
of sight. We denoted this field as MEAN. A second field was computed by keeping the in-plane vector with the largest magnitude,
similar to a maximum intensity projection used for visualization
of 3D images. We denoted this second field as MIP. The MIP field
was introduced to highlight the effects of vessel overlaps and to
better understand the effects of projection of 3D vector fields onto
a 2D plane. The On-line Table includes results for both the MEAN
and MIP fields. The results indicate that the DSA and MEAN CFD
flow fields often fail to capture many of the flow features of interest (ie, they only provide reasonable representations in ⬍60% of
the cases). Furthermore, in many cases, certain features are captured by the DSA field but not by the MEAN CFD field or vice
versa. Qualitatively, the MIP CFD fields give a better depiction of
the intrasaccular flow structure and provide a direct visualization
of vessel overlaps but cannot be used directly to quantify the similarity with the DSA fields because the MIP projection loses any
depth information and vessel overlaps tend to distort the aneurysm fields as discussed below.
Linear regression analysis (Fig 1A) indicates that the mean
aneurysm flow amplitude determined from 2D DSA is linearly
correlated to the mean aneurysm velocity estimated from the CFD
models after discarding views with noticeable overlaps of the anAJNR Am J Neuroradiol 38:1180 – 86
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FIG 4. Examples of the effects of vessel overlaps on 4 aneurysms (rows). From left to right, columns show the following: the reconstructed CFD
model, visualization of the 3D ﬂow ﬁeld by using streamlines, 2D DSA ﬂow ﬁeld, 2D projected MEAN CFD ﬂow ﬁeld, and 2D projected MIP CFD
ﬂow ﬁeld. Red arrows show false vortex structures in projected CFD ﬁelds, while yellow arrows indicate false aneurysm inﬂow regions.

eurysm and surrounding vessels (slope ⫽ 7.92 ⫾ 1.00, R2 ⫽ 0.80,
P ⬍ .001). Vessel overlap was determined by inspection of the
DSA and the projected CFD model and flow fields. Eight of the 25
DSA views were discarded (32%). This correlation is in agreement
with earlier work comparing the MAFA ratios generated by DSA
and CFD simulations.17 This suggests that the MAFA is a good
surrogate measure for VEL but needs to be interpreted carefully
because it provides an underestimation of the aneurysm mean
velocity because it discards velocity components along the line of
sight.

DISCUSSION
Several factors can affect the flow field quantification from DSA
data and the projection of 3D CFD flow fields. CFD is not a criterion standard for representing intra-aneurysmal flow fields; however, the comparison of DSA and CFD fields allows us to understand and interpret the flow structures observed in vivo with the
DSA-based technique and to identify artifacts and limitations.
First, the alignment of the main intrasaccular vortex structure
relative to the line of sight of the DSA projections can have an
1184
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important effect on the reconstructed flow fields and the CFD
projections. Four examples are presented in Fig 2 to illustrate this
effect. In the first 2 examples (top two rows), the vortex core is
roughly aligned with the line of sight and both the DSA and projected CFD field can depict the main vortex structure. In contrast,
in the third and fourth examples (bottom 2 rows), the vortex core
is roughly perpendicular to the line of sight. In these cases, the
DSA flow field shows interesting artifacts along a line roughly
aligned with the vortex core. Along this line, the flow fields seem
to converge. To explain this effect, see the example on the bottom
row. Below the vortex line, the traces point upward toward the
line and are aligned with the inflow velocity near the anterior wall
of the aneurysm. However, above this line, the traces point downward toward the line and are aligned with the velocity of the recirculating blood near the posterior wall of the aneurysm. Thus,
this feature gives the impression of converging flow toward the
vortex core line. The projected CFD fields provide a misleading
representation of the flow field because in these cases, they give
the impression that there is a vortex roughly aligned with the line

FIG 5. Examples of undersampling DSA ﬂow ﬁelds in 2 aneurysms (rows). From left to right, columns show the following: the reconstructed CFD
model, visualization of the 3D ﬂow ﬁeld by using streamlines, 2D DSA ﬂow ﬁeld, and 2D projected MEAN CFD ﬂow ﬁeld. Arrows point to the
regions where ﬂuid particles are observed to move across streamlines.

of sight when in reality, it is perpendicular to it. See the On-line
Figure for further details.
Second, in cases in which the flow splits within the aneurysm
cavity, the correct representation of the flow split by the DSA and
projected CFD flow fields depends on the location of the inflow
stream in 3D as well as the 3D structure of the recirculation regions. Two examples are presented in Fig 3. In the first example
(top row), the inflow stream is located near the posterior wall of
the vessel and the flow recirculates toward the anterior wall before
flowing into the daughter branches. In this case, the flow split is
properly visualized by the MEAN CFD field but not by the DSA
field. In the second case (center row), the inflow stream is located
near the anterior wall of the aneurysm and both the DSA and
projected CFD fields provide adequate visualizations of the flow
split. Furthermore, it is important to visualize the flow from ⬎1
projection to understand the 3D flow structures. The bottom row
of Fig 3 shows a second projection of the second example of this
figure. In this second projection, the flow split is still visible in the
DSA field, as well as the effect of the converging vectors when the
main vortex is perpendicular to the line of sight described previously. Taken together, the DSA flow visualizations from the 2
roughly normal projections (Fig 3, center and bottom rows) provide a picture that allows us to understand the main structures of
the 3D flow field.
Third, overlapping of the aneurysm with surrounding vessels
for a given view point can affect the projected MEAN CFD flow
fields by, for instance, generating false vortex structures. Examples of these kinds of distortions are presented in Fig 4 and are
indicated by the red arrows. The MIP CFD fields shown in this
figure clearly illustrate the effect of overlapping vessels on the field
averaged along the line of sight and also illustrate why the MIP
fields are also not appropriate for evaluating the DSA fields. On
the other hand, vessel overlaps can affect the reconstruction of
flow fields from DSA sequences by, for instance, generating false
inflow or outflow regions, as illustrated in Fig 4 and indicated by

the yellow arrows. Thus, vessel overlaps can affect the DSA and
projected CFD fields differently; these different results can lead to
poor similarity between these fields.
Finally, in cases in which the displacements of fluid particles in
1 timeframe are comparable with the dimensions of the aneurysm, an interesting effect can be observed in which particle traces
seem to jump across streamlines instead of following them. This
undersampling effect is illustrated in Fig 5. The arrows point to
regions where this effect is thought to take place. Note that this
affects the DSA flow reconstruction but not the CFD projections;
therefore, it can lead to poor similarity between the DSA and
projected CFD fields. Because this can also affect the MAFA quantification, the difference (ratio) between MAFA and VEL is plotted in Fig 1B as a function of mean aneurysm transit time or the
number of frames required for fluid particles to traverse the aneurysm, estimated as Frames ⫽ 60 ⫻ Aneurysm Diameter / Mean
Aneurysm Velocity. The difference decreases (the ratio becomes
closer to 1) as the number of frames increases (the flow within the
aneurysm is better resolved in time).
Most interesting, both the DSA and projected MEAN CFD
flow fields neglect swirling or secondary flows in the parent artery
but provide reasonable representations of the mean axial flow
profile (which explains why the similarities are good in the vessel
region). In the first example of Fig 2 (top row), the flow in the
proximal parent artery has strong secondary flows shown by the
streamline visualization and the MIP CFD projection, but not by
the DSA or MEAN CFD fields. Similarly, in the first example of
Fig 3 (top row), a strong swirling can be observed proximal to the
internal carotid artery bifurcation in the streamline visualization,
but the DSA or MEAN CFD fields give the impression of a perfect
laminar parallel flow in this region.

CONCLUSIONS
Linear regression analysis suggests that the mean aneurysm flow
amplitude determined from DSA is linearly correlated to the
AJNR Am J Neuroradiol 38:1180 – 86
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mean aneurysm velocity determined from CFD after discarding
views with substantial vessel overlap.
While a good correspondence between the arterial flow fields
detected in DSA and CFD reconstructions has been observed (directional similarity of 78% on average), the similarity fluctuated
considerably for the aneurysm flow fields. Several factors affect
the reconstruction of 2D aneurysm flow fields from angiography
sequences. The most important factors are the 3-dimensionality
of the intrasaccular flow patterns and inflow jets; the alignment of
the main vortex structure with the line of sight; the overlapping
of surrounding vessels, which many times is unavoidable; and
possible frame-rate undersampling. Flow visualization with DSA
from ⬎1 projection is required for understanding the 3D intrasaccular flow patterns.
Although these DSA-based flow quantification techniques do
not capture swirling or secondary flows in the parent artery, they
still provide a good representation of the mean axial flow and the
corresponding flow rate. This information is valuable for prescribing patient-specific flow conditions in CFD models of cerebral aneurysms used to understand mechanisms of aneurysm
evolution and rupture and to evaluate endovascular procedures
and devices.
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FUNCTIONAL

Resting-State Seed-Based Analysis: An Alternative to
Task-Based Language fMRI and Its Laterality Index
X K.A. Smitha, X K.M. Arun, X P.G. Rajesh, X B. Thomas, and X C. Kesavadas

ABSTRACT
BACKGROUND AND PURPOSE: Language is a cardinal function that makes human unique. Preservation of language function poses a great
challenge for surgeons during resection. The aim of the study was to assess the efﬁcacy of resting-state fMRI in the lateralization of
language function in healthy subjects to permit its further testing in patients who are unable to perform task-based fMRI.
MATERIALS AND METHODS: Eighteen healthy right-handed volunteers were prospectively evaluated with resting-state fMRI and taskbased fMRI to assess language networks. The laterality indices of Broca and Wernicke areas were calculated by using task-based fMRI via
a voxel-value approach. We adopted seed-based resting-state fMRI connectivity analysis together with parameters such as amplitude of
low-frequency ﬂuctuation and fractional amplitude of low-frequency ﬂuctuation (fALFF). Resting-state fMRI connectivity maps for
language networks were obtained from Broca and Wernicke areas in both hemispheres. We performed correlation analysis between the
laterality index and the z scores of functional connectivity, amplitude of low-frequency ﬂuctuation, and fALFF.
RESULTS: Pearson correlation analysis between signals obtained from the z score of fALFF and the laterality index yielded a correlation
coefﬁcient of 0.849 (P ⬍ .05). Regression analysis of the fALFF with the laterality index yielded an R2 value of 0.721, indicating that 72.1% of
the variance in the laterality index of task-based fMRI could be predicted from the fALFF of resting-state fMRI.
CONCLUSIONS: The present study demonstrates that fALFF can be used as an alternative to task-based fMRI for assessing language
laterality. There was a strong positive correlation between the fALFF of the Broca area of resting-state fMRI with the laterality index of
task-based fMRI. Furthermore, we demonstrated the efﬁcacy of fALFF for predicting the laterality of task-based fMRI.
ABBREVIATIONS: ALFF ⫽ amplitude of low-frequency ﬂuctuation; BOLD ⫽ blood oxygen level– dependent; fALFF ⫽ fractional amplitude of low-frequency
ﬂuctuation; FC ⫽ functional connectivity; LI ⫽ laterality index; rsfMRI ⫽ resting-state fMRI

rain surgery demands preservation of eloquent areas, including the language functional areas. Many studies have illustrated that fMRI is a noninvasive imaging technique that facilitates the lateralization of language function in individual
patients.1-3 The hemispheric language laterality index (LI) is estimated by evaluating the asymmetry in the activation of language
areas in the right and left hemispheres of the human brain during
a particular task.4 The ease of integrating fMRI with other MR

B

Received June 25, 2016; accepted after revision February 2, 2017.
From the Departments of Imaging Sciences and Interventional Radiology (K.A.S.,
K.M.A., B.T., C.K.) and Neurology (P.G.R.), Sree Chitra Tirunal Institute for Medical
Sciences and Technology, Trivandrum, Kerala, India.
This work was supported by the Department of Biotechnology, Ministry of
Science and Technology, Government of India.
Please address correspondence to K.A. Smitha, PhD, Department of Imaging
Sciences and Interventional Radiology, Sree Chitra Tirunal Institute for Medical
Sciences and Technology, Trivandrum, Kerala, India, Pin code: 695011; e-mail:
mithamahesh@gmail.com
Indicates open access to non-subscribers at www.ajnr.org
http://dx.doi.org/10.3174/ajnr.A5169

imaging techniques allows the correct identification of pathology
and its landmark with respect to language areas.5-7
During the acquisition of language fMRI, the subject is instructed to perform particular tasks designed to elicit a response
from language functional areas. However, not all subjects, such as
those with low intelligence quotients and pediatric patients, will
be able to cooperate with the task-based fMRI. Resting-state fMRI
(rsfMRI) is gradually evolving as an alternative to task-based
fMRI. The rsfMRI technique extracts the low-frequency fluctuations in the blood oxygen level– dependent (BOLD) signal when
subjects are instructed to lie relaxed inside the scanner.7,8
Tie et al9 extracted language networks from rsfMRI and evaluated the effectiveness of the automatic identification of language
components by using independent component analysis. The
study separated the activation patterns corresponding to the language network components from individual rsfMRI data. Another study adopted rsfMRI connectivity analysis to examine the
degree of hemispheric dominance for language processing in
healthy controls and patients with temporal lobe epilepsy.10
AJNR Am J Neuroradiol 38:1187–92
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Functional connectivity (FC) analysis of the frontal cortex in the
control group revealed a strong correlation with the LI. The authors found a good correlation between the LI and the epileptogenic mesial temporal lobe. Similarly, Pravatà et al11 studied the
correlation between the strength of FC between language networks and language performance in healthy controls and patients
with epilepsy. They demonstrated an overall reorganization and
reduction of the connectivity pattern within the language network
of patients with intractable epilepsy. These studies evaluated the
FC of language networks rather than regional abnormalities in the
low-frequency fluctuations.
In rsfMRI, the parameters FC, amplitude of low-frequency
fluctuation (ALFF), and fractional amplitude of low-frequency
fluctuation (fALFF) are used to examine the network-related and
regional characteristics of low-frequency oscillations. FC analysis
evaluates the correlation between the time courses of voxels in a
seed region with every other region within the brain. The regions
with strong correlations will be shown as an FC map.7,12 ALFF and
fALFF are rsfMRI metrics that help in identifying regional BOLD
signal changes of rsfMRI fluctuations. ALFF quantifies the amplitude of the low-frequency fluctuations of rsfMRI BOLD signals.
fALFF corresponds to the power spectrum of the low-frequency
band with respect to all frequencies detectable with the applied
time of repetition of the study.13,14 Different studies reported the
clinical application of these metrics.13,15,16 However, none of the
studies considered the accuracy of these metrics in determining
the LI.9-11
The objective of our study was to determine the potential of
rsfMRI to evaluate language lateralization in comparison with
task-based fMRI. In the current study, we evaluated the z scores of
FC, ALFF, and fALFF obtained via rsfMRI and assessed the correlations of each of these metrics with the LI of task-based fMRI
from individual seed regions. We hypothesized that the metrics of
seed-based rsfMRI analysis are strongly correlated with the LI
obtained by using task-based fMRI. If this hypothesis is proved,
then rsfMRI can be used instead of task-fMRI in patients who
cannot perform the task.

MATERIALS AND METHODS
In this prospective observational study, MR imaging was performed in 18 healthy right-handed volunteers (12 men and 6
women). The Edinburgh Handedness Inventory was used to evaluate the handedness of the subjects. The mean age of the cohort
was 30 ⫾ 7.8 years. Subject scanning was conducted by using a
1.5T MR imaging scanner (Magnetom Avanto, Tim; Siemens,
Erlangen, Germany). Informed consent was obtained from all
participating subjects. The study received clearance from the institutional ethics committee. The imaging sequence included
structural imaging, rsfMRI, and task-based fMRI. Structural imaging was performed by using the MPRAGE sequence with the
following imaging protocol: TR ⫽ 2400 ms, TE ⫽ 3.72 ms, TI ⫽
1000 ms, NEX ⫽ 2, flip angle ⫽ 8°, section thickness ⫽ 1 mm,
imaging matrix ⫽ 256 ⫻ 256 with an isotropic voxel of 1 ⫻ 1 mm.
Resting-state fMRI was acquired with a gradient-echo EPI sequence with the following imaging protocol: TR ⫽ 2000 ms, TE ⫽
20 ms, flip angle ⫽ 90°, section thickness ⫽ 5 mm, number of
sections ⫽ 25 acquired in the interleaved bottom up order, imag1188
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ing matrix ⫽ 320 ⫻ 320 with an isotropic voxel of 3.75 ⫻ 3.75.
During rsfMRI, subjects were instructed to concentrate on the
white crosshair on the black background displayed on the screen.
Subsequently, task-based fMRI was performed with the same
imaging protocol. Language fMRI was conducted with the visualverb paradigm.17 During the active block, subjects were instructed to think about the verb associated with the pictures presented on the screen. During the rest block, subjects were
instructed to concentrate on the white crosshair on the black
background displayed on the screen. The stimulus presentation
paradigm was designed as blocks of tasks and rest with 5 cycles (5
rest and 5 active blocks).

Image Analysis
The reconstructed DICOM images were converted to the NIfTI
format for further processing. We used SPM8 (http://www.fil.ion.
ucl.ac.uk/spm/software/spm12) to process task-based fMRI. The
rsfMRI processing was performed by using the Data Processing
Assistant for Resting State fMRI (http://restfmri.net/forum/
DPARSF), the Resting-State fMRI Data Analysis Toolkit (REST;
http://www.restfmri.net), and RESTplus software (http://restfmri.
net/forum/RESTplusV1.2).18,19
The NIfTI images were preprocessed in the SPM pipeline. The
images were realigned, section time-corrected, and normalized.
The normalized images were smoothed with a Gaussian kernel at
a full width at half maximum of 8 mm. The general linear model
design matrix was defined with a canonical hemodynamic response function as the basis function, and it was estimated to
obtain ␤ values. Furthermore, we performed family-wise error
correction for individual subjects (P ⬍ .05). Six ROIs from both
the left and right hemispheres of the Broca area, Brodmann area
6, and Wernicke area were identified. Using MarsBaR software
(https://sourceforge.net/projects/marsbar/files/), we created
spheric masks with Montreal Neurological Institute coordinates
to obtain these ROIs.20 These masks were used to derive the LI
by using the LI Toolbox (http://www.medizin.uni-tuebingen.de/
kinder/en/research/neuroimaging/software/) implemented in SPM8.
We used a method called “voxel value of LI” to calculate the activated voxels, in which the value of the voxel represents the strength of
its correlation with the task.21 The LI varies from ⫺1 to ⫹1. An
individual with a positive LI is said to be left-lateralized, and a person
with a negative LI is right-lateralized. The equation for LI is as
follows4,17,22,23:
LI ⫽ ⌺Li ⫺ ⌺Ri/⌺Li ⫹ ⌺Ri,
where ⌺Li is the number of voxels activated at a particular threshold in the left hemisphere of the ROI and ⌺Ri is that of the right
hemisphere.
For rsfMRI, the same pipeline of preprocessing used for taskbased fMRI was followed. Nuisance covariate regression and temporal bandpass filtering in the range of 0.01– 0.08 Hz were performed for FC analysis. The Brodmann areas 47, 45, 44, 6, 21, and
22 of both hemispheres were taken as seed regions for rsfMRI
analysis. After performing seed-based FC analysis, ALFF and
fALFF were calculated by using RESTplus software.

RESULTS
LI values were computed from all individual ROIs. Figure 1 presents the bar diagram of LI for each of the ROIs from all
subjects. Figure 2 indicates the task-based
fMRI BOLD signal activations obtained
from the Broca area, Brodmann area 6,
and Wernicke area.
The seed-based rsfMRI connectivity
analysis was performed in the language
regions of both hemispheres, such as the
Broca area, Brodmann area 6, and Wernicke area. The Z-maps corresponding to
FC, ALFF, and fALFF for the Broca area
are depicted in Fig 3. Table 1 shows the
mean value of the LI obtained for all subjects for the respective ROIs. Table 2
presents the Pearson correlation coefficient obtained between the rsfMRI seedFIG 1. The bar chart presents the average value of the laterality indices obtained by using based metrics for the respective ROIs
task-based fMRI for all the subjects in the Broca area, Brodmann area 6 (frontal area), and
with the LI obtained from task-based
Wernicke area (temporal area).
fMRI. When z scores extracted from the
Broca area were analyzed, only fALFF displayed a statistically significant correlation with the LI with a correlation coefficient of
0.849 (P ⬍ .032). Regression analysis of the z score obtained from
fALFF analysis and the LI yielded an R2 value of 0.721, as shown in
Fig 4. Similarly, a positive correlation coefficient of 0.531 was
observed between the z score of FC and the LI, and a negative
correlation coefficient of ⫺0.153 was obtained between the z
score of ALFF and LI. When z scores extracted from the Wernicke
area and Brodmann area 6 were analyzed, we observed a weak
positive correlation between the z scores of ALFF and fALFF with
the LI, whereas a negative correlation was observed between FC
and the LI, as shown in Table 2.

DISCUSSION

FIG 2. A and B, Sagittal and axial images obtained after the 1-sample
t test of the task-fMRI for the Broca area and Brodmann area 6. C and
D, Wernicke area of 18 healthy controls.

Statistical Analysis
Statistical analysis was performed by using Excel (Microsoft, Redmond, Washington) and SPSS, Version 17 for Windows (IBM,
Armonk, New York). The FC, ALFF, and fALFF scores were converted into z scores by using the Fisher transformation. A 1-sample t test on Z-maps of FC, ALFF, and fALFF on all subjects yielded
a T-map. This was performed by using RESTplus software. Thereafter, the FC, ALFF, and fALFF values of the corresponding ROIs
were extracted from the T-map and correlated with the LI.
Pearson correlation analysis was conducted to find the associations between rsfMRI metrics and the LI. Linear regression analysis and R2 values were obtained only for the specific rsfMRI metrics that showed a significant correlation with LI.

The current study evaluated the effectiveness of rsfMRI in predicting the language dominance of hemispheres in healthy controls by correlating the rsfMRI metrics FC, ALFF, and fALFF with
the LI of task-based fMRI. We studied task-based fMRI activation
in the Broca area, Wernicke area, and Brodmann area 6 and compared the findings with those of rsfMRI connectivity analysis in
the same areas as the seed regions. We evaluated the z scores of FC,
ALFF, and fALFF of the respective areas for all subjects and correlated the values with the LI of task-based fMRI. These connectivity metrics have been analyzed to focus on the frequency-specific characteristics of rsfMRI networks.24 ALFF is the average
amplitude of the low-frequency band (0.08 – 0.1 Hz) because it
measures the magnitude of spontaneous neuronal activity.14,25
fALFF is the ratio between the power spectrum of the low-frequency
signal and the entire frequency range that is dependent on the TR of
the imaging protocol. Consequently, the peculiarity of fALFF with
respect to ALFF is that it markedly reduces the noises in the highfrequency band in cisternal regions of the brain.13-15,26-29
Numerous studies have investigated the clinical applications
of ALFF and fALFF metrics.13-16,27-29 Turner et al13 examined
ALFF and fALFF to clarify differences between patients with
AJNR Am J Neuroradiol 38:1187–92
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Table 2: Correlation of the seed-based analysis metrics FC, ALFF,
and fALFF of rsfMRI with the LI of task-based fMRI

Region
Broca area
Wernicke area
and Brodmann
area 6

Correlation
Correlation
Correlation
between the
between the
between the
Z Score of
Z Score of
Z Score of
FC and LI
ALFF and LI
fALFF and LI
0.531 (P ⫽ .277) ⫺0.153 (P ⫽ .771) 0.849 (P ⫽ .032)
⫺0.752 (P ⫽ .085) 0.182 (P ⫽ .729) 0.372 (P ⫽ .467)

FIG 4. The regression line plotted with signals extracted from the
T-map of the z scores of the fractional amplitude of low-frequency
ﬂuctuations from the Broca area of resting-state fMRI with the laterality index obtained from all ROIs of task-based fMRI.
FIG 3. The ﬁrst row shows the sagittal and axial images obtained after
a 1-sample t test of the Z-maps of 18 functional connectivity images
obtained with the Broca area as the seed area. The second row shows
sagittal and axial images obtained after a 1-sample t test of the Z-maps
of the amplitude of low-frequency ﬂuctuations in 18 healthy controls.
We observed limited correlated activity for functional connectivity
(A and B) and ALFF (C and D); it seems to be fragmented and potentially less clinically reliable at the individual level. The third row shows
the sagittal and axial images obtained after a 1-sample t test of the
Z-maps of fractional amplitude of low-frequency ﬂuctuations in 18
healthy controls. By contrast, the map of fALFF (E and F) appears more
robust and potentially more reliable.
Table 1: The mean value of the laterality index obtained from
Brodmann areas 44, 45, 47, 6, 21, and 22 using task-based fMRI for
all subjects
Language Areas
Mean LI of 18 Subjects
Brodmann Area 44
0.375
Brodmann Area 45
0.238
Brodmann Area 47
0.430
Brodmann Area 6
0.377
Brodmann Area 21
0.166
Brodmann Area 22
0.218

schizophrenia and healthy controls. The study analyzed these
metrics from different sites and found that patients with schizophrenia had a lower fALFF than healthy controls across the cortex.
Another group found variations in ALFF and fALFF associated
with the right precuneus and left medial prefrontal gyrus and
suggested that the changes in these measures can be used as surrogate markers of minimal hepatic encephalopathy.16
In our study, the z scores of FC, ALFF, and fALFF were extracted from Broca and Wernicke areas separately. The Z-map of
1190
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fALFF obtained from rsfMRI seed-based analysis revealed that the
Broca area is mainly left hemisphere–lateralized. In addition, we
observed a strong correlation between the z score of fALFF obtained from the Broca area on rsfMRI and the LI obtained from
task-based fMRI. Regression analysis of the z score of fALFF and
LI showed a noticeable R2 value, indicating the usefulness of
rsfMRI connectivity analysis in predicting the LI of language areas.
Meanwhile, a weak positive correlation coefficient of 0.372 was observed when the z score of fALFF in Brodmann area 6 and the Wernicke area was correlated with the LI of task-based fMRI.
To the best of our knowledge, including a review of the literature, no previous study evaluated rsfMRI FC analysis and taskbased fMRI to correlate resting-state connectivity metrics with LIs
associated with task-based fMRI. From the individual cases of
task-based fMRI, we observed that BOLD activations in the Broca
area in most subjects were left-lateralized; conversely, for the
Wernicke area, half of the subjects were right-lateralized or they
had an LI close to zero, as shown in Fig 1. We therefore consider
this finding is a reason for the negative correlation between the z
score of FC of the Wernicke area and the LIs of the respective
ROIs. Thus, the task-based fMRI analysis demonstrated more consistency in Broca activation and more variability in Wernicke activation. Our findings reveal that frontal lateralization is more robust
than temporal activation. This result may be because frontal activity is more easily detected than temporal activity, which can be
masked by susceptibility artifacts.17 Zhu et al30 examined rsfMRI
seed-based FC with Broca and Wernicke regions as seed regions. It
is evident from their observations that the activations in the Broca

area were left-lateralized, and those in the Wernicke area remained right-lateralized. The outcome of their analysis is in line
with our results from task-based fMRI. Their study did not estimate the seed-based rsfMRI metrics; instead, they assessed the
consistency of rsfMRI language networks and found that language
networks are highly reproducible.
Doucet et al10 provided evidence that resting-state FC can be
used to predict the strength of hemispheric language laterality in
patients with temporal lobe epilepsy and controls. The ability of
regional resting-state FCs to predict the LI was determined and
compared. Although the results of the present study are in line
with those of Doucet et al, additional metrics for predicting LI
such as ALFF and fALFF were investigated.10 We hypothesized
that FC analysis alone may not be sufficient to uncover subtle
abnormalities in low-frequency fluctuations of BOLD signals and
that the use of ALFF and fALFF can disclose more meaningful
information. Although ALFF simply measures the power of the
low-frequency fluctuation of a specific ROI, the negative correlation between ALFF in the Broca area and the LI may be due to the
lower power of filtered frequency signals within the low-frequency band (0.01– 0.08 Hz) in the Broca area in healthy subjects
during the resting-state than during a task.13,14,16,31 Zou et al14
observed that fALFF exhibits greater sensitivity and specificity
than ALFF.
Pravatà et al11 investigated the correlation between FC and
neuropsychological evaluations of language. The study observed
an overall decrease in FC within the language network of patients
with intractable epilepsy compared with that in controls.11 The
study did not consider the efficacy of FC to calculate language
lateralization, but it emphasized that FC analysis provides a more
illustrative assessment of functional modification. Tie et al9 investigated the feasibility of rsfMRI in right-handed healthy controls
by using the group independent component analysis method. A
new semiautomated method was used to identify the language
components and compare rsfMRI and task-based fMRI activations in the language area. Rather than the LI, they adopted the
Dice coefficient to determine the overlap between the language
network areas from rsfMRI and task-based fMRI. The group-level
analysis of task-based fMRI and rsfMRI uncovered markedly similar language regions in right-handed subjects. Resting-state fMRI
identified more left lateralization and suggested that the semiautomatic language component identification procedure provides
the best strategy for rsfMRI with the independent component
analysis technique.
A study with a larger number of subjects, including more
right-language-lateralized subjects, and thinner sections and a
higher Tesla MR imaging device is required to confirm our findings. In addition, we need to investigate whether we can reproduce these results in a patient cohort by validating the results with
neuropsychology analysis and the Wada test for language lateralization. Methodologic improvements such as automatic parcellation of language regions may strengthen the reliability of the analysis in the future. This method of analysis can provide better
results than the Montreal Neurological Institute– based spheric
ROI method. A cross-validation with other rsfMRI analysis techniques would also be useful.

CONCLUSIONS
The current study highlighted a strong correlation between the
seed-based rsfMRI metric fALFF of the Broca area and the LI of
task-based fMRI. The study demonstrated that rsfMRI connectivity analysis can be used for assessing language networks and fALFF
can be used as an effective predictor for evaluating language laterality. The outcome of the study might be useful in testing the
efficacy of rsfMRI in patients who are unable to perform taskbased fMRI in preoperative language lateralization.

ACKNOWLEDGMENTS
We acknowledge Professor Sankara Sarma for his valuable advice
regarding the statistical analysis methods.
Disclosures: K.A. Smitha—RELATED: Grant: Research Associateship, Department of
Biotechnology, Ministry of Science and Technology, Government of India. Bejoy
Thomas—UNRELATED: Grants/Grants Pending: GE Healthcare, Comments: research project grant*; Patents (Planned, Pending or Issued): Sree Chitra Tirunal Institute for Medical Sciences and Technology (employer), Comments: Indian patent
applied, unrelated to the current publication*. Chandrasekharan Kesavadas—
RELATED: Grant: research funded by Department of Biotechnology, Ministry of
Science and Technology, Government of India*; UNRELATED: Grants/Grants Pending: GE Healthcare*. *Money paid to the institution.

REFERENCES
1. Ruff IM, Petrovich Brennan NM, Peck KK, et al. Assessment of the
language laterality index in patients with brain tumor using functional MR imaging: effects of thresholding, task selection, and prior
surgery. AJNR Am J Neuroradiol 2008;29:528 –35 CrossRef Medline
2. Zaca D, Jarso S, Pillai JJ. Role of semantic paradigms for optimization of language mapping in clinical fMRI studies. AJNR Am J Neuroradiol 2013;34:1966 –71 CrossRef Medline
3. James JS, Kumari SR, Sreedharan RM, et al. Analyzing functional,
structural, and anatomical correlation of hemispheric language lateralization in healthy subjects using functional MRI, diffusion tensor imaging, and voxel-based morphometry. Neurol India 2015;63:
49 –57 CrossRef Medline
4. Seghier ML. Laterality index in functional MRI: methodological issues. Magn Reson Imaging 2008;26:594 – 601 CrossRef Medline
5. Garrett MC, Pouratian N, Liau LM. Use of language mapping to aid
in resection of gliomas in eloquent brain regions. Neurosurg Clin N
Am 2012;23:497–506 CrossRef Medline
6. Gupta S. fMRI for mapping language networks in neurosurgical
cases. Indian J Radiol Imaging 2014;24:37– 43 CrossRef Medline
7. Biswal BB. Resting state fMRI: a personal history. Neuroimage 2012;
62:938 – 44 CrossRef Medline
8. Lee MH, Smyser CD, Shimony JS. Resting-state fMRI: a review of
methods and clinical applications. AJNR Am J Neuroradiol 2013;34:
1866 –72 CrossRef Medline
9. Tie Y, Rigolo L, Norton IH, et al. Defining language networks from
resting-state fMRI for surgical planning: feasibility study. Hum
Brain Mapp 2014;35:1018 –30 CrossRef Medline
10. Doucet GE, Pustina D, Skidmore C, et al. Resting-state functional
connectivity predicts the strength of hemispheric lateralization for
language processing in temporal lobe epilepsy and normals. Hum
Brain Mapp 2015;36:288 –303 CrossRef Medline
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ORIGINAL RESEARCH

HEAD & NECK

Initial Performance of NI-RADS to Predict Residual or
Recurrent Head and Neck Squamous Cell Carcinoma
X D.A. Krieger, X P.A. Hudgins, X G.K. Nayak, X K.L. Baugnon, X A.S. Corey, X M.R. Patel, X J.J. Beitler, X N.F. Saba, X Y. Liu, and
X A.H. Aiken

ABSTRACT
BACKGROUND AND PURPOSE: The Head and Neck Imaging Reporting and Data System (NI-RADS) surveillance template for head
and neck cancer includes a numeric assessment of suspicion for recurrence (1– 4) for the primary site and neck. Category 1 indicates
no evidence of recurrence; category 2, low suspicion of recurrence; category 3, high suspicion of recurrence; and category 4, known
recurrence. Our purpose was to evaluate the performance of the NI-RADS scoring system to predict local and regional disease
recurrence or persistence.
MATERIALS AND METHODS: This study was classiﬁed as a quality-improvement project by the institutional review board. A
retrospective database search yielded 500 consecutive cases interpreted using the NI-RADS template. Cases without a numeric
score, non-squamous cell carcinoma primary tumors, and primary squamous cell carcinoma outside the head and neck were
excluded. The electronic medical record was reviewed to determine the subsequent management, pathology results, and outcome
of clinical and radiologic follow-up.
RESULTS: A total of 318 scans and 618 targets (314 primary targets and 304 nodal targets) met the inclusion criteria. Among the 618 targets,
85.4% were scored NI-RADS 1; 9.4% were scored NI-RADS 2; and 5.2% were scored NI-RADS 3. The rates of positive disease were 3.79%,
17.2%, and 59.4% for each NI-RADS category, respectively. Univariate association analysis demonstrated a strong association between the
NI-RADS score and ultimate disease recurrence, with P ⬍ .001 for primary and regional sites.
CONCLUSIONS: The baseline performance of NI-RADS was good, demonstrating signiﬁcant discrimination among the categories 1–3 for
predicting disease.
ABBREVIATIONS: AUC ⫽ area under the curve; CECT ⫽ contrast-enhanced CT; H&N ⫽ head and neck; NI-RADS ⫽ Head and Neck Imaging Reporting and Data
System; ROC ⫽ receiver operating characteristic

adiologists are major stake-holders in the shift toward valuebased performance. The American College of Radiology is
leading the effort to re-engineer the radiology enterprise to be
“patient centric, data-driven, and outcomes-based.” Standard-
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ized reporting systems, dictation templates, and linked management recommendations have been identified as key contributions
to value.1 Much of this shift toward data-driven and outcomesbased reporting stems from the success of the BI-RADS system for
standardizing mammography reports. Similar templates have
been developed for hepatocellular carcinoma,2 prostate cancer,3
and thyroid nodules.4
The Head and Neck Imaging Reporting and Data System (NIRADS) was recently developed for surveillance contrast-enhanced CT (CECT) with and without positron-emission tomography in patients with treated head and neck (H&N) cancer.5
Both the primary tumor site and neck are assessed for recurrence
and assigned a category of 1– 4 based on imaging suspicion with
linked management recommendations:
●

Category 1: No evidence of recurrence
Imaging: Expected posttreatment change (tissue distortion,
scar, radiation change)
AJNR Am J Neuroradiol 38:1193–99
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●

●

●

Management: Routine surveillance (6 months typically, see
“Materials and Methods”)
Category 2: Low suspicion of recurrence
Imaging: Ill-defined abnormality with only mild enhancement
and/or FDG uptake
Management: Direct inspection for mucosal findings or short
(3-month) follow-up with CECT or PET for deep findings
Category 3: High suspicion of recurrence
Imaging: Discrete, new, or enlarging lesions with intense enhancement and/or focal FDG uptake
Management: Biopsy
Category 4: Known recurrence, pathologically proved or definite radiologic or clinical progression.

NI-RADS categories 1– 4 are the same for CECT or CECT/
PET, but the linked management recommendations and lexicon
are slightly different (because FDG avidity is included in the latter). Furthermore, the first version of NI-RADS category 2 contains subcategories that also address lesion size and location (superficial or deep): 2a, superficial/mucosal surface; 2b, deep
abnormality of ⬍1 cm; and 2c, deep abnormality of ⬎1 cm.5
These subcategories are useful to direct management, for example
superficial mucosal abnormalities are amenable to direct inspection. Size criteria were not added to predict disease but rather to
avoid biopsy in this indeterminate category unless immediate
management depended on the biopsy.5 This template-driven approach reflects common language to promote collaboration between radiologists and referring providers, data-driven optimization of H&N cancer imaging, and greater direct engagement with
patients.
An obstacle to improvement in value-based performance and
direct patient reporting is lack of a data-driven standard surveillance imaging algorithm. PET/CECT at 12 weeks is often the first
posttreatment study, though a recent study suggests that it can be
performed at 8 weeks.6 At our institution, patients with advanced
H&N cancer are scanned with CECT/PET at 12 weeks as a baseline. If the findings are negative, they undergo CECT alone 6
months later, and if these findings are negative, they undergo
CECT alone 12 months later. Although studies have investigated
PET/CT for surveillance,7-9 ordering practices among treating
physicians remain variable. The 2015 National Comprehensive
Cancer Network recommendations advocate imaging within 6
months for T3/4 primary tumors or N2/3 nodal disease and then
additional imaging only for new signs/symptoms, smoking, or
areas inaccessible to clinical inspection (the latter being arbitrary
and difficult to apply).10 Yet, 79% of H&N cancer surgeons selfreported using PET/CT for asymptomatic patients.11 Given this
variation in practice, it is critical to have measurable categories to
correlate with outcomes to develop a data-driven universal surveillance algorithm.
NI-RADS allows H&N radiologists to perform structured radiologic-pathologic correlation and to determine accuracy, prognostic value, and interobserver agreement in contrast to subjective interpretations that provide no data for retrospective analysis.
Our objective was to determine the initial performance of the
NI-RADS scoring system to predict tumor recurrence or persistence in patients treated for squamous cell carcinoma of the H&N
undergoing imaging surveillance.
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MATERIALS AND METHODS
This study was designated a Quality Improvement project by our
institutional review board at the Emory University School of
Medicine. An electronic medical record search from June 12, 2014
to January 28, 2015 yielded 500 consecutive neck CECT examinations interpreted with the NI-RADS template, including patients
with a variety of tumor types and primary locations. The following was gathered from a review of the electronic medical record:
1) Age and sex
2) Date and site of original diagnosis
3) Human papillomavirus status
4) Initial tumor stage (Tumor, Node, Metastasis)
5) Treatment (ie, surgery, chemotherapy, radiation)
6) Date of the index scan
7) Type of index scan (CECT alone versus CECT with PET scan)
8) First posttreatment scan versus subsequent surveillance scan
9) Length of imaging and clinical follow-up

Inclusion Criteria
1) Treated primary H&N squamous cell carcinoma.
2) CECT and/or CECT/PET for surveillance.
3) NI-RADS template used for interpretation.
A total of 402 scans met the inclusion criteria.
Criteria for tumor recurrence or persistence included the following: 1) Biopsy positive for squamous cell carcinoma, 2) evidence of
disease progression on subsequent imaging (per Response Evaluation
Criteria In Solid Tumors criteria; http://www.radiologytutor.com/
index.php/cases/oncol/139-recist), or 3) obvious tumor on physical
examination. To confirm the lack of tumor recurrence, we assessed
the following: 1) follow-up imaging at least 90 days after the index
scan, 2) clinical follow-up for at least 6 months without evidence of
recurrence, or 3) biopsy of an abnormality detected on the index scan
with pathology results negative for tumor.

Exclusion Criteria
1) Insufficient outcomes data to determine positive or negative
disease.
2) Score of “4, known recurrence” because recurrence had already
been proved before the scan. However, it is possible to have a score of
4 for the primary site and 1, 2, or 3 for lymph nodes (or vice versa).
Thus, an outcome could still be determined for nodes so that each
scan had 2 possible sites for target abnormalities (primary and neck).
3) Multiple scans in the same patient if there were back-to-back
scores of 1 for both primary and neck. In this case, subsequent index
scans were excluded because the final outcome of “recurrence or not”
for the primary or neck would be the same for these 2 data points.
These criteria yielded 287 patients, 318 scans, and 618 total targets
(314 primary targets and 304 nodal targets) for which outcomes could
be determined.

Surveillance Algorithm and Image Interpretation
At our institution, all patients with advanced H&N cancer
(almost all patients except those with T1 N0 disease) are scanned
with CECT/PET at 12-week baseline, and if the findings are negative, they undergo a CECT alone 6 months later. If these findings
are negative, they undergo a CECT 12 months later. All NI-RADS
surveillance scans were interpreted prospectively using the template by 1 of 4 dedicated H&N neuroradiologists (30, 15, 10, and 9

years of experience). Both the primary site and neck were assigned
a NI-RADS category of 1– 4. For this study, all category 2 subcategories were recorded as general category 2. For scores of 2– 4, the
target abnormality was described briefly in the impression after
the numeric score. The NI-RADS template, created by a multidisciplinary team and implemented in 2014, has been subject to ongoing peer review through weekly tumor boards and the American College of Radiology RADPEER. Interpreting radiologists
reviewed prior clinical history and endoscopic notes. Comparison
with baseline imaging, including pretreatment FDG avidity when
available, was made. The subjective interpretation of the PET/
CECT included evaluation of disease on both fused PET and
CECT. As noted in the NI-RADS template, factors incorporated
into lesion assessment included the following: size, FDG avidity,
morphology, and enhancement pattern. Because previous studies
have established that the standard uptake value data do not improve diagnostic accuracy for disease after treatment for H&N
cancer, a strict threshold for standard uptake value was not
used.6,12,13 Instead, a subjective dichotomous analysis of intense
FDG uptake was determined.

Image Acquisition
All PET/CT imaging followed standard protocol, and was performed on GE Discover 600 and 690 PET/CT scanners (GE
Healthcare, Milwaukee, Wisconsin). Patients fasted for 6 hours
before the scan, and serum glucose concentration was obtained
immediately before FDG administration. The examination was
deferred if glucose was ⬎200 mg/dL. Combined PET/CT from the
skull vertex through the midthigh was obtained 1 hour after intravenous administration of 10 –14 mCi of FDG. Helical noncontrast CT from the vertex through midthigh was performed before
PET for attenuation correction and anatomic localization. A
CECT of the neck with the arms down was performed following
PET. Our split-bolus technique used 110 mL of intravenous iopamidol (Isovue-370; Bracco, Princeton, New Jersey), with 55 mL
injected first at 2.5 mL/s, a 40-second delay, then another 55 mL at
the same rate, with a total scan delay of 90 seconds. We acquired
axial images from the frontal sinuses through the mediastinum at
1.25-mm section thickness; pitch, 0.984:1; gantry rotation, 0.7
seconds; FOV, 25 cm; 120 kV(peak); and Smart milliampere with
a noise index of 13.78. Reformatted images at 2.5-mm thickness in
the axial planes and 3-mm sagittal and coronal reformations were
sent to the PACS.

Statistical Methods
Univariate association between recurrence and scan score (1–3)
was estimated by the 2 test and the nonparametric Fisher exact
test. The same analysis was repeated for primary site, lymph node,
and their combination separately. The overall performance of discrimination of the scan score on recurrence status (yes versus no)
is measured as the area under curve (AUC) by receiver operating
characteristic (ROC) analysis with 95% confidence intervals. The
sensitivity and specificity at each cut-point of the scan score were
presented accordingly for score 1 versus 2–3 and for scores 1–2
versus 3. Additionally, the same ROC analyses for subgroup performed for CECT alone versus CECT ⫹ PET and for the first
posttreatment examination versus the subsequent surveillance

Table 1: Tumor site and initial stage (patient level)
Site/Stage
Primary site
Oropharynx
Larynx
Oral cavity
Hypopharynx
Skin
Unknown
Primary stage
Tx
Tis
T1
T2
T3
T4a
T4b
T4
Nodal stage
Nx
N0
N1
N2a
N2b
N2c
N3
Distant stage
M0
M1

% (No.)
43.2% (124)
22.3% (64)
25.4% (73)
4.2% (12)
2.1% (6)
2.8% (8)
7.7% (22)
0.3% (1)
16.4% (47)
25.4% (73)
12.2% (35)
32.8% (94)
4.2% (12)
0.8% (3)
4.5% (13)
28.9% (83)
11.8% (34)
3.1% (9)
33.8% (97)
16.4% (47)
1.4% (4)
97.9% (281)
2.1% (6)

examination were explored. The interobserver agreement was
measured by  statistics among 40 scans for primary and neck
sites by 2 graders. The statistical significance level was set at P ⬍
.05, and analyses were conducted in SAS 9.4 (SAS Institute, Cary,
North Carolina).

RESULTS
Of the 318 examinations, there were 221 CECTs alone (69.5%)
and 97 CECT/PETs (30.5%). Sixty studies (16.4%) were initial
baseline posttreatment examinations (performed at 12 weeks);
the remainder were follow-up examinations during routine surveillance per protocol.
Median imaging follow-up after the index scan was 51 weeks;
median clinical follow-up was 54 weeks. The distribution of tumor
site and initial stage (when known) is outlined in Table 1. Primary
tumors of the oropharynx were the largest group (43.2%), followed
by tumors of the oral cavity (25.4%) and larynx (22.3%). At the
primary site, almost one-third had moderately advanced (T4a) disease (32.8%). More than half had at least N2 nodal disease (54.7%).
Distant metastatic disease at initial staging was rare (2.1%).

Interobserver Agreement
The interobserver agreement determined by  statistics after review of 40 scans (80 targets) by 2 graders was very good, 0.821
(95% CI, 0.657– 0.986) with P ⬍ .001.

Incidence of Disease Recurrence/Persistence Based on
NI-RADS Score
The incidence of recurrence for each NI-RADS category is detailed in Table 2. Overall, the incidence of tumor persistence/
recurrence was 7.9%, with an 8.9% (28/314) recurrence rate at the
primary site and a 6.9% (21/304) regional nodal recurrence rate.
AJNR Am J Neuroradiol 38:1193–99

Jun 2017

www.ajnr.org

1195

Table 2: Recurrence rates among the NI-RADS categories
NI-RADS Categories
Total
Recurrence Rate (No.)
Primary site
NI-RADS 1
254
3.5% (9)
NI-RADS 2
38
18.4% (7)
NI-RADS 3
22
54.6% (12)
All primary site categories
314
8.9% (28)
Lymph nodes
NI-RADS 1
274
4.0% (11)
NI-RADS 2
20
15.0% (3)
NI-RADS 3
10
70.0% (7)
All nodal categories
304
6.9% (21)
Combined primary and nodes
NI-RADS 1
528
3.8% (20)
NI-RADS 2
58
17.2% (10)
NI-RADS 3
32
59.4% (19)
Combined, all categories
618
7.9% (49)

NI-RADS 1. Five hundred twenty-eight of 618 targets (85.4%)
were scored “NI-RADS 1, no evidence of recurrence” with only
3.8% having recurrent disease during the follow-up. When considered separately, the recurrence rate for primary and nodal NIRADS 1 scores was similar (3.5% and 4.0%, respectively).
NI-RADS 2. Fifty-eight of 618 targets (9.4%) were scored “NIRADS 2, questionable recurrence” and had a higher overall rate of
recurrence of 17.2%, with similar rates for primary and nodes
separately (18.4% versus 15.0%). Of 58/618 category 2 lesions,
there were 38 primary site category 2 lesions (27/38 “2a,” 7/38
“2b,” and 4/38 “2c”). Seven of 38 underwent biopsy with 5/7
positive, and 2 patients had imaging progression, for a total recurrence of 7/38 (18.4%). There were 20 neck category 2 lesions (15
“2a” and 5 “2b”) with 2/20 having pathology-proven recurrence
and 1/20 with clinical disease progression, for a total recurrence
rate of 3/20 (15.0%) for the neck. There was no difference in the
rate of positive disease based on lesion size within the confines of
this small sample size.
NI-RADS 3. Thirty-two of 618 targets (5.2%) were “NI-RADS 3,
highly suspicious for recurrence” and had the highest overall recurrence rate of 59.4%, with a 54.6% recurrence at the primary
site and a 70.0% rate at nodes. Of the 32/618 category 3 lesions,
there were 22 primary site lesions and 10 neck lesions. Twentytwo of 32 category 3 targets had pathologic confirmation of disease presence or absence. The remaining 10/32 did not have
pathologic confirmation because it would not affect management
(n ⫽ 7) or the ultrasound or CT correlate of the suspected lesion
could not be found when biopsy was attempted (n ⫽ 3). Eight of
these 10 (80.0%) had clinical or radiologic evidence for recurrence (7 primary site lesions and 1 nodal site), defined as progression at the target site on imaging or clinically obvious tumor.

NI-RADS Performance
Univariate association analysis demonstrated a strong association
between the NI-RADS score and ultimate disease persistence/recurrence, with P ⬍ .001 for primary site, lymph node scores, and
combined scores. ROC curves for NI-RADS performance at the
primary site (Fig 1), lymph nodes (Fig 2), and combined (Fig 3)
were obtained and reflect an overall good performance. For the
primary site ROC curve (Fig 1) (AUC ⫽ 0.787; 95% CI, 0.691–
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FIG 1. ROC curve for NI-RADS at the primary site with AUC ⫽ 0.786
(95% CI, 0.691– 0.881).

FIG 2. ROC curve for NI-RADS at the lymph nodes with AUC ⫽ 0.71
(95% CI, 0.597– 0.826).

0.881), P ⬍ .001 indicated a good performance of the NI-RADS
score to discriminate primary site recurrence versus no recurrence (an AUC value of 1 indicates a perfect discrimination, and
an AUC value of 0.5 indicates no use). For lymph nodes, the AUC
of 0.712 and an AUC of 0.756 for combined primary and nodal
sites indicated good overall performance of this rating scale.

Subgroup Analysis of CECT Alone versus PET/CECT
A subgroup analysis was undertaken comparing the performance
of CECT alone versus CECT ⫹ PET/CT (Table 3). The overall

FIG 4. NI-RADS primary site category 2a: superﬁcial mucosal abnormality. Primary T4a N2c base of tongue squamous cell carcinoma, status post
chemoradiotherapy. A, CECT showed only subtle/questionable asymmetric enhancement in the right vallecula (arrow) retrospectively after
review of PET. B, Fused PET image shows asymmetric uptake in the right
vallecula (arrow). Direct visualization did show ulcerated mucosa, but the
biopsy was negative for tumor. Clinically, this was deemed a radiationrelated injury.

FIG 3. ROC curve for NI-RADS for primary site and lymph nodes
combined, with AUC ⫽ 0.756 (95% CI, 0.682– 0.8).
Table 3: CECT alone versus CECT with PET/CT
CECT
Combined primary and nodes
NI-RADS 1
3.1% (12/385)
NI-RADS 2
21.9% (7/32)
NI-RADS 3
91.7% (11/12)
Combined, all categories
7.0% (30/429)

CECT + PET/CT
5.6% (8/143)
11.5% (3/26)
40.0% (8/20)
10.1% (19/189)

Table 4: Initial posttreatment versus subsequent follow-up
Combined Primary and Nodes Posttreatment
Follow-Up
NI-RADS 1
5.7% (5/88)
3.4% (15/440)
NI-RADS 2
20.0% (4/20)
15.8% (6/38)
NI-RADS 3
50.0% (4/8)
62.5% (15/24)
Combined, all categories
11.2% (13/116)
7.2% (36/502)

recurrence rate in these 2 groups was similar (7.0% versus 10.1%).
Although there was no statistical difference in overall performance of NI-RADS for CECT (AUC ⫽ 0.779) versus CECT/PET
(AUC ⫽ 0.709), a NI-RADS 3 on CECT alone was more likely to
correctly identify recurrence (primary or nodal) compared with a
NI-RADS 3 on CECT ⫹ PET (91.7% versus 40.0%).

Subgroup Analysis of Initial Posttreatment Study versus
Subsequent Studies
An additional subgroup analysis compared the performance on
initial posttreatment studies with performance on subsequent follow-up (Table 4). While there was no statistical difference in the
overall performance of NI-RADS in initial posttreatment surveillance (AUC ⫽ 0.729) versus subsequent scans (AUC ⫽ 0.760), the
recurrence rate for NI-RADS 1 was greater for the initial baseline
scan group (5.7%, 5/88) compared with the subsequent follow-up
examination group (3.4%, 15/440). This difference was even
more pronounced when looking at the primary site alone (9.3%
versus 2.4%). As expected, the incidence of positive disease was

FIG 5. NI-RADS primary site category 2a: superﬁcial mucosal abnormality. Primary T2 larynx squamous cell carcinoma status post chemoradiotherapy. A, CECT showed subtle irregularity of the anterior commissure
and anterior true vocal cords bilaterally (arrow). B, Corresponding fused
PET image shows focal mucosal uptake (arrow). After direct visualization
revealed suspicious mucosal ﬁndings, the biopsy showed persistent disease. Although this lesion does demonstrate focal avid FDG uptake, it is in
a special category of mucosal abnormality. In the published NI-RADS 1.0
by Aiken et al,5 these are scored as 2a because the linked management
recommendation is direct visualization.

also greater in the initial posttreatment group versus surveillance
studies (11.2% versus 7.2%).

DISCUSSION
The baseline performance of NI-RADS demonstrated significant
discrimination between groups, with disease recurrence/persistence rates of 3.8% for NI-RADS 1, 17.2% for NI-RADS 2, and
59.4% for NI-RADS 3. A strong association between score and
positive disease was found for primary site, lymph nodes, and all
targets combined, and ROC analysis also demonstrated clinically
significant and accurate performance in these categories. While
adding additional NI-RADS categories may improve ROC performance, the simplicity of the current scale is appropriate for the
limited management options: routine surveillance, shorter interval follow-up, additional PET/CT imaging, mucosal inspection,
or biopsy.
Because all these patients are part of our institutional surveillance program, with routine follow-up, it is reasonable for the
specificity to be high and sensitivity lower. In fact, size cutoffs
were set for the “ill-defined” or “questionable” NI-RADS 2 lesions
to avoid low-yield, difficult, dangerous, or likely nondiagnostic
AJNR Am J Neuroradiol 38:1193–99
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biopsies for an intermediate suspicion lesion in a complex posttreatment neck if short-interval follow-up or PET would be a
viable option. Because size was not helpful in predicting recurrence or for practical management decisions, our revised NIRADS category 2 does not have size criteria and management
consists of earlier follow-up or PET. Biopsy recommendations are
reserved for category 3 lesions only. In our experience with highly
suspicious lesions, size rarely determines recurrence, compared
with enhancement characteristics, morphology, interval change,
and FDG uptake, which have been incorporated into the NIRADS lexicon.
Our NI-RADS template has been useful in daily clinical practice. For the primary site, the 2a category is used for low-suspicion
superficial mucosal lesions with a linked recommendation of direct inspection. Focal asymmetric enhancement and FDG uptake
are not an uncommon finding in posttreatment imaging and
could represent benign mucositis or early recurrence/persistence.
Although many mucosal abnormalities are false-positives (Fig 4),
we are able to identify mucosal recurrences, especially in the postradiated larynx where abnormalities may be subtle on CECT (Fig
FIG 6. NI-RADS primary site category 2b: ill-deﬁned asymmetric soft
tissue. T4N0 oral cavity squamous cell carcinoma. CECT shows asym5A). In this clinical scenario, the fused PET images (Fig 5B) help
metric full soft tissue around ﬁbular reconstruction of the mandible
direct inspection and biopsy. For the primary site, the 2b category
(arrow). The linked management recommendation is shorter interval
is used for deep, ill-defined, nondiscrete, low-suspicion lesions
surveillance. Repeat CECT at 3 months showed no interval change
(not shown). Subsequent clinical follow-up also demonstrated imwith only mild FDG uptake (if combined with PET) (Fig 6). In
provement and no disease recurrence.
practice, most category 2 lesions are managed with short-term
follow-up rather than biopsy because clinicians and patients were
comfortable waiting. Short-term follow-up has become our official recommendation in this category because size criteria were
removed.
Finally, NI-RADS 3 is reserved for a discrete, nodular, robustly
enhancing lesion (Fig 7A) with marked FDG uptake if PET was
also performed (Fig 7B), and the recommendation is for biopsy.
In the neck, NI-RADS 3 is a new or enlarging lymph node (Fig 8A)
with marked FDG uptake if PET is combined (Fig 8B). The positive predictive value for NI-RADS 3 primary site lesions was lower
(54.6%) than for the neck (70%); this finding likely reflects the
more complex posttreatment imaging appearance at the primary
site. Overall, we believe that the NI-RADS template yielded a reaFIG 7. NI-RADS primary site category 3: discrete enhancing lesion.
T4a larynx squamous cell carcinoma, status post total laryngectomy,
sonable rate of recommending biopsy. Only 32 of 618 possible
bilateral neck dissection, and chemoradiotherapy. A, CECT shows a
targets (5.2%) were scored category 3 with biopsy recommenda1-cm discrete rounded hyperenhancing nodule along the lateral bortion, balanced against a relatively high positive predictive value
der of neopharynx, deep to the ﬂap (arrow). B, Fused PET images
show focal high FDG uptake (arrow). This was given a category 3
(54.6% for the primary site, 70% for the neck).
score, and endoscopic biopsy demonstrated recurrence.
Our subgroup analyses highlight areas
for future study. Although the numbers
are small, our data suggest that CECT
alone may be more specific because the
rate of true persistence/recurrence was
much higher for a NI-RADS 3 for CECT
(91.7%) alone versus CECT/PET (40%).
We also separated our scans into the first
posttreatment baseline at 3 months and
subsequent surveillance studies to understand the variation of NI-RADS performance at different time points. As expected, a NI-RADS 1 on a subsequent
FIG 8. NI-RADS neck category 3: new or enlarged lymph node. T2N0 oral cavity squamous cell
follow-up examination had a higher negcarcinoma status post resection, neck dissection, and adjuvant radiation therapy. A, CECT at 6-month
intervals shows enlarging left level 1B lymph node with necrosis (arrows). B, Fused PET images show ative predictive value than on the initial
posttreatment examination. This is valumarked focal FDG uptake (arrow). Revision neck dissection was positive for disease recurrence.
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able in providing guidance to patients regarding their risk of disease at different time points.
Finally, NI-RADS provides a meaningful framework for discussion of results with patients. For example, a patient with a
NI-RADS 2 on surveillance imaging has a chance of recurrence of
roughly 17.2%. We can also reassure patients with NI-RADS 1
that their overall recurrence rate is low (3.8%). There is an opportunity to understand the negative and positive predictive values of
NI-RAD scores at different time points in further subpopulation
studies. For example, our subgroup analysis and comparison of
NI-RADS 1 score primary site recurrence rates for the initial posttreatment examinations versus subsequent examinations found a
difference (9.3% versus 2.4%, P ⫽ .047), but the overall numbers
were small because the incidence of recurrence in this group was
so low. This analysis suggests that a NI-RADS 1 on the initial
baseline posttreatment examination is not as reassuring as a NIRADS 1 on subsequent surveillance examinations.

CONCLUSIONS
The performance of NI-RADS was good, demonstrating significant discrimination between groups, with positive disease rates of
3.8% for NI-RADS 1, 17.2% for NI-RADS 2, and 59.4% for NIRADS 3. Standardization of linked management recommendations and correlation with patient outcomes should validate performance and highlight the added value of radiologists in patient
care.
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Pretreatment ADC Values Predict Response to Radiosurgery in
Vestibular Schwannomas
X A. Camargo, X T. Schneider, X L. Liu, X J. Pakpoor, X L. Kleinberg, and X D.M. Yousem

ABSTRACT
BACKGROUND AND PURPOSE: The response rate of vestibular schwannomas to radiation therapy is variable, and there are surgical
options available in the event of treatment failure. The aim of this study was to determine whether pre- and posttreatment ADC values can
predict the tumor response to radiation therapy.
MATERIALS AND METHODS: From a data base of 162 patients with vestibular schwannomas who underwent radiation therapy with
gamma knife, CyberKnife, or fractionated stereotactic radiation therapy as the ﬁrst-line therapy between January 2003 and December 2013, we
found 20 patients who had pretreatment ADC values. There were 108 patients (including these 20) had serial MR images that included DWI
allowing calculated ADC values from 2–132 months after radiation therapy. Two reviewers measured the mean, minimum, and maximum ADC
values from elliptical ROIs that included tumor tissue only. Treatment responders were deﬁned as those with a tumor total volume shrinkage of
20% or more after radiation therapy.
RESULTS: The pretreatment mean minimum ADC for nonresponders was 986.7 ⫻ 10⫺6 mm2/s (range, 844 –1230 ⫻ 10⫺6 mm2/s) and it was
669.2 ⫻ 10⫺6 mm2/s (range, 345– 883 ⫻ 10⫺6 mm2/s) for responders. This difference was statistically signiﬁcant (P ⬍ .001). Using a minimum
ADC value of 800 ⫻ 10⫺6 mm2/s led to the correct classiﬁcation of 18/20 patients based on pretreatment ADC values. The intraclass
correlation between reviewers was 0.61. No posttreatment ADC values predicted response.
CONCLUSIONS: Pretreatment ADC values of vestibular schwannomas are lower in responders than nonresponders. Using a minimum
ADC value of 800 ⫻ 10⫺6 mm2/s correctly classiﬁed 90% of cases.
ABBREVIATIONS: TTV ⫽ total tumor volume; VS ⫽ vestibular schwannoma

umors localized in the cerebellopontine angle comprise 5%–
10% of all intracranial tumors.1 Vestibular schwannomas
(VSs) are the most common tumors in the cerebellopontine angle, accounting for 80% of all tumors there.2,3 Epidemiologic data
of VSs suggest the most common patients to be white and aged
50 – 60 years, with equal distribution between the sexes.4
The diagnosis of VS is suggested by symptoms that may include tinnitus, hearing loss, trigeminal neuropathy, facial nerve
palsy, unstable gait, or increased intracranial pressure.5,6 High-
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resolution MR imaging has led to a greater number of smaller VSs
being diagnosed in recent decades.7
Few studies have evaluated the appearance of vestibular schwannomas on DWI. Chuang and colleagues8 have proposed that high
ADCs of VSs may correlate with Antoni type B, which is associated
with a cystic tumor pattern. However, this correlation is still controversial because the reviewed literature has not proved the correlation
between Antoni type dominance and cystic composition.9 Tumors
with sparse cellularity (Antoni B type) are associated with higher
ADC values compared with tumors with an attenuated cellularity.10
The options for managing VS include observation, surgery,
and radiation therapy.11-14 Usually, newly diagnosed and small
VSs are managed expectantly with serial imaging follow-up and
observation because many tumors remain stable over long periods of time. However, up to half of the tumors grow within 5 years
of follow-up.15 Studies also state, however, that a wait-and-see
policy is not recommended for patients with cystic tumors16,17
because they tend to be larger and usually have a more rapid
clinical evolution.6,18 Specifically, for cystic VS, surgical treat-

nia), or fractionated stereotactic radiation therapy as the first-line
therapy at our institution between January 2003 and December
2013. Based on our initial list of 162 patients, 142 patients had MR
imaging scans that either did not include pretreatment DWI scans
or had artifacts that precluded measurement of ADC values.
Twenty patients had pretreatment studies with diffusion-weighted sequences that allowed ADC calculations and ROI analysis. These scans
took place 1–24 months before radiation therapy. The ADC values
were derived by putting elliptical ROIs on the tumor from the postprocessed ADC maps derived from the DWI sequences. We used a
single ROI encompassing the entire tumor on the single section that
had the least amount of artifact from the adjacent (aerated) petrous/
mastoid temporal bone. The ROI provided mean, maximum, and
minimum ADC values from the Carestream PACS (Carestream
Health, Rochester, New York) (Figs 1 and 2). Maximum, minimum,
and mean ADC values were derived from DWI pulse sequences. The
person performing the ADC ROI analysis was blinded to the tumor
response. A second reviewer performed the ADC analyses independently and was blinded to the radiation therapy results. Based on the
presence or absence of bright T2WI signal intensity and peripheral
enhancement, the tumors were labeled as cystic or solid.
Standard DWI pulse sequences with 3 tensors were performed on
MATERIALS AND METHODS
This single-center retrospective study was approved by the instiSiemens (1.5T and 3T; Erlangen, Germany), GE Healthcare (1.5T;
tutional review board and was compliant with the U.S. Health
Milwaukee, Wisconsin), and Philips Healthcare (1.5T and 3T; Best,
Insurance Portability and Accountability Act. The study took
the Netherlands) magnets. DWI was performed with an EPI seplace at the Johns Hopkins Medical Institution. Patient consent
quence with a TR/TE range of 4900 –10000 ms/80 –133 ms; 5-mm
requirements were waived for this retrospective study.
thin contiguous sections; FOV, 220 ⫻ 220 mm to 240 ⫻ 240 mm;
We selected patients with VS who underwent radiation therand a matrix size of 96 ⫻ 96 to 192 ⫻ 192. Diffusion was measured in
apy with gamma knife, CyberKnife (Accuray, Sunnyvale, Califorthe 6 orthogonal directions with 2 b-values (0 and 1000 seconds/
mm2) with automated postprocessed ADC maps. MR imaging studies were obtained on 1.5T (84%; GE Healthcare, Siemens, or Philips
Healthcare) or 3T scanners (16%; Siemens or Philips Healthcare).
Single-session radiosurgery was performed with Leksell Gamma
Knife Perfexion (Elekta Instruments, Stockholm, Sweden). Fractionated stereotactic radiation therapy was linear accelerator-based, using either the BrainLAB (BrainLAB, Feldkirchen, Germany) or Pinnacle (Philips Healthcare) treatment planning system.
To further evaluate the role of ADC values as a predictor of therapy response, we sought to collect the ADC values during the follow-up period after radiation therapy. Of the 162 patients evaluated,
54 patients were excluded due to absent or nondiagnostic ADC
maps. The ADC values of 108 patients were collected during the
follow-up period, from 2–132 months after the date of radiation
FIG 1. A, Postcontrast T1-weighted axial scan through the posterior
therapy.
fossa shows a right cerebellopontine angle vestibular schwannoma. B,
Tumor response was defined as a tumor total volume (TTV)
The ADC values were calculated from an elliptical region of interest.
shrinkage of 20% or more after radiation
therapy. The tumor total volume was derived by subtracting the follow-up volume from the initial tumor volume and
dividing by the initial tumor volume. This
value was chosen based on previous work
by Plotkin et al,25 who proposed a tumor
volumetric reduction of 20% to define
treatment response, based on pre- and
posttreatment tumor volumes. The TTV
for each patient was obtained from a preFIG 2. A, Right vestibular schwannoma at baseline on postcontrast axial T1-weighted scan. B, ADC
⫺6
2
calculation showing minimum value of 977 ⫻ 10 mm /s. This would predict treatment failure. C, vious research project that evaluated the
VS volumetrically.26 The volumetric
Four-year follow-up shows tumor growth on the postcontrast axial T1-weighted scan.
ment is the best option, and it is associated with better results than
radiosurgery.1 Other than in this cystic VS scenario, where the
recommendation is firm, patient preference becomes paramount
in the selection between surgery and radiosurgery for treatment.
Both are considered appropriate, with similarly acceptable side
effects and long-term success. The decision may be guided by multiple variables, such as the size at initial diagnosis, tumor growth rate
on serial imaging, or patient symptoms.7,19 More reliable patientspecific predictors of outcome with therapy are needed to guide patients and physicians in this important decision.
ADC is a measure of the random motion of water molecules
within a tissue, and it is calculated by using data from DWI or
DTI.20,21 ADC values have been shown to be correlated with astrocytoma tumor grading and tumor cellularity.19,20 ADC measurements may serve as diagnostic and prognostic biomarkers as well as
predictors of tumor response to treatment in glial tumors.22,23 Thus,
ADC values are often used in treatment planning.24
The aim of this study was to determine whether the pre- and
posttreatment ADC values may be associated with the response of
VS to radiosurgery and to provide guidance for further study.
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minimum ADC value of 800 ⫻ 10⫺6
mm2/s as the cut-point, one could distinResponders (n = 9) P Value
guish nonresponders from responders in
5/4
.64
61.8 (41–84)
.71
18/20 (90.0%) patients, with the 2 outliers
being responders with a minimum ADC
2.34 (0.39–13.39)
.15
value of 877 ⫻ 10⫺6 mm2/s and 884 ⫻
1.6 (1.1–3.4)
.28
10⫺6 mm2/s based on pretreatment ADC
669.2 (345–884)
⬍.01
values.
The resulting sensitivity and spec1182.1 (988.8–1375.4)
.04
ificity were 77.8% and 100%, respectively.
0.43 (0.29–6.84)
.08
The ROC area was 0.89 (95% CI, 0.74 –
48.92 (20.37–88.32)
⬍.01
1.00). The minimum ADC value had a
a
Data presented as median (range).
statistically significant correlation with
percent of tumor size reduction (Spearanalysis was performed by a 3D semiautomated quantitative asman  ⫽ 0.71; P ⬍ .001). The logistic regression analysis showed
sessment of TTV, and the follow-up was defined as the time from
that the pretreatment ADC values were predictive of response.
the last radiation therapy session to the date of the most recent
The odds ratio of being a nonresponder for each 10 ⫻ 10⫺6 mm2/s
MR imaging study obtained in our institution.26
increase of minimum ADC value was 1.32 (95% CI, 1.14 –1.52)
We also measured the longest dimension of the tumor in axial,
and was 1.04 (95% CI, 1.01–1.08) for the same increase in mean
craniocaudal, or anteroposterior dimension. We used electronic
ADC value. When controlling for pretreatment tumor volume
calipers to measure the largest diameter of the lesion from axial
and the largest 2D linear measurement of the tumor, each 10 ⫻
and coronal images.
10⫺6 mm2/s increase in the mean ADC value predicted an 8%
increase in the likelihood of being a nonresponder (odds ratio,
Statistical Analysis
1.08; 95% CI, 1.02–1.14).
Statistical analyses were performed by using Stata 12 (StataCorp,
Based on the 20 patients who had baseline data, nonreCollege Station, Texas). The Student t test was used to test the
sponders had a smaller initial volume than responders (0.87 mL
difference in mean ADC value between responders and nonreversus 2.34 mL) and similar maximum linear measurements (1.7
sponders. The association between ADC values and tumor size
cm versus 1.6 cm), but the differences were not statistically signifmeasures was evaluated by using the Spearman correlation. Loicant. The correlation between pretreatment TTV and percent of
gistic regression was used to assess the pretreatment ADC values
in predicting the treatment response (responders versus nonretumor size reduction was not significant (correlation coefficient,
sponders), adjusting for initial tumor size. Robust option was
0.39; P ⫽ .09).
used for variance estimates. ROC curve analyses were performed
There was no association between mean and maximum ADC
on the serial cutoff values of minimum ADC. Sensitivity and specvalues, initial and posttreatment TTV, or linear size and response.
ificity and area under the curve, with 95% CI, were used to evalReliability tests on ADC values were performed on 20 images
uate the overall classification accuracy. Intraclass correlation coby 2 observers. For the quantitative minimum ADC values, the
efficient and  values were calculated for the reliability test on
intraclass correlation coefficient is 0.61. Using the cutoff of 800 ⫻
ADC values reported by the 2 observers. For the wide range of
10⫺6 mm2/s and making the minimum ADC values as 2 categortumor volume data, log-transformed TTV values were used for
ical scales, the actual agreement is 89.4% and  is 0.77 (95% CI,
the statistical significance test and modeling. A P value of .05 or
0.34 – 0.94). Based on Landis and Koch’s27 seminal work (with 
less was considered statistically significant.
values graded as follows: ⬍0 as no agreement, 0 – 0.20 as slight,
0.21– 0.40 as fair, 0.41– 0.60 as moderate, 0.61– 0.80 as substantial,
RESULTS
and 0.81–1 as almost perfect), the level of agreement was
Pretreatment ADC Values
substantial.
For the 20 patients who had pretreatment ADC values, the meCharacteristics of nonresponders versus respondersa
Characteristics
Nonresponders (n = 11)
Sex (F/M)
8/3
Age (yr)
62.2 (54–86)
Pretreatment measures
0.87 (0.35–2.78)
Initial TTV (cc3)
Linear size (cm)
1.7 (1.0–2.0)
Mean minimum ADC (⫻10⫺6 mm2/s) 986.7 (844–1230)
1444.4 (1259.6–1629.1)
Mean of mean ADC (⫻10⫺6 mm2/s)
Posttreatment measures
2.10 (0.30–5.68)
Posttreatment TTV (cc3)
Percent of TTV reduction (%)
⫺26.05 (⫺333.33–18.92)

dian follow-up was 3.54 years. Based on a TTV reduction of 20%
or more as response criterion, 11 did not respond (55%) and 9
responded (45%) to treatment. The initial TTV was higher for
responders than nonresponders (Table). Responders received
fractionated stereotactic radiation therapy (n ⫽ 3), CyberKnife
(n ⫽ 1), and gamma knife (n ⫽ 5); nonresponders received fractionated stereotactic radiation therapy (n ⫽ 2), CyberKnife (n ⫽
2), and gamma knife (n ⫽ 7).
The mean of the minimum ADC values for nonresponders
was 986.7 ⫻ 10⫺6 mm2/s (range, 844 –1230 ⫻ 10⫺6 mm2/s; median, 944 ⫻ 10⫺6 mm2/s; SD, 261 ⫻ 10⫺6 mm2/s) and for responders, the mean was 669.2 ⫻ 10⫺6 mm2/s (range, 345– 884 ⫻
10⫺6 mm2/s; median, 747 ⫻ 10⫺6 mm2/s; SD, 184.0 ⫻ 10⫺6
mm2/s). Nonresponse status was associated with statistically significant higher minimum ADC values (P ⬍ .001). If one used a
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Posttreatment ADC Values
Posttreatment ADC values were available for 108 patients. There
were 197 posttreatment ADC values obtained from the 108 patients. Of the 108 patients, 48 had only 1 posttreatment ADC value
available. The median follow-up to assess TTV among all 108
patients was 4.96 years. Eighty-one (75%) patients received fractionated stereotactic radiation therapy, 21 (19.5%) received
gamma knife, and 6 (5.5%) received CyberKnife. Based on the
same response criteria, there were 56 nonresponders and 52 responders. We calculated the mean ADC values of all patients at
each year, from year 1 to year 10. Repeated measure analysis on
multiple ADC values observed over the years after radiation therapy did not result in any significant findings in the change/pattern
of any ADC values (mean, minimum, and maximum).

Imaging Features Besides ADC Values
Of the 20 patients evaluated before treatment, 18 had solid tumors
(based on homogeneous enhancement) and 2 had mixed cystic
and solid tumors (predominantly solid). The T2-weighted signal
intensity was graded based on comparison with cortical gray matter. Fourteen VSs were darker on T2WI than the gray matter, 2
were brighter, 2 were isointense, and 2 had mixed darker and
brighter portions (the cystic and solid cases described above).
None of these factors were predictive of radiation response. One
mixed lesion was a responder, and the other was not.

DISCUSSION
Small to medium-sized VSs have proved to be, in general, the best
candidates for radiation therapy because of better hearing preservation, less facial nerve palsy, good tumor control, and favorable
mortality and morbidity rates in patients.28,29 Ninety-two percent
of patients treated with gamma knife radiosurgery have shown
tumor control in a follow-up of 7 years, associated with high rates
of quality of life.30 It also has been stated that fractionated stereotactic radiation therapy is associated with a tumor control rate of
97.5% and excellent quality of life (improvement of tinnitus and
vertigo and low rates of hearing impairment and trigeminal and
facial nerve damage).31,32 Very long-term outcome data are not
available.
Studies have tried to correlate the initial imaging findings and
the clinical presentation of VS with tumor natural course and/or
treatment response. It has been reported, however, that clinical
worsening and original VS volume and size are not able to predict
tumor growth.15,33,34 Our study has shown that minimum ADC
values for VS tumors, using a cutoff of 800 ⫻ 10⫺6 mm2/s, predict
tumor response with 90% accuracy, 77.8% sensitivity, and 100%
specificity. All nonresponders showed ADC values greater than
800 ⫻ 10⫺6 mm2/s.
As in this study, Plotkin et al25 defined a treatment response
based on tumor volumetric reduction of 20% when comparing
pre- and posttreatment tumor volumes. Studies based on this
20% threshold reported that 17% of tumors have pseudoprogression (see explanation below), 52% regress, and 10.6% progress.25,35 In this study, we report a 20% reduction in tumor volume in 9 (45%) of 20 patients with preoperative ADC values and
52 (48.1%) of the 108 patients. Please note that by Plotkin et al’s25
definition, a stable tumor volume (no growth) would be considered absence of response, a definition to which most radiation
oncologists may object.
After radiation therapy, the well-known phenomenon of transient tumor enlargement must be considered before classifying
the response as treatment failure.36,37 This pseudoprogression
phenomenon is often transient and tends to start 6 –9 months
after radiosurgery peaking in the year that follows radiosurgery35-38 Five percent to 10% of patients show tumor volume
increase, followed by stabilization.35-37,39
Failure of radiation therapy, defined as sustained tumor
growth, is rare, accounting for less than 5% of cases, and has been
(in the literature, but not our study) more frequently associated
with large tumor volume at the time of treatment, inadequate radiation therapy dose coverage, and cystic VS.29 However, it is important to report that no guideline or consensus is available to standard-

ize the definition of responders and nonresponders for VS
management. This explains the different rates of treatment failure
versus success in the literature, given the variable criteria adopted.
Microsurgery and/or additional radiosurgery are the options for
treatment failure; the choice is based on the tumor size and clinical
tolerance.29 Patients who have undergone salvage microsurgery after
radiation therapy have experienced poorer outcomes compared with
those who never received irradiation,40 and salvage microsurgery is
associated with a high risk of facial nerve injury, likely resulting from
the challenge of postradiosurgery fibrosis.41 It is better to get the
choice of treatment at the outset rather than after a failed therapy.
Hence, the goal of this study was to find parameters that will predict
radiosurgery treatment response.
Because sustained tumor growth must be confirmed with sequential follow-up images after radiation therapy before determining response,29 the recommended time for tumor response assessment should be at or after 36 months.35 This is particularly important
if the clinical symptoms do not correlate with the treatment response.37 It also has been proposed that VSs that enlarge beginning
after 24 months usually correspond to treatment failure.35 To ensure
a reliable final TTV and, thus, response classification, we selected
cases from before 2013 to obtain accurate treatment response volumes (median, 3.54 years for pretreatment ADC assessment and 4.96
years for posttreatment ADC evaluation).
ADC values have been correlated with the tumor cell attenuation, with high values usually indicating low cellularity, necrosis,
or cystic features.42-44 We found that the minimum ADC values
were more reflective of tumor response than mean or maximum
ADC values, which might be useful in characterizing cystic
schwannomas. Our study observed that patients classified as nonresponders had higher ADC values, whereas responders showed
the opposite trend, with lower ADC values. We did not find studies in the literature based on pretreatment ADC values in VS as
therapeutic predictors. Thus, we believe that our findings should
lead to prospective studies regarding the use of ADC before therapy to guide treatment planning and management.
Chuang and colleagues8 have stated that ADC may be used
during follow-up to assess tumor response in VS after gamma
knife radiosurgery. In our study, however, the evaluation of posttreatment ADC values did not show statistically significant correlation with tumor response. After radiation therapy, the tumor
tissue architecture is affected, cytotoxicity may occur, and vasogenic edema arises, leading to changes in the water diffusion
within the tumor and, therefore, in ADC values.8,9,45 We believe
that these phenomena may occur in the tumor architecture after
radiation therapy and can lead to changes in ADC values, making
them unable to predict a reliable response/nonresponse status.
This study has some limitations. Being a retrospective study,
we could not control the heterogeneity of MR imaging quality,
artifacts regarding ADC, the heterogeneity of DWI/DTI pulse sequences performed, and the timing of the MR imaging before the
institution of radiation therapy. In addition, imaging was performed on different scanner types. In a similar fashion, there was
lack of uniformity in the type of radiation therapy used (gamma
knife, CyberKnife, and fractionated stereotactic radiation therapy
were the modalities used). In this study, we adopted only radiologic response criteria; no quality of life assessment was used.
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Nonetheless, the difference in minimum pretreatment ADC values between responders and nonresponders was striking and statistically significant. Using a minimum ADC value of 800 ⫻ 10⫺6
mm2/s correctly classified tumor response in 90% of cases, with
high ( ⫽ 0.77) interobserver agreement.

18.

19.

CONCLUSIONS
It would be useful, a priori, to predict a vestibular schwannoma’s
likely response to radiosurgery techniques. Our study suggests
that high ADC values before treatment (above 800 ⫻ 10⫺6
mm2/s) predict less benefit for radiosurgery. This statistically significant correlation should lead to prospective studies, using homogeneous pulse sequences and scanning techniques, confirming
the value of pretreatment ADC as an important predictor for the
planning and management of vestibular schwannomas.
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MR Imaging Grading System for Skull Base Chordoma
X K. Tian, X L. Wang, X J. Ma, X K. Wang, X D. Li, X J. Du, X G. Jia, X Z. Wu, and X J. Zhang

ABSTRACT
BACKGROUND AND PURPOSE: Skull base chordoma has been widely studied in recent years, however, imaging characteristics of this
tumor have not been well elaborated. The purpose of this study was to establish an MR imaging grading system for skull base chordoma.
MATERIALS AND METHODS: In this study, 156 patients with skull base chordomas were retrospectively assessed. Tumor-to-pons signal
intensity ratios were calculated from pretreatment MR images RT1 (ratio of tumor to pons signal intensity in T1 FLAIR sequence), RT2 (ratio
of tumor to pons signal intensity in T2 sequence) and REN (ratio of tumor to pons signal intensity in enhanced T1 FLAIR sequence), and
signiﬁcant ratios for overall survival and progression-free survival were selected to establish a grading system. Clinical variables among
different MR imaging grades were then analyzed to evaluate the usefulness of the grading system.
RESULTS: RT2 (P ⬍ .001) and REN (P ⫽ .04) were identiﬁed as signiﬁcant variables affecting progression-free survival. After analysis, the
classiﬁcation criteria were set as follows: MR grade I, RT2 ⬎ 2.49 and REN ⱕ 0.77; MR grade II, RT2 ⬎ 2.49 and REN ⬎ 0.77, or RT2 ⱕ 2.49 and
REN ⱕ 0.77; and MR grade III, RT2 ⱕ 2.49 and REN ⬎ 0.77. MR grade III tumors had a more abundant tumor blood supply than MR grade I
tumors (P ⬍ .001), and the intraoperative blood loss of MR grade III tumors was higher than that of MR grade I tumors (P ⫽ .002).
Additionally, skull base chordoma progression risk increased by 2.071 times for every single MR grade increase (P ⬍ .001).
CONCLUSIONS: A higher RT2 value was a negative indicator of tumor progression, whereas a higher REN value was a positive risk factor of
tumor progression. MR grade III tumors showed a more abundant blood supply than MR grade I tumors, and the risk of skull base chordoma
progression increased with every single MR grade increase.
ABBREVIATIONS: OS ⫽ overall survival; PFS ⫽ progression-free survival; SBC ⫽ skull base chordoma; SI ⫽ signal intensity

hordoma is a malignant tumor that originates from notochord remnants, and this tumor often exhibits mild-to-moderate enhancement. It comprises 1.8%– 4.3% of bone tumors and
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3.9%– 6.1% of malignant bone tumors,1-3 and it shows a marked
predilection for the axial skeleton. Chordoma primarily occurs in
the skull base (32%– 42%) and sacrococcygeal region (29.2%).4,5
The prevalence of chordomas is 0.08 – 0.089 per 100,000, and
males (0.01– 0.016 per 100,000) have a higher incidence than females (0.06 – 0.066 per 100,000).4-6 Chordoma is locally aggressive and may destroy surrounding bone. Skull base chordoma
(SBC) often involves vital blood vessels, cranial nerves, and other
important structures. Extensive resection of a skull base chordoma is difficult and may result in severe complications.7 Chemotherapy usually has a minimal effect on chordomas, and the
current best treatment is radical resection plus postoperative radiation therapy.8,9 The median survival for patients with SBC is
151 months.10 In recent years, new technologies such as endoscopy, intraoperative navigation, and electrophysiologic monitoring have facilitated more radical resections.11 Although the proton beam, carbon ion, modulated and stereotactic techniques
were applied in radiation therapy, the progression and mortality
rates of skull base chordoma are still very high.11-14
The diagnosis and classification of chordoma primarily de-

pend on histopathologic evaluation and preoperative imaging
data. Chordoma has 3 histologic types: conventional, chondroid,
and dedifferentiated.15 Conventional chordoma is the most common type, and patients with chondroid chordoma are reported to
have the best prognoses.8 Chordoma often shows low density and
bone destruction on CT.16 MR imaging is superior in detecting
the tumor and delineating its extent.17 Chordomas have a highly
heterogeneous appearance on MR imaging, demonstrating hypo-

to isointensity on T1 sequences and moderate-to-very-high intensity on T2 sequences. The tumor may exhibit minimal-tomoderate enhancement on enhanced T1 sequences (Fig 1). The
clinical significance of this MR imaging heterogeneity has not
been discussed in the literature, to our knowledge.
We thought that the clinical features and prognosis of SBCs
were associated with the characteristics on MR imaging (Figs 1
and 2). The purpose of this study was to explore the value of MR
signal intensity (SI) in establishing a grading system for SBC.

MATERIALS AND METHODS
Overview
This study was approved by the ethics
committee of Beijing Tiantan Hospital,
Capital Medical University, and informed
consent was acquired from all patients.
There were no financial conflicts of interest associated with this project. The
method used in this study was similar to
that in the study of Tian et al.14 All MR
imaging data used in this study were acquired before any treatment, and all the
enrolled patients underwent an operation
in our hospital.

Patients
FIG 1. MR imaging of 2 patients with SBC. Patient 1 (A–C), 21-years of age. Pathologic ﬁndings
were conventional chordoma. The patient underwent subtotal tumor resection with no progression at 48 months. A, Axial T2-weighted MR imaging. Tumor demonstrates homogeneous
high signal intensity. B, Axial T1 FLAIR-weighted MR imaging. Tumor has relatively homogeneous
hypointense signal compared with the pons. C, Enhanced T1 FLAIR MR imaging shows no enhancement of the lesion. Patient 2 (D–F), 25 years of age. Pathologic ﬁndings revealed conventional chordoma with necrosis and nuclear division. This patient underwent subtotal tumor
resection with tumor progression at 8 months. D, Axial T2-weighted MR imaging demonstrates
tumor heterogeneity. The signal intensity is relatively lower than that in patient 1. E, Axial T1
FLAIR MR imaging. The tumor is heterogeneous and hyperintense compared with the pons. F,
Enhanced T1 FLAIR MR imaging. Tumor exhibits moderate enhancement.

In this study, 242 patients underwent an
operation for SBC from February 2005 to
December 2014 in the skull base ward of
our hospital. We developed inclusion and
exclusion criteria as follows: The inclusion criteria were the following: 1) All patients had their primary operation at our
institute, 2) no prior treatment (eg, biopsy, radiation therapy, and chemother-

FIG 2. Kaplan-Meier analysis illustrating survival (left) and progression-free survival (right) for different MR imaging grades. There were no
differences in overall survival among the 3 MR grade groups (log-rank ⫽ 1.669, P ⫽ .43). Progression-free survival was different among the 3 MR
grades (log-rank ⫽ 25.889, P ⬍ .001), with grade III tumors being associated with shorter progression-free survival than grade I (log-rank ⫽ 18.561,
P ⬍ .001) and grade II (log-rank ⫽ 12.668, P ⬍ .001) tumors.
AJNR Am J Neuroradiol 38:1206 –11
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apy) had been attempted, and 3) there was availability of MR
images before the operation (including T1 FLAIR, T2, and enhanced T1 FLAIR sequences). The exclusion criteria were lack of a
complete MR imaging examination before treatment and the
presence of other significant diseases that might affect survival.

Clinical Analysis
Demographic information for patients was obtained from medical records. The data included surgical approaches, tumor blood
supply, tumor consistency, intraoperative blood loss, and postoperative radiation therapy. The tumor blood supply was classified
as either abundant or poor. Tumor consistency was recorded as
either soft or hard (the latter included heterogeneous tumors with
both soft and hard components). We followed patients in clinics
or by telephone. Patients who were lost to follow-up were not
included in the subsequent regression analyses. Tumor progression stands for tumor growth after operation.

Histopathologic Analysis
All histologic specimens were examined by 2 experienced pathologists with ⬎10 years’ experience in chordoma analysis. According to the International Agency for Research on Cancer, the lesions include conventional, chondroid, and dedifferentiated
types.15 No dedifferentiated chordomas were found; thus, the
group included only conventional and chondroid chordomas.

MR Imaging Protocol
MR imaging examinations were performed by using a 3T Magnetom Tim Trio scanner (Siemens, Erlangen, Germany). T1 FLAIR,
T2, and enhanced T1 FLAIR sequences were included in each
patient’s images. The TR/TE range was 1850 –2500/9.4 –19.8 ms
for the T1 FLAIR sequence and 4500 – 6000/84 –97 ms for the T2
sequence. Gadopentetate dimeglumine was injected at a concentration of 0.2 mL/kg (0.5 mol/L). Scanning was performed 2 minutes after the injection. The TR/TE ranges for the enhanced T1
FLAIR sequence were 1850 –2500/9.4 –19.8 ms. All MR imaging
data were analyzed in the PACS.

MR Imaging Analysis
All MR imaging data were evaluated by 2 radiologists. MR image
quality was evaluated first. For diagnosis, all tumor images were
free of significant artifacts. The maximum diameters of the tumors in 3 perpendicular dimensions were measured, and the largest value was recorded as the “largest diameter.” Categories were defined as follows: morphology, with and without lobulation; location,
occipitocervical and other types; and resection degree, aggressive
(⬎90%) and nonaggressive (ⱕ90%) resection.
Finally, tumor SI was measured in the PACS. Because image
noise and other conditions might affect the SI in MR images,
normalization was performed by selecting an area as a control.
The pons was selected as our control. The SI of a small region
in the pons was measured in each patient, and SI values of
T1 FLAIR, T2, and enhanced T1 FLAIR sequences were obtained separately. The average tumor SI (STT1 FLAIR, STT2, and
SItumor enhance [STEN]) and the pons SI (SPT1 FLAIR, SPT2,
SIpons enhance [SPEN]) was calculated. Average SI ratios of tumor to
pons (RT1 FLAIR, RT2, Ratioenhance [REN]) were then calculated,
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Table 1: Continuous variables for patients with SBCa
Minimum Maximum Mean Median SD
Age (yr)
5
67
36.38 38
14.64
Largest diameter (mm)
15
86
42.04 42
12.75
Blood loss (mL)
100
5500
897.12 700
730.27
0.11
1.99
0.57
0.54
0.23
RT1b
1.10
4.10
2.44
2.40
0.54
RT2b
0.21
2.24
1.01
1.01
0.40
RENb
a
b

Values of minimum and maximum are raw data.
RT1, RT2, and REN were calculated according to the formula in the text.

and RT1 FLAIR, RT2 and REN were used as the SI ratios of the tumor
to the pons in the T1 FLAIR, T2, and enhanced T1 FLAIR sequences, respectively. We used the following formulas:
RT1 FLAIR ⫽ STT1 FLAIR/SPT1 FLAIR
RT2 ⫽ STT2/SPT2
REN ⫽ STEN/SPEN.

Statistical Analysis
Statistical analyses were performed by using SPSS software (SPSS
Statistics 20.0; IBM, Armonk, New York). The effects of RT1 FLAIR,
RT2, and REN on overall survival (OS) and progression-free survival (PFS) were analyzed with the Cox model. Significant variables were then selected to establish the SBC MR imaging grading
system. Receiver operating characteristic analysis was used to set
cutoff values.
Rank sum and t tests were used in the analysis of the distributions of continuous variables among different MR imaging subgroups. A 2 test was used in analyzing the distributions of categoric variables among different MR imaging subtypes. The
Kaplan-Meier test was used in assessing OS and PFS among different MR imaging groups. In the OS and PFS analysis, all factors
were first included in univariate analysis separately; then, multivariate analysis was conducted with the inclusion criterion of 0.1.
A P value ⬍ .05 indicated statistical significance.

RESULTS
Of the 242 patients with SBC, 183 individuals underwent a primary operation. For 21 of these patients, pretreatment MR images
were not available. For the remaining 162 patients, enhanced T1
FLAIR sequences were not available for 3 patients, and the MR
images of another 3 patients were unobtainable for review. Therefore, 156 patients were included in the final analysis.
There were 63 females and 93 males (1:1.5), and the patients’
ages ranged from 5 to 67 years (median, 38 ⫾ 14.6 years). No
significant differences in age were found between sexes (P ⫽ .18).
The median follow-up time was 42 months (range, 3–122
months); 3 patients were lost to follow-up, and 17 patients died
(mortality rate of 11.1%). One died of a brain stem ischemic infarction, 2 died of tumor apoplexy, and the remaining 14 died
from complications caused by tumor recurrence. Sixty-five
(42.5%) patients experienced tumor progression. Other variables
are listed in Tables 1 and 2.
Univariate Cox regression analysis indicated that decreased
RT2 (hazard ratio ⫽ 0.332; 95% CI, 0.201– 0.548; P ⬍ .001) and
increased REN (hazard ratio ⫽ 1.836; 95% CI, 1.032–3.264; P ⫽
.04) were significant adverse variables for PFS. Therefore, RT2 and
REN values were included in the MR imaging classification. According to receiver operating characteristic analysis, the cutoff value for

Table 2: Categoric variables for patients with SBCa
Survival
No. of Lost to
Patients Follow-Up Survival Death
Sex
Female
Male
Location
OC
Other
Lobulation
Y
N
Approach
Cranial
Nasal
Blood supply
Abundant
Poor
Texture
Soft
Hard
Resection grade
⬎90%
ⱕ90%
Histopathology
Conventional
Chondroid
Postradiotherapy
Y
N
Total

Progression
Y

N

62
91

1
2

56
80

6
11

25
40

37
51

26
127

0
3

23
113

3
14

15
50

11
77

79
74

1
2

70
66

9
8

38
27

41
47

129
24

3
0

114
22

15
2

51
14

78
10

83
70

2
1

72
64

11
6

45
20

38
50

73
80

2
1

62
74

11
6

25
40

48
40

115
38

3
0

103
33

12
5

45
20

70
18

94
59

1
2

80
56

14
3

46
19

48
40

15
138
153

0
3
3

13
123
136

2
15
17

5
60
65

10
78
88

Note:—OC indicates occipitocervical; Y, yes; N, no.
a
Number of patients is raw data.

RT2 was 2.49, and it was 0.77 for REN. The following classification
grades were established: MR grade I, RT2 ⬎ 2.49 and REN ⱕ 0.77; MR
grade II, RT2 ⬎ 2.49 and REN ⬎ 0.77, or RT2 ⱕ 2.49 and REN ⱕ 0.77;
and MR grade III, RT2 ⱕ 2.49 and REN ⬎ 0.77.
Analysis of the distributions of SBC characteristics among the
different MR grades showed that MR grade III tumors had more
abundant blood supply than MR grade I tumors (P ⬍ .001), as
well as greater intraoperative blood loss (800 versus 500 mL, P ⫽
.002). The distribution of SBC pathologic types among the different MR grades was not significantly different (P ⫽ .56) (Table 3).
Kaplan-Meier analysis of OS showed no significant differences
among the different MR grades (Fig 2, left). However, in KaplanMeier analysis of tumor progression, MR grade III tumors were
associated with shorter PFS than MR grade I (P ⬍ .001) and MR
grade II tumors (P ⬍ .001) (Fig 2, right). Univariate analysis revealed that tumor blood supply, resection grade, tumor consistency,
histopathology, tumor location, surgical approaches, and MR grades
were potentially significant risk factors for tumor progression (P ⬍
.001). After including the above variables in multivariate analysis,
tumor blood supply, resection grade, tumor consistency, histopathology, and MR grade were independent variables for PFS and the
risk of SBC progression increased by 2.071 times for every single MR
grade increase (95% CI: 1.376 –3.118, P ⬍ .001) (Fig 3).

DISCUSSION
In this retrospective study, the MR SI of patients with SBC was
incorporated into statistical analyses, and SBCs were classified
into 3 MR grades according to RT2 and REN values. It was found

Table 3: The distributions of variables of patients with SBC in
different MR imaging grades
Grade I Grade II Grade III P Value
39a
40a
.06b
Age (yr)
28a
Largest diameter (mm)
45a
37a
43a
.08b
a
a
a
Blood loss (mL)
500
800
800
.002c,d
Sex
.45e
Female
14
25
24
Male
19
29
45
Location
.79e
OC
7
8
11
Other
26
46
58
Lobulation
.42e
Y
17
24
39
N
16
30
30
Blood supply
.000d,e
Abundant
9
28
48
Poor
24
26
21
Texture
.05e
Soft
22
24
29
Hard
11
30
40
Resection grade
.43e
⬎90%
25
44
49
ⱕ90%
8
10
20
Histopathology
.56e
Conventional
22
30
43
Chondroid
11
24
26
Postradiotherapy
.39e
Y
4
7
4
N
29
47
65
Note:—OC indicates occipitocervical; Y, yes; N, no.
a
Median value.
b
Variance analysis (Student–Newman-Keuls).
c
Wilcoxon rank sum test.
d
P ⬍ .05.
e 2
 test.

that MR grade III tumors had more abundant blood supply than
MR grade I tumors. Furthermore, the risk of SBC progression
increased by 2.071 times for every single MR grade increase in the
MR classification system.
MR imaging is useful not only for diagnosing disease but also
in predicting prognosis and tumor classification. The MR SI and
SI ratio of a lesion have been considered important indicators in
many studies.18-21 However, chordomas show substantial heterogeneity on MR images, and MR imaging has previously been
used only to aid in the diagnosis of SBC. No previous studies have
reported the relationships between MR imaging features and SBC
outcomes.
In the present study, tumor and pons signal intensities were
measured in the PACS with a straightforward measurement process that ensures the acquisition of accurate data.22 We calculated
RT1 FLAIR, RT2, and REN values to represent the tumor SI in each
sequence while eliminating confounding factors caused by MR
imaging conditions among different patients. Although there was
no evidence that the MR signal ratio is a risk factor for mortality in
statistical analysis, our results showed that a higher RT2 value predicted diminished tumor progression and that a higher REN value
predicted more rapid tumor progression. We therefore established MR grades on the basis of these values. Multivariate analysis of tumor progression indicated that MR grade was a significant
risk factor and that the risk of SBC progression increased as the
MR grade increased.
AJNR Am J Neuroradiol 38:1206 –11
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with those in prior studies. However, SBC
pathologic type is not significantly associated with MR grade. Indeed, MR SI did
not differ between chondroid and conventional SBCs, and no other studies have
reported differences in MR imaging features between different SBC pathologic
types. This finding may be because differences in histopathologic levels are not
necessarily reflected in imaging modalities. These results need to be confirmed in
additional studies.
We enrolled 156 patients with primary
SBC in this study, and to the best of our
knowledge, this represents the largest primary SBC single-center study. The singlecenter source avoided the heterogeneity
occasionally encountered in multicenter
studies. Additionally, we demonstrated
the utility of MR SI ratios for SBC grading
and confirmed the validity of our MR
grading system. We also have demonFIG 3. Univariate and multivariate Cox regression models for tumor progression risk. The black
strated that the simple ratio of the tumor
dots indicate odds ratio, and the horizontal line represents 95% conﬁdence intervals. N indito the pons allows easy determination of
cates no; Y, yes; OC, occipitocervical; CO, conventional; CH, chondroid; HR, hazard ratio.
SBC MR grade. This grading system can
Chordomas can be classified into conventional, chondroid,
be widely used. Additionally, the system was useful for predicting
and dedifferentiated types based on histopathologic manifestathe progression of SBC in early tumor stages. Finally, these ratios
tions. Conventional chordoma is the most common type, and
can also be used to evaluate tumor blood supply, which is of therchondroid and dedifferentiated chordomas exhibit the most faapeutic significance.
vorable and worst outcomes, respectively.9,23,24 Our results are
There were limitations to the current study. First, the relatively
consistent with those in previous reports. Although pathologic
short follow-up was not sufficient for analyzing long-term outconfirmation is the criterion standard for the diagnosis of SBC
comes; accordingly, the incidence of terminal events was relaand pathologic type is an independent variable in the PFS analysis,
tively low for the OS and PFS. Second, the patients were grouped
the MR grading method for SBC was more useful for predicting
on the basis of retrospective assessments; therefore, further prothe prognosis of patients with SBC. This usefulness derived
spective studies are needed to validate the effectiveness of the
grading system.
from the following: First, there was a relatively uniform distribution of the 3 MR grades of SBC; second, the MR grade can be
immediately determined after an initial MR imaging examinaCONCLUSIONS
tion, which is far earlier than a pathologic diagnosis; and third, the
The tumor-to-pons SI ratio is of diagnostic and potential theragrading process is simple because the measurement of SI and the
peutic significance for patients with SBC. A higher RT2 value prefollowing calculation are both straightforward. This feature
dicted slow tumor progression, whereas a higher REN value was a
makes this technique more accessible to neurosurgeons and
risk factor for tumor progression. A grading system based on RT2
radiologists.
and REN was useful for predicting tumor blood supply and SBC
Prior studies have discussed the association between MR SI
progression. MR grade III tumors have a more abundant blood
and lesion blood supply.25 They found that tumors with an abunsupply than MR grade I tumors, and the risk of SBC progression
dant blood supply have lower RT2 values. We produced similar
increases with each MR grade increase.
results in the present study, showing that MR grade III tumors
(low RT2 and high REN) had a more abundant blood supply than
MR grade I tumors (high RT2 and low REN) and that the former
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The Role of MRI in Diagnosing Neurovascular Compression of
the Cochlear Nerve Resulting in Typewriter Tinnitus
X Y.J. Bae, X Y.J. Jeon, X B.S. Choi, X J.-W. Koo, and X J.-J. Song

ABSTRACT
BACKGROUND AND PURPOSE: Typewriter tinnitus, a symptom characterized by paroxysmal attacks of staccato sounds, has been
thought to be caused by neurovascular compression of the cochlear nerve, but the correlation between radiologic evidence of neurovascular compression of the cochlear nerve and symptom presentation has not been thoroughly investigated. The purpose of this study
was to examine whether radiologic evidence of neurovascular compression of the cochlear nerve is pathognomonic in typewriter tinnitus.
MATERIALS AND METHODS: Fifteen carbamazepine-responding patients with typewriter tinnitus and 8 control subjects were evaluated
with a 3D T2-weighted volume isotropic turbo spin-echo acquisition sequence. Groups 1 (16 symptomatic sides), 2 (14 asymptomatic sides),
and 3 (16 control sides) were compared with regard to the anatomic relation between the vascular loop and the internal auditory canal and
the presence of neurovascular compression of the cochlear nerve with/without angulation/indentation.
RESULTS: The anatomic location of the vascular loop was not signiﬁcantly different among the 3 groups (all, P ⬎ .05). Meanwhile,
neurovascular compression of the cochlear nerve on MR imaging was signiﬁcantly higher in group 1 than in group 3 (P ⫽ .032). However,
considerable false-positive (no symptoms with neurovascular compression of the cochlear nerve on MR imaging) and false-negative
(typewriter tinnitus without demonstrable neurovascular compression of the cochlear nerve) ﬁndings were also observed.
CONCLUSIONS: Neurovascular compression of the cochlear nerve was more frequently detected on the symptomatic side of patients
with typewriter tinnitus compared with the asymptomatic side of these patients or on both sides of control subjects on MR imaging.
However, considering false-positive and false-negative ﬁndings, meticulous history-taking and the response to the initial carbamazepine
trial should be regarded as more reliable diagnostic clues than radiologic evidence of neurovascular compression of the cochlear nerve.
ABBREVIATIONS: ABR ⫽ abnormal auditory brain stem response; CPA ⫽ cerebellopontine angle; IAC ⫽ internal acoustic canal; NVC-C ⫽ neurovascular compression of the cochlear nerve; T2-VISTA ⫽ T2-weighted volume isotropic turbo spin-echo acquisition

rterial compression of the cochleovestibular nerve complex
has been suggested as a potential cause of hearing deficit,
typewriter tinnitus, and equilibrium disturbance or vertigo.1-4
Among these clinical symptoms, typewriter tinnitus, which was
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first described by a pediatric cardiologist as “ear-clicking tinnitus
responding to carbamazepine,”5 is characterized by paroxysmal
attacks. It is either spontaneous or precipitated by positioning or
sounds and occurs with staccato sounds described as “Morse code,”
“machine gun,” “coins in a can,” “crackling,” or “typewriter”
sounds.6-8 Typewriter tinnitus is considered the result of dysmyelination and demyelination of the contact point between the arterial
loop and the cochlear nerve that transmits an abnormal signal to the
auditory cortex.9 As in other vascular compression syndromes such
as trigeminal neuralgia, typewriter tinnitus is highly responsive to
carbamazepine.6-8,10,11 Complete suppression of tinnitus with carbamazepine treatment, in addition to its paroxysmal character, has
led to the hypothesis that typewriter tinnitus results from neurovascular compression of the cochlear nerve (NVC-C), for which microvascular compression would be an effective treatment.6,7
However, because typewriter tinnitus is a relatively rare condition and was only recently described, few studies have been
performed investigating the relationship between radiologic evi-

FIG 1. Types of AICA loops. A, Type I AICA loops lie within the CPA (arrow) but do not enter the
IAC. B, Type II AICA loops enter the IAC (arrow) but do not extend into ⬎50% of the length of
the IAC. C, Type III AICA loops extend into ⬎50% of the IAC (arrow).

dence of cochlear nerve compression on MR imaging and the
presence of typewriter tinnitus, to our knowledge. A few previous
studies investigating subjects with typewriter tinnitus with carbamazepine responsiveness showed evidence of NVC-C on T2weighted CISS images; however, the sample sizes were relatively
small (4 and 5 subjects, respectively), and no control subjects
without tinnitus were included.6,10 Moreover, signs of neurovascular compression have frequently been detected on MR imaging
in asymptomatic patients, which raises questions about the role of
MR imaging in the diagnosis of typewriter tinnitus.7,12
Thus, in this study, we aimed to evaluate MR imaging findings of
subjects with typewriter tinnitus with regard to the presence of radiologic evidence of cochlear nerve compression by performing a 3D
T2-weighted volume isotropic turbo spin-echo acquisition (T2-VISTA;
Phillips Healthcare, Best, the Netherlands) sequence on 3T MR imaging to effectively visualize neurovascular compression. In other
words, the purpose of the current study was to examine whether
radiologic evidence of cochlear nerve compression is pathognomonic in subjects with typewriter tinnitus.

presented with unilateral tinnitus except for
1 patient who had bilateral tinnitus, 2
groups were included in the analysis as follows: group 1, symptomatic sides (n ⫽ 16),
and group 2, asymptomatic sides (n ⫽ 14).
During the same period, 8 control subjects
(4 men and 4 women; age range, 47–74
years; mean age, 60.5 years) who did not
have tinnitus but underwent MR imaging
for dizziness were also included in our
study (16 sides, group 3). No patient had a
history of neurologic disease, tumors in the
IAC or CPA, or temporal bone trauma.

MR Imaging Protocol
MR imaging was performed by using a 3T instrument (Achieva
and Ingenia; Philips Healthcare) with a 32-channel SENSE Head
Coil (Philips Healthcare). T2-VISTA imaging of the IAC and CPA
was performed with the following parameters: FOV, 160 ⫻ 160
mm2; acquisition matrix size, 228 ⫻ 228; section thickness, 0.7
mm; overlapping, 0.35 mm; NEX, 1; TR, 2000 ms; TE, 250 ms; flip
angle, 90°. In addition, the following sequences were obtained
according to clinical need: axial T2WI of the whole brain (FOV,
185 ⫻ 230 mm2; acquisition matrix size, 420 ⫻ 375; section thickness, 5 mm; section gap, 1 mm; NEX, 1; TR, 3000 ms; TE, 80 ms;
flip angle, 90°), axial T1WI of the IAC and CPA (FOV, 180 ⫻ 180
mm2; acquisition matrix size, 272 ⫻ 217; section thickness, 3 mm;
section gap, 0 mm; NEX, 1; TR, 500 ms; TE, 10 ms; flip angle, 50°),
and 3D gadolinium-enhancing T1WI of the IAC and CPA (FOV,
200 ⫻ 200 mm2; acquisition matrix size, 256 ⫻ 256; section thickness, 1 mm; section gap, 1 mm; NEX, 1; TR, 9.5 ms; TE, 3.3 ms; flip
angle, 8°).

Imaging Analysis

MATERIALS AND METHODS
Subjects
This retrospective study was approved by the institutional review
board of the Clinical Research Institute of Seoul National Bundang Hospital (B-1608 –360-101). From January 2014 to April
2016, 27 patients were initially diagnosed with typewriter tinnitus
at our institution. The subjects visited the outpatient clinic of the
otorhinolaryngology department with typical symptoms of typewriter tinnitus, which they described as “typewriter,” “machine
gun,” or “crackling” sounds. After we excluded other possible
pathologic causes of tinnitus by taking a thorough history and
performing neuro-otologic examinations, the patients were prescribed carbamazepine as an initial empiric treatment. Of the 27
subjects, 2 were lost to follow-up and were excluded from further
analysis. After a 3-week trial, all 25 patients reported complete
resolution or marked improvement of tinnitus.
At the initial visit, MR imaging of the internal acoustic canal
(IAC) and the cerebellopontine angle (CPA) was recommended for
all patients with typewriter tinnitus. Of the 25 subjects, 15 (5 men and
10 women; age range, 27– 84 years; mean age, 54.1 years) underwent
MR imaging of the IAC and CPA; thus, these 15 subjects were finally
enrolled in the current study. Two neuroradiologists (Y.J.B. and
B.S.C, with 7 and 17 years of experience, respectively) evaluated both
the IACs and CPAs of all patients separately. Because all patients

Two neuroradiologists blinded to the clinical findings of the subjects evaluated the neurovascular structures of the IAC and CPA
on axial 3D T2-VISTA images and sagittal and/or coronal reconstructed images and made final decisions in consensus. First, the
type of AICA loop of all study subjects was determined by using
the Chavda classification13 as follows: type I, the AICA loop lying
within the CPA but not entering the IAC (Fig 1A and On-line
Fig 1A); type II, the AICA loop entering the IAC but not extending
⬎50% of the length of the IAC (Fig 1B and On-line Fig 1B); and
type III, the AICA loop extending into ⬎50% of the IAC (Fig 1C
and On-line Fig 1C). Second, the type of neurovascular contact
was classified into the following 3 categories: type I, no neurovascular contact (Fig 2A and On-line Fig 2A); type II, neurovascular
contact present at the cochleovestibular nerve complex but without angulation/indentation of the nerve (Fig 2B and On-line Fig
2B); and type III, neurovascular compression causing cochleovestibular nerve angulation/indentation (Fig 2C and On-line Fig
2C).12 In addition, the presence of neurovascular contact with
arterial structures other than the AICA was assessed.

Statistical Analysis
The type of AICA loop and the type of neurovascular contact on
MR imaging in groups 1 and 2 were compared by using the Wilcoxon signed rank test for paired, nonparametric, ordinal data.
AJNR Am J Neuroradiol 38:1212–17
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Types of Neurovascular Contact
Five sides (31.3%) in group 1, 8 sides
(57.1%) in group 2, and 10 sides (62.5%)
in group 3 showed type I neurovascular
contact. Type II neurovascular contact
(without nerve angulation/indentation)
was shown in 8 sides (50.0%) in group 1,
6 sides (42.9%) in group 2, and 6 sides
(37.5%) in group 3. Type III neurovascular contact (compression with nerve anFIG 2. Neurovascular contact types between the AICA and the cochleovestibular nerve. A, A gulation/indentation) was demonstrated
type I neurovascular contact shows no neurovascular contact (arrow). B, A type II neurovascular
contact shows contact (arrow) between the AICA and the cochleovestibular nerve without in 3 of 16 sides (18.8%) in group 1, while
angulation/indentation of the nerve. C, A type III neurovascular contact shows angulation/ no subjects in group 2 or 3 were classified
indentation (arrow) of the cochleovestibular nerve by the AICA loop.
as having type III neurovascular contact.
The type of neurovascular contact was
MRI ﬁndings according to patient groups
significantly
different
between
groups 1 and 3 (Table, P ⫽ .032).
Group 1 Group 2 Group 3
Meanwhile, no vascular structure other than the AICA loop was
Type
(n = 16) (n = 14)
(n = 16)
P Values
found to contribute to neurovascular contact of the cochleovesAICA
I
7 (43.8%) 7 (50.0%) 13 (81.3%)
tibular nerve.
II
III

7 (43.8%) 6 (42.9%)
2 (12.5%) 1 (7.1%)

2 (12.5%)
1 (6.3%)
.803a/.158b/.065c

Neurovascular
contact
I
5 (31.3%) 8 (57.1%) 10 (62.5%)
II
8 (50.0%) 6 (42.9%) 6 (37.5%)
III
3 (18.8%) 0 (0%)
0 (0%)
.130a/.769b/.032c,d
a

P values indicate the results of statistical comparisons between groups 1 and 2 by the
Wilcoxon signed rank test.
P values indicate the results of statistical comparisons between groups 2 and 3 by
the linear association test.
c
P values indicate the results of statistical comparisons between groups 1 and 3 by the
linear association test.
d
P values ⬍ .05.
b

The comparisons between groups 2 and 3 and between groups
1 and 3 were performed by the linear association test for independent, nonparametric, ordinal data. A P value ⬍ .05 indicated statistical significance. All statistical analyses were performed by using SPSS software (Version 18.0; IBM, Armonk,
New York).

RESULTS
The Table summarizes the results of the MR imaging findings of
the 3 subject groups.

AICA Loop Type
Group 1 (16 symptomatic sides of subjects with typewriter tinnitus) showed 7 type I (43.8%), 7 type II (43.8%), and 2 type III
(12.5%) AICA loops. Group 2 (14 asymptomatic sides of subjects
with typewriter tinnitus) showed 7 type I (50.0%), 6 type II
(42.9%), and 1 type III (7.1%) AICA loops. Meanwhile, of the 16
AICA loops of group 3, 13 were type I (81.3%), 2 were type II
(12.5%), and 1 was type III (6.3%). The comparison of the anatomic location of AICA loops in the IAC and CPA among the 3
groups did not yield statistically significant differences (Table)
but showed a trend toward the incidence of a type III AICA loop
being higher in group 1 and of a type I AICA loop being higher in
group 3.
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DISCUSSION
In the current study, we evaluated MR imaging findings of subjects with typewriter tinnitus with regard to the presence of neurovascular cross-compression of the cochlear nerve to investigate
whether radiologic evidence of cochlear nerve compression is pathognomonic in typewriter tinnitus. Neurovascular structures are
known to be well-visualized on heavily T2-weighted images such
as T2-VISTA, FIESTA, or CISS. With T2-VISTA imaging, our
results showed that the anatomic location of the AICA loop in the
IAC and CPA among the symptomatic and asymptomatic sides of
subjects with typewriter tinnitus and controls without tinnitus
did not yield statistically significant differences. However, the incidence of neurovascular compression causing angulation/indentation of the cochlear nerve was significantly higher on the symptomatic sides of patients with typewriter tinnitus than in the other
groups.

Previous Literature on the Radiologic Findings of Typewriter
Tinnitus and the Novelty of the Current Study
The concept of neurovascular compression syndrome of the
cochleovestibular nerve has been continuously proposed since
Jannetta et al14,15 first suggested that arterial compression of
the cochleovestibular nerve might cause hearing loss, vertigo,
and tinnitus.2,12,16-22 Many studies have advocated this concept by performing microvascular decompression in patients
suspected of having cochleovestibular neurovascular compression syndrome and showing favorable clinical outcomes after
the operation.2-4,14,15,17,19,23
However, there has also been much controversy regarding the
relationship between radiologic evidence of neurovascular compression and audiovestibular symptoms. A major concern is that
AICA loops are frequently found in the IAC even in asymptomatic
healthy subjects.13,24 Additionally, because heavily T2-weighted
high-resolution images such as T2-VISTA, FIESTA, and CISS
have been used to provide excellent delineation of the neurovascular structures in the IAC and CPA, many radiologic studies have
reported a comparable incidence of neurovascular contact be-

tween the AICA and the cochleovestibular nerve in symptomatic
and asymptomatic subjects.20,25,26 Indeed, several MR imaging
studies have claimed that there was no significant association between the presence of tinnitus and AICA configuration or neurovascular compression.12,21 Gultekin et al12 compared 58 patients
with unexplained tinnitus and 44 controls with regard to the presence of neurovascular contact and the presence of nerve angulation by the vessel with a 3D-FIESTA sequence but concluded that
vascular compression of the cochleovestibular nerve could not be
a cause of tinnitus.
However, no previous studies have investigated the relationship between MR imaging findings of the AICA loop in the IAC
and CPA and the presence of typewriter tinnitus symptoms, to
our knowledge. A few studies have enrolled patients with unexplained tinnitus regardless of their symptomatology, but these
studies did not perform subgrouping of the subjects with regard
to the psychoacoustic characteristics of tinnitus.12,21 While nonpulsatile subjective tinnitus is thought to be a result of functional
changes in auditory or nonauditory brain areas27-32 and responds
very poorly to almost all kinds of medical treatment,33 typewriter
tinnitus is known to have characteristic paroxysmal staccato
sounds and is regarded as the result of NVC-C by the AICA loop
based on its excellent response to carbamazepine.6-8,10,11 Two
studies have investigated the MR imaging findings of 4 and 5
subjects with typewriter tinnitus, respectively, with regard to vascular compression of the auditory nerve,6,10 but these studies
lacked controls. Therefore, MR imaging findings should be assessed only in patients with typewriter tinnitus who showed a
quick response to carbamazepine and should be compared with
patients with asymptomatic sides or with healthy controls, as in
the current study, to properly evaluate the relationship between
neurovascular compression and typewriter tinnitus.

MR Imaging May Help in the Diagnosis of NVC-C Resulting
in Typewriter Tinnitus
During 2 years, we enrolled 25 patients diagnosed with typewriter
tinnitus and evaluated the types of AICA loops in the IAC and
CPA and the types of neurovascular contact by using 3T 3D T2VISTA imaging in 15 patients. When we compared the symptomatic sides of patients with typewriter tinnitus (group 1) with the
asymptomatic sides of those with typewriter tinnitus (group 2)
and healthy controls (group 3), the difference was not statistically
significant (Table). However, considering that in a previous
study, type II and type III AICA loops were observed in 38.0% of
332 patients with ipsilateral auditory symptoms,13 our results,
which demonstrated that 56.3% of group 1 and 18.8% of group 3
had type II and III AICA loops, showed a definite tendency toward
type II and III AICA loops on the symptomatic sides of subjects
with typewriter tinnitus. Moreover, the 3 groups in this study had
significantly different (Table) neurovascular contact types. In
group 1, 68.8% of the subjects showed type II or III neurovascular
contact, which is comparable with findings in a previous study
showing neurovascular contact in 4 of 5 (80%) patients with typewriter tinnitus.6 In this regard, radiologic evidence of the AICA
loop entering the IAC and contact between the AICA loop and the
vestibulocochlear nerve may be of additive value in diagnosing
NVC-C presenting with typewriter tinnitus.

However, there were considerable false-positive and false-negative radiologic findings in our subjects. Indeed, 43.8% of group 1
showed AICA loops lying within the CPA but not entering the
IAC, and 31.3% did not show neurovascular contact with or without nerve angulation/indentation on T2-VISTA (false-negative
results). In contrast, of the 30 sides included in groups 2 and 3, 10
subjects (33.3%) had AICA loops entering the IAC and 12 subjects
(40.0%) showed neurovascular contact with or without nerve angulation/indentation (false-positive results). Considering that
group 1 comprised subjects with characteristic symptoms and excellent responses to carbamazepine and that groups 2 and 3 were
nonsymptomatic subjects and healthy controls, respectively,
false-positive and false-negative results in up to 40% of the study
population may reveal the incomplete role of IAC MR imaging for
the diagnosis of typewriter tinnitus. In other words, although previous literature on medical and surgical treatment outcomes has
proved that typewriter tinnitus originates from neurovascular
contact, the current radiologic imaging modalities cannot completely confirm or rule out the presence of typewriter tinnitus.
This situation may be attributed to the following assumptions:
First, some neurovascular contact may accompany anatomic
proximity, but not direct contact, between the AICA loop and the
cochlear nerve. In 2 previous studies investigating subjects with
typewriter tinnitus, symptoms were triggered by head position
changes or loud sounds. Thus, neurovascular contact between the
AICA loop and cochlear nerve is “dynamic” in some patients,
meaning that the contact is on and off and that MR imaging may
have only captured the “contact-off” status. Second, because
false-positive results (ie, evidence of neurovascular contact without any symptoms) existed in a considerable percentage of our
subjects, symptoms may be elicited not by direct anatomic contact but by demyelination of the cochlear nerve due to the proximity of the AICA loop, regardless of radiologically demonstrable
contact between the 2.
Therefore, we suggest that meticulous history-taking regarding subjectively perceived tinnitus characteristics and their aggravating factors as well as the response to an initial carbamazepine
trial should be regarded as more reliable diagnostic clues than
radiologic evidence of neurovascular contact in subjects with
typewriter tinnitus. However, considering that the symptoms can
be cured by microvascular decompression of the cochlear nerve, it
may be of value to evaluate all symptomatic patients with typewriter tinnitus with IAC MR imaging, including a heavily T2weighted sequence, to see whether the anatomic change is severe
enough to consider surgical treatment.

Limitations of the Current Study and Proposed
Future Studies
To the best of our knowledge, this is the first case-control report to
compare the radiologic characteristics of subjects with typewriter
tinnitus. However, our case series is limited in several aspects.
First, abnormal auditory brain stem response (ABR) findings
have been suggested to be diagnostic of NVC-C,19,34 but ABR was
not tested in our series because most of our patients had a relatively short history and previous literature revealed that patients
with a short history of NVC-C usually showed intact ABR results.19,34 However, future studies including ABR for the initial
AJNR Am J Neuroradiol 38:1212–17
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evaluation of patients should be performed to further evaluate the
value of ABR as a diagnostic tool. Second, because we strictly
enrolled patients diagnosed with typewriter tinnitus on the basis
of their immediate response to a carbamazepine trial, our sample
size was relatively small. Therefore, future studies with a larger
number of subjects are warranted to further verify our current
results. Next, none of the subjects enrolled in the current study
underwent microvascular decompression surgery because all subjects reported abated symptoms after carbamazepine treatment.
Because decompressing the cochlear nerve and determining
symptom relief would be the direct way to confirm the causal
relationship between neurovascular contact and typewriter tinnitus, future radiologic studies on subjects treated with microvascular decompression may further reveal the causative relationship, along with evidence from MR imaging findings and the
presence of typewriter tinnitus. One subject had bilateral typewriter tinnitus, and some subjects had false-positive findings (ie,
radiologic evidence of NVC-C); thus, subjects with unilateral
typewriter tinnitus may develop bilateral symptoms in the future.
If there are such cases, predicting future symptom development
based on radiologic findings will be of further value. Future longitudinal follow-up of the current subjects should be performed
to investigate such a possibility.

5.
6.

7.

8.

9.

10.

11.

12.

13.

CONCLUSIONS
Taken together, our results indicate that NVC-C by the AICA
loop was more frequently detected on the symptomatic side of
subjects with typewriter tinnitus than on the asymptomatic side of
these subjects or on both sides of control subjects on MR imaging.
However, because all subjects with typewriter tinnitus were
strictly enrolled on the basis of their carbamazepine response,
some subjects had typewriter tinnitus without NVC-C, and some
controls without tinnitus had radiologic evidence of NVC-C, current MR imaging modalities may only be of additive value for the
diagnosis of NVC-C resulting in typewriter tinnitus. In other
words, meticulous history-taking and the response to the initial
carbamazepine trial should be regarded as more reliable diagnostic clues than radiologic evidence of NVC-C.

ACKNOWLEDGMENTS
The English in this document has been checked by at least 2 professional editors, both native speakers of English. Please see http://
www.textcheck.com/certificate/eqogwz for a certificate. The authors thank the Medical Research Collaborating Center at Seoul
National University Bundang Hospital for consultation on the
statistical analyses.

14.

15.

16.

17.

18.

19.

20.

REFERENCES
1. Jannetta PJ. Cranial nerve vascular compression syndromes (other
than tic douloureux and hemifacial spasm). Clin Neurosurg 1981;28:
445–56 Medline
2. Yap L, Pothula VB, Lesser T. Microvascular decompression of cochleovestibular nerve. Eur Arch Otorhinolaryngol 2008;265:861– 69
CrossRef Medline
3. Guevara N, Deveze A, Buza V, et al. Microvascular decompression of
cochlear nerve for tinnitus incapacity: pre-surgical data, surgical
analyses and long-term follow-up of 15 patients. Eur Arch Otorhinolaryngol 2008;265:397– 401 CrossRef Medline
4. Moller MB, Moller AR, Jannetta PJ, et al. Microvascular decompres1216

Bae

Jun 2017

www.ajnr.org

21.

22.

23.

sion of the eighth nerve in patients with disabling positional
vertigo: selection criteria and operative results in 207 patients. Acta
Neurochir (Wien) 1993;125:75– 82 CrossRef Medline
Mardini MK. Ear-clicking “tinnitus” responding to carbamazepine. N Engl J Med 1987;317:1542 Medline
Levine RA. Typewriter tinnitus: a carbamazepine-responsive syndrome related to auditory nerve vascular compression. ORL J Otorhinolaryngol Relat Spec 2006;68:43– 46; discussion 46 – 47 CrossRef
Medline
Mathiesen T, Brantberg K. Microvascular decompression for typewriter tinnitus-case report. Acta Neurochir (Wien) 2015;157:333–36
CrossRef Medline
Nam EC, Handzel O, Levine RA. Carbamazepine responsive typewriter tinnitus from basilar invagination. J Neurol Neurosurg Psychiatry 2010;81:456 –58 CrossRef Medline
De Ridder D, Ryu H, Moller AR, et al. Functional anatomy of the
human cochlear nerve and its role in microvascular decompressions for tinnitus. Neurosurgery 2004;54:381– 88; discussion 388 –90
CrossRef Medline
Brantberg K. Paroxysmal staccato tinnitus: a carbamazepine responsive hyperactivity dysfunction symptom of the eighth cranial nerve.
J Neurol Neurosurg Psychiatry 2010;81:451–55 CrossRef Medline
Salvi R, Lobarinas E, Sun W. Pharmacological treatments for
tinnitus: new and old. Drugs Future 2009;34:381– 400 CrossRef
Medline
Gultekin S, Celik H, Akpek S, et al. Vascular loops at the cerebellopontine angle: is there a correlation with tinnitus? AJNR Am J Neuroradiol 2008;29:1746 – 49 CrossRef Medline
McDermott AL, Dutt SN, Irving RM, et al. Anterior inferior cerebellar artery syndrome: fact or fiction. Clin Otolaryngol Allied Sci 2003;
28:75– 80 CrossRef Medline
Jannetta PJ. Neurovascular cross-compression in patients with hyperactive dysfunction symptoms of the eighth cranial nerve. Surg
Forum 1975;26:467– 69 Medline
Jannetta PJ. Outcome after microvascular decompression for typical trigeminal neuralgia, hemifacial spasm, tinnitus, disabling positional vertigo, and glossopharyngeal neuralgia (honored guest
lecture). Clin Neurosurg 1997;44:331– 83 Medline
Gierek T, Markowski J, Majzel K, et al. Disabling positional vertigo
(DPV): syndrome of vestibulo-cochlear organ impairment during
vascular compression of the vestibulo-cochlear nerve (VCS) [in
Polish]. Otolaryngol Pol 2005;59:403– 07 Medline
Brackmann DE, Kesser BW, Day JD. Microvascular decompression
of the vestibulocochlear nerve for disabling positional vertigo: the
House Ear Clinic experience. Otol Neurotol 2001;22:882– 87 CrossRef
Medline
Markowski J, Gierek T, Kluczewska E, et al. Assessment of vestibulocochlear organ function in patients meeting radiologic criteria
of vascular compression syndrome of vestibulocochlear nerve–
diagnosis of disabling positional vertigo. Med Sci Monit 2011;17:
CR169 –73 Medline
Moller MB. Results of microvascular decompression of the eighth
nerve as treatment for disabling positional vertigo. Ann Otol Rhinol
Laryngol 1990;99:724 –29 CrossRef Medline
Clift JM, Wong RD, Carney GM, et al. Radiographic analysis of cochlear nerve vascular compression. Ann Otol Rhinol Laryngol 2009;
118:356 – 61 CrossRef Medline
Hoekstra CE, Prijs VF, van Zanten GA. Diagnostic yield of a routine
magnetic resonance imaging in tinnitus and clinical relevance of
the anterior inferior cerebellar artery loops. Otol Neurotol 2015;36:
359 – 65 CrossRef Medline
Kim DH, Kim HJ, Hong SK, et al. Neurovascular compression syndrome of the eighth cranial nerve: clinical features and medical
treatment. Korean J Otorhinolaryngol Head Neck Surg 2014;
57:518 –25 CrossRef
Jannetta PJ, Moller MB, Moller AR. Disabling positional vertigo.
N Engl J Med 1984;310:1700 – 05 CrossRef Medline

24. Reisser C, Schuknecht HF. The anterior inferior cerebellar artery in
the internal auditory canal. Laryngoscope 1991;101:761– 66 Medline
25. Sirikci A, Bayazit Y, Ozer E, et al. Magnetic resonance imaging based
classification of anatomic relationship between the cochleovestibular nerve and anterior inferior cerebellar artery in patients with
non-specific neuro-otologic symptoms. Surg Radiol Anat 2005;27:
531–35 CrossRef Medline
26. Schick B, Brors D, Koch O, et al. Magnetic resonance imaging in
patients with sudden hearing loss, tinnitus and vertigo. Otol Neurotol 2001;22:808 –12 CrossRef Medline
27. Song JJ, Vanneste S, Schlee W, et al. Onset-related differences in
neural substrates of tinnitus-related distress: the anterior cingulate
cortex in late-onset tinnitus, and the frontal cortex in early-onset
tinnitus. Brain Struct Funct 2015;220:571– 84 CrossRef Medline
28. Song JJ, Vanneste S, De Ridder D. Dysfunctional noise cancelling of
the rostral anterior cingulate cortex in tinnitus patients. PLoS One
2015;10:e0123538 CrossRef Medline
29. Song JJ, De Ridder D, Weisz N, et al. Hyperacusis-associated pathological resting-state brain oscillations in the tinnitus brain: a hyper-

30.

31.

32.

33.

34.

responsiveness network with paradoxically inactive auditory cortex. Brain Struct Funct 2014;219:1113–28 CrossRef Medline
Song JJ, De Ridder D, Schlee W, et al. “Distressed aging”: the differences in brain activity between early- and late-onset tinnitus. Neurobiol Aging 2013;34:1853– 63 CrossRef Medline
Song JJ, Punte AK, De Ridder D, et al. Neural substrates predicting improvement of tinnitus after cochlear implantation in patients with single-sided deafness. Hear Res 2013;299:1–9 CrossRef
Medline
Kim SH, Jang JH, Lee SY, et al. Neural substrates predicting shortterm improvement of tinnitus loudness and distress after modified
tinnitus retraining therapy. Sci Rep 2016;6:29140 CrossRef Medline
Elgoyhen AB, Langguth B, Nowak W, et al. Identifying tinnitus-related genes based on a side-effect network analysis. CPT Pharmacometrics Syst Pharmacol 2014;3:e97 CrossRef Medline
De Ridder D, Heijneman K, Haarman B, et al. Tinnitus in vascular
conflict of the eighth cranial nerve: a surgical pathophysiological
approach to ABR change. Prog Brain Res 2007;166:401–11 CrossRef
Medline

AJNR Am J Neuroradiol 38:1212–17

Jun 2017

www.ajnr.org

1217

CLINICAL REPORT

HEAD & NECK

Imaging Manifestations of Pseudoprogression in Metastatic
Melanoma Nodes Injected with Talimogene Laherparepvec:
Initial Experience
X C. Zamora, X M. Lopez, X F. Cunningham, X F. Collichio, and X M. Castillo

ABSTRACT
SUMMARY: Talimogene laherparepvec is an oncolytic virus recently approved for targeted treatment of advanced melanoma. Because
of an inﬂammatory reaction, treated lesions may increase in size and develop inﬁltrative margins that can be construed as disease
progression or extracapsular spread. In this report, we describe our initial experience imaging the response of metastatic nodes injected
with talimogene laherparepvec. Six of 12 nodes (50%) showed growth from baseline followed by decreased size, 5 of 12 nodes (42%) showed
a downward size trend, and 1 node showed continued increase in size. Seven of 9 nodes (78%) developed inﬁltrative margins at a median
of 79 days, and 6 of 9 (67%) nodes became necrotic at a median of 76 days after injection, all showing decreased size at ﬁnal follow-up. An
increase in the size of nodes injected with talimogene laherparepvec does not necessarily indicate progression. Inﬁltrative margins are also
frequently seen and may be confused with extracapsular disease.
ABBREVIATION: T-VEC ⫽ talimogene laherparepvec

alimogene laherparepvec (T-VEC) is a second-generation oncolytic virus that was approved for the treatment of unresectable melanoma in the United States and Europe in 2015. This is
the first intralesional immunotherapeutic agent approved by the
FDA and the European Commission as well as the first such drug
to show an increased durable response rate and overall survival in
a Phase III clinical trial in patients with melanoma.1 T-VEC is a
herpes simplex virus type 1 that has been genetically modified to
selectively replicate in tumoral tissue. It results in direct lysis of
tumor cells, which is followed and enhanced by a systemic immune response against viral and tumoral antigens.2 Data so far
suggest that T-VEC is effective at achieving local control, though
treatment of systemic disease may necessitate combination
therapy.3
Histopathology shows that T-VEC elicits a prominent local
inflammatory reaction and, in many cases, an increase in the size
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of the lesion followed by subsequent response.4,5 In our institution, in addition to an increase in size, we have noted the development of infiltrative margins and necrosis on CT in several TVEC–injected nodes that ultimately decreased in size, mimicking
extracapsular spread or progression of disease at some point during follow-up. The purpose of this report is to describe the imaging manifestations of nodes injected with T-VEC and correlate
these findings with final nodal size and patient outcome.

Case Series
This post hoc analysis was approved by our institutional review
board and was derived from a Phase Ib clinical trial assessing the
safety of combined intratumoral T-VEC injection and intravenous ipilimumab in adult patients with histologically confirmed
stage IIIB/IV melanoma. After the first injection with T-VEC,
nodes were re-injected after 4 weeks and then every 2 weeks until
complete response, disappearance, or disease progression per
the immune response–related criteria.6 Amenable nodes were
injected by using palpation or sonography guidance. The initial dose was 106 plaque-forming units/mL followed by 108
plaque-forming units/mL thereafter,4 with injected volumes
ranging between 0.5–2 mL. Ipilimumab was administered a
total of 4 times, every 3 weeks starting at week 6 from the first
T-VEC injection.
We included a total of 12 nodes from 7 patients. The following
imaging features were recorded on serial contrast-enhanced CT
by a single radiologist and compared with baseline CT before
injection: average size (cross-sectional dimensions), margins

(well circumscribed or infiltrative), and necrosis. The median follow-up was 277 days (interquartile range, 221–348).
Two major growth patterns were observed. Six of 12 nodes
(50%) showed an increase in size relative to the baseline followed
by decreased size, with the size at final follow-up smaller than
baseline (Fig 1A). Peak nodal size was reached at a median of 93
days (interquartile range, 79 –104) after the first T-VEC injection
and ranged from 29%–106% increase in size, with a median of

41%. Five of 12 nodes (42%) showed a downward trend in size
(Fig 1B). Two of these showed minor increases in size during
follow-up, but never larger than baseline. Two of 5 nodes were
nonmeasurable at last follow-up CT. The remainder node (1 of
12; 8%) showed an upward trend (Fig 1A), but could not be followed after 184 days because the patient was placed under hospice
care because of systemic disease progression. Except for this node,
the sizes of all other nodes at last follow-up were smaller than
baseline.
Regarding margins, these were well circumscribed at baseline
in 9 of 12 nodes (75%), and the rest were infiltrative. Seven of the
9 nodes (78%) with initially well-circumscribed margins eventually became infiltrative at a median of 79 days (interquartile range
73–94) after the first T-VEC injection (Fig 2).
Three of 12 nodes (25%) showed necrosis at baseline CT. Necrosis eventually developed in 6 of the remaining 9 nodes (67%) at
a median of 76 days (interquartile range, 72– 81) since the first
T-VEC injection (Figs 2 and 3). All nodes that became infiltrative
or developed necrosis during follow-up showed a final size that
was smaller than baseline. All nodes that were initially necrotic
also showed a decreased final size compared with baseline. Clinical features and patient outcomes are summarized in the Table.

DISCUSSION

FIG 1. Line graph showing change in size over time relative to baseline
CT. A, Fifty percent of nodes showed initial growth followed by decreased size. One node (marked with an asterisk at last time point)
demonstrated a continued increase in size, but could not be followed
after 184 days. B, Forty-two percent of nodes showed a downward
trend in size. The ﬁnal size was smaller than baseline in all nodes
except for the one indicated in A.

The potential antitumoral effects of viral infection have been recognized for many years.7 Although the affinity of certain viruses
for tumor cells has long been established, the main issue until
recently has been achieving control of viral replication in normal
tissues. Genetic engineering has made it possible to design organisms that will selectively replicate in tumoral tissue while minimizing damage to the host. Deletion of the ␥34.5 gene in T-VEC
and other oncolytic viruses reduces their pathogenicity by inhibiting replication in normal tissue, whereas inactivation of the ␣47
gene promotes their replication in cancer cells.4 In addition, TVEC has been modified to express granulocyte-macrophage colony-stimulating factor, which amplifies an immune response
against the tumor.5 In essence, T-VEC’s mechanism of action is
2-fold: a direct oncolytic effect after viral infection of the tumor
and a secondary systemic response mounted by the host. The
virus is the treatment agent rather than a drug delivery carrier.
Notably, regional and systemic antitumor responses can be delayed for several weeks after the initiation of treatment and are
most prominent in injected nodes, but nodes that were not injected are also affected to a lesser extent.8

FIG 2. A, Coronal contrast-enhanced CT shows a round, well-circumscribed necrotic lesion (black arrow) at the inferior aspect of the right
parotid gland. B, The lesion has increased in size and developed inﬁltrative margins (white arrow) 72 days after injection. Follow-up at 111 days (C)
and 184 days (D) after injection demonstrates further growth and marked increase in central necrosis. E, The lesion shows decreased size after
337 days.
AJNR Am J Neuroradiol 38:1218 –22
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FIG 3. A, Axial contrast-enhanced CT shows a small nodule in the deep right breast/axillary region (white arrow). The lesion shows slight central
hypoattenuation and increased size at 34 days after injection (white arrow, B) with the development of frank central necrosis after 72 days (black
arrow, C). There is a mild further increase in size at 104 days (D), followed by decreased size at 125 days (E) and near complete resolution at 174
days (F).
Clinical features, disease stage, ﬁnal nodal size (relative to baseline CT), and patient outcome
Patient Lesion Age,
BRAF
Final Lesion
No.
No.
yr Sex
Stage
Status
Location
Size
Patient Outcome
1
1
63 F T3bN3M1a Negative Left supraclavicular Decreased Remission.
2
2
66 M TxNxM1c
Wild type Right supraclavicular Decreased T-VEC discontinued after disease progression in
3
Right supraclavicular Decreased
ribs. Placed on nivolumab with partial response.
3
4
40 M pT1bN3M1c Positive Right preauricular
Decreased IL-2 followed by BRAF and MEK inhibitors after
5
Right submandibular Decreased
ipilimumab/T-VEC treatment. Deceased.
4
6
44 M T3bN3M1b Positive Right axillary
Decreased BRAF and MEK inhibitors after ipilimumab/T-VEC
7
Right axillary
Decreased
treatment, followed by disease progression.
Deceased.
5
8
58 F T3bN2M1a Wild type Left upper back
Decreased Complete response for 21 months, followed by
9
Left breast
Decreased
axillary recurrence. Placed on nivolumab.
6
10
32 M T4bN3M1a Negative Left retroauricular
Decreased Partial response for 6 months. Placed on
nivolumab.
7
11
63 M T3aN3M1c Negative Right chest wall
Increased Rapid deterioration after brain metastases.
12
Right axilla
Decreased
Deceased.
Note:—IL-2 indicates interleukin 2.

On histopathologic analysis, Hu et al4 showed inflammatory
changes in nearly all tumors injected with T-VEC. They found
that necrosis was present in most treated tumors and was frequently extensive, with sparing of normal tissue. Although the
prognostic significance of necrosis in melanoma nodes injected
with T-VEC is established, the development of necrosis in solid
tumors is generally accepted as a marker of tumor lysis and cell
death.9 In a Phase II trial of patients with melanoma metastases
treated with bevacizumab, the development of marked decreased attenuation or central necrosis (as part of the modified
Morphology, Attenuation, Size, and Structure [MASS] criteria)
was rare, but constituted a strong predictor of favorable response,
with such changes deemed to be secondary to devascularization.10
A different study where bevacizumab was administered in combination with ipilimumab, an immunotherapeutic agent, also
showed that necrosis was rare.11 In contradistinction to these
studies, but consistent with the histopathologic description of TVEC-injected nodes by Hu and colleagues,4 the development of
necrosis was common in our cohort, and all such nodes showed a
subsequent decrease in size. Therefore, it is reasonable to speculate that this phenomenon may be more of a function of the oncolytic properties of the virus rather than a systemic response and,
therefore, more likely to be seen in patients injected with T-VEC
and similar agents than in those receiving systemic immunotherapies or antiangiogenic drugs.
Most nodes in our study developed infiltrative margins at
some point during follow-up, and all of these demonstrated a
decreased final size. Although in the appropriate setting, illdefined nodal margins suggest an inflammatory or infectious pro1220
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cess, the imaging appearance of extracapsular tumor spread is
indistinguishable. This finding has important treatment implications in a variety of head and neck tumors, where it conveys a poor
prognosis.12,13 In melanoma, extracapsular spread in metastatic
nodes also has prognostic implications and has been associated
with failure after regional lymphadenectomy and potential
benefit from more aggressive therapies.14,15 Thus, it is critical
not to confuse these inflammatory changes with tumor progression because this could lead to the discontinuation of an
effective therapy.
In our patients, 50% of all injected nodes showed initial
growth before subsequently decreasing in size. This is consistent
with the results from a Phase III trial in which more than half of
the patients had lesions that initially increased in size or developed
new lesions before achieving a response.1 This phenomenon of
pseudoprogression has been described with other immunotherapies and is probably related to a flare reaction in the setting of
inflammatory changes with or without edema, whereby established lesions can show a transient increase in size and microscopic disease may become inflamed and detectable as a “new”
lesion on posttreatment imaging.6,16 It is also possible that in at
least some of these cases, there is continued tumor growth until a
considerable immunologic response is developed.6 In our study,
extensive necrosis accounted for the increase in size of some
nodes. Again, transient lesion growth and the development of
“new” lesions can lead to patients being classified as having disease progression when some of them may actually benefit from
continuation of treatment. Conventional criteria for objective
treatment response, such as the Response Evaluation Criteria in

Solid Tumors (RECIST) or the World Health Organization criteria, have inherent limitations in patients receiving immunotherapeutic agents. Prior studies using conventional criteria have documented tumor regression in patients initially thought to have
stable or progressive disease.17 Newer criteria such as the immune
response–related criteria are more inclusive of the expected patterns of disease activity in patients receiving these agents and may
be better suited to evaluate response in such circumstances.6
This study has several limitations, the most notable being the
small sample size and the retrospective nature of the analysis. The
timing of the development of necrosis and infiltrative margins is a
broad estimate because we do not know the exact time point when
these changes occurred before the imaging study where they became evident. Depending on individual clinical need, CT studies
were performed at different times after injection, and that introduced some variability. In addition, it is difficult to account for
effects that ipilimumab may have had on individual nodal response, either by itself or through synergism. It is well established
that ipilimumab may incite an inflammatory response and, in
some cases, a temporary increase in tumor size can be observed
during the first few weeks of treatment.18 Data from Phase II
clinical trials in patients with advanced melanoma treated with
ipilimumab show that close to 10% of them would have been
misclassified as having progression of disease by World Health
Organization criteria based on an increase in lesion size or the
development of new lesions alone.6,19 The greatest increase in
nodal size in our study occurred between 9 and 20 weeks after
ipilimumab was initiated. We do not know to what extent the
presumed inflammatory effects of T-VEC and ipilimumab may
have overlapped.
Lastly, although final smaller nodal size may represent successful treatment, the presence of viable disease cannot be excluded because the nodes in our series were not biopsied. In addition, although FDG-PET may have some utility in monitoring
the response to T-VEC and other immunotherapies, data from
both animal models and patients with cancer suggest that avid
uptake could in some cases represent an inflammatory response
to the virus and should not be automatically interpreted as progression of disease.20,21 The patients in our small cohort did not
consistently have an FDG-PET scan after T-VEC injection during
the time that these nodes were followed, and therefore, correlation with the morphologic changes that we observed was not
possible.

CONCLUSIONS
In summary, half of the nodes in our patients showed an initial
increase (pseudoprogression) in size after T-VEC injection followed by decreased size and, in some cases, resolution of the lesion. The development of infiltrative margins and necrosis was
frequent, and all such nodes showed a final size that was smaller
than baseline, a presumed measure of success. These imaging
manifestations are concordant with the expected biologic behavior of lesions treated with immunotherapeutic agents, and necrosis appears to be common and prominent after T-VEC injection.
Increased size per se is not necessarily indicative of progression or
an indication to stop treatment in clinically stable patients. Additional studies with a larger number of patients are needed to fully

understand the radiographic progression and magnitude of these
changes and the relative contribution of both targeted and systemic immunotherapies. Because the use of targeted agents is a
fairly new development and not as of yet widespread, many head
and neck radiologists may not be aware of these potential imaging
findings. The recognition that a patient may be undergoing such
treatments is paramount to avoid diagnostic pitfalls and confusion with extracapsular spread or progression of disease. Our preliminary results highlight the importance of being cognizant of
specific treatments before image interpretation.
Disclosures: Frances Collichio—UNRELATED: Consulting Fee or Honorarium: Amgen*; Other: Professional Development Committee of ASCO. *Money paid to the
institution.
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Asymmetric Meckel Cave Enlargement: A Potential Marker of
PHACES Syndrome
X J.N. Wright and X V. Wycoco

ABSTRACT
BACKGROUND AND PURPOSE: PHACES syndrome is a complex of morphologic abnormalities of unknown cause and includes posterior
fossa abnormalities; head and neck infantile hemangiomas; arterial, cardiac, and eye anomalies; and sternal or abdominal wall defects.
Accurate identiﬁcation of the syndrome is important for optimal treatment. The purpose of this study was to investigate the incidence of
asymmetric Meckel cave enlargement, a potential novel imaging marker, in a population of patients referred for evaluation of possible
PHACES syndrome.
MATERIALS AND METHODS: Eighty-ﬁve patients referred for neuroimaging evaluation of possible PHACES syndrome were identiﬁed
and stratiﬁed on the basis of their ultimate clinical PHACES diagnosis categorization into PHACES, possible PHACES, or not PHACES. MR
imaging studies were subsequently reviewed for the presence or absence of unilateral Meckel cave enlargement, with the reviewer blinded
to the ultimate PHACES syndrome categorization.
RESULTS: Twenty-ﬁve of 85 patients (29%) were ultimately categorized as having PHACES or possible PHACES according to consensus
guidelines. Asymmetric Meckel cave enlargement was present in 76% (19/25) of these patients and in 82% (19/23) of only those patients with
deﬁnite PHACES. This ﬁnding was present in none of the 60 patients determined not to have PHACES syndrome. In 7/19 patients (37%) with
this ﬁnding, subtle MR imaging abnormalities consistent with PHACES were missed on the initial MR imaging interpretation.
CONCLUSIONS: Asymmetric Meckel cave enlargement was a common feature of patients with PHACES in our cohort and may serve as
a novel imaging marker. Increased awareness of this imaging feature has the potential to increase the diagnostic accuracy of PHACES.
ABBREVIATIONS: IAC ⫽ internal auditory canal; PHACES ⫽ posterior fossa abnormalities; head and neck infantile hemangiomas; arterial, cardiac and eye anomalies;
and sternal or abdominal wall defects

HACES syndrome (Online Mendelian Inheritance in Man
No. 606519; omim.org) is a complex of morphologic abnormalities of unknown cause and includes posterior fossa abnormalities; head and neck infantile hemangiomas, often in a segmental distribution; arterial, cardiac, and eye anomalies; and
sternal or abdominal wall defects.1 Accurate recognition of the
syndrome is important to identify the potentially increased risk
associated with the treatment of infantile hemangiomas in the
setting of underlying arterial or cardiac pathology,2,3 as well as to
initiate careful surveillance and aggressive intervention for potential speech and language delays related to posterior fossa anoma-

P

Received October 6, 2016; accepted after revision January 17, 2017.
From the Department of Radiology (J.N.W.), University of Washington and Seattle
Children’s Hospital, Seattle, Washington; and Department of Neurological Intervention and Imaging (V.W.), Alterna Wellness Center, Nedlands, Western Australia.
Please address correspondence to Jason N. Wright, MD, M/S MA.7.220, Seattle
Children’s Hospital, PO Box 5371, Seattle, WA 98105; e-mail: jnixon@uw.edu
Indicates article with supplemental on-line table.
http://dx.doi.org/10.3174/ajnr.A5140

lies.4,5 There is increasing consensus that the stigmata of PHACES
may be subtler than previously thought, and new diagnostic criteria are being considered. We have observed that asymmetric
Meckel cave enlargement is a frequent neuroimaging finding in
patients with PHACES syndrome and may serve as an easily recognizable marker that can improve diagnostic sensitivity.

MATERIALS AND METHODS
Following Seattle Children’s Hospital institutional review board
approval, we retrospectively identified 93 patients referred for MR
imaging of the head and neck due to concern for PHACES syndrome between 1994 and 2016, based on the presence or history of
large (⬎5 cm) or segmental head and neck hemangiomas (n ⫽ 92)
or sternal clefting (n ⫽ 1). Imaging protocols varied but generally
included contrast-enhanced MR imaging of the brain and timeof-flight MRA of the head and neck. In all cases, a coronal fluidsensitive sequence (T2-weighted, STIR, or steady-state free precession [balanced fast-field echo, FIESTA, or CISS]) was included
in the protocol. Five patients were excluded due to lesions other
AJNR Am J Neuroradiol 38:1223–27
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Cohort summary data and statistics
No. (% total)
Female (No.) (% category)
Age (mean ⫾ SD)
Age (range) (median)
Meckel cave enlargement (No.) (% category)
Posterior fossa anomalies (No.) (% category)
Facial hemangioma (No.) (% category)
Arterial anomalies (No.) (% category)
Cardiac anomalies (No.) (% category)
Eye anomalies (No.) (% category)
Sternal or midline abdominal anomalies (No.)
(% category)

All PHACES
25 (29)
21 (84)
20 ⫾ 39 mo
5 days to 14 yr (4 mo)
19 (76)
15 (60)
24 (96)
21 (84)
13 (52)
0 (0)
1 (4)

than hemangiomas identified on MR imaging, and 3 additional
patients were excluded due to lack of available clinical records.
We then stratified the remaining 85 patients on the basis of
their ultimate clinical PHACES diagnosis categorization within
the published 2009 consensus criteria into PHACES, possible
PHACES, or not PHACES.1 Current diagnostic criteria are as previously published by Metry et al.1 Work-up included a combination of
dermatologic evaluation, ophthalmologic examination, cardiology
consultation including echocardiography, and structural MR imaging evaluation of the head and neck.
We subsequently reviewed all MR imaging studies for the presence or absence of asymmetric unilateral Meckel cave enlargement, blinded to the ultimate PHACES syndrome categorization.
Particular attention was paid to the coronal fluid-sensitive sequences at the level of the sella turcica, which highlighted the
comparative volumes of the bilateral Meckel caves. “Presence”
was defined as obvious subjective asymmetric enlargement based
on visual assessment, with an estimated volume ratio of approximately 1:1.5 used as a cutoff. Our goal was to evaluate the utility of
this novel imaging finding in a clinically applicable manner requiring no advanced morphometric analysis for implementation.
Minimal asymmetry was not considered sufficient for positivity.

RESULTS
Of the 85 included patients evaluated by MR imaging for suspicion of PHACES syndrome, 25 patients (29%) were ultimately
categorized as having PHACES (n ⫽ 23) or possible PHACES
(n ⫽ 2) according to consensus guidelines. Mean and median ages
for the PHACES cohort were 20 and 4 months, respectively.
Eighty-four percent were female, in line with prior published reports.6 Summary statistics for all patients are presented in the
Table.
All patients with PHACES presented with large or segmental
head or neck hemangiomas, excepting 1 patient (patient 4) categorized as having possible PHACES, who was evaluated for sternal
clefting noted at birth and who subsequently developed a left facial segment 3– distribution hemangioma of ⬍5 cm. Additional
diagnostic criteria for PHACES present in each patient are provided in the On-line Table.
Asymmetric Meckel cave enlargement was present in 76% (19/
25) of all patients with PHACES (Fig 1); the finding was present in
82% (19/23) of patients with definite PHACES. Patients with
Meckel cave involvement were more likely to have a facial segment 1 or 2 distribution of facial hemangiomas, while patients
1224
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Deﬁnite PHACES
23 (27)
19 (82)
22 ⫾ 40 mo
5 days to 14 yr (5 mo)
19 (82)
15 (65)
23 (100)
20 (90)
12 (52)
0 (0)
0 (0)

Possible PHACES
2 (2)
2 (100)
1 ⫾ 0.5 mo
1–2 mo (1.5 mo)
0 (0)
0 (0)
1 (50)
1 (50)
1 (50)
0 (0)
1 (50)

Not PHACES
60 (71)
50 (83)
10 ⫾ 17 mo
1 mo to 7 yr (4 mo)
0 (0)
0 (0)
60 (100)
0 (0)
0 (0)
0 (0)
0 (0)

without were more likely to have a facial segment 3 or cervicothoracic distribution, though overlap occurred in both directions.
Five patients (patients 2, 5, 11, 20, and 23) demonstrated internal
auditory canal (IAC) hemangiomas, and 1 patient (patient 23)
had a Meckel cave hemangioma, all associated with ipsilateral
Meckel cave enlargement.
Of the patients with unilateral Meckel cave enlargement, all
enlargements were ipsilateral to the facial or head and neck hemangioma. Sixty-eight percent (13/19) had associated ipsilateral
cerebellar hypoplasia, and 58% (11/19) had dysplastic cerebellar
clefting associated with the hypoplasia. This finding is compared
with 60% (15/25) with ipsilateral cerebellar hypoplasia in all patients with PHACES, and 48% (12/25) with associated dysplastic
clefting. In all cases, the cerebellar hemispheric abnormalities
were ipsilateral to both the hemangioma and the asymmetrically
enlarged Meckel cave.
Eighty-nine percent (17/19) of patients with Meckel cave enlargement had craniocervical vascular anomalies, most with arterial dysplasia. This finding is comparable with 84% (21/25) noted
in all patients with PHACES in our cohort. When present, arterial
abnormalities were always ipsilateral to the side of the facial hemangioma and Meckel cave enlargement, though additional contralateral abnormalities occurred in a large minority of cases
(41%) (Fig 2).
Major cardiac or arch anomalies were present in 21% (4/19) of
patients with asymmetric Meckel cave enlargement, compared
with a slightly higher 28% (7/25) of all patients with PHACES in
our cohort.
Excepting strabismus related to lid or orbital involvement by facial hemangiomas, ocular anomalies described in PHACES were not
identified in any patient on imaging or fundoscopic examination.
Of note, in 7 of the 19 patients (37%) with asymmetric Meckel
cave enlargement, there were subtle MR imaging abnormalities of
the posterior fossa, intracranial vessels, or aortic arch and cervical
vessels that were missed on the initial MR imaging interpretation
(patients 1, 2, 3, 6, 8, 14, and 17). One of these patients (patient 3)
was nevertheless diagnosed with PHACES prospectively on the
basis of cardiac abnormalities identified on echocardiography.
The 6 additional patients were not prospectively identified and
were only retrospectively diagnosed with PHACES during our
review. One of these patients (patient 1) was initially imaged before the original description of PHACES by Frieden et al in 1996.7
Sixty of the 85 patients (71%) evaluated by MR imaging were

FIG 1. Coronal ﬂuid-sensitive MR images through the bilateral Meckel caves of all patients with asymmetric Meckel cave enlargement. The
vascular structure in the enlarged Meckel cave in patients 6, 9, 15, and 22 represents an ipsilateral aberrant ophthalmic artery arising from the
basilar artery. The vascular structure in the enlarged right Meckel cave in patient 23 (Fig 2) represents an ectatic persistent trigeminal artery
supplying the distal internal carotid artery.

ultimately determined not to have PHACES syndrome. Of these
patients, asymmetric ipsilateral Meckel cave enlargement was not
identified in any patient.

DISCUSSION
A subset of patients with large or segmental head and neck hemangiomas will have associated morphologic abnormalities that
AJNR Am J Neuroradiol 38:1223–27
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FIG 2. A persistent right trigeminal artery in a 1-year-old girl (patient
23) with PHACES syndrome. A, Axial maximum-intensity-projection
3D time-of-ﬂight image demonstrates a persistent right trigeminal
artery (white arrows). Note that the contralateral left cavernous segment internal carotid artery is tortuous. B, Volume-rendered 3D timeof-ﬂight reconstruction demonstrates the persistent trigeminal artery (white arrows) connecting the right cavernous segment of the
ICA to the tortuous and ectatic basilar artery. Note that the distal
right ICA is aplastic proximal to the cavernous segment and is reconstituted via collateral vessels arising from external carotid artery
branches.

have fallen under the rubric of PHACES, a neurocutaneous syndrome of uncertain etiology. In our series, 29% of patients referred for MR imaging evaluation for suspicion of PHACES were
ultimately diagnosed with PHACES or possible PHACES per consensus guidelines, in line with the overall prevalence reported in
prior studies.1,6
Thorough and accurate neuroimaging evaluation is one of the
mainstays of complete evaluation for such patients, with MR imaging of the brain and MRA of the head and neck recommended
in all cases. In addition to evaluating the distribution and extent of
proliferative phase infantile hemangiomas, these studies may reveal abnormalities of the posterior fossa, cervicocranial arteries,
globes, or aortic arch and great vessels. These findings are important for optimal risk assessment before initiation of ␤ blocker
therapy for hemangiomas,2,3 as well as to cue neurodevelopmental surveillance for possible associated speech and language delays
related to posterior fossa anomalies.4,5
In this study, we have demonstrated that the finding of asymmetric Meckel cave enlargement ipsilateral to the facial hemangioma is a common feature of PHACES, present in 76% of patients.
This imaging finding can serve as a useful and conspicuous
marker for the syndrome. When applied as an independent diagnostic criterion to our full patient cohort, the finding demonstrated a sensitivity of 76%, a specificity of 100%, a positive predictive value of 100%, a negative predictive value of 91%, and an
accuracy of 93% in predicting a clinical diagnosis of PHACES or
possible PHACES syndrome.
In no case was asymmetric Meckel cave enlargement an isolated intracranial finding of PHACES. However, greater than onethird of our patients with Meckel cave enlargement had additional
subtle stigmata of PHACES that were missed on the initial evaluation. These may have been more easily or accurately identified
with a heightened pretest probability for PHACES associated with
asymmetric Meckel cave enlargement. Thus, recognition of this
finding could increase the diagnostic sensitivity of neuroimaging
for PHACES syndrome. If these additional intracranial findings
had been prospectively made in the setting of asymmetric Meckel
1226
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cave enlargement, the diagnostic sensitivity of MR imaging/MRA
for PHACES would have increased by 24% in our cohort.
Meckel cave enlargement as a finding in PHACES syndrome
has only rarely been described in the literature to date, to our
knowledge, and is not an abnormality that is currently included in
the consensus criteria for PHACES. Given the incidence of the
finding in our cohort, this omission likely reflects under-reporting. Oza et al8 described the finding of unilateral Meckel cave
prominence in 3 of the 16 patients in their series. The finding was
subsequently described in 2 additional case reports.9,10 Unilateral
Meckel cave enlargement is also demonstrated in Figs 6 and 7 in
the text Vascular Lesions of the Head and Neck: Diagnosis and Management by Persky et al,11 Figs 1 and 2 from the article by Judd et
al,12 and Fig 5 from the article by Meltzer et al.13 Furthermore,
some authors have described an association of arachnoid cysts
and PHACES,1,2,6,8,12,14 and an asymmetric Meckel cave could
conceivably be confused with a middle cranial fossa arachnoid
cyst, as was the case in one of our patients (patient 21).
The etiology of unilateral Meckel cave enlargement ipsilateral
to the facial hemangioma and posterior fossa anomalies in
PHACES syndrome is not definitely known. One plausible explanation derives from the theory that PHACES is caused by aberrant
or deficient migration of the cephalic neural crest in a metameric
distribution.15 Neural crest cells and paraxial mesoderm derived
from the rhombencephalic metamere contribute to the formation
of the skull base; trigeminal nerve ganglia; and facial bones, soft
tissues, and blood vessels. Meckel cave enlargement may therefore
represent a component of skull base dysplasia secondary to a
postzygotic mutation or early prenatal insult in this territory. A
similar theory was advanced to explain the relatively high incidence of enlarged IACs seen in PHACES syndrome observed by
Meltzer et al.13
Alternatively, unilateral enlargement of Meckel cave may be
the result of direct expansion secondary to an extant or previously
involuted Meckel cave hemangioma. Judd et al12 reported on the
association between PHACES and intracranial hemangiomas.
Most commonly described in the cerebellopontine angle or IAC,
hemangiomas centered in or extending to Meckel cave both have
been described in the literature12,13 and noted in our series. One
of the patients described by Judd et al demonstrated an enlarged
Meckel cave containing a hemangioma on initial imaging (Fig 2C
in Judd et al), which then progressed to isolated Meckel cave enlargement following hemangioma involution (Fig 2E in Judd et
al), supporting a mechanical etiology of the enlargement.
Metzler et al13 similarly raised the possibility of a causal association between IAC hemangioma and IAC enlargement. This
was based on the increased prevalence of IAC hemangiomas
within the enlarged IACs in children when imaged at younger
than 1 year of age, compared with children older than 1 year of age
at initial imaging, in whom the hemangiomas were presumed to
have previously involuted. Given that Meckel cave hemangioma
was present in only 1 of 19 patients with Meckel cave enlargement
in our cohort, with a median age of 4 months at imaging, it is
unlikely that mechanical enlargement can adequately explain the
etiology of this finding in all patients in our cohort.
Limitations of our study included the retrospective nature of
the analysis and the relatively small sample size. Also, a subset of

patients with PHACES may possibly present without obvious cutaneous stigmata. These patients would likely have been missed by
our diagnostic algorithm, and any data regarding the prevalence
of asymmetric Meckel cave enlargement may not be applicable to
this population of patients.

6.

7.

CONCLUSIONS
Asymmetric Meckel cave enlargement was a common feature of
patients with PHACES and possible PHACES in our cohort and
may serve as a conspicuous marker for the syndrome. Increased
awareness of this imaging feature has the potential to increase the
diagnostic accuracy of the neuroimaging evaluation for PHACES
in the setting of large or segmental facial hemangiomas.
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Characterization of Extensive Microstructural Variations
Associated with Punctate White Matter Lesions in
Preterm Neonates
X X. Li, X J. Gao, X M. Wang, X J. Zheng, X Y. Li, X E.S. Hui, X M. Wan, and X J. Yang

ABSTRACT
BACKGROUND AND PURPOSE: Punctate white matter lesions are common in preterm neonates. Neurodevelopmental outcomes of the
neonates are related to the degree of extension. This study aimed to characterize the extent of microstructural variations for different
punctate white matter lesion grades.
MATERIALS AND METHODS: Preterm neonates with punctate white matter lesions were divided into 3 grades (from mild to severe:
grades I–III). DTI-derived fractional anisotropy, axial diffusivity, and radial diffusivity between patients with punctate white matter lesions
and controls were compared with Tract-Based Spatial Statistics and tract-quantiﬁcation methods.
RESULTS: Thirty-three preterm neonates with punctate white matter lesions and 33 matched controls were enrolled. There were 15, 9, and
9 patients, respectively, in grades I, II, and III. Punctate white matter lesions were mainly located in white matter adjacent to the lateral
ventricles, especially regions lateral to the trigone, posterior horns, and centrum semiovale and/or corona radiata. Extensive microstructural changes were observed in neonates with grade III punctate white matter lesions, while no signiﬁcant changes in DTI metrics were
found for grades I and II. A pattern of increased axial diffusivity, increased radial diffusivity, and reduced/unchanged fractional anisotropy
was found in regions adjacent to punctate white matter lesion sites seen on T1WI and T2WI. Unchanged axial diffusivity, increased radial
diffusivity, and reduced/unchanged fractional anisotropy were observed in regions distant from punctate white matter lesion sites.
CONCLUSIONS: White matter microstructural variations were different across punctate white matter lesion grades. Extensive change
patterns varied according to the distance to the lesion sites in neonates with severe punctate white matter lesions. These ﬁndings may help
in determining the outcomes of punctate white matter lesions and selecting treatment strategies.
ABBREVIATIONS: AD ⫽ axial diffusivity; CST ⫽ corticospinal tract; FA ⫽ fractional anisotropy; GCC ⫽ genu of the corpus callosum; IFO ⫽ inferior fronto-occipital
fasciculus; OR ⫽ optic radiation; PWML ⫽ punctate white matter lesion; RD ⫽ radial diffusivity; SCC ⫽ splenium of corpus callosum

unctate white matter lesions (PWMLs) are common in neonates and have been found in ⬎20% of preterm neonates
(⬍37 weeks of gestation).1-5 These lesions may cause severe neu-
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rologic disorders, such as cerebral palsy.2,4 PWMLs can be identified on conventional MR imaging as hyperintensity on T1WI
and hypointensity on T2WI.1-3,6 PWMLs without cystic lesions
can be divided into 3 grades.6 The grading scale ascends in severity
on the basis of the number, size, and distribution of cerebral white
matter lesions. Extensive microstructural alterations in white
matter beyond the PWMLs visible on conventional MR imaging
have been observed.3 The neurodevelopmental outcome of
neonates is related to the degree of extension associated with
PWMLs.7,8 However, little is known about the extent of microstructural variations for different PWML grades. More detail is
needed regarding the size ranges, shapes, and locations of neonatal/infantile PWMLs, PWML diffusion characteristics, and the
distinction between hemorrhagic and nonhemorrhagic PWMLs.9
DTI could provide quantitative metrics that reveal microstructural alterations associated with lesions.10,11 DTI metrics, especially directional diffusivities, are sensitive to underlying histopathologic processes.12 Several methods for analyzing DTI data

have been proposed. Tract-Based Spatial Statistics (TBSS; http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) is an automated approach for
assessing alterations on major white matter tracts.13 The tract
quantification method was proposed to characterize the location
of alterations in white matter.14 These automated quantified
methods have been used to detect variations due to brain development or injury3,13-15 and may enable characterization of alterations associated with PWMLs.
The goal of this study was to explore white matter microstructural variations associated with PWMLs of different grades in preterm neonates and to characterize the change in microstructural
patterns along white matter tracts.

MATERIALS AND METHODS
This is a cross-sectional and observational study. It was approved by
the institutional review board of the First Affiliated Hospital of Xi’an
Jiaotong University. The parents of the neonates were informed of
the risks of MR imaging and gave written consent.

Subjects
Preterm neonates were enrolled from the neonatal intensive care
unit of the First Affiliated Hospital of Xi’an Jiaotong University,
from January 2011 to October 2012. During this period, the care,
management, MR imaging scanner, and sequences did not
change. The inclusion criterion was evidence of punctate lesions
in cerebral white matter, which presented as hyperintensity on
T1WI and hypointensity on T2WI. Subjects with a clinical diagnosis of congenital malformations of the central nervous
system, infections, metabolic disorders, hydrocephalus, gray
matter lesions, or major destructive white matter lesions such
as cystic degeneration and infarction were excluded. Brain MR
imaging was also performed on preterm neonates with comorbid conditions of neonatal asphyxia, hypocalcemia, aspiration
pneumonia, and so forth. The preterm neonates without any
MR imaging abnormality and matched for sex, gestational age,
postnatal age at MR imaging, and birth weight were selected as
controls.

MR Imaging Acquisition
The MR imaging datasets used in this study were acquired for
clinical examination and diagnosis. To reduce head movement
and complete the MR imaging procedure, we sedated patients
with a relatively low dose of oral chloral hydrate (25–50 mg/kg).16
Patient selection, monitoring, and management were performed
following the “Guidelines for Monitoring and Management of
Pediatric Patients during and after Sedation for Diagnostic and
Therapeutic Procedures: An Update.”17 Neonates were laid in a
supine position and snugly swaddled in blankets. A pediatrician
was present during the MR imaging. Micro earplugs were placed
bilaterally in the external acoustic meatuses of the subjects to protect their hearing. The subjects’ heads were immobilized by
molded foam. Temperature, heart rate, and oxygen saturation
were monitored throughout the procedure.
Three-dimensional fast spoiled gradient-recalled echo T1WI,
fast spin-echo T2WI, and single-shot echo-planar DTI were performed on a 3T scanner (Signa HDXT; GE Healthcare, Milwaukee,
Wisconsin) with an 8-channel head coil. The other parameters for

DTI were the following: 35 gradient directions; b-values ⫽ 0 and
1000 s/mm2; TR/TE ⫽ 5500/95–105 ms; section thickness ⫽ 4
mm without a gap; FOV ⫽ 180 ⫻ 180 mm2; matrix size ⫽ 128 ⫻
128; and voxel size ⫽ 1.41 ⫻ 1.41 ⫻ 4 mm3.

MR Imaging Interpretation
To provide clues for the etiology of PWMLs, the comorbid conditions of neonates were recorded by the clinician from the neonatal intensive care unit of the institution. Two radiologists,
blinded to the clinical history of the neonates, independently analyzed the MR imaging. Both of the radiologists had ⬎10 years of
experience in the interpretation of the neonatal brain MR imaging. Neonates with PWML were grouped into grades I, II, and III
(from mild to severe) by using the following MR imaging grading
method6: grade I: 1 or 2 relatively small lesions (diameter, ⱕ3
mm); grade II: a) ⱖ3 lesions, or b) 1 large lesion (diameter, ⱖ5
mm); and grade III: a) ⱖ3 lesions, and b) multiple large lesions
(diameter, ⱖ5 mm). The locations of PWMLs were recorded as
follows: anterior region (anterior to the frontal horn of the lateral
ventricles), central region (between the frontal horn and the trigon of the lateral ventricles), and posterior region (posterior to
the trigon of the lateral ventricles).1 The lesion load in the aforementioned regions was calculated separately. Lesions longer than
5 mm were segmented into subsections in units of 5 mm. Every
subsection was counted while we calculated the lesion load.

Preprocessing of DTI Data
DTI data were processed by using the FMRIB software library
(FSL; http://www.fmrib.ox.ac.uk/fsl).18 First, the eddy current
correction was performed. Then, brain regions were extracted by
using the FSL Brain Extraction Tool (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/BET). To exclude the influence of artifacts, we rejected
artifact-corrupted volumes (directions) automatically before the
tensor estimation.19 The number of rejected volumes varied
across subjects (median ⫽ 2; range, 0⬃11). DTI metrics of fractional anisotropy (FA), axial diffusivity (AD), and radial diffusivity (RD) were calculated by using the FMRIB Diffusion Toolbox
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT).
Image registration was performed by using an optimized protocol.20,21 First, the group mean FA image in native space was
created from the subjects in this study. This method was described in a previous atlas creation study.22 Second, images of
all the subjects were registered to the group mean image. The
single-subject FA image with the minimum mean displacement score was selected as the final target.13,20 Finally, all individual FA images were registered to the target by using a
combination of linear and nonlinear registration methods.20
Other metrics were normalized into the target space by using
the deformation parameters of FA.

Voxelwise Analysis of TBSS
The normalized individual FA images were up-sampled to a voxel
size of 1 ⫻ 1 ⫻ 1 mm3 and then were averaged to create the mean
FA.13 A mean FA skeleton was extracted from the mean FA to
represent the center of white matter tracts.13 The threshold of
the FA skeleton was 0.15. DTI metrics were projected onto this
skeleton.
AJNR Am J Neuroradiol 38:1228 –34
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Table 1: Demographics of preterm neonates with PWMLs and controlsa
PWML Grade I
Controls
P
PWML Grade II
(n = 15)
(n = 15)
Value
(n = 9)
GA (wk)
34 ⫹ 2
34 ⫹ 1
.21
33 ⫹ 6
(32 ⫹ 0⬃35 ⫹ 6) (32 ⫹ 6⬃36 ⫹ 2)
(30 ⫹ 5⬃34 ⫹ 5)
Postnatal age at
8
8
.53
10
scan (days)
(1⬃13)
(1⬃13)
(6⬃14)
PMA (wk)
35 ⫹ 5
36 ⫹ 0
.32
35 ⫹ 3
(33 ⫹ 1⬃37 ⫹ 2) (33 ⫹ 3⬃37 ⫹ 1)
(32 ⫹ 1⬃36 ⫹ 0)
Birth weight (g)
1780
1760
.22
1950
(1470⬃2360)
(1410⬃2400)
(1480⬃2700)
Sex (male/female)
10:5
10:5
–
4:5

Controls
P
PWML Grade III
(n = 9)
Value
(n = 9)
33 ⫹ 6
.76
33 ⫹ 0
(30 ⫹ 1⬃35 ⫹ 0)
(32 ⫹ 3⬃35 ⫹ 4)
10
.67
10
(8⬃14)
(4⬃13)
35 ⫹ 1
.23
34 ⫹ 5
(32 ⫹ 1⬃36 ⫹ 4)
(33 ⫹ 1⬃36 ⫹ 3)
1750
.26
1920
(1460⬃2360)
(1650⬃2760)
4:5
–
3:6

Controls
P
(n = 9)
Value
33 ⫹ 2
.37
(32 ⫹ 1⬃35 ⫹ 6)
9
.80
(1⬃14)
35 ⫹ 2
.40
(32 ⫹ 5⬃36 ⫹ 5)
1700
.51
(1460⬃2570)
3:6
–

Note:—GA indicates gestational age; PMA, postmenstrual age.
a
GA, PMA, and birth weight values are medians (ranges). Values in the row of sex are subject numbers. Wilcoxon signed rank tests were used to test the group difference
between each grade of PWML and its matched control group due to non-normal distributions of variables. The sex ratios were not tested because they were the same in PWML
and the corresponding control groups.

Table 2: Clinical history of subjects
No. of Subjects (Column-Based Percentage)
All Grades
(n = 33)
Hypoxic-ischemic encephalopathy 20 (61%)
Neonatal asphyxia
17 (52%)
Neonatal respiratory distress
13 (40%)
syndrome
Neonatal pneumonia
11 (33%)
Electrolyte disturbances
10 (30%)
Neonatal anemia
9 (27%)
Metabolic acidosis
8 (24%)
Congenital heart disease
6 (18%)
Neonatal hypoglycemia
4 (12%)
Neonatal intracranial hemorrhage
4 (12%)
Neonatal polycythemia
2 (6%)
Hyperbilirubinemia
2 (6%)
Agenesis of bronchus
1 (3%)
Neonatal hypocalcemia
0 (0%)
Aspiration pneumonia
0 (0%)

Grade I
(n = 15)
7 (47%)
7 (47%)
4 (27%)

Grade II
(n = 9)
5 (56%)
3 (33%)
3 (33%)

6 (40%)
4 (27%)
4 (27%)
3 (20%)
3 (20%)
0 (0%)
0 (0%)
0 (0%)
1 (7%)
0 (0%)
0 (0%)
0 (0%)

2 (22%)
4 (44%)
3 (33%)
2 (22%)
0 (0%)
2 (22%)
2 (22%)
1 (11%)
1 (11%)
1 (11%)
0 (0%)
0 (0%)

FIG 1. The appearances of 3 PWML grades (A, grade I; B, grade II; C,
grade III) on T1WI and T2WI.

Tract-Quantiﬁcation Analysis
To characterize the change patterns along white matter tracts, we
quantified the DTI metrics on the representative tracts: projection
fibers of the corticospinal tract (CST) and optic radiation (OR);
commissural fibers of the splenium of the corpus callosum (SCC)
and genu of the corpus callosum (GCC); and association fibers of
the inferior fronto-occipital fasciculus (IFO). First, images of all sub1230
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Grade III Controls
(n = 9)
(n = 33)
8 (89%)
0 (0%)
7 (78%)
7 (21%)
6 (67%)
6 (18%)
3 (33%)
2 (22%)
2 (22%)
3 (33%)
3 (33%)
2 (22%)
2 (22%)
1 (11%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

2 (6%)
0 (0%)
4 (12%)
7 (21%)
3 (9%)
1 (3%)
0 (0%)
0 (0%)
6 (18%)
0 (0%)
9 (27%)
7 (21%)

jects were normalized to the neonatal
template.22 Second, measurement planes
were equally spaced14 on the tract probabilistic map (cmrm.med.jhmi.edu) for
the neonatal template.22 Measurements
were then averaged on each plane.14 Finally, DTI metrics were measured at 100
equivalent levels.15 The combination of
changes in DTI metrics was used to characterize damage types.12

Statistical Analysis

Each case was matched with a control by
sex (the same sex in PWML and control
groups), gestational age (differences, ⬍1
week), postnatal age at scanning (differences, ⬍5 days), and birth weight (differences, ⬍0.5 kg). Because case and control
groups were dependent after matching,
Wilcoxon signed rank tests were used for the group difference in
demographics between each grade of PWML and its matched
control group due to non-normal distributions of variables. 
tests and intraclass correlation coefficients were used to determine intrarater and interrater agreement for the PWML grading
and the lesion number respectively. P ⬍ .05 was significant for the
above analyses.
The lesion number was counted repeatedly in anterior, central, and posterior regions for each PWML subject. The Friedman
test was used to assess the variation of lesion number across regions. Then pair-wise comparisons among the 3 regions were performed by using Wilcoxon signed rank tests. P ⬍ .017 (.05/3) was
considered significant after the Bonferroni correction. The analyses above were performed by using SPSS (Version 17.0; IBM,
Armonk, New York).
The FSL Randomize tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
Randomise/UserGuide) was used for the voxelwise analysis to compare PWML groups and controls. The number of permutations was
10,000. Tests in TBSS were considered significant at P ⬍ .05 after the
threshold-free cluster enhancement and family-wise error rate
correction.
In tract-quantification analysis, the Wilcoxon signed rank test
in MATLAB (Version 7.11; MathWorks, Natick, Massachusetts)
was used to evaluate differences in regional values of DTI metrics
between PWML groups and controls. P ⬍ .05 was considered
significant for this analysis.

Table 3: Lesion load of PWMLs in the anterior, central, and posterior regionsa
Lesion No. (Median and Range)
P Value
Grade
I
II
III

Anterior
0 (0⬃0)
0 (0⬃6)
8 (2⬃18)

Central
0 (0⬃1)
1 (0⬃9)
24 (5⬃38)

Posterior
1 (1⬃2)
5 (3⬃12)
16 (12⬃29)

Anterior vs
Central
.32
.17
⬍.01b,c

Central vs
Posterior
⬍.001b,c
.02b
.37

Anterior vs
Posterior
⬍.001b,c
⬍.01b,c
.01b,c

a

The inter-region comparisons were performed with the Wilcoxon signed rank test after the Friedman test. The
anterior region is anterior to the frontal horn of the lateral ventricles. The central region is between the frontal horn
and the trigon of the lateral ventricles. The posterior region is posterior to the lateral ventricles.
b
P ⬍.05.
c
P ⬍ .017 (.05/3), signiﬁcant after the Bonferroni correction.

half of the neonates with PWMLs had a
clinical history of hypoxic-ischemic encephalopathy (61%) and neonatal asphyxia (52%).

PWML Location
PWMLs were mainly located in the white
matter adjacent to lateral ventricles, especially the regions lateral to the trigone,
posterior horns, and the centrum semiovale and/or corona radiata (Fig 1). The
intrarater and interrater correlation coefficients for the lesion number counting
were 0.994 (95% confidence interval,
0.989⬃0.997) and 0.974 (95% confidence
interval, 0. 948⬃0. 987), respectively. For
grades I and II, most of the lesions were
located in the posterior region (Table 3).
For grade III, more lesions were located in
the central and posterior regions than in
the anterior region (Table 3).

Microstructural Alterations in
Different PWML Grades

FIG 2. Changes in DTI metrics (FA, AD, and RD) in preterm neonates with severe PWMLs compared with controls revealed by TBSS (there were no signiﬁcant changes in neonates with PWML
grades I and II). Green regions represent the mean FA skeleton without any signiﬁcant differences. Signiﬁcant decreases in neonates with PWMLs compared with controls are shown in cool
colors (blue and light blue). Signiﬁcant increases in neonates with PWMLs compared with controls are shown in warm colors (red and yellow).

RESULTS
Demographics
Thirty-three preterm neonates with PWMLs and 33 matched
controls were enrolled. The intrarater and interrater agreement
for PWML grading was 97% ( value ⫽ 0.953; standard error ⫽
0.906) and 93.3% ( value ⫽ 0.906; standard error ⫽ 0.063),
respectively. Fifteen, 9, and 9 neonates with PWMLs were classified into grades I, II, and III, respectively. No significant differences in gestational age, postnatal age at MR imaging, postmenstrual age, or birth weight were found between neonates with
PWMLs and controls (Table 1). In this study, PWMLs were associated with many comorbid conditions (Table 2). More than

The extent of microstructural alterations
was different across PWML grades. There
were no significant changes in grades I
and II compared with controls (P ⱖ .05).
For neonates with PWML grade III, reduced FA, increased AD, and increased
RD were observed in the centrum semiovale and/or corona radiata, white matter
near the trigone of the lateral ventricles,
SCC, and OR (Fig 2). These regions were
near PWML sites seen on T1WI and
T2WI (Fig 1). Reduced FA, unchanged
AD, and increased RD were observed in regions distant from the lesion sites, including
the CST in the posterior limb of the internal
capsule, more extensive areas in the OR, and
the central part of the SCC, GCC, IFO, and
the external capsule (Fig 2).

Microstructural Alterations along
Tracts

Different patterns of microstructural
changes associated with severe PWMLs (grade III) were found
along white matter tracts (Fig 3). Increased AD, increased RD, and
reduced/unchanged FA were found in the superior part of the
CST, the occipital proximal region of the OR, the peripheral regions of the SCC near the lateral ventricles, the anterior and posterior regions of the left IFO, and the anterior region of the
right IFO. Unchanged AD, increased RD, and unchanged/reduced FA were observed in the posterior limb of the internal
capsule part of the CST, the region of the OR proximal to the
thalamus, central regions of the SCC and GCC, the central
region of the left IFO, and the central and posterior regions of
the right IFO.
AJNR Am J Neuroradiol 38:1228 –34
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Knowledge of the pathogenesis of PWMLs is limited.7 Evidence has revealed that
PWMLs may correspond to vascular congestion with infiltration of activated microglia.8 Late myelination defects indicate that
gliosis and/or loss of oligodendrocytes is
possible.7 Although the etiology and pathogenesis are nonspecific and complex, the location of PWMLs is regular.

PWML Location
PWMLs were common along the corona
radiata, in the posterior periventricular
white matter, and along the OR. This
finding is consistent with previous
ones.7,8,23 The distribution of injury is in
agreement with areas of high microglia
density and deep medullary venous anatomy.7,23 Microglia accumulate in restricted laminar bands, most notably
around 19 –30 gestational weeks, at the
axonal crossroads in the centrum semiovale, extending caudally in the immature
white matter to the OR.24 The most vulnerable area is the region of the terminal
veins, which is a collection of medullary
veins in the posterior frontal, central, and
parietal regions.23 In summary, metabolic
demand and regional cerebral blood flow
contribute to the distribution of the white
matter lesions.25

Extensive Microstructural
Alterations in Different PWML
Grades
The developmental outcome of PWMLs
is related to the degree of extension.7,8
The results in this study reveal that extensive microstructural changes were different across PWML grades. This finding
may be due to different pathophysiologic
mechanisms2,6 or different effects on
brain development.2 Rare isolated PWMLs can disappear during brain development and leave no residual abnormality.3,7,26,27 We found that there were no
FIG 3. Changes in DTI metrics (FA, AD, and RD) along white matter tracts in preterm neonates
extensive microstructural alterations aswith PWML grades I, II, and III compared with controls.
sociated with PWML grades I and II. Several studies have shown that PWML-reDISCUSSION
lated alterations extend beyond the immediate area of injury.3,28
The results demonstrated different levels of microstructural alterExtensive microstructural alterations were revealed here in neoations across the 3 PWML grades. Extensive white matter alteranates with severe PWMLs. Relatively larger lesions leave areas of
tions were revealed by DTI metrics in neonates with PWML grade
hypomyelination, which may relate to focal gliosis, oligodendroIII. There were 2 main patterns of alterations found with DTI. The
glial injury, or axonal swelling in lesion sites.2,6,7 A cross-talk exdistribution of alterations was related to the distance to lesions
ists between axons and oligodendrocytes during development.29
visible on the conventional MR imaging.
8
This cross-talk maintains proper metabolic function of axons,
The etiology of PWMLs is nonspecific. PWMLs were associtrophic support, cytoskeletal arrangement, ion channel organizaated with various comorbid conditions in this study (Table 2).
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tion, and axonal transport.29 Damage to axons or glial cells in
PWML sites would affect healthy cross-talk between the axons
and the oligodendrocytes along the tract. This may influence the
proliferation of oligodendrocyte precursor cells and further myelination, even in areas distant from the lesion sites.
In this study, severe PWML-related alterations were widespread along various white matter tracts, including the CST, OR,
SCC, GCC, and IFO. The corticospinal tracts are the major projectional motor fibers of the brain. It has been found that altered
structural integrity in the CST may result in delayed psychomotor
development,30 motor impairment,8 and cerebral palsy.30,31 High
rates of motor impairment or cerebral palsy have been found in
subjects with PWMLs.2,8 Visual function in preterm neonates at
term-equivalent age is directly related to the development of
white matter in the OR.32 In agreement with previous findings,
PWMLs are often present in the OR and may be associated with
impaired visual function.4,8 The corpus callosum is the primary
center for the interhemispheric integration of information.33 Pictogram test performance,34 Psychomotor Developmental Index
scores,30 and the speed of bimanual motor coordination33 are
related to the structural integrity of the SCC. The development of
the GCC is involved in the maturation of semantic coding,34 intelligence,35 and visual learning, possibly through a higher level
integration of visual information relayed to the frontal lobes by
the IFO.36 The IFO connects the occipital lobe with the frontal
cortex, playing a critical role in neurocognitive maturation of processing speed, visual learning,36 and semantic processing.37 The
widespread alterations in projection, commissural, and association fibers associated with PWMLs may result in motor, sensory,
and cognitive disorders.4,7,8

Regional Microstructural Alteration Patterns
Changes in DTI metrics demonstrated a PWML site-related spatial distribution: significantly increased AD, increased RD, and
decreased/unchanged FA in regions adjacent to the PWML sites,
with unchanged AD, increased RD, and decreased/unchanged FA
in regions distant from the PWML sites. These 2 patterns may be
related to different mechanisms underlying the effects of PWMLs
on brain development, including the delayed oligodendrocyte
proliferation or the death of oligodendrocyte progenitors, and the
disturbed maturation of oligodendrocytes. During normal brain
development, the proliferation of glial cell bodies is linked to decreases in diffusivity indices in all directions. This process would
lead to unchanged or increased FA.38 The disrupted cross-talk
between an axon and oligodendrocytes would delay the early process of the oligodendrocyte proliferation or lead to the death of
oligodendrocyte progenitors.29,39 Increases of AD and RD in regions adjacent to PWMLs may reveal this process. The increase in
RD without changes in AD could reflect demyelination or dysmyelination.40,41 In the regions distant from the lesion sites, the
change in AD was not significant. This finding suggested that
maturation of oligodendrocytes was disturbed without loss of oligodendrocytes in these regions.39
According to previous studies7,8 and one of our ongoing cohort studies, outcomes during infancy and/or preschool age were
relevant to the PWML grading and extensive microstructural alterations observed on MR imaging during the neonatal period.

Early intervention is associated with improved outcomes.42 Considering that extensive microstructural alterations were different
across PWML grades, patients with different PWML grades
should be treated with different approaches. Widespread microstructural changes were observed in neonates with PWML grade
III. This finding suggests that early multifaceted treatment strategies (including rehabilitation and interventions associated with
motor and cognitive competence, and so forth) might be beneficial to patients.
This study had several limitations. Widespread variations were
observed in neonates with severe PWMLs. However, only several
representative tracts were selected during the tract-quantification
analysis. Besides the selected tracts, other structures (superior
fronto-occipital fascicle, tapetum, and so forth) would also be
vulnerable. The follow-up work is not finished. We will try to
verify outcomes of the enrolled subjects in the future work. The
sample size of neonates with PWMLs in each group is relatively
small. Furthermore, this work is an in vivo study on the human
brain. Pathologic experiments are needed to reveal the exact microstructural changes associated with PWMLs.

CONCLUSIONS
White matter microstructural variations were different across
PWML grades. Extensive change patterns varied according to the
distance to lesion sites in neonates with severe PWMLs. These
findings may help in determining outcomes of PWMLs and selecting appropriate early treatment strategies.
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Coté CJ, Wilson S; American Academy of Pediatrics, American Academy of Pediatric Dentistry, Work Group on Sedation. Guidelines for
monitoring and management of pediatric patients during and after
sedation for diagnostic and therapeutic procedures: an update. Pediatrics 2006;118:2587– 602 CrossRef Medline
Smith SM, Jenkinson M, Woolrich MW, et al. Advances in functional
and structural MR image analysis and implementation as FSL. Neuroimage 2004;23(suppl 1):S208 –19 CrossRef Medline
Li X, Yang J, Gao J, et al. A robust post-processing workflow for
datasets with motion artifacts in diffusion kurtosis imaging. PLoS
One 2014;9:e94592 CrossRef Medline
Ball G, Counsell SJ, Anjari M, et al. An optimised tract-based spatial
statistics protocol for neonates: applications to prematurity and
chronic lung disease. Neuroimage 2010;53:94 –102 CrossRef Medline
Li X, Gao J, Wang M, et al. Rapid and reliable tract-based spatial
statistics pipeline for diffusion tensor imaging in the neonatal
brain: applications to the white matter development and lesions.
Magn Reson Imaging 2016;34:1314 –21 CrossRef Medline
Oishi K, Mori S, Donohue PK, et al. Multi-contrast human neonatal
brain atlas: application to normal neonate development analysis.
Neuroimage 2011;56:8 –20 CrossRef Medline
Raets M, Dudink J, Raybaud C, et al. Brain vein disorders in newborn infants. Dev Med Child Neurol 2015;57:229 – 40 CrossRef
Medline
Verney C, Monier A, Fallet-Bianco C, et al. Early microglial colonization of the human forebrain and possible involvement in
periventricular white-matter injury of preterm infants. J Anat 2010;
217:436 – 48 CrossRef Medline

1234

Li

Jun 2017

www.ajnr.org

25. Takashima S, Itoh M, Oka A. A history of our understanding of
cerebral vascular development and pathogenesis of perinatal brain
damage over the past 30 years. Semin Pediatr Neurol 2009;16:226 –36
CrossRef Medline
26. Ramenghi LA, Fumagalli M, Righini A, et al. Magnetic resonance
imaging assessment of brain maturation in preterm neonates with
punctate white matter lesions. Neuroradiology 2007;49:161– 67
CrossRef Medline
27. Cornette L, Tanner S, Ramenghi L, et al. Magnetic resonance imaging of the infant brain: anatomical characteristics and clinical significance of punctate lesions. Arch Dis Child Fetal Neonatal Ed 2002;
86:F171–77 CrossRef Medline
28. Miller SP, Vigneron DB, Henry RG, et al. Serial quantitative diffusion tensor MRI of the premature brain: development in newborns
with and without injury. J Magn Reson Imaging 2002;16:621–32
CrossRef Medline
29. Alizadeh A, Dyck SM, Karimi-Abdolrezaee S. Myelin damage and
repair in pathologic CNS: challenges and prospects. Front Mol Neurosci 2015;8:35 CrossRef Medline
30. Pannek K, Scheck SM, Colditz PB, et al. Magnetic resonance diffusion tractography of the preterm infant brain: a systematic review.
Dev Med Child Neurol 2014;56:113–24 CrossRef Medline
31. Jaspers E, Byblow WD, Feys H, et al. The corticospinal tract: a biomarker to categorize upper limb functional potential in unilateral
cerebral palsy. Front Pediatr 2015;3:112 CrossRef Medline
32. Bassi L, Ricci D, Volzone A, et al. Probabilistic diffusion tractography of the optic radiations and visual function in preterm infants at
term equivalent age. Brain 2008;131:573– 82 CrossRef Medline
33. Muetzel RL, Collins PF, Mueller BA, et al. The development of corpus callosum microstructure and associations with bimanual task
performance in healthy adolescents. Neuroimage 2008;39:1918 –25
CrossRef Medline
34. Kozlovskiy SA, Vartanov AV, Pyasik MM, et al. Functional role of
corpus callosum regions in human memory functioning. Int J Psychophysiol 2012;85:396 –97 CrossRef
35. Kontis D, Catani M, Cuddy M, et al. Diffusion tensor MRI of the
corpus callosum and cognitive function in adults born preterm.
Neuroreport 2009;20:424 –28 CrossRef Medline
36. Peters BD, Ikuta T, DeRosse P, et al. Age-related differences in white
matter tract microstructure are associated with cognitive performance from childhood to adulthood. Biol Psychiatry 2014;75:
248 –56 CrossRef Medline
37. Ivanova MV, Isaev DY, Dragoy OV, et al. Diffusion-tensor imaging
of major white matter tracts and their role in language processing in
aphasia. Cortex 2016;85:165– 81 CrossRef Medline
38. Dubois J, Dehaene-Lambertz G, Kulikova S, et al. The early development of brain white matter: a review of imaging studies in
fetuses, newborns and infants. Neuroscience 2014;276:48 –71
CrossRef Medline
39. Back SA, Riddle A, McClure MM. Maturation-dependent vulnerability of perinatal white matter in premature birth. Stroke 2007;38:
724 –30 CrossRef Medline
40. Song SK, Yoshino J, Le TQ, et al. Demyelination increases radial
diffusivity in corpus callosum of mouse brain. Neuroimage 2005;26:
132– 40 CrossRef Medline
41. Song SK, Sun SW, Ramsbottom MJ, et al. Dysmyelination revealed
through MRI as increased radial (but unchanged axial) diffusion of
water. Neuroimage 2002;17:1429 –36 CrossRef Medline
42. Hadders-Algra M, Boxum AG, Hielkema T, et al. Effect of early intervention in infants at very high risk of cerebral palsy: a systematic
review. Dev Med Child Neurol 2017;59:246 –58 CrossRef Medline

ORIGINAL RESEARCH

PEDIATRICS

Measurable Supratentorial White Matter Volume Changes in
Patients with Diffuse Intrinsic Pontine Glioma Treated with an
Anti-Vascular Endothelial Growth Factor Agent, Steroids,
and Radiation
X P. Svolos, X W.E. Reddick, X A. Edwards, X A. Sykes, X Y. Li, X J.O. Glass, and X Z. Patay

ABSTRACT
BACKGROUND AND PURPOSE: Assessing the response to treatment in inﬁltrative brain tumors by using lesion volume– based response
criteria is challenging. We hypothesized that in such tumors, volume measurements alone may not accurately capture changes in actual
tumor burden during treatment. We longitudinally evaluated volume changes in both normal-appearing supratentorial white matter and
the brain stem lesions in patients treated for diffuse intrinsic pontine glioma to determine to what extent adjuvant systemic therapies may
skew the accuracy of tumor response assessments based on volumetric analysis.
MATERIALS AND METHODS: The anatomic MR imaging and diffusion tensor imaging data of 26 patients with diffuse intrinsic pontine
glioma were retrospectively analyzed. Treatment included conformal radiation therapy in conjunction with vandetanib and dexamethasone. Volumetric and diffusion data were analyzed with time, and differences between time points were evaluated statistically.
RESULTS: Normalized brain stem lesion volume decreased during combined treatment (slope ⫽ ⫺0.222, P ⬍ .001) and increased shortly
after completion of radiation therapy (slope ⫽ 0.422, P ⬍ .001). Supratentorial white matter volume steadily and signiﬁcantly decreased
with time (slope ⫽ ⫺0.057, P ⬍ .001).
CONCLUSIONS: Longitudinal changes in brain stem lesion volume are robust; less pronounced but measurable changes occur in the
supratentorial white matter. Volume changes in nonirradiated supratentorial white matter during the disease course reﬂect the effects of
systemic medication on the water homeostasis of normal parenchyma. Our data suggest that adjuvant nontumor–targeted therapies may
have a more substantial effect on lesion volume changes than previously thought; hence, an apparent volume decrease in inﬁltrative
tumors receiving combined therapies may lead to overestimation of the actual response and tumor control.
ABBREVIATIONS: BL ⫽ baseline; BS-L ⫽ brain stem lesion; DIPG ⫽ diffuse intrinsic pontine glioma; ePFS ⫽ end of PFS; eRT ⫽ end of RT; PFS ⫽ progression-free
survival; RT ⫽ radiation therapy; ST-WM ⫽ supratentorial white matter; VEGF ⫽ vascular endothelial growth factor; W ⫽ week

iffuse intrinsic pontine glioma (DIPG), a diffusely infiltrative
high-grade glioma, is the most common brain stem tumor in
children. Currently used mainstream therapies for DIPG include
conformal radiation and adjuvant steroid therapy, which, in recent years, have been combined with new molecularly targeted
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agents, including vascular endothelial growth factor (VEGF) inhibitors within the framework of Stage I and/or II clinical trials,
but key outcome metrics, such as progression-free survival (PFS)
and overall survival, have remained dismal.
As with many other brain tumors, longitudinal evaluation of
the response to therapy in clinical trials or care relies heavily on
MR imaging. Most clinical trials require 2D or 3D measurements
or volumetric evaluation of the tumor to monitor and evaluate
the response to treatment with time. Such strategies may be appropriate for discrete tumors, but their adequacy in diffusely
infiltrative brain tumors is increasingly questioned because conceptually, the “lesion” seen by imaging does not necessarily correspond to the “tumor within,” but with conventional, anatomic
imaging, one can measure only the “lesion.”
In DIPG, radiation therapy (RT) initially results in reduced
lesion volume, which is assumed to indicate some degree of tumor
control, albeit temporary. Corticosteroids—potent antiedema
agents—reduce tumor-induced edema in brain lesions, in genAJNR Am J Neuroradiol 38:1235– 41
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eral. Anti-VEGF agents may also contribute to apparent volume
reduction of tumor lesions by reducing the proportion of angioneogenic, leaky vessels and, hence, interstitial, vasogenic edema.1
It is conceivable that all of these therapeutic measures affect lesion
volume reduction, but their respective contributions are undetermined. In this research, we set out to test our hypothesis that
volumetric changes in DIPG during treatment may not accurately
reflect changes in tumor burden within the apparent brain stem
lesion; hence, volumetric analysis in DIPG (and, perhaps, other
infiltrative gliomas) may be inadequate for assessing actual tumor
response to treatment.

MATERIALS AND METHODS
Patients
In a prospective Phase I clinical trial (SJBG07, NCT00472017;
clinicaltrials.gov) conducted at our institution between June 2007
and August 2009, children with newly diagnosed DIPG were
treated with conformal photon radiation therapy and vandetanib
(ZD6474, ZACTIMA; AstraZeneca, London, England) in conjunction with adjuvant dexamethasone. The study was approved
by our institutional review board. Written, informed consent for
participation was obtained from the parents or legal guardians of
the patients. Results of this clinical trial have been published.2 For
the current research, we requested that the board allow us to retrospectively evaluate some of the clinical, medication, and imaging data collected within the framework of the aforementioned
clinical trial. This request, in conjunction with a waiver of repeat
consenting, was granted.
Treatment consisted of 3D conformal RT given in 1.8-Gy fractions 5 days/week for 6 weeks, to a total dose of 54 Gy to the brain
stem lesion (BS-L) and orally administered vandetanib. The maximum tolerated dose of vandetanib was evaluated by randomizing
patients into 1 of 5 strata, with escalating dosage levels of 50 (n ⫽
3), 65 (n ⫽ 3), 85 (n ⫽ 3), 110 (n ⫽ 16), or 145 (n ⫽ 10) mg/m2 per
day. Vandetanib treatment and RT were started on the same day.
Patients were receiving oral dexamethasone as an adjuvant therapy before or on admission to our institution. After admission,
dexamethasone was administered as necessary on an individual
basis to control neurologic signs and symptoms related to the
BS-L, with the goal of reducing or discontinuing use when clinically possible.
As per protocol stipulations, partial response to treatment was
defined as ⱖ50% reduction in the sum of the product of the maximum perpendicular diameters of the BS-L by MR imaging and a
stable or decreasing dose of dexamethasone accompanied by stable or improving neurologic examination findings maintained for
at least 6 weeks (Fig 1). PFS was defined as the time interval from
the start of therapy to disease progression or death. Progressive
disease, indicating the end of PFS, was defined in the protocol as
the following: 1) neurologic abnormalities or worsening neurologic status not explained by causes unrelated to tumor progression (eg, seizures, anticonvulsant toxicity, electrolyte disturbances, sepsis), or 2) a ⬎25% increase in the product of the
maximum perpendicular diameters of the tumor lesion by imaging, or 3) increasing doses of dexamethasone required to maintain
a stable neurologic status. Patients received additional dexamethasone as necessary toward the end of PFS. Seven patients under1236
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FIG 1. Axial T2-weighted images of the supratentorial brain (A and B)
and brain stem lesions (C and D) in a patient with DIPG at baseline (A
and C) and after RT (B and D). D, Note the prominent brain stem lesion
volume reduction in conjunction with less robust but measurable
pseudoatrophic changes within the supratentorial brain parenchyma.

went shunt placement during the course of their disease: 6 patients before (mean, 19 days) and 1 patient (3 days) after RT
initiation. Hydrocephalus requiring shunting did not develop in
other patients during the study period.
Thirty-five patients with newly diagnosed DIPG were enrolled
in the aforementioned therapeutic trial. For the current imagingbased research study, inclusion criteria consisted of the following:
1) patients with newly diagnosed DIPG; 2) participation in the
therapeutic protocol and completing RT; 3) a complete dataset of
conventional, volumetric, and diffusion data for each patient; and
4) patient follow-up with at least 2 consecutive post-RT imaging
studies before the end of PFS (see definition above). Consequently, 3 patients were excluded because they were taken off the
trial before the completion of RT because of unacceptable, presumably anti-VEGF–related toxicity. Two patients had no follow-up data: One was taken off protocol at the end of RT because
of progressive disease, and the guardian of one withdrew consent
on the completion of RT. Another 4 patients survived ⱖ3 years,
suggesting that they may not have had a “classic” DIPG; hence,
histopathologic and biologic properties of those tumors might
not represent typical DIPG. Overall, 26 patients were eligible for
enrollment in our retrospective research (10 boys, 16 girls; mean
age at the start of RT, 6.55 ⫾ 3.04 years). Relevant patient data are
summarized in On-line Table 1.

MR Imaging
MR imaging was performed on either a 3T system (Magnetom
Trio Tim; Siemens, Erlangen, Germany) or a 1.5T platform (Mag-

netom Avanto; Siemens) by using 12-channel matrix head coils.
In total, 178 examinations were performed, of which 157 were on
the 3T platform. Per protocol requirements, MR imaging examinations were scheduled within 1 week before RT and vandetanib
initiation (baseline [BL]); at 1, 3, and 6 weeks (end of RT [eRT]);
and every other month (after each vandetanib treatment cycle)
until the patient was taken off the study due to progressive disease
indicating the end of PFS (ePFS). To maintain consistency between time points of measurements, we considered the initiation
of RT as time point zero.
The conventional MR imaging protocol at all time points consisted of whole-brain precontrast sagittal and axial T1W1 gradient-echo and axial T2WI turbo spin-echo sequences. Postcontrast
imaging included an axial T1WI gradient-echo sequence and
sagittal isotropic 3D MPRAGE and T2WI FLAIR sequences. A
section thickness of 4 mm with no gap was used for all 2D
acquisitions.
DTI data were acquired by using a double-spin-echo, EPI
pulse sequence (TR ⫽ 6500 –10,000 ms, TE ⫽ 100 –120 ms, b⫽0
and 700-1000 s/mm2) applying bipolar diffusion-encoding gradients to reduce gradient-induced eddy currents. Forty or more
3-mm-thick images were acquired in contiguous axial sections to
provide whole-brain coverage with a matrix size of 128 ⫻ 128 and
an FOV of 192–230 mm2.

Image Postprocessing
BS-L segmentation was based on T2 hyperintensity and performed by 1 postprocessing specialist supervised by a board-certified, experienced neuroradiologist. T1WI and FLAIR images
were aligned to the T2WI from the same examination by using
rigid-body registration from the FMRIB Software Library (FSL;
http://www.fmrib.ox.ac.uk/fsl). The segmentations were performed manually by drawing an ROI on every T2WI section containing a lesion, and volume was combined across the stack of
images. The T1WI and FLAIR coregistered images were used to
differentiate lesions from adjacent CSF when necessary (On-line
Figure).
For volumetric analysis of supratentorial white matter (STWM), T2WI was registered to the T2WI at BL for each patient
with the Rigid Body Tools in FSL. The remaining conventional
image sets were then aligned to the T2WI for that patient’s space
by using the same tools. Brain parenchyma masks were computed
and then modified to remove the brain stem and cerebellum volume before performing inhomogeneity correction.3 Finally, the
ST-WM volume was segmented by using a Kohonen self-organizing network technique based on T1WI, T2WI, and FLAIR images
(On-line Figure).4,5 Repeated measures of ST-WM demonstrated
a predicted variance of approximately 2% with these methods.5
DTI data analysis was performed with SPM8 software (http://
www.fil.ion.ucl.ac.uk/spm/software/spm12) by using the Diffusion Toolkit (TrackVis; http://www.trackvis.org/dtk) for voxelwise tensor calculations. Each of the 4 acquisitions was aligned to
remove eddy-current drift and patient motion before being averaged. Tensor deconvolution was used to calculate tensors and
derive the eigenvectors and eigenvalues. Eigenvalues were combined to acquire ADC parametric maps. The b⫽0 image, the reference for all tensor calculations, was registered to the T2WI from

Volumetric and diffusion measurements of brain stem lesions
and supratentorial white mattera
Normalized Volume
Normalized ADC
Mean
Mean
Time Points
BS-L
ST-WM
BS-L
ST-WM
Baseline
1.00
1.00
1.00
1.00
eRT
0.65 ⫾ 0.18 0.88 ⫾ 0.11 0.80 ⫾ 0.12 0.98 ⫾ 0.03
W14
0.60 ⫾ 0.17 0.85 ⫾ 0.14 0.76 ⫾ 0.18 0.97 ⫾ 0.06
ePFS
0.99 ⫾ 0.40 0.86 ⫾ 0.11 0.82 ⫾ 0.17 0.95 ⫾ 0.04
a

All values were normalized to baseline value.

each examination used for ST-WM segmentation by using the
Affine Registration Tools in FSL. The ADC output map was
aligned to the same space as the BS-L and ST-WM segmentation
data by applying this transformation. These registered maps were
used to determine the mean ADC for the segmented BS-L and
ST-WM. All output data were normalized to BL.

Statistical Analysis
All statistical analyses were conducted by using SAS 9.3 (SAS Institute, Cary, North Carolina). A 2-sided significance level of P ⬍
.05 was used for all statistical tests. The changes in volume and
ADC measurements between time points were assessed by paired
t tests for differences that were normally distributed and by Wilcoxon signed rank tests for differences that were not normally
distributed. Normal tests and Q-Q plots were used to assess normality. The false discovery rate method was used to adjust P values
for multiple testing.
Linear mixed-effect models were used to describe the patterns
of change in volume and ADC measurements with time. The results of pair-wise comparisons between time points, mean response plots with time, and the Akaike information criterion were
used to select an optimal mixed-effects model for each measurement. The autoregressive covariance structure was selected to account for the correlation among repeated measurements for all
models.
The Wilcoxon rank sum test was used to examine differences
in PFS and overall survival between patients with a ⬎50% or
ⱕ50% reduction in volume from baseline.

RESULTS
The mean normalized volume and diffusion values of the BS-Ls
and ST-WM are summarized in the Table. In the current study,
we longitudinally evaluated volumetric and diffusion changes at 4
distinct clinical time points: at BL, the eRT, 14 weeks (W) from BL
(week 14 [W14]), and at the ePFS. The selection of W14 as a time
point of measurement was arbitrary, but our data indicated this
time as a turning point in the clinical course. Initially, most patients showed clinical and imaging improvement; hence, few patients (2/26) were receiving dexamethasone at that time. Tumor
recurrence typically started after W14, and the mean time interval
between W14 and ePFS was only 4 ⫾ 3 months.
On the basis of these data, key clinical events, and results of our
statistical analysis, we established 3 phases of the evaluation period: Phase I (BL-eRT), Phase II (eRT-W14), and Phase III (W14ePFS) (Fig 2). Phase I was the combined treatment period (RT,
vandetanib for all patients, and dexamethasone for most). The
number of patients receiving dexamethasone at baseline and at
AJNR Am J Neuroradiol 38:1235– 41
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FIG 2. A, Treatment duration and number of patients receiving corticosteroids at each time point. Radiation therapy and vandetanib
were started on the same date, approximately 1 week from baseline.
Longitudinal volumetric (B) and diffusion (C) changes (mean ⫾ standard error) of the brain stem lesion and supratentorial white matter.

the eRT was 21 and 16, respectively. Phase II indicates the early
post-RT period during which patients continued to receive vandetanib and dexamethasone; however, dexamethasone was gradually reduced, and by W14, only 2 patients were still receiving
treatment. Phase III was the late post-RT follow-up period leading
to the ePFS and patient drop-off from the protocol; it also corresponded to the end of vandetanib administration. Dexamethasone was re-administered as necessary for progressive disease
(4/23 patients received dexamethasone by the ePFS time point).
Patient medication data at each time point are summarized in
On-line Table 2.
1238
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In terms of response to treatment, 12/26 patients (46%) had
⬎50% BS-L volume reduction during the therapeutic trial: 5 at
the eRT, 3 by W14, and 4 before the ePFS, hence meeting the
criterion of partial response as assessed by imaging. However,
when we subtracted the volume-reduction percentage of the
ST-WM from that of the BS-L for each patient, only 2 had a “net”
or “adjusted” volume decrease of the BS-L of ⬎50% (both of
those during Phase II) (On-line Table 3).
Volumetric changes of the BS-Ls and ST-WM were analyzed
in each phase along with changes in the ADC values. Figure 2
shows longitudinal volumetric and diffusion changes and the
treatment scheme applied in each phase.
Overall, the normalized BS-L volume decreased during Phases
I and II (slope ⫽ ⫺0.222, P ⬍ .001) and increased in Phase III
(slope ⫽ 0.422, P ⬍ .001). The normalized ST-WM volume decreased with time (slope ⫽ ⫺0.057, P ⬍ .001). Similarly, the normalized ST-WM ADC decreased with time (slope ⫽ ⫺0.015, P ⬍
.001), and the normalized BS-L ADC decreased during Phases I
and II (slope ⫽ ⫺0.125, P ⬍ .001) and increased in Phase III
(slope ⫽ 0.069, P ⫽ .02).
Regarding volumetric and diffusion changes between time
points in Phase I, paired t test comparisons revealed a statistically
significant decrease in BS-L and ST-WM normalized volumes
(P ⬍ .001) and in the normalized BS-L ADC (P ⬍ .001). No
significant changes were observed in either BS-L or ST-WM normalized volumes during Phase II; however, the Wilcoxon signed
rank test showed a significant decline in the normalized BS-L
ADC (P ⫽ .029). In Phase III, normalized BS-L volume and ADC
increased significantly (P ⬍ .001 and P ⫽ .029, respectively). No
significant differences were observed in normalized ST-WM volume or ADC between these time points.
We further analyzed our data to determine whether the magnitude of maximal “unadjusted” volume reduction (⬎50% or
⬍50%) during the monitored course of disease correlated with
standard outcome metrics, notably PFS and overall survival.
There were no statistically significant differences in PFS and overall survival between patients with a ⬎50% and ⱕ50% reduction
in unadjusted BS-L volume from BL (On-line Table 4).
Our data also showed that at ePFS, only 11 patients had BS-L
volumes greater than the corresponding BL volumes and only 4 of
those had a volume increase of ⬎25%. In most patients (56%), the
BS-L was still smaller at the ePFS than at BL, despite clinical
and/or neurologic signs of disease deterioration (On-line Table
5). Altogether, 21 patients (84%) either did not have BS-L volume
increases at the ePFS compared with BL or had an increase of
⬍25% (On-line Table 5).

DISCUSSION
According to published data from the Pediatric Brain Tumor
Consortium, children with DIPG having ⬎25% decrease in tumor volume (and ADC) after RT have a higher 6-month survival
rate than those without such decreases, but the reasons are still
unclear.6 Our data, with ⬎50% volume decrease as the threshold,
do not support this observation.
In our cohort, almost half of the patients experienced a volume
reduction of ⬎50% of the BS-L sometime during the course of
their disease; yet, the ultimate outcome remains uniformly dis-

mal. In this study, we showed that apart from the significant volume changes within the tumor lesion itself, measurable and nonnegligible volume changes may also be induced in remote normal
brain parenchyma, which is not directly targeted by RT; therefore,
those changes likely develop in response to systemic medication
used during treatment, particularly corticosteroids, which cause
well-known, reversible pseudoatrophic changes in the brain.
In recent years, molecularly targeted treatments for adult
high-grade gliomas have generated considerable interest.7,8 Vandetanib, the anti-VEGF agent used in our clinical trial, is a tyrosine kinase receptor inhibitor that may inhibit VEGF receptor-2
tyrosine kinase activity and shows additional inhibitory activity
against the Ret proto-oncogene tyrosine-protein kinase receptor
and the epidermal growth factor receptor in isolated enzyme assays.8 By targeting VEGF, a promoter of angiogenesis that leads to
the “haphazard” formation of deficient, new vessels in response to
tissue hypoxia, anti-VEGF agents may indirectly decrease fluid
leakage into the interstitial space, reducing peritumoral edema in
synergy with corticosteroids by reducing the number of defective,
leaky vessels.9,10 The effect of anti-VEGF agents, including vandetanib, on normal vessels (and brain parenchyma) is unclear.
In the present study, the progressive decrease of the normalized ST-WM volume with time was evident. Similarly, although
on a larger scale, normalized BS-L volume decreased until approximately 2 months following RT completion, after which BS-L
volumes started to increase again, presumably due to commencing tumor recurrence. The BS-L responded well to treatment
during Phase I. Normalized ADC values of the lesion decreased
during this phase, likely indicating contraction of the intratumoral extracellular water compartments in response to synergistic effects of the various treatments. According to protocol requirements, vandetanib levels were kept constant in each patient
stratum, contrary to dexamethasone, which was initially given at
higher doses and gradually tapered off as the lesion size decreased
and the patient’s clinical signs and symptoms improved.2 Vandetanib may not substantially reduce volume during Phase I because
pharmacokinetic studies have shown that therapeutic blood levels
of vandetanib are reached after approximately 45 days (6.5 weeks)
in adults and, presumably, in pediatric patients as well.2,11 Hence,
by the eRT (6 weeks), vandetanib may not have reached a steadystate blood level that would be sufficient to substantially affect
intratumoral edema and, thus, BS-L volume size. Hence, the pronounced volumetric changes in the BS-L during Phase I are likely
due to a combination of tumor control by RT and the removal of
vasogenic edema by dexamethasone.
Volume changes were also evident in ST-WM as early as Phase
I, even though the supratentorial brain was largely outside the
radiation field. On the basis of test simulations, approximately
20%–25% of the supratentorial brain (mainly the posterior temporal and the occipital lobes) in patients treated for DIPG receives
radiation doses higher than 20 Gy. Therefore, volume decreases of
the ST-WM reflect the effect of systemically administered dexamethasone on the normal cerebral parenchyma, especially because no regional differences in pseudoatrophic changes were
seen between the “irradiated” and the “nonirradiated” brain regions. For the above-mentioned reasons, vandetanib is not expected to substantially affect ST-WM. The decreasing ADC values

in ST-WM may indicate that water is removed, resulting in contraction of the interstitial space in the brain during Phase I. In our
patients, no clinical or MR imaging finding suggested that the
volume decrease in ST-WM would be indicative of any druginduced myelinotoxicity.
As expected, the trend toward volume and ADC reduction of
the BS-L continued in Phase II after RT completion, most probably due to the sustained effects of RT on the BS-L and the ongoing, potentially synergistic effect of dexamethasone and vandetanib. During this phase, dexamethasone was gradually reduced,
and by the end of W14, most patients were taken off therapy.
Therefore, the decreased rates may reflect decreasing corticosteroid use, suggesting that the delayed effects of RT and vandetanib
may not be sufficient to sustain control of edema. Nevertheless, it
is unclear which treatment component has the dominant effect on
tumor volume reduction during Phase II. Normalized ST-WM
volume also decreased at a slower rate, again, most likely due to
weaker dexamethasone effects. The steady decrease of ADC values
in ST-WM indicates further contraction of the interstitial water
compartments in normal brain parenchyma.
In Phase III, BS-L volume progressively increased despite sustained vandetanib therapy, indicating early signs of tumor recurrence. ADC values gradually increased, suggesting a rebound of
edema due to an increasing tumor burden.
Unlike in BS-Ls, volume in ST-WM minimally increased during Phase III at the group level. Because anti-VEGF was continuously given, the only factor inducing this change is probably the
discontinuation of dexamethasone for most patients and slow
remigration of water back to the ST-WM, leading to a modest
re-expansion of the interstitial space. Such reversible brain atrophy due to medication-induced effects has been documented in
clinical studies. For example, corticosteroid-induced brain volume changes occur in patients with multiple sclerosis, with researchers showing that brain fractional volumes return to baseline
values 1–2 months after treatment.12,13 Reversible changes in the
brain also occurred in a cohort of patients with alcohol dependence under detoxification.14,15 Similarly, reversal of pseudoatrophic brain changes and cognitive improvement have been associated with discontinuation of drug therapy in epilepsy.16 All
studies accentuated the confounding dynamics of water shifts induced by drugs or other substances in the brain parenchyma,
without a concomitant effect on histoarchitectural integrity.
Because the vandetanib dose level was fixed in each stratum,
the only robust variable in patients was the presence or absence of
dexamethasone. Our results show that corticosteroids may induce measurable volume changes not only in the BS-L but also in
the ST-WM volume. This finding is quite remarkable because it
clearly indicates that corticosteroids are powerful water-volume
regulators not only in pathologic but also in normal tissues. The
potential practical implication of this finding is that tumor volume reduction induced by drugs without a direct antitumoral
effect (ie, corticosteroids and anti-VEGF drugs in our study) may
be potentially misinterpreted as a partial response during treatment or follow-up when volume reduction exceeds 50%. This
overestimation occurred in almost 50% of our patients. Hence,
observed changes in DIPG “lesion volume” during treatment and
the associated T2 normalization may not be reliable indicators of
AJNR Am J Neuroradiol 38:1235– 41

Jun 2017

www.ajnr.org

1239

effective tumor control. Therefore, reliable appreciation of the
actual antitumor effect (or lack thereof) of current or future antitumoral drugs in treating DIPG (or other diffusely infiltrative
gliomas) in patients who receive corticosteroids may not be
possible.
For the whole patient cohort, an overall mean 20% decrease of
ST-WM volume was seen, though the ST-WM was largely unexposed to radiation. Assessing how much BS-L volume reduction
was induced by RT itself is not feasible, but one may assume that
at least 20% of the change is due to concurrent “drug therapy” as
seen in the ST-WM. This percentage, however, may be even
higher because steroids and anti-VEGF drugs may have a more
robust effect on edematous tissue than on normal parenchyma.
This notion is supported by our clinical observations suggesting
that DIPGs presenting markedly increased T2 signal intensity at
diagnosis respond better to therapy, likely due to the presence of
more easily “treatable” intratumoral edema. We took advantage
of the available data and calculated an “adjusted” volume decrease
for the BS-L, after which only 2 patients had a volume reduction
of ⬎50%. However, only 4 patients had a volume increase of
⬎25% at the ePFS. These data suggest that both the ⫺50% and the
⫹25% thresholds have poor correlation with clinical reality and
are inadequate for partial response and progressive disease determinations. This finding is in keeping with reports showing that
advanced MR imaging techniques, such as proton MR spectroscopy, show little, if any, improvement in the metabolic profile of
lesions, even during apparent volume reduction of the tumor.17,18
In DIPG, the T2 hyperintense area corresponds to the extent of
vasogenic edema, which is induced by the tumor within through a
mechanism (eg, development of leaky, angioneogenetic vessels)
promoting the influx of excess water from the intravascular compartment to the intralesional interstitial compartment. In practical clinical terms, the T2 hyperintense area is likely an inaccurate
representation of the actual tumor burden. Consequently, temporal variations of the T2 hyperintense lesion volume during the
disease are probably inadequate to monitor therapy- or disease
progression–related changes in tumor burden because non-negligible portions of those volume variations may reflect bulk water
shifts to and from the lesion area. This situation would be particularly concerning in clinical trials.
The Response Assessment in Neuro-Oncology working group
has developed response criteria in adult high-grade gliomas. Although most clinical trials adopt the Response Assessment in
Neuro-Oncology criteria,19 the validity and appropriateness of
these schemes for pediatric patients require further studies. Pediatric brain tumors present with unique challenges that may require adjustment of imaging criteria; however, a “one size fits all”
strategy may not be the right answer.19,20 It is unlikely that a
universal, standard set of response criteria would be suitable for
all types of pediatric brain tumors, including embryonal tumors,
infiltrative gliomas, and focal gliomas, due to inherently different
histoarchitectural features and tumor-host relationships. Advanced, quantitative MR imaging data may more directly capture
key biologic or pathophysiologic tumor properties: indeed, perfusion and spectroscopic data reportedly have potential prognostic value in DIPG.21,22 A recent study also demonstrated that diffusion measurements could be used as noninvasive biomarkers to
1240
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differentiate distinct subgroups of DIPG and select patients for
clinical trials.23 Nonetheless, the possibility of incorporating advanced MR imaging techniques (perfusion imaging DTI, MR
spectroscopy) in response assessment schemes for childhood
brain cancer is still under evaluation.
Overall, shortcomings of anatomic MR imaging in reflecting
actual tumor burden in cerebral neoplasms at diagnosis and during treatment are increasingly recognized, especially in cases of
diffusely infiltrative high-grade gliomas, such as DIPG. Identifying surrogate biomarkers other than volume-based measures that
can accurately predict or measure tumor response to treatment is
crucial to effectively managing DIPG or other infiltrative tumors
in clinical care and in drug trials.

CONCLUSIONS
Our data suggest that volumetric measurements of the brain stem
lesion defined by the T2/FLAIR hyperintense area, which are
commonly used in clinical trials for DIPG, may not be appropriate to assess response to treatment. There is an obvious need for
robust, standardized, reproducible, and quantitative imaging biomarkers to accurately monitor therapy-induced changes in infiltrative brain tumors, including DIPG.
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Differences in Activation and Deactivation in Children with
Sickle Cell Disease Compared with Demographically
Matched Controls
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ABSTRACT
BACKGROUND AND PURPOSE: Declines in both functional activation and functional connectivity have been reported in patients with
sickle cell disease. In this study, we derived the functional and default mode responses to a word stem paradigm in age-, ethnicity-, and
background-matched subjects with sickle cell disease and control groups, with the aim of testing whether both networks were similarly
attenuated and whether the changes were related to physiologic parameters that characterize sickle cell disease.
MATERIALS AND METHODS: Both the functional and default mode responses were obtained from age- and background-matched
controls and the sickle cell population by using a visually presented word stem paradigm on a 3T scanner.
RESULTS: We observed an attenuated response to both activation and deactivation in the sickle cell disease group. There were no
signiﬁcant differences in the activation response between the 2 groups for the contrast control ⬎ sickle cell disease; however, signiﬁcant
differences were observed in the medial parietal cortex, the auditory cortex, and the angular gyrus for the default mode. For the sickle cell
group, a signiﬁcant correlation between the activation z scores and the physiologic parameters was observed; for the deactivation, the
results were not signiﬁcant but the trend was similar.
CONCLUSIONS: The results indicate that the physiologic parameters modulate the activation in the expected fashion, but that the effect
was weaker for deactivation. Given that signiﬁcant differences between the 2 groups were only seen for deactivation, additional factors
must modulate the deactivation in sickle cell disease.

ABBREVIATIONS: BOLD ⫽ blood oxygen level– dependent; DM ⫽ default mode; GLM ⫽ General Linear Model; SCD ⫽ sickle cell disease

ickle cell disease (SCD) is a hereditary condition that can cause
ongoing hemolytic anemia and vaso-occlusion, which can
subsequently cause irreversible organ damage. Individuals with
SCD are also at an increased risk for ischemic insult to the brain,
and both overt1-4 and silent-type strokes5-7 have been shown to
cause neurocognitive deficits. However, studies involving large
numbers of neurologically asymptomatic children and adults
with SCD have shown that cognitive impairment occurs even in
the absence of structural brain abnormalities on MR imaging.8-10
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Even though the method of neurocognitive assessment varied
among these studies, intellectual ability, executive functioning
ability, and visual-spatial memory were usually the cognitive areas
most likely to be affected.11 These observations support an emerging consensus that brain injury in SCD is diffuse and insidious12
and that conventional neuroimaging is prone to underestimating
the extent of injury.
Thus, advanced neuroimaging techniques are warranted to better detect differences in SCD. Significant differences in gray matter
volumes have been shown in patients with SCD compared with
healthy controls.8 In addition, white matter changes have been discovered in patients with SCD by means of voxel-based morphometry, even in the absence of overt stroke.10 One article comparing patients with SCD with and without prior stroke demonstrated white
matter “density” abnormalities in multiple, anatomic regions.10 Diffusion-weighted imaging has also been attempted with Tract-Based
Spatial Statistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) to
reveal reduced anisotropy and increased diffusivity in subjects with
SCD compared with healthy controls, particularly in areas involving
the corpus callosum and centrum semiovale.13

In addition to the aforementioned neuroimaging techniques,
functional MR imaging seems to be a promising method for
studying neurologic changes. Indeed, fMRI can be used to assess
not only task-based activation but also deactivation, (ie, rest versus task). One of the most commonly studied networks assessed
during rest is the default mode (DM) network. The DM network
can be defined with either resting-state14 or task-driven fMRI.15
However, fMRI seems to be underused in SCD because there
have been relatively few studies published using this neuroimaging technique, to our knowledge. One possible explanation may
be the difficulty in determining whether the changes in the blood
oxygen level– dependent (BOLD) effect are due to neurologic differences or possible differences in the hemodynamic properties of
SCD. While the hemodynamic properties associated with anemia
and SCD have been shown to alter the resting perfusion rate of the
brain, the degree to which the changes in perfusion, oxygenation,
and blood volume affect the BOLD response is unclear. The studies using fMRI have produced mixed results, depending on
whether they were assessing deactivation or activation. One activation study using a visual paradigm for fMRI did find that the
BOLD response was attenuated in children with SCD.16 Restingstate fMRI studies have reported that pain can alter the connectivity between the DM regions and pro- and antinociceptive
structures in SCD.17 Additionally, connectivity of the medial
parietal cortex, one of the main elements of the DM network, was
shown to be higher in patients with SCD compared with
controls.18
Given these findings, 1 advantage of using a task-driven approach to define the DM network is that the same paradigm can
be used to derive the activation and responses, so that any hemodynamic differences between the patient and control populations
will equally affect the activation and deactivation BOLD responses. Because the DM network is implicated in many aspects of
brain function15 and disruption of the DM has been reported to
negatively impact attention, working memory, and emotional capacity,19 an altered DM network in SCD may account for the
some of the neurocognitive changes associated with SCD. While
the core elements of the DM network are now well-defined, some
areas show more variable deactivation, with the presence and/or
strength of the deactivation being modulated by the nature of the
stimulus.20,21
In this study, we used fMRI with a visually presented block
word stem paradigm to derive the functional and DM responses
from age- and background-matched subjects with SCD and control groups. In the subjects with SCD, we also recorded physiologic parameters that can be used to characterize the BOLD response and correlated these with the functional and DM
responses. Our main aim was that with the same task for both
activation and deactivation responses, we could better characterize neurologic differences between subjects with SCD and control
groups.

MATERIALS AND METHODS
Participants
This prospective study was approved by the institutional review
board. The subjects with SCD had the homozygous form of SCD
(HbSS), no history of stroke, normal blood velocities on routine

screening with transcranial Doppler sonography, and no reported
developmental delay. In addition, any prior neuroimaging performed as part of their standard of care had to have normal findings for inclusion in the study. The control group was composed
of siblings or demographically matched peers of the prospective
SCD group, who had either sickle cell trait or were healthy and
had no history of serious illness, brain surgery, or developmental
delay, to limit potential confounds. Physiologic variables that
were expected to affect the BOLD response, specifically hemoglobin level, mean corpuscular volume, percentage of fetal hemoglobin, and percentage of sickle cell hemoglobin, were recorded for
the patients with SCD. For both groups, the lower and upper age
limits for this study were 10 and 21 years of age.

Neuropsychology
A number of neuropsychological measures were administered to
each subject to determine whether significant differences were
observed between the SCD group and the control group in cognitive ability. The measures included the following: measures of
intelligence (Wechsler Abbreviated Scales of Intelligence); working memory (Wechsler Intelligence Scale for Children, Fourth
Edition, Digit Span subtest); attention/executive functioning
(Conners Continuous Performance Test, Second Edition; DelisKaplan Executive Function System; Tower of London, Second
Edition, Drexel version; and the Behavioral Rating Inventory of
Executive Functioning); and memory (Wide Range Assessment of
Memory and Learning, Second Edition; and Children’s Memory
Scale). Scores are reported in standard scores (mean of 100 with a
SD of 15), in which ranges that extend 0.6, 1.3, and 2 SDs from the
mean are equivalent to the average, low average, and impaired
ranges respectively.
Between-group differences were analyzed by using SPSS
22.0 statistical software (IBM, Armonk, New York) with an ␣
level set to .05. Independent-samples t tests were conducted to
compare the SCD and control groups across the neuropsychologic measures.

Image Acquisition
MR images from all participants were acquired on a 3T Tim Trio
scanner (Siemens, Erlangen, Germany). Standard, noncontrast,
clinically diagnostic sequences were performed as follows: T1 3D
sagittal MPRAGE (TR/TE/TI ⫽ 2300/2.98/900 ms, 1.0 ⫽ mm
isotropic resolution). 2D T2 and FLAIR images were acquired to
screen for disease. MR angiography was performed to screen for
large-vessel stenosis. The fMRI sequence used a block-design paradigm of a word stem task in which the participant was visually
presented with a set of 3 letters and had to construct a word that
starts with those 3 letters.22 Each word stem could be used to
produce at least 3 words that would be within the vocabulary of
the patients in this study. Each set of 3 letters was displayed for 3
seconds, and 10 sets were displayed in each block. The patients
were instructed to press a button when they found a word that
matched the word stem. The fMRI run consisted of 100 dynamic
scans with the duration of each dynamic being 3 seconds. There
were 5 activation blocks and 5 rest blocks, and the paradigm
started with a rest block. During the rest intervals, a crosshair was
displayed at the center of the screen and the subject was asked to
AJNR Am J Neuroradiol 38:1242– 47

Jun 2017

www.ajnr.org

1243

focus on the crosshair. The sequence parameters for the fMRI
sequence were the following: TR/TE ⫽ 3000/35 ms, FOV ⫽ 216 ⫻
216 mm, matrix ⫽ 72 ⫻ 72. Parallel imaging with an acceleration
factor of 2 was used in the phase-encoding (anteroposterior)
direction.

Table 1: Summary of the Z statistics for the total activated and
deactivated (default mode) areasa
Actv (n = 13) Actv (n = 10) DM (n = 13) DM (n = 10)
Z Score
Z Score
Z Score
Z Score
Controls 2.69 ⫾ 0.95 2.76 ⫾ 1.02
2.24 ⫾ 0.55 2.26 ⫾ 0.59
SCD
1.70 ⫾ 1.32
2.38 ⫾ 0.28 1.60 ⫾ 0.67 1.87 ⫾ 0.49

Diagnostic Imaging Analysis

Note:—Actv indicates activation.
a
For each group, the statistics for the complete group (n ⫽ 13) and the reduced group
(n ⫽ 10) are presented.

The clinical diagnostic sequences were reviewed by a board-certified pediatric neuroradiologist. The scans from both patients and
volunteers were reviewed for the absence of general pathology; in
case of infarcts, these were judged to have normal or abnormal
findings. In the latter case, the lesions were then classified as either
nonspecific white matter lesions if ⬍3 mm in diameter and visible
in 2 planes or focal discreet white matter lesions if ⬎3 mm in 2
planes.23

fMRI Processing
fMRI processing of the data was performed by using the software
routines in the FSL Software Library (http://www.fmrib.ox.ac.uk/
fsl). For each subject, we performed the following steps: motion
correction with the MCFLIRT tool of the FSL (https://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/MCFLIRT), brain extraction with the FSL
Brain Extraction Tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET),
spatial smoothing with a Gaussian kernel (full width at half maximum ⫽ 5 mm), and high-pass temporal filtering. A general linear
model (GLM) was then used to generate statistical parametric
maps of activation and deactivation for each subject by using the
motion parameters as estimated by MCFLIRT for that patient as
confounds in the FSL General Linear Model (GLM; http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/GLM). The fMRI data were aligned to a skullstripped anatomic volume acquired in the same imaging session by
using the BBR registration option (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FLIRT_BBR) and were subsequently mapped to the standard
Montreal Neurological Institute space by using a 12 df linear registration. A second-level analysis was performed by using Flame1 (https://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT/UserGuide#Group_Statistics) to
generate statistical parametric maps of the group activation, group
deactivation, and areas of significant difference between the groups
(controls ⬎ SCD).
To measure the mean z score in areas of activation and deactivation (DM), we thresholded the Z statistical maps corresponding to the group activation and deactivation to create binary ROIs.
These ROIs were then projected back from the standard space to
the subject space for each individual by using the inverse
transform provided by FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FLIRT/UserGuide).

RESULTS
Exclusion and Demographic Information
All participants in the current study identified themselves as African Americans. There were initially 17 subjects in the control
group and 19 subjects in the SCD group. Three control subjects
were excluded due to excessive motion (⬎3 mm) during the fMRI
series, and 1 was excluded due to existing pathology. Four subjects
with SCD were excluded due to existing pathology, and 2 were
excluded due to excessive motion. Thus, 13 subjects were left in
each group. The mean ages were 14.5 ⫾ 3.1 years for the control
1244
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group and 15.3 ⫾ 2.3 years for the SCD group. The difference in
age between the groups was not statistically significant. In the
SCD group, 12 subjects were right-handed, and 1 was left-handed.
In the control group, 9 were right-handed, 1 was left-handed, and
the handedness was not recorded for the other 3 subjects. Nine of
the 13 subjects with SCD were taking hydroxyurea to boost their
levels of fetal hemoglobin.

Neuropsychology
Between-group analyses of neuropsychological measures revealed
no differences in intelligence, with both groups performing in the
average range (Wechsler Abbreviated Scales of Intelligence Full
Scale Intelligence Quotient: SCD mean ⫽ 97.7, control mean ⫽
106.0, P ⫽ .149). Differences observed between the 2 groups were
found almost exclusively within the cognitive domain of executive functioning. The control group performed significantly
higher than the SCD group on a measure of executive functioning
that requires sequencing, planning, and inhibition (Delis-Kaplan
Executive Function System Color Word Inference Test; SCD
mean ⫽ 88.1, control mean ⫽ 101.9, P ⫽ .022). Additionally, the
control group performed significantly higher on a measure of
auditory attention and working memory (Wechsler Intelligence
Scale for Children, Fourth Edition, Digit Span; SCD mean ⫽ 92.7,
control mean ⫽ 107.3, P ⫽ .003).

Functional Imaging
An initial review of the first-level fMRI results revealed 3 subjects
with minimal activation but an intact, if attenuated, DM response. Due to the very different responses in these 3 subjects,
they were removed from all subsequent analyses. For the controls,
the 10 subjects having the best age match to the reduced sickle cell
group were chosen so that each group would consist of 10 subjects. Table 1 summarizes the z scores for all activated and deactivated voxels, for both the complete (n ⫽ 13) group and a reduced
group (n ⫽ 10), with the 3 outliers removed. For the activation,
the regions seen for both groups were in good agreement with
those previously described in the literature (Fig 1).22 Subjectively,
the activation was somewhat more extensive in the SCD group,
most notably in the right anterior temporal lobe. However, there
were no areas of significant difference in the control ⬎ SCD contrast for activation. For the DM analysis, the classic DM regions
(medial parietal cortex and medial prefrontal cortex), the auditory cortex bilaterally (left ⬎ right), and the angular gyrus bilaterally (right ⬎ left) were seen in the controls. The left auditory
cortex was absent in the subjects with SCD, and the other areas
were subjectively both weaker and less extensive in the SCD
group. The control ⬎ SCD image for the DM showed areas of
significant difference in the medial parietal cortex, the left auditory cortex, and the right angular gyrus (Fig 1).

FIG 1. The activation (top row) and the default mode (middle row) responses to the word stem paradigm in the controls (left column) and
subjects with SCD (right column). The lower row shows the control ⬎ SCD contrast for the activation (left) and DM (right) responses.
Table 2: The results for the GLM modeling of the interaction
between the BOLD response as measured by the Z score and the
physiologic variablesa
Activation
Hb
MCV
%F
%S
Activation
0.173
0.013
0.018
⫺0.020
Phys. variable (␤)
.034b
.023b
.021b
Phys. variable (P value)
.036b
Deactivation
0.246
0.013
0.022
⫺0.023
Phys. variable (␤)
Phys. variable (P value)
.109
.268
.173
.169
Note:—Phys. indicates physiologic; Hb, hemoglobin; MCV, mean corpuscular volume; %F, level of fetal hemoglobin; %S, level of fetal hemoglobin S.
a
The GLM was run individually for each of the variables in the headers, in each case
the patient’s age was used as a covariable in the model.
b
Signiﬁcant.

A GLM analysis was performed by using age and the physiologic variable as the dependent parameters in the GLM, covarying
age, because CBF varies with age in both healthy subjects and
those with sickle cell disease.24 The results are summarized in
Table 2. All 4 variables (hemoglobin, percentage of fetal hemoglobin, percentage of sickle cell hemoglobin, and mean corpuscular

volume) showed a statistically significant correlation with the z
score (P ⬍ .05) for the activation, but none showed a significant
correlation with the deactivation z score. However, with the exception of hemoglobin, the slopes of the GLM fit were very similar
for both the activation and the deactivation.

DISCUSSION
Overall our results provide evidence for attenuated DM network
activation in our patients with SCD compared with matched controls. In addition, results revealed decreased volumes of white
matter and the globus pallidus in the patients with SCD compared
with controls. The lack of differences in the task-based activation
is not surprising given the neuropsychological testing, in which
the 2 groups were equally matched for intelligence quotient and
did not differ in verbal memory measures. In contrast, differences
were specifically observed in the DM network activation, with the
control group showing significantly greater activation of core DM
nodes compared with patients with SCD. Research suggests that
the DM network reflects intrinsic organization of a healthy funcAJNR Am J Neuroradiol 38:1242– 47
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tional organization system that primes the brain for efficiently
responding to input from external stimuli.25 Thus, 1 plausible
explanation for our findings is a disruption of the DM network in
SCD, causing these patients to work less efficiently to perform a
similar task, in this case a word stem task.
Additional results worthy of discussion are that the physiologic
variables were significantly correlated with the activation, but not the
deactivation z scores. Thus in patients with SCD, the activation response reflects the expected effects of variations in the vascular physiology (increases in hemoglobin, mean corpuscular volume, and the
percentage of fetal hemoglobin, resulting in higher z scores while a
higher percentage of sickle cell hemoglobin reduced the z score). For
the 3 outliers who were excluded after the initial analysis, the physiologic variables were in the same range as in the other patients but did
not show any significant correlation with the z score. We also investigated other possible reasons for the abnormal activation in these
outliers. Of the 3 outliers, 1 was taking hydroxyurea and 2 were not.
To investigate the possible effects of pain medications, we acquired
the number of emergency department visits during the previous year
that required the use of IV pain medications from a review of each
subject’s medical records. For all 13 subjects, the average number of
visits was 1.6, while for the 3 excluded subjects, none of whom had
had any such visits in the previous year, the average was 2.0. Thus,
neither of these factors appear to explain the lack of activation in
these subjects, and other factors, such as changes in cerebrovascular
reactivity26 and/or oxygen extraction fraction,27 may be responsible
for the weak activation and the poor correlation of the physiologic
variables with the z scores for these subjects. Deriving the activation
and DM responses from the same paradigm ensures that the physiologic effects of SCD are common to both responses. The left auditory cortex and the right angular gyrus, while not part of the classic
DM network, did exhibit significant deactivation on the difference
map (Fig 1). Other groups have previously shown that sensory areas
are deactivated when they are not central to task performance,20,21 so
that attention to a single sensory technique (the visually present letters) can result in decreased activity in cortical regions that process
information from an unattended sensory technique (the auditory
cortex). The deactivation of the auditory cortex has previously been
shown to be bilateral; thus, the absence of activation in the left auditory cortex in the subjects with SCD is surprising. Our findings suggest the following: 1) a weaker correlation of the DM with the physiologic variables for subjects with SCD, 2) larger differences in the
DM for the control ⬎ SCD contrast, and 3) stronger deactivation of
the auditory cortex and angular gyrus in the controls. Each of the
above may indicate that the deactivation of the DM and associated
regions are impaired in the SCD group.
There are some limitations in this work. Many of the DM
areas, particularly the medial parietal cortex, are associated with a
high resting metabolism and have also been shown to have reduced cortical thickness26,28 and cerebrovascular reactivity26 in
subjects with SCD. In this study, we were unable to detect any
regions of significant cortical thinning; however, the group size
used in the other articles was much larger than ours, and they
restricted the age range to older than 12 years to minimize agerelated effects.26,28 Applying the same criteria to our already small
group size would have reduced the size of the already small control group from 13 to 9 subjects.
1246
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CONCLUSIONS
We found significantly decreased volumetric deactivation of
the DM network and neuropsychological functioning in patients with SCD compared with controls. These results highlight the effectiveness of using advanced neuroimaging techniques to help inform our understanding of neurocognitive
deficits in SCD. Our results lend support to the hypothesis that
the deficits seen in executive functioning, which primarily relies on the medial parietal cortex and medial prefrontal cortex,
in patients with SCD are shown to have deactivation differences within the DM network. Additionally, these deficits appear to be related to difficulties of patients with SCD in appropriately modulating intrinsic brain activity during a cognitive
task. Overall, this study provides support for a more focused
examination of the DM network and brain matter differences
in patients with SCD.

REFERENCES
1. Cohen MJ, Branch WB, McKie VC, et al. Neuropsychological impairment in children with sickle cell anemia and cerebrovascular
accidents. Clin Pediatr (Phila) 1994;33:517–24 CrossRef Medline
2. Watkins KE, Hewes DK, Connelly A, et al. Cognitive deficits associated with frontal-lobe infarction in children with sickle cell disease.
Dev Med Child Neurol 1998;40:536 – 43 Medline
3. Wilimas J, Goff JR, Anderson HR Jr, et al. Efficacy of transfusion
therapy for one to two years in patients with sickle cell disease
and cerebrovascular accidents. J Pediatr 1980;96:205– 08 CrossRef
Medline
4. Bernaudin F, Verlhac S, Freard F, et al. Multicenter prospective
study of children with sickle cell disease: radiographic and psychometric correlation. J Child Neurol 2000;15:333– 43 CrossRef Medline
5. Schatz J, Finke R, Roberts CW. Interactions of biomedical and environmental risk factors for cognitive development: a preliminary
study of sickle cell disease. J Dev Behav Pediatr 2004;25:303–10
CrossRef Medline
6. Wang W, Enos L, Gallagher D, et al; Cooperative Study of Sickle Cell
Disease. Neuropsychologic performance in school-aged children
with sickle cell disease: a report from the Cooperative Study of
Sickle Cell Disease. J Pediatr 2001;139:391–97 CrossRef Medline
7. Hijmans CT, Grootenhuis MA, Oosterlaan J, et al. Neurocognitive
deficits in children with sickle cell disease are associated with the
severity of anemia. Pediatr Blood Cancer 2011;57:297–302 CrossRef
Medline
8. Steen RG, Emudianughe T, Hunte M, et al. Brain volume in pediatric
patients with sickle cell disease: evidence of volumetric growth delay? AJNR Am J Neuroradiol 2005;26:455– 62 Medline
9. Steen RG, Langston JW, Ogg RJ, et al. Diffuse T1 reduction in gray
matter of sickle cell disease patients: evidence of selective vulnerability to damage? Magn Reson Imaging 1999;17:503–15 CrossRef
Medline
10. Baldeweg T, Hogan AM, Saunders DE, et al. Detecting white matter
injury in sickle cell disease using voxel-based morphometry. Ann
Neurol 2006;59:662–72 CrossRef Medline
11. Berkelhammer LD, Williamson AL, Sanford SD, et al. Neurocognitive sequelae of pediatric sickle cell disease: a review of the literature. Child Neuropsychol 2007;13:120 –31 CrossRef Medline
12. Wang WC. Sickle-cell disease and compromised cognition. Pediatr
Blood Cancer 2011;56:705– 06 CrossRef Medline
13. Sun B, Brown RC, Hayes L, et al. White matter damage in asymptomatic patients with sickle cell anemia: screening with diffusion
tensor imaging. AJNR Am J Neuroradiol 2012;33:2043– 49 CrossRef
Medline
14. Smith SM, Fox PT, Miller, KL, et al. Correspondence of the brain’s
functional architecture during activation and rest. Proc Natl Acad
Sci U S A 2009;106:13040 – 45 CrossRef Medline

15. Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s default
network: anatomy, function, and relevance to disease. Ann N Y Acad
Sci 2008;1124:1–38 CrossRef Medline
16. Zou P, Helton KJ, Smeltzer M, et al. Hemodynamic responses to
visual stimulation in children with sickle cell anemia. Brain Imaging
Behav 2011;5:295–306 CrossRef Medline
17. Darbari DS, Hampson JP, Ichesco E, et al. Frequency of hospitalizations for pain and association with altered brain network connectivity in sickle cell disease. J Pain 2015;16:1077– 86 CrossRef Medline
18. Colombatti R, Lucchetta M, Montanaro M, et al. Cognition and the
default mode network in children with sickle cell disease: a resting
state functional MRI study. PLoS One 2016;11:e0157090 CrossRef
Medline
19. Salgado-Pineda P, Fakra E, Delaveau P, et al. Correlated structural
and functional brain abnormalities in the default mode network in
schizophrenia patients. Schizophr Res 2011;125:101– 09 CrossRef
Medline
20. Laurienti PJ, Burdette JH, Wallace MT, et al. Deactivation of sensory-specific cortex by cross-modal stimuli. J Cogn Neurosci
2002;14:420 –29 CrossRef Medline
21. Humphreys GF, Hoffman P, Visser M, et al. Establishing task- and
modality-dependent dissociations between the semantic and default mode networks. Proc Natl Acad Sci U S A 2015;112:7857– 62
CrossRef Medline

22. Ojemann JG, Buckner RL, Akbudak E, et al. Functional MRI studies
of word-stem completion: reliability across laboratories and comparison to blood flow imaging with PET. Hum Brain Mapp 1998;6:
203–15 Medline
23. Casella JF, King AA, Barton B, et al. Design of the silent cerebral
infarct transfusion (SIT) trial. Pediatr Hematol Oncol 2010;27:69 – 89
CrossRef Medline
24. Bush AM, Borzage MT, Choi S, et al. Determinants of resting cerebral blood flow in sickle cell disease. Am J Hematol 2016;91:912–17
CrossRef Medline
25. Raichle ME, Snyder AZ. A default mode of brain function: a brief
history of an evolving idea. Neuroimage 2007;37:1083–90; discussion
1097–99 CrossRef Medline
26. Kim JA, Leung J, Lerch JP, et al. Reduced cerebrovascular reserve is
regionally associated with cortical thickness reductions in children
with sickle cell disease. Brain Res 2016;1642:263– 69 CrossRef
Medline
27. Jordan LC, Gindville MC, Scott AO, et al. Non-invasive imaging of
oxygen extraction fraction in adults with sickle cell anaemia. Brain
2016;139:738 –50 CrossRef Medline
28. Kirk GR, Haynes MR, Palasis S, et al. Regionally specific cortical
thinning in in children with sickle cell disease. Cereb Cortex 2009;
19:1549 –56 CrossRef Medline

AJNR Am J Neuroradiol 38:1242– 47

Jun 2017

www.ajnr.org

1247

CLINICAL REPORT

PERIPHERAL NERVOUS SYSTEM

Imaging Findings in Patients with Zoster-Associated
Plexopathy
X A.S. Zubair, X C. Hunt, X J. Watson, X A. Nelson, and X L.K. Jones Jr

ABSTRACT
SUMMARY: Herpes zoster is a reactivation of the latent varicella zoster virus. Among the complications of herpes zoster is zosterassociated limb paresis. The clinical and imaging features of patients with zoster-associated limb paresis due to plexopathies (zosterassociated plexopathy) have had limited description in the literature. The Mayo Clinic patient data base was searched by diagnostic code
for patients diagnosed with herpes zoster between January 1, 1996, and September 30, 2012. Patients who met the inclusion criteria for
zoster-associated limb paresis or herpes zoster with MRIs obtained were reviewed. Ten patients with zoster-associated plexopathy were
identiﬁed. Imaging abnormalities were found in 70% of patients. Secondary denervation changes in shoulder girdle muscles and nerve T2
signal hyperintensity were the most frequent abnormalities (50%), followed by nerve enlargement (20%). Enhancement was not evident in
any cases despite early imaging in 80% of the cohort. These results demonstrate the clinical utility of MR imaging in conﬁrming the
diagnosis of zoster-associated plexopathy.
ABBREVIATIONS: HZ ⫽ herpes zoster; ZALP ⫽ zoster-associated limb paresis; ZAP ⫽ zoster-associated plexopathy

aricella zoster virus is a DNA virus in the Herpesviridae family, which has been shown to affect only humans. Following
initial infection or inoculation by the varicella zoster virus, the
virus establishes latency in the sensory ganglia.1 The latent virus
has the potential to reactivate later in a segmental cutaneous eruption known as herpes zoster (HZ) or shingles.1-3 The incidence of
HZ ranges from 1.3 per 1000 person-years among young adults to
10.7 per 1000 person-years among patients older than 80 years of
age.3 The diagnosis of uncomplicated HZ is generally made on
clinical grounds without corroborative microbiologic testing.
Complications of HZ include postherpetic neuralgia, varicella
zoster virus myelitis, segmental weakness, and delayed ischemic
cerebral infarction due to varicella zoster virus–associated granulomatous vasculitis. These neurologic complications can appear
simultaneously with the acute eruption of HZ or weeks to months
after the rash has subsided.
The most common complication of HZ is postherpetic neuralgia.4,5 Postherpetic neuralgia is residual neuropathic pain that

lasts ⱖ3 months and is seen in roughly 20% of all patients with HZ
and up to one-third of patients with HZ who are older than 80
years of age.6,7
Zoster-associated limb paresis (ZALP) is another recognized
complication of HZ and consists of segmental weakness in a limb
affected by HZ.8-10 Many questions remain about ZALP, including the precise localization and mechanism of the motor abnormalities and the pathophysiology and imaging findings of the
condition.8,9 The clinical and imaging features of patients with
ZALP due to plexopathies (zoster-associated plexopathy [ZAP])
have had limited description in the literature.11-14 There are few
dedicated reports of imaging findings in patients with ZAP despite imaging playing a crucial role in the localization of lesions,
excluding other etiologies, and determining the extent of the lesions causing ZAP.15
The aim of this study was to identify the specific clinical and
imaging features and their frequencies in patients with zosterassociated plexopathy.
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Case Series
This study was approved by the institutional review board and
conducted at the Mayo Clinic with a waiver of informed consent
being obtained before the study. The Mayo Clinic patient data
base was searched by diagnostic code for patients diagnosed with
herpes zoster between January 1, 1996, and September 30, 2012.
Patients clinically diagnosed with ZAP who had MR imaging of

the affected plexus were included. The case definition for ZAP was
the following: 1) documented history of examination evidence of
a cutaneous vesicular eruption consistent with HZ; 2) evidence of
temporal (within 30 days) and geographic (same limb) associated
weakness confirmed on examination by a Mayo Clinic neurologist; and 3) electrodiagnostic evaluation confirming localization
to the brachial or lumbosacral plexus during the symptomatic
period of weakness. This case definition uses the temporal relationship between the HZ eruption and the limb weakness to establish the ZAP diagnosis; as in prior series, the typically delayed
patient presentation limits the utility of virologic or serologic biomarker confirmatory testing.16 Descriptive statistics were applied
to the findings.

Clinical features of patients with zoster-associated plexopathy
Features
Mean age at onset (yr)
74.5 (range, 54–88)
Men
7 of 10 (70%)
Upper limb affected
8 of 10 (80%)
Mean interval between rash
18
and weakness (days)
Neuralgia 1 mo after rash
10 of 10 (100%)
Neuralgia 3 mo after rash
7 of 10 (70%)
Corticosteroid treatment
6 of 10 (60%)
Diabetes mellitus
2 of 10 (20%)
Immunosuppression
1 of 10 (10%)

shoulder muscles within the FOV were also examined for evidence of abnormal T2 signal.

Clinical Localization
All patients underwent neurologic examinations administered by
a board-certified Mayo Clinic neurologist. The examination findings were reviewed for severity and the distribution of weakness,
sensory loss, and changes in muscle stretch reflexes. Plexopathy
severity was determined by a standardized scoring of muscle
weakness.8

Electrodiagnostic Evaluations
Electrodiagnostic studies performed on affected segments were
reviewed, and the findings were summarized. Electrodiagnostic
studies included nerve-conduction studies performed in standard
fashion by using surface-recording electrodes. Needle electromyography was performed with a standard concentric needle
electrode and included examination of at least 5 muscles in each
affected segment.

Imaging
MR imaging studies of affected areas were reviewed by a boardcertified neuroradiologist (C.H.), blinded to the results of the
original interpretation, which was performed by a board-certified
neuroradiologist or musculoskeletal radiologist, with consensus
agreement from the other authors on the imaging findings. While
our current brachial plexus imaging protocols have transitioned
to 3T imaging, due to the time span of this study, 3 of 8 patients
were imaged at only 1.5T. All of the patients with ZAP localized to
the lumbosacral plexus were imaged at 1.5T. All studies included
both pregadolinium T1- and T2-weighted images in axial, coronal, and sagittal planes. All T2-weighted sequences had either
conventional fat saturation or a short tau inversion recovery sequence. Gadolinium-enhanced T1-weighted images (spoiled gradient-recalled acquisition) in at least 2 planes (axial and typically
sagittal) were also obtained. Our typical protocol can be completed within 90 minutes from the time the patient enters the MR
imaging suite. Root, plexus, or peripheral nerve imaging findings
were classified as abnormal when associated with qualitatively
prolonged nerve T2 or T2*, nerve enlargement, or postgadolinium nerve enhancement based on comparison with other neural structures within the imaging field. Diffusion sequences were
not applied. Contralateral structures were included in the FOV for
lumbosacral plexus imaging, but contralateral brachial plexus imaging was not routinely performed. In addition, the proximal

RESULTS
Ten patients satisfying the case definition were identified and reviewed. Patient features are summarized in the Table, and clinical
and radiographic details are outlined in the On-line Table. Eight
patients (80%) had brachial plexopathies, with the remainder diagnosed with lumbosacral plexopathies. Electrodiagnostic evaluations confirmed the localization to the brachial plexus or lumbosacral plexus in each case (On-line Table). Three patients
underwent CSF examination, only 1 of which was performed
within 1 month of symptom onset (patient 9, demonstrating an
elevated protein level of 159 mg/dL, elevated nucleated cell count
of 189 cells/microliter, and a polymerase chain reaction positive
for varicella). Six patients (60%) received steroids at some point in
the management of their presentation. Five of these patients received short courses of oral prednisone, all ⬎1 month before evaluation, and 1 patient received high-dose IV methylprednisolone
for 3 days after imaging was performed, making it unlikely that
the imaging findings in this series were influenced by the steroid
treatment. There were no reported complications of steroid treatment in these patients such as zoster dissemination.
MR imaging findings were abnormal in 7/10 patients (70%).
Five patients (50%) demonstrated increased nerve T2 signal, 2
patients (20%) demonstrated nerve enlargement, and no patients
demonstrated nerve enhancement. Denervation changes were
noted in 5 patients (50%), primarily in shoulder girdle muscles
included in the FOV. All except 1 of the patients with denervation
changes also demonstrated abnormal nerve imaging findings; and
correspondingly, all except 2 of the patients with abnormal nerve
imaging findings also demonstrated denervation changes. The
most commonly affected muscles were the infraspinatus (4/5),
supraspinatus (3/5), teres minor (1/5), subscapularis (1/5), and
the deltoid (1/5). Characteristic imaging abnormalities are shown
in Figs 1–3.

DISCUSSION
This study describes the imaging abnormalities in the largest series of patients with ZAP to date.11-13 ZALP, which may localize to
the root, plexus, or more peripheral nerve, is difficult to localize
clinically in part because the involved myotomes often do not
correspond to the dermatomes affected by the rash.15 Thus, imaging can be a very useful tool in the identification and localization of the lesions in these patients.
AJNR Am J Neuroradiol 38:1248 –51
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FIG 1. A 77-year-old man with a left brachial zoster-associated plexopathy. A, Sagittal inversion recovery image demonstrates increased T2
signal in the upper trunk (arrow) compared with the other elements of the plexus (arrowhead). B, Prolonged T2 is noted in the supraspinatus and
infraspinatus (arrows), corresponding to denervation resulting from the plexopathy.

FIG 2. A 70-year-old woman with a right lumbar zoster-associated plexopathy. A, Axial T2-weighted image demonstrates increased T2 signal in
the right lumbar plexus (arrow) compared with the left lumbar plexus (arrowhead). B, Increased T2 is also noted more distally in the right femoral
nerve (arrow) compared with the unaffected left side (arrowhead).

Prior reports described imaging findings ranging from normal
to abnormal, similar to those described in this series. The spectrum of findings in this series ranged from normal to increased T2
signal in the plexus, nerve enlargement, and denervation changes
in the muscles innervated by the plexus.
The imaging findings included not only nerve abnormalities
but also secondary denervation changes in affected muscles,
which were seen in half of all patients. These changes were only
present in the shoulder girdle muscles among those patients with
brachial ZAP. This constellation of findings can be used clinically
to help diagnose patients with ZAP and categorize the severity of
their conditions. While no patients with ZAP in this series demonstrated nerve enhancement after administration of gadolinium
contrast, postcontrast imaging may still be useful in patients with
plexopathy to exclude other potential causes of weakness such as
peripheral nerve tumors.
Clinically, patients with ZAP have a high rate of postherpetic
neuralgia. At 1 month after the rash, 100% of patients had neu1250
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ralgia, and at 3 months, 70% of patients had postherpetic neuralgia. This rate exceeds previously reported rates of postherpetic
neuralgia in patients with HZ (generally 20%– 40%),3,10 possibly
attributable to more severe disease or other unrecognized factors.
The rate of postherpetic neuralgia in this series was similar to that
reported in all patients with ZALP.8 In addition to the need to
recognize the high rate of postherpetic neuralgia in patients with
ZAP, our findings also suggest that these patients are frequently
typically treated with short courses of corticosteroids. While the
size and structure of this series does not allow comment on efficacy, no patients experienced reported adverse effects related to
the steroid treatments, such as zoster dissemination or worsening
of neurologic deficits. These findings provide some evidence of
safety if future corticosteroid trials are entertained in this group of
patients.
The pathophysiology of ZALP due to ZAP is not completely
understood. Electrophysiologic and neuropathologic studies have
implied viral spread of inflammation from the dorsal root gan-

FIG 3. A 75-year-old man with a left brachial zoster-associated plexopathy. A, Sagittal T2-weighted image with fat saturation demonstrates diffusely
increased T2 in the upper, middle, and lower trunks of the brachial plexus (arrows). B, Coronal T2-weighted image with fat saturation demonstrates
increased T2 in the upper and middle trunks of the brachial plexus (arrows). Prolonged T2 associated with denervation is noted in the deltoid
(arrowhead).

glion to adjacent nervous tissue, including the anterior horn cell
and motor roots.12,16-18 Previous histologic studies of patients
with HZ paresis indicated diffuse chronic inflammation of all
trunks of the brachial plexus with destruction of myelin and axonal
sparing.12 In practice, the clinical findings in the setting of a history of
characteristic rash raise the suspicion of ZALP, and electrodiagnostic
abnormalities that localize to the corresponding plexus confirm the
presence of a plexopathy. When the diagnosis of ZAP is suspected,
imaging can play an important role in supporting the diagnosis and
excluding other causes of plexopathy, the primary reason in this series for performing imaging studies. While most of the imaging in
this study was performed with 1.5T MR imaging, with the continued
transition to 3T scanners, it is anticipated that the sensitivity of plexus
MR imaging, especially of small nerves, will increase.
This study is limited by its small size and retrospective design.
While our findings suggest that imaging is a useful adjunct in the
evaluation of patients with ZAP, corroboration with standardized
imaging protocols in larger groups of patients would be helpful,
especially in the absence of specific imaging or serologic findings.

CONCLUSIONS
ZALP can result from brachial or lumbosacral plexopathies
(ZAP). Patients with ZAP have a high rate of postherpetic neuralgia (100% at 1 month, 70% at 3 months). MR imaging is a useful
diagnostic technique in patients with ZAP, with 70% of patients in
this series demonstrating radiographic abnormalities attributable
to ZAP. Hopefully, these findings and those of future series will be
useful in the diagnosis and management of patients with ZAP.
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SPINE

Enhancing the Radiologist-Patient Relationship through
Improved Communication: A Quantitative Readability
Analysis in Spine Radiology
X D.R. Hansberry, X A.L. Donovan, X A.V. Prabhu, X N. Agarwal, X M. Cox, and X A.E. Flanders

ABSTRACT
BACKGROUND AND PURPOSE: More than 75 million Americans have less than adequate health literacy skills according to the National
Center for Education Statistics. Readability scores are used as a measure of how well populations read and understand patient education
materials. The purpose of this study was to assess the readability of Web sites dedicated to patient education for radiologic spine imaging
and interventions.
MATERIALS AND METHODS: Eleven search terms relevant to radiologic spine imaging were searched on the public Internet, and the top
10 links for each term were collected and analyzed to determine readability scores by using 10 well-validated quantitative readability
assessments from patient-centered education Web sites. The search terms included the following: x-ray spine, CT spine, MR imaging spine,
lumbar puncture, kyphoplasty, vertebroplasty, discogram, myelogram, cervical spine, thoracic spine, and lumbar spine.
RESULTS: Collectively, the 110 articles were written at an 11.3 grade level (grade range, 7.1–16.9). None of the articles were written at the
American Medical Association and National Institutes of Health recommended 3rd-to-7th grade reading levels. The vertebroplasty articles
were written at a statistically signiﬁcant (P ⬍ .05) more advanced level than the articles for x-ray spine, CT spine, and MR imaging spine.
CONCLUSIONS: Increasing use of the Internet to obtain health information has made it imperative that on-line patient education be
written for easy comprehension by the average American. However, given the discordance between readability scores of the articles and
the American Medical Association and National Institutes of Health recommended guidelines, it is likely that many patients do not fully
beneﬁt from these resources.
ABBREVIATIONS: AMA ⫽ American Medical Association; FRE ⫽ Flesch Reading Ease; GFI ⫽ Gunning Fog Index; NIH ⫽ National Institutes of Health

s barriers to on-line access have decreased, the Internet has
emerged as a primary resource for Americans desiring
greater understanding of their health. According to a June 2015
report by the Pew Research Center,1 up to 84% of adults access the
Internet, and within the past year, 72% of those users have
searched for health information.2 Specifically, 55% wanted to
learn more about a disease or medical problem; and 43%, about a
medical treatment or procedure.2 Studies have confirmed that
this on-line research impacts decision-making for many patients:
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the questions they ask, the types of treatment they pursue, and
whether they visit a physician.2-5
Although more adults are accessing health care information
on-line than ever before,2,4 it is uncertain how much of this information is fully comprehended due to poor health literacy. Health
literacy, as defined by the US Department of Health and Human
Services, is “the capacity to obtain, process, and understand basic
health information and services needed to make appropriate
health decisions.”6 In a 2003 assessment commissioned by the US
Department of Education, only 12% of adults were found to have
proficient health literacy. Proficiency was defined as having the
skills necessary to locate, understand, and use information contained within documents commonly encountered in the medical
system, such as medication dosing instructions, preventative care
documentation, and insurance information. This definition indicates an ability to read, analyze, and synthesize complex content.
More than 75 million Americans demonstrated either basic or
below basic health literacy and would experience difficulty reading and comprehending health care–related text.7 The impor-

Formulas for the readability assessments
Readability Assessment
Variables
Coleman-Liau Index
L, average number of letters per 100 words
S, average number of sentences per 100 words
Flesch Reading Ease
B, average number of syllables
W, average number of words per sentence
S, average number of sentences
Flesch-Kincaid Grade
SY, average number of syllables per word
Level
W, average number of words per sentence
FORCAST Formula
SS, number of single-syllable words in a 150-word sample
Fry Graph
Average number of sentences and syllables per 100 words

Gunning Fog Index

New Dale-Chall
New Fog Count

Raygor Readability
Estimate

SMOG

S, number of sentences
W, number of words
C, number of words with ⱖ3 syllables
AW, average number of words per sentence
U, percentage of unfamiliar words
C, number of complex words
E, number of easy words
S, number of sentences
Average number of sentences
Long words (ⱖ3 characters) per 100 words

C, average number of words with ⫾3 syllables
S, average number of sentences

tance of health literacy cannot be understated because it has a
direct influence on both health outcomes and health care expenditures. Studies have linked low health literacy to increased hospitalizations,8,9 higher mortality rates,8,10 and an annual cost to
the US economy of up to $238 billion.11 In fact, the American
Medical Association (AMA) has identified low health literacy as a
strong independent predictor of health status.12
Readability, defined as the degree of ease with which a given
text can be read and comprehended, is 1 correlative measure of
health literacy.13 The reading level of the average American is
between the 7th and 8th grade, while the average Medicaid enrollee reads at just a 5th grade level.12 Therefore, to maximize the
number of individuals benefiting from patient education, the
AMA and the National Institutes of Health (NIH) recommend
that content be written at a level commensurate with the 3rd-to7th grade levels.12,14 However, patient education materials across
numerous specialties in medicine do not meet this recommendation. A 2013 readability study published in Journal of the American
Medical Association analyzed material from 16 different medical
specialties and determined that it was too complex for the average
patient.15 Similar conclusions have been drawn regarding the surgical subspecialties.16
Readability analyses specific to spine-related patient education
have also revealed a failure to meet reading level guidelines.17-20
However, research to date has only examined surgical procedures
and material sourced from professional society Web sites. Three
of the 4 studies were also limited by an analysis that incorporated
just 1 readability assessment. The purpose of this study was to
quantitatively determine the readability of patient education Web

Algorithm
(0.0588 ⫻ L) ⫺ (0.296 ⫻ S) ⫺ 15.8
206.835 ⫺ (84.6 ⫻ 关B/W兴) ⫺ (1.015 ⫻ 关W/S兴)
(0.39 ⫻ W) ⫹ (11.8 ⫻ SY) ⫺ 15.59
20 ⫺ (SS/10)
1) Extract a 100-word passage
2) Count the number of sentences, counting half a
sentence as 0.5
3) Count the number of syllables
4) Find the point on the chart
(3 samples recommended)
0.4 ⫻ 关W/S ⫹ (关C/W兴 ⫻ 100)兴
(0.1579 ⫻ U) ⫹ (0.0496 ⫻ AW)
(关(E ⫹ 关3 ⫻ C兴)/S兴 ⫺ 3)/2
1) Extract a 100-word passage
2) Count the number of sentences, estimated to
the nearest 10th
3) Count the number of words that are ⱖ6 letters
4) Find the point on the chart
(3 samples recommended)
1.043 ⫻ 公(关C ⫻ (30/S)兴 ⫹ 3.1292)

sites pertaining to radiologic diagnostic tests and interventions of
the spine. We used 10 readability assessments that are well-vetted
in the literature to avoid bias from any single test. This analysis
does not include patient education materials related to imaging of
the brain.

MATERIALS AND METHODS
This study examined publicly available data; thus, institutional
review board oversight was not required. In December 2015, Web
sites dedicated to patient education relevant to spine imaging
were sought on the public Internet by using the Google search
engine. Eleven keywords were separately entered as search terms:
x-ray spine, CT spine, MR imaging spine, lumbar puncture, kyphoplasty, vertebroplasty, discogram, myelogram, cervical spine,
thoracic spine, and lumbar spine. The first 10 articles intended for
patients for each term were included in the analysis. Web sites not
specifically directed toward patients were excluded. The text of
110 articles was copied, pasted, and saved as individual Microsoft
Word (Microsoft, Redmond, Washington) documents. Images,
figures, tables, references, and other noneducational text were
removed.
Each document was then analyzed, and a readability analysis
was performed with Readability Studio Professional Edition (Oleander Software, Vandalia, Ohio). An individual readability score
was calculated for each of the 10 following well-validated assessments (Table): the Coleman-Liau Index,21 Flesch Reading Ease
(FRE),22 Flesch-Kincaid Grade Level,23 FORCAST,24 Fry Graph,25
Gunning Fox Index (GFI),26 New Dale-Chall,27 New Fog Count,23
Raygor Readability Estimate,28 and SMOG.29 The FRE reports scores
AJNR Am J Neuroradiol 38:1252–56
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puncture, 12.0; kyphoplasty, 12.4; and vertebroplasty, 13.4. Tukey Honestly Significant Difference post hoc analysis indicated
that the vertebroplasty articles were significantly more advanced than the articles for
x-ray spine, CT spine, and MR imaging
spine (P ⬍ .05).

DISCUSSION
Due to the inherently complex nature of
spine diagnoses and treatments, patients
are apt to seek more information on the
Internet. Up to 77% of individuals begin
this process with a search engine such as
Google.2 More than 90% do not look beyond the first page of results.30 Consequently, patients wishing to learn more
about radiologic spine imaging and interventions would likely encounter 1 of
FIG 1. The grade level taken as the mean of all readability scales examined in this study for the the 110 articles in this study when search10 top search results for each key term. The red box represents the AMA and NIH recommended ing for these 11 terms. With a mean read3rd-to-7th grade guidelines.
ability score of 11.3, these articles would
on a 0 –100 scale with lower numbers corresponding to more
be too complex for the average American who reads at a 7th-todifficult-to-read text. The remaining 9 scales report the readabil8th grade level. In addition, the abundance of uncommon words
ity of the text as a grade level. For instance, a GFI score of 9.0
and long sentences would make understanding difficult for those
corresponds to a 9th grade reading level.
classified as having less than proficient health literacy, which inStatistical analysis was conducted by using OriginPro (OriginLab,
dicates an inability to read and synthesize complex health care–
Northamptom, Massachusetts) to compare readability scores among
related text. Therefore, 62% of the adult population identified by
the 11 keywords. A 1-way ANOVA and a Tukey Honestly Significant
the US Department of Education as having either basic or below
Difference post hoc analysis were performed with P ⬍ .05.
basic health literacy would not fully benefit from this information
and may be led to uninformed decisions that negatively affect
RESULTS
health outcomes.7
Collectively, the 110 articles had a mean FRE score of 51.9, classiIf on-line patient education resources were written at a 7th
fying them as fairly difficult on the FRE scale, and an 11.3 mean
grade reading level or lower, more Americans would be able to
grade level averaged across the other 9 assessments, scored on the
read and understand the material more thoroughly. Consebasis of grade level (Fig 1). FRE scores ranged from 74 (fairly easy)
quently, patients would likely experience increased involvement
to 14 (very difficult), and grade levels ranged from 7.1 to 16.9.
in their care and improved communication with their physicians.
None of the articles (0/110) met the recommendations of the
When empowered with knowledge, patients have been shown to
AMA and NIH of being written within a 3rd-to-7th grade level.
ask more questions, communicate concerns with greater confiApproximately 35% (39/110) were written at a level that required
dence, and actively engage in the medical decision-making proa high school education or higher (score of ⱖ12). An additional
cess.31-33 Patients have also reported greater satisfaction, particu50 articles scored between a 9th and 12th grade levels (On-line
larly with informed consent.34 In radiology, health literacy has
Table).
been linked to differing rates of imaging use35 and patient knowlThe articles consisted of many words characterized as comedge of procedure details and radiation use.36 Complex examinaplex, long, or unfamiliar. Words with at least 3 syllables were
tions and interventions, including those of the spine, stand to
considered complex and composed 16.1% of the text of the artibenefit from the active patient engagement and enhanced patientcles, while words with at least 6 characters were considered long
provider communication resulting from well-written education
and composed 33.7%. More than 28% of words were classified as
materials.
unfamiliar, as determined by an absence from the Dale-Chall list
The results of this study are consistent with prior research
of simple words, which contains 3000 words known by most 4th
investigating the readability of on-line patient education. Web
grade children.27 In addition, unfamiliar words made up at least
sites for both medical and surgical subspecialties are routinely
one-third of the text for 19 of the 110 (17.3%) articles. Sentences
written at a level exceeding the 7th grade.37-40 Those dedicated to
ranged from 23 to 127 words.
radiology, including radiologyinfo.org sponsored by the AmeriThe 1-way ANOVA found a statistical difference among the 11
can College of Radiology and Radiological Society of North
keywords (F(10,99) ⫽ 3.19, P ⫽ .001). Average grade levels for
America, are written at a level too advanced for most patients.41 In
each searched term were as follows: x-ray spine, 9.4; CT spine,9.6;
addition, patient education materials from professional society
MR imaging spine, 10.2; discogram, 10.7; myelogram, 11.0; cervical spine, 11.2; thoracic spine, 11.8; lumbar spine,11.8; lumbar
Web sites, Wikipedia, WebMD, and hospital Web sites have all
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been written above the average comprehension level.42-45 This
study, strengthened by the incorporation of text sourced from
multiple Web site types and the use of 10 readability assessments,
adds additional support to the conclusions drawn by prior spine
imaging readability research. Collectively, these results highlight
the need for further action to satisfy AMA and NIH readability recommendations. Authors and editors should use simpler words, construct shorter sentences, reduce abbreviations and acronyms, and
eliminate medical jargon.14 Resources from the NIH,14 Centers for
Disease Control and Prevention,46 and Center for Medicare and
Medicaid Services are available to offer further guidance.47
This study is limited by the constraints of the readability assessments. Most important, the algorithms for certain quantitative parameters, such as the number of letters, syllables, words,
and sentences used in the text, may lead to inaccurate scores for
medical terminology. For instance, words with few syllables that
are not necessarily familiar to the average person may lead to
inappropriately low scores, while multisyllabic common words
would be scored with a higher grade level. The FORCAST formula, which is based solely on the number of single-syllable
words, is particularly susceptible to this bias. For example, “pia”
would receive a lower rating than “operation,” despite being an
uncommon term. The other assessments that use syllable counts,
including the FRE, Flesch-Kincaid Grade Level, Fry Graph, GFI,
and SMOG, may be affected to a somewhat lesser extent due to the
use of additional variables. In this study, incorporation of 10 readability assessments reduces the bias of any single algorithm. An
additional limitation is that none of the assessments evaluated the
nontextual elements of readability, such as style, format, and organization13 or the use of supplemental material, such as images
or diagrams. Further work is needed to determine the effect of
these elements on the comprehension of patient education materials, specifically in radiology. Conducting readability and comprehension tests with target prospective patient populations may
also be revealing.

CONCLUSIONS
With increasing use of the Internet for patient self-education,
there is a growing need for the readability of material to fall within
the limits of the average American’s comprehension. However, an
average reading level is often far exceeded in many disciplines of
medicine. Spine imaging and radiologic interventions have not
been an exception. It is imperative to broaden awareness of this
discrepancy to mitigate the negative outcomes of poor health literacy. By adhering to the AMA and NIH guidelines, physicians,
professional societies, and other authors can increase patient
comprehension of on-line health care materials.
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ORIGINAL RESEARCH

SPINE

Clinically Feasible Microstructural MRI to Quantify Cervical
Spinal Cord Tissue Injury Using DTI, MT, and T2*-Weighted
Imaging: Assessment of Normative Data and Reliability
X A.R. Martin, X B. De Leener, X J. Cohen-Adad, X D.W. Cadotte, X S. Kalsi-Ryan, X S.F. Lange, X L. Tetreault, X A. Nouri,
X A. Crawley, X D.J. Mikulis, X H. Ginsberg, and X M.G. Fehlings

ABSTRACT
BACKGROUND AND PURPOSE: DTI, magnetization transfer, T2*-weighted imaging, and cross-sectional area can quantify aspects of
spinal cord microstructure. However, clinical adoption remains elusive due to complex acquisitions, cumbersome analysis, limited reliability, and wide ranges of normal values. We propose a simple multiparametric protocol with automated analysis and report normative data,
analysis of confounding variables, and reliability.
MATERIALS AND METHODS: Forty healthy subjects underwent T2WI, DTI, magnetization transfer, and T2*WI at 3T in ⬍35 minutes using
standard hardware and pulse sequences. Cross-sectional area, fractional anisotropy, magnetization transfer ratio, and T2*WI WM/GM
signal intensity ratio were calculated. Relationships between MR imaging metrics and age, sex, height, weight, cervical cord length, and
rostrocaudal level were analyzed. Test-retest coefﬁcient of variation measured reliability in 24 DTI, 17 magnetization transfer, and 16 T2*WI
datasets. DTI with and without cardiac triggering was compared in 10 subjects.
RESULTS: T2*WI WM/GM showed lower intersubject coefﬁcient of variation (3.5%) compared with magnetization transfer
ratio (5.8%), fractional anisotropy (6.0%), and cross-sectional area (12.2%). Linear correction of cross-sectional area with cervical cord
length, fractional anisotropy with age, and magnetization transfer ratio with age and height led to decreased coefﬁcients of variation
(4.8%, 5.4%, and 10.2%, respectively). Acceptable reliability was achieved for all metrics/levels (test-retest coefﬁcient of variation ⬍
5%), with T2*WI WM/GM comparing favorably with fractional anisotropy and magnetization transfer ratio. DTI with and without
cardiac triggering showed no signiﬁcant differences for fractional anisotropy and test-retest coefﬁcient of variation.
CONCLUSIONS: Reliable multiparametric assessment of spinal cord microstructure is possible by using clinically suitable methods. These
results establish normalization procedures and pave the way for clinical studies, with the potential for improving diagnostics, objectively
monitoring disease progression, and predicting outcomes in spinal pathologies.
ABBREVIATIONS: CSA ⫽ cross-sectional area; DCM ⫽ degenerative cervical myelopathy; FA ⫽ fractional anisotropy; MCL ⫽ maximally compressed level; MT ⫽
magnetization transfer; MTR ⫽ magnetization transfer ratio; SC ⫽ spinal cord; TRCOV ⫽ test-retest coefﬁcient of variation

he era of quantitative MR imaging has arrived, allowing in
vivo measurement of specific physical properties reflecting
spinal cord (SC) microstructure and tissue damage.1,2 Such measures have potential clinical applications, including improved di-
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agnostic tools, objective monitoring for disease progression, and
prediction of clinical outcomes.3 However, technical challenges such as artifacts, image distortion, and achieving acceptable SNR have led to limited reliability. Specialized pulse sequences and custom hardware have advanced the field but
incur costs of increased complexity and acquisition time while
creating barriers to portability and clinical adoption. Furthermore, quantitative MR imaging metrics often show wide
ranges of normal values and confounding relationships with
subject characteristics such as age,4-8 for which most previous
studies have not accounted.3
Among the most promising SC quantitative MR imaging techniques are DTI and magnetization transfer (MT).1-3 These
provide measures of axonal integrity and myelin quantity that
correlate with functional impairment in conditions such as degenerative cervical myelopathy (DCM)5-7,9 and MS,3,9 albeit with
AJNR Am J Neuroradiol 38:1257– 65
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Table 1: Acquisition protocola
Pulse Sequence;
Imaging Type
Orientation
T2WI
3D FIESTA-C; sagittal

DTI

Spin-echo ssEPI with
OVS; axial

MT

2D SPGR with/without
prepulse; axial

T2*WI

2D MERGE; axial

Technical Details
TR/TE ⫽ 5.4/2.6 s, FOV ⫽ 200 ⫻ 200 mm2,
matrix ⫽ 256 ⫻ 256, resolution ⫽ 0.8 ⫻ 0.8 ⫻
0.8 mm3, NEX ⫽ 2, ﬂip angle ⫽ 35°
TR/TE ⫽ 4050/91.2 ms, FOV ⫽ 80 ⫻ 80 mm2,
matrix ⫽ 64 ⫻ 64, resolution ⫽ 1.25 ⫻
1.25 ⫻ 5 mm3, 25 directions (b⫽800 s/mm2),
5 b⫽0 s/mm2 images, AP saturation bands,
phase encoding ⫽ AP, 2nd-order shimming
TR/TE ⫽ 32/5.9 ms, FOV ⫽ 190 ⫻ 190 mm2,
matrix ⫽ 192 ⫻ 192, resolution ⫽ 1 ⫻ 1 ⫻
5 mm3, NEX ⫽ 3, ﬂip angle ⫽ 6°, ﬂow
compensation, phase encoding ⫽ AP,
prepulse: Gaussian, duration ⫽ 9984 s,
offset ⫽ 1200 Hz
TR/TE ⫽ 650/5, 10, 15 ms, FOV ⫽ 200 ⫻
200 mm2, matrix ⫽ 320 ⫻ 320, resolution ⫽
0.6 ⫻ 0.6 ⫻ 4 mm3, NEX ⫽ 1, ﬂip angle ⫽
20°, BW ⫽ 62 kHz per line

Acquisition Time
6 min 56 s

Metric
CSA

3 ⫻ 2 min 6 s, 1 min 30 s
for shimming

FA

3 min 45 s each, with and
without prepulse

MTR

3 min 33 s

WM/GM ratio

Note:—AP indicates anteroposterior; BW, bandwidth; FIESTA-C, FIESTA-cycled phases; MERGE, multiecho recombined gradient echo; OVS, outer volume suppression; SPGR,
echo-spoiled gradient echo; ssEPI, single-shot echo-planar imaging.
a
Technical speciﬁcations of our multiparametric cervical SC MRI protocol, with an acquisition time of 25 minutes (30 –35 minutes, including positioning, section prescription,
shimming, and prescans).

limited physiologic specificity (eg, fractional anisotropy [FA] reflects both demyelination and axonal injury).10,11 SC crosssectional area (CSA) computed from high-resolution anatomic
images can measure atrophy (eg, in MS)12 or the degree of SC
compression in DCM.13 T2*-weighted imaging at 3T or higher
field strengths offers high resolution and sharp contrast between
SC WM and GM, allowing segmentation between these structures
similar to that in phase-sensitive inversion recovery.14,15 T2*WI
also demonstrates hyperintensity in injured WM,16-18 reflecting
demyelination, gliosis, and increased calcium and nonheme iron
concentrations.19 T2*WI signal intensity is not an absolute quantity, so we normalize its value in WM by the average GM signal
intensity in each axial section, creating a novel measure of WM
injury: T2*WI WM/GM ratio.20
We propose a multiparametric approach to cervical SC
quantitative MR imaging with clinically feasible methods, including acceptable acquisition times, standard hardware/pulse
sequences, and automated image analysis. Our protocol yields
4 measures of SC tissue injury (CSA, FA, MT ratio [MTR], and
T2*WI WM/GM), for which this study establishes normative
values in numerous ROIs. We characterize the variation of these metrics with age, sex, height, weight, cervical cord length, and rostrocaudal level and propose normalization methods. Finally, we assess testretest reliability of FA, MTR, and T2*WI WM/GM and compare our
DTI results against those with cardiac triggering.

MATERIALS AND METHODS
Study Design and Subjects
This study received approval from the University Health Network
(Toronto, Ontario, Canada), and written informed consent was
obtained from all participants. Forty-two subjects were recruited
between October 2014 and December 2016 with a broad range of
ages and balance between sexes. A physician (A.R.M.) assessed all
subjects to rule out symptoms and signs of neurologic dysfunction, and T2WI was screened for abnormalities suggestive of mul1258
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tiple sclerosis, tumor, or severe cord compression. Two subjects
were excluded from the study with clinical and imaging findings
of DCM, leaving 40 healthy subjects for analysis. Data from 18
patients with DCM were included for analysis of test-retest reliability, and 6 patients with DCM were included in a cardiac-triggering comparison, but subjects with DCM were excluded from
other analyses.20

MR Imaging Acquisitions
MR images were acquired on a 3T clinical scanner (Signa Excite
HDxt; GE Healthcare, Milwaukee, Wisconsin). Peak gradients
were 50 mT/m; slew rate, 150 T/m/s with a body coil for transmission and the top 2 elements of a standard 8-element spine coil (Premier III Phased Array CTL; USA Instruments, Aurora, Ohio) for
reception. Subjects were positioned head-first and supine with the
head tightly padded to prevent movement and the neck flexed to
straighten the cervical SC.
The MR imaging protocol was developed on the basis of methods previously used by one of the authors (J.C.-A.).16,17,21 T2WIs
used sagittal FIESTA-cycled phases with 0.8-mm3 isotropic resolution covering the brain stem to T4. DTI, MT, and T2*WI had 13
axial sections positioned perpendicular to the spinal cord (at C3),
covering C1–C7 by using a variable gap, alternating between the
mid-vertebral body and the intervertebral disc. Parameters for
each sequence are listed in Table 1. DTI used a spin-echo singleshot EPI sequence with an 80 ⫻ 80 mm2 FOV to minimize susceptibility distortions, anterior/posterior saturation bands to
achieve outer volume suppression, and no cardiac triggering. Second-order localized shimming was performed before DTI by positioning a VOI encompassing the SC from C1–C7. T2*WIs used
the multiecho recombined gradient-echo sequence, with 3 echoes
that are magnitude-reconstructed and combined by using a sumof-squares algorithm.18 Each session required 30 –35 minutes, including subject positioning, section prescription, prescanning,
and shimming.

FIG 1. Representative images showing FA maps (A), MTR maps (B), and T2*WI (C) with probabilistic
maps of the lateral corticospinal tracts (blue) and dorsal columns (red-yellow) overlaid (D–F)
following registration to the SCT atlas.

Test-retest reliability was assessed by removing the subject
from the scanner and repositioning before rescanning. This was
performed in a subset of subjects (DTI: 17 healthy, 9 with DCM;
MT: 13 healthy, 4 with DCM; T2*WI: 5 healthy, 11 with DCM)
extemporaneously, depending on scanner availability and subject
willingness. Reliability was not assessed for SC CSA measurement
due to time constraints.
A comparison of DTI with and without cardiac triggering
was also performed in 10 subjects (4 healthy, 6 with DCM).
Cardiac-triggered DTI was performed with pulse oximetry
triggering, trigger delay of 310 ms, window of 250 ms, and
TR ⫽ 7 R-R interval. Two acquisitions were performed that
were analyzed individually for test-retest coefficient of variation (TRCOV) and then concatenated and averaged for comparison with nontriggered DTI.

Image Analysis Techniques
Imaging data were analyzed by using the Spinal Cord Toolbox,
Version2.3 (SCT; https://www.nitrc.org/projects/sct/).22 Each axial image was visually inspected by 1 rater (A.R.M.) and excluded
if low signal or artifacts (motion, aliasing) were present. SC
segmentation was automatically performed by using native
T2WIs and T2*WIs, the mean diffusivity map for DTI, and the
MT image with a prepulse. Segmentation errors were resolved by
providing seed points for automatic segmentation or manual ed-

iting. Images were nonlinearly registered to the MNI-Poly-AMU template/
atlas in SCT.23 T2WIs were used to
automatically calculate cervical cord
length (from the top of C1 to the bottom
of the C7 vertebral levels) and SC CSA.
DTI was motion-corrected with regularized registration, and diffusion tensors
were calculated with outlier rejection by
using the RESTORE (robust estimation of
tensors by outlier rejection) method.24
MT images with and without prepulses
were coregistered, and MTR was computed. T2*WI data were further analyzed
with automatic segmentation of GM
and WM,25 which was used to refine the
registration of T2*WI to the template.
FA, MTR, and T2*WI WM/GM ratios
were extracted from various ROIs by
using the SCT probabilistic atlas with
automatic correction for partial volume
effects by using the maximum a posteriori method.26 ROIs included the SC,
WM, and GM and the left/right lateral
corticospinal tract, fasciculus cuneatus,
fasciculus gracilis, and spinal lemniscus
in each axial section (Fig 1). Metrics
were averaged at rostral (C1–C3), middle (C4 –5) or maximally compressed
(MCL, subjects with DCM), and caudal
(C6 –C7) levels.

Statistical Analysis
Statistical analysis was performed with R statistical and
computing software, Version 3.3 (http://www.r-project.org/).
Normative data were summarized with mean, SD, and intersubject coefficient of variation. Relationships between MR imaging metrics (averaged from C1–C7) and patient characteristics (age, sex, height, weight, cervical cord length) were
assessed with Pearson correlation coefficients and backward
stepwise linear regression to determine significant independent relationships and their coefficients. Differences by rostrocaudal level were assessed with ANOVA. If differences were
found, we calculated Spearman coefficients (between mean
values and numbered levels) to identify monotonic relationships. To determine whether nonlinear relationships were
present, we performed a likelihood ratio test on linear regression models with and without a 5-knot restricted cubic spline.
Paired t tests compared WM and GM differences, and ANOVA
was used to identify differences among individual WM tracts
(averaged bilaterally). Reliability was assessed by using testretest coefficient of variation, and differences between healthy
subjects and those with DCM were assessed with Welch t tests,
as were pair-wise comparisons between techniques at each rostrocaudal level. Statistical significance was set to P ⫽ .05 and
was not corrected for multiple comparisons due to the exploratory nature of this study.
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Table 2: Subject characteristicsa
Characteristic
Healthy Subjects (n = 40)
Age (yr)
47.1 ⫾ 15.3 (range, 19–79)
Sex
21 men, 19 women
Height (cm)
171.4 ⫾ 8.6
Weight (kg)
74.6 ⫾ 11.5
Cervical cord length (cm)
10.6 ⫾ 1.0

Subjects with DCM (n = 18)
56.4 ⫾ 11.0 (range, 36–76)
11 men, 7 women
172.8 ⫾ 8.9
79.0 ⫾ 15.1
11.1 ⫾ 0.9

a

Demographics and characteristics of 40 healthy subjects and 18 with DCM are shown. Data (other than sex) are
reported as mean ⫾ SD.

9.6 mm2) (Fig 2). The strongest contrast
between WM and GM was found for
T2*WI signal intensity (mean GM-WM
difference ⫾ standard error ⫽ 83.9 ⫾
4.72, P ⫽ 3 ⫻ 10⫺20), which exceeded
that of FA (⫺0.110 ⫾ 0.0083, P ⫽ 2 ⫻
10⫺15) and MTR (⫺2.1 ⫾ 0.28, P ⫽ 4 ⫻
10⫺9). Individual WM tracts showed
significant variations for T2*WI
WM/GM (ANOVA, P ⫽ 2 ⫻ 10⫺9), FA
(P ⫽ 3 ⫻ 10⫺7), and MTR (P ⫽ .01).

Variations with Subject
Characteristics
Univariate relationships between MR
imaging metrics and subject characteristics included the following: CSA increased with cervical cord length (P ⫽
8 ⫻ 10⫺4), weight (P ⫽ .03), and male
sex (P ⫽ .03); FA decreased with age
(P ⫽ .009); and MTR decreased with
height (P ⫽ .008), weight (P ⫽ .01), and
male sex (P ⫽ .006) (Table 3). Trends
were also present for CSA, increasing
with height (P ⫽ .06), and for T2*WI
WM/GM, increasing with age (P ⫽ .06)
and weight (P ⫽ .06). In multivariate
analysis, CSA varied only with cervical
FIG 2. Normative data in the rostral cervical cord for FA, MTR, and T2*WI WM/GM ratios. Metrics cord length (␤ ⫽ ⫹5.3690); FA, with age
are extracted from SC, WM, GM, and key WM tracts averaged over rostral sections (C1–C3). (␤ ⫽ ⫺0.0012053); and MTR, with
Values are displayed as mean ⫾ intersubject SD (error bars). The asterisk denotes P ⬍ .05 with height (␤ ⫽ ⫺0.17410, P ⫽ .001) and
paired t tests between WM and GM and ANOVA among WM tracts. L indicates left; R, right; FC,
age (␤ ⫽ ⫺0.074131, P ⫽ .01), while
fasciculus cuneatus; FG, fasciculus gracilis; SL, spinal lemniscus; LCST, lateral corticospinal tract.
T2*WI WM/GM did not require norRESULTS
malization. Following linear corrections, intersubject coefficient
Subject Characteristics
of variation decreased to 4.8% for MTR, 5.4% for FA, and 10.2%
Characteristics of 40 healthy subjects and 18 with DCM included
for CSA.
in this study are listed in Table 2.

Metrics by Rostrocaudal Level
Image Acquisition
Acceptable image quality was achieved in all subjects and techniques. For DTI, 27 of 520 axial images (5.2%) were excluded due
to artifacts or poor signal. For MT and T2*WI, 6 (1.2%) and 4
(0.8%) sections were excluded due to artifacts, respectively.

Automated Analysis
Automated segmentation was frequently successful, with manual
editing required in 8 T2WI datasets (20%), 14 MT datasets (35%),
4 DTI datasets (10%), and 20 T2*WI datasets (50%). Manual
segmentation editing was usually restricted to a small number of
sections and required ⬍5 minutes per dataset. Automatic registration to the template and data extraction were successful in all
cases.

Normative Values for MR Imaging Metrics
Normative data extracted from C1–C3 showed that T2*WI
WM/GM had the smallest intersubject coefficient of variation at
3.5% (0.848 ⫾ 0.028), compared with 5.8% for MTR (52.8 ⫾
3.1%), 6.0% for FA (0.706 ⫾ 0.042), and 12.2% for CSA (78.5 ⫾
1260
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ANOVA detected significant differences (P ⬍ .05) across rostrocaudal levels for all metrics. Monotonic variations were present
(P ⬍ .05) for MTR ( ⫽ ⫺0.98), FA ( ⫽ ⫺0.90), and CSA ( ⫽
⫺0.55), which all decreased from rostral to caudal levels, whereas
T2*WI WM/GM showed a trend toward increasing ( ⫽ 0.53, P ⫽
.06) (Fig 3). CSA, FA, and T2*WI WM/GM showed nonlinear
rostrocaudal variation (P ⬍ .05), whereas MTR did not (P ⫽ .58).

Reliability
The T2*WI WM/GM ratio was the most reliable metric (pooled
TRCOV: rostral, 0.9%; MCL, 2.9%; caudal, 2.6%), comparing
favorably with FA (rostral, 2.6%; MCL, 3.6%; caudal, 3.2%) and
MTR (rostral, 2.4%; MCL, 3.7%; caudal: 4.2%), though these differences were only significant for rostral metrics (P ⬍ .05) (Table
4). Reliability measures were comparable between healthy subjects and those with DCM rostrally (C1–C3), but subjects with
DCM trended toward increased TRCOV for MCL MTR (6.1%
versus 3.2%, P ⫽ .08) and caudal FA (4.6% versus 2.2%, P ⫽ .07).
The reliability of data from individual WM tracts was acceptable

Table 3: Univariate relationships of MRI metrics with healthy subject characteristicsa
Metric
CSA (mm2)
FA
MTR
T2*WI WM/GM

Age

Sex (M vs F)

Height

Weight

r ⫽ ⫺0.25 (P ⫽ .12)
r ⫽ ⫺0.43 (P ⫽ .009b)
r ⫽ ⫺0.25 (P ⫽ .11)
r ⫽ 0.31 (P ⫽ .06)

80.0 ⫾ 11.2 vs 73.5 ⫾ 8.5 (P ⫽ .03b)
0.658 ⫾ 0.037 vs 0.663 ⫾ 0.034 (P ⫽ .75)
48.8 ⫾ 2.5 vs 51.4 ⫾ 2.7 (P ⫽ .006b)
0.863 ⫾ 0.034 vs 0.858 ⫾ 0.031 (P ⫽ .64)

r ⫽ 0.31 (P ⫽ .06c)
r ⫽ ⫺0.02 (P ⫽ .89)
r ⫽ ⫺0.41 (P ⫽ .008b)
r ⫽ ⫺0.12 (P ⫽ .48)

r ⫽ 0.34 (P ⫽ .03b)
r ⫽ ⫺0.26 (P ⫽ .12)
r ⫽ ⫺0.40 (P ⫽ .01)
r ⫽ 0.31 (P ⫽ .06c)

Cervical Cord Length
r ⫽ 0.51 (P ⬍ .001b)
r ⫽ 0.11 (P ⫽ .53)
r ⫽ ⫺0.18 (P ⫽ .26)
r ⫽ ⫺0.09 (P ⫽ .55)

Values for sex are reported as mean ⫾ SD, and other values are Pearson correlation coefﬁcient. FA, MTR, and T2*WI WM/GM ratios are extracted from WM, while CSA of the
spinal cord is measured, averaged across C1–C7.
Signiﬁcance (P ⬍ .05).
c
Trends (P ⬍ .10).
a

b

FIG 3. Variations by rostrocaudal level. MR imaging metrics displayed for each vertebral and intervertebral level from C1 to C7. FA, MTR, and T2*WI
WM/GM ratios are extracted from WM. ANOVA shows signiﬁcant differences by level for all metrics. Monotonic variations are present for CSA, FA,
and MTR.

(TRCOV ⬍ 5%) except for FA of the right and left spinal lemniscus (5.3%, 5.6%, respectively; Fig 4).

cardiac-triggered DTI provided approximately 1% lower
TRCOV at all levels.

Cardiac Triggering in DTI

DISCUSSION

FA did not differ significantly among DTI acquisitions with
and without cardiac triggering, though triggering showed a
trend toward higher FA at MCL (0.558 versus 0.514, P ⫽ .06)
and caudal (0.562 versus 0.534, P ⫽ .07) levels (Table 5). No
significant differences in TRCOV were observed, though

Summary of Findings
This study establishes a multiparametric MR imaging protocol
and analysis framework to assess the microstructure of the
entire cervical SC by using simple methods that are feasible for
clinical adoption, requiring only 20 minutes of acquisition
AJNR Am J Neuroradiol 38:1257– 65
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Table 4: Test-retest reliability across rostrocaudal levelsa
Level
Metric
Healthy
DCM
Rostral (C1–C3)
FA
2.5 ⫾ 2.0% 2.8 ⫾ 1.8%
MTR
2.7 ⫾ 1.9%
1.3 ⫾ 0.5%
T2*WI WM/GM 0.9 ⫾ 0.6% 1.0 ⫾ 0.7%
Midcervical (C4–C5)
FA
3.0 ⫾ 2.2% 5.0 ⫾ 5.7%
or MCL
MTR
3.2 ⫾ 3.0% 6.1 ⫾ 0.9%
T2*WI WM/GM 1.4 ⫾ 1.1%
3.5 ⫾ 2.2%
Caudal (C6–C7)
FA
2.2 ⫾ 1.6% 4.6 ⫾ 4.7%
MTR
4.4 ⫾ 3.8%
3.1 ⫾ 3.9%
T2*WI WM/GM 3.4 ⫾ 3.0% 2.2 ⫾ 2.1%

P Value
.71
.17
.77
.21
.08c
.11
.07c
.56
.37

Pooled
2.6 ⫾ 1.9%
2.4 ⫾ 1.9%
0.9 ⫾ 0.7%b
3.6 ⫾ 3.6%
3.7 ⫾ 3.2%
2.9 ⫾ 2.2%
3.2 ⫾ 3.5%
4.2 ⫾ 3.7%
2.6 ⫾ 2.4%

a
TRCOV ⫾ SD is displayed for healthy subjects and those with DCM at rostral (C1–C3), midcervical (C4 –5), or
maximally compressed levels in subjects with DCM, and caudal (C6 –C7) levels. Sample size was 26 subjects (17
healthy, 9 with DCM) for DTI, 17 subjects (13 healthy, 4 with DCM) for MT, and 16 subjects (5 healthy, 11 with DCM)
for T2*WI.
b
Signiﬁcant differences (P ⬍ .05) between pooled TRCOV of metrics at each level.
c
Trends (P ⬍ .10) in reliability between healthy subjects and those with DCM for each level/metric, and pooled
reliability was calculated if no signiﬁcant differences were found.

FIG 4. Test-retest coefﬁcients of variation of FA, MTR, and T2*WI WM/GM extracted from SC,
WM, GM, and key WM tracts in rostral sections (C1–C3) are displayed. T2*WI WM/GM ratio shows
better reliability than FA and MTR. Metrics derived from the SC and WM show TRCOV ⬍ 3%,
while GM and key WM tracts show TRCOV ⬍ 5% except for FA of the spinal lemniscus. FC
indicates fasciculus cuneatus; FG, fasciculus gracilis; SL, spinal lemniscus; LCST, lateral corticospinal tract; R, right; L, left.

time in addition to anatomic imaging. Image acquisition was
successful in all subjects, and automated analysis provided robust readouts from multiple ROIs, with the results validated by
acceptable reliability data. Our results establish normative data
for CSA, FA, and MTR that are consistent with previous reports at 3T,12,21,27-29 in addition to our novel T2*WI WM/GM
metric. T2*WI WM/GM, FA, and MTR all showed strong graywhite contrast and differences between individual WM tracts.
FA and MTR showed moderate intersubject and test-retest
variability, with similar or better reliability than in previous
reports despite differences in acquisition and analysis techniques.8,27-31 T2*WI WM/GM demonstrated low intersubject
and test-retest variability, which are favorable statistical prop1262
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erties because they make it more likely
that a subject with pathology will show
abnormal results (confirmed by encouraging results reported in a companion article20). CSA showed greater
intersubject variation than other metrics, though this improved slightly following normalization with cervical
cord length. Reliability of the CSA
measurement was not assessed due to
time constraints, but it likely surpasses
that of our other measures because it
has been previously reported to have
TRCOV under 0.5% by using similar
techniques.12 Reliability was greatest
in the rostral region for all techniques,
where healthy subjects and patients
with DCM showed similar results. In
contrast, patients with DCM showed
trends toward diminished reliability at
MCLs and caudal levels, likely related
to distorted anatomy, increased partial
volume effects, increased susceptibility artifacts, and less accurate registration to the SCT template. However,
these differences were not significant,
and pooled reliability results were
all considered acceptable (TRCOV ⬍
5%). Our clinically feasible multiparametric approach provides 4 unique
quantitative measures in multiple
ROIs that reflect aspects of macrostructure and microstructure, with the
benefit that these measures cross-validate each other to overcome the limitations (reliability, intersubject variability, sensitivity to pathology) of
each individual technique. We anticipate that this multivariate approach
can accurately characterize tissue injury in various SC pathologies, which
could enable quantitative MR imaging
of the SC to achieve clinical translation
in the near future.

Normalization for Confounding Factors
It is essential that quantitative readouts reflect pathologic changes
and eliminate confounding effects as much as possible to move
toward clinical use of SC quantitative MR imaging. In keeping
with prior reports, significant relationships were found between
age and FA5,7,8 and MTR,8 but not CSA.8,23 However, we also
identified univariate relationships between MR imaging metrics
and sex, height, weight, and cervical cord length, for which we are
not aware of previous reports. The relationship between CSA and
cervical cord length likely indicates that CSA is related to overall
body size because height and weight also showed positive (nonsignificant) correlations. It is unclear why MTR decreases with
height, but weak negative trends were also seen with weight and

Table 5: DTI with and without cardiac triggeringa
Measure
Level
No Triggering
FA
Rostral
0.651 ⫾ 0.054
Mid/MCL
0.514 ⫾ 0.068
Caudal
0.534 ⫾ 0.057
TRCOV
Rostral
2.6 ⫾ 1.9%
Mid/MCL
3.6 ⫾ 3.6%
Caudal
3.2 ⫾ 3.5%

Triggering
0.664 ⫾ 0.064
0.558 ⫾ 0.081
0.562 ⫾ 0.044
1.5 ⫾ 1.2%
2.2 ⫾ 2.3%
2.4 ⫾ 2.3%

P Value
.41
.06b
.07b
.11
.27
.52

a
Paired t tests were used to compare FA values extracted from WM at rostral (C1–C3), midcervical (C4 –5, healthy
subjects), or MCL (subjects with DCM), and caudal (C6 –C7) levels between no triggering vs triggering in 10 subjects (4
healthy, 6 with DCM). Welch t tests were used to compare test-retest coefﬁcient of variation between no triggering
(n ⫽ 26) and triggering (n ⫽ 10).
b
Trends (P ⬍ .10).

cervical cord length, suggesting that MTR (reflecting myelin density) is negatively related to overall body size. However, no relationship was present between MTR and CSA in a post hoc test
(r ⫽ 0.01, P ⫽ .94). Strong relationships were also found among
all 4 metrics and the rostrocaudal level, with the CSA, FA, and
MTR showing nonlinearity (Fig 3). CSA increased between the C3
and C6 vertebral levels, reflecting the cervical enlargement that
contains increased GM for C5–T1 neurologic levels, and our CSA
measurements were highly similar to those in previous reports.32,33 WM FA peaked at C2 and locally at C7, where the
orientations of axons are almost purely rostrocaudal. In contrast,
decreases were seen at C1 (likely due to decussation of corticospinal fibers) and in the cervical enlargement (where a fraction of
axons turn and form synapses within the GM). The T2*WI WM/GM
ratio was nearly invariant from C1 to C6 but increased at C7, likely
due to increased susceptibility artifacts from the lungs, decreased
SNR, and respiratory motion. We suggest a normalization scheme in
which CSA, FA, and MTR are linearly corrected for relationships
(cervical cord length, age, and age/height, respectively) and all metrics are converted to z scores per rostrocaudal level, as proposed by
Uda et al4 for DTI metrics. Although normalization procedures add
complexity to data postprocessing, these methods facilitate fair comparisons, decrease nuisance variability, and produce more accurate
biomarkers of SC tissue injury.

Quantitative MR Imaging Techniques: Speciﬁcity,
Accuracy, Feasibility
The rapidly evolving field of quantitative MR imaging includes a
rich array of acquisition techniques, including strict quantitative
methods that attempt to measure a specific physical property,
such as quantitative MT, longitudinal relaxation rate, and apparent transverse relaxation rate mapping.27,34,35 However, such
techniques are inherently complex and require specialized pulse
sequences, while typically requiring lengthy scan times. Furthermore, these methods face challenges in achieving acceptable SNR
and reliability, particularly in the SC, which is considerably more
difficult to image than the brain due to magnetic field inhomogeneity and physiologic motion. Similarly, reduced FOV DTI has
become available, offering increased SNR and reduced distortions
but often requiring increased acquisition times and involving
proprietary pulse sequences.31 Our protocol purposefully used
standard sequences available from all major MR imaging vendors,
making it an attractive approach for multicenter studies and clinical use. A recent study comparing reduced FOV with outer
volume suppression for cervical SC DTI found only minimal dif-

ferences in reliability (intersubject coefficient of variation: reduced FOV ⫽
3.98% versus outer volume suppression ⫽ 4.59).31 Unfortunately, this study
did not report P values for these comparisons, and it did not assess intrasubject reliability, but the findings suggest that outer
volume suppression provides acceptable
reliability.

Cardiac-Triggered DTI

Previous research suggests that cardiac
triggering reduces variance in diffusion
time-series by acquiring data during the quiescent phase of cardiac-related SC motion.36 However, to our knowledge, no studies
have directly compared the test-retest reliability of SC DTI acquisitions with and without cardiac triggering, particularly in the
context of multiple acquisitions and outlier rejection during postprocessing. Our pilot data in 10 subjects suggest roughly equivalent results with and without triggering, though trends toward
higher FA and lower TRCOV (approximately 1%) were observed
with triggering. Further investigation is needed, but the ungated
acquisition used in this study is validated by its acceptable reliability. This simpler approach avoids difficulties with triggering such
as variable TR and cardiac irregularities (arrhythmias, tachycardia) that are more common in older or critically ill patients.

Limitations
Further studies with larger sample sizes would allow greater accuracy for normative data, influences of confounding variables, and
differences in DTI with and without cardiac triggering. The normative data are specific to our methodology, and cross-site and
cross-vendor validation is required. Our use of automated analysis aimed to reduce bias, but manual editing of segmentations was
frequently required. Other DTI metrics were not analyzed due to
an a priori decision to focus on FA, due to its consistent results in
previous studies.3 Our test-retest reliability experiment does not
account for scanner drift, but this is unlikely a large source of error
because the 2 metrics are ratios rather than absolute signal-intensity values. Neurologically intact subjects with mild SC compression were considered healthy subjects; these changes are evident
in 8%–26% of asymptomatic individuals.32,37 Moreover, we think
that the spectrum of “normal” includes this subgroup, but previous studies have excluded such subjects.

CONCLUSIONS
Reliable multiparametric assessment of the SC microstructure is
possible with standard hardware, acceptable acquisition times,
and automated analysis that provide high-fidelity readouts of tissue injury from numerous ROIs. Normalization procedures can
be implemented to mitigate confounding effects such as age,
height, cervical cord length, and rostrocaudal level, producing
more meaningful quantitative metrics. Our clinically suited approach paves the way for translational studies to evaluate potential uses such as improved diagnostics, monitoring of disease progression, and prediction of outcomes.
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22. De Leener B, Lévy S, Dupont SM, et al. SCT: Spinal Cord Toolbox, an
open-source software for processing spinal cord MRI data. Neuroimage 2017;145(pt A):24 – 43 CrossRef Medline
23. Fonov VS, Le Troter A, Taso M, et al. Framework for integrated MRI
average of the spinal cord white and gray matter: the MNI-PolyAMU template. Neuroimage 2014;102:817–27 CrossRef Medline
24. Chang LC, Jones DK, Pierpaoli C. RESTORE: robust estimation of
tensors by outlier rejection. Magn Reson Med 2005;53:1088 –95
CrossRef Medline
25. Asman AJ, Bryan FW, Smith SA, et al. Groupwise multi-atlas segmentation of the spinal cord’s internal structure. Med Image Anal
2014;18:460 –71 CrossRef Medline
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A Novel MRI Biomarker of Spinal Cord White Matter Injury:
T2*-Weighted White Matter to Gray Matter Signal
Intensity Ratio
X A.R. Martin, X B. De Leener, X J. Cohen-Adad, X D.W. Cadotte, X S. Kalsi-Ryan, X S.F. Lange, X L. Tetreault, X A. Nouri,
X A. Crawley, X D.J. Mikulis, X H. Ginsberg, and X M.G. Fehlings

ABSTRACT
BACKGROUND AND PURPOSE: T2*-weighted imaging provides sharp contrast between spinal cord GM and WM, allowing their segmentation and cross-sectional area measurement. Injured WM demonstrates T2*WI hyperintensity but requires normalization for quantitative
use. We introduce T2*WI WM/GM signal-intensity ratio and compare it against cross-sectional area, the DTI metric fractional anisotropy,
and magnetization transfer ratio in degenerative cervical myelopathy.
MATERIALS AND METHODS: Fifty-eight patients with degenerative cervical myelopathy and 40 healthy subjects underwent 3T MR
imaging, covering C1–C7. Metrics were automatically extracted at maximally compressed and uncompressed rostral/caudal levels. Normalized metrics were compared with t tests, area under the curve, and logistic regression. Relationships with clinical measures were
analyzed by using Pearson correlation and multiple linear regression.
RESULTS: The maximally compressed level cross-sectional area demonstrated superior differences (P ⫽ 1 ⫻ 10⫺13), diagnostic accuracy
(area under the curve ⫽ 0.890), and univariate correlation with the modiﬁed Japanese Orthopedic Association score (0.66). T2*WI WM/GM
showed strong differences (rostral: P ⫽ 8 ⫻ 10⫺7; maximally compressed level: P ⫽ 1 ⫻ 10⫺11; caudal: P ⫽ 1 ⫻ 10⫺4), correlations (modiﬁed
Japanese Orthopedic Association score; rostral: ⫺0.52; maximally compressed level: ⫺0.59; caudal: ⫺0.36), and diagnostic accuracy
(rostral: 0.775; maximally compressed level: 0.860; caudal: 0.721), outperforming fractional anisotropy and magnetization transfer ratio in
most comparisons and cross-sectional area at rostral/caudal levels. Rostral T2*WI WM/GM showed the strongest correlations with focal
motor (⫺0.45) and sensory (⫺0.49) deﬁcits and was the strongest independent predictor of the modiﬁed Japanese Orthopedic Association
score (P ⫽ .01) and diagnosis (P ⫽ .02) in multivariate models (R2 ⫽ 0.59, P ⫽ 8 ⫻ 10⫺13; area under the curve ⫽ 0.954, respectively).
CONCLUSIONS: T2*WI WM/GM shows promise as a novel biomarker of WM injury. It detects damage in compressed and uncompressed regions and contributes substantially to multivariate models for diagnosis and correlation with impairment. Our multiparametric approach overcomes limitations of individual measures, having the potential to improve diagnostics, monitor progression,
and predict outcomes.
ABBREVIATIONS: AUC ⫽ area under the curve; CSA ⫽ cross-sectional area; DCM ⫽ degenerative cervical myelopathy; FA ⫽ fractional anisotropy; MCL ⫽

maximally compressed level; mJOA ⫽ modiﬁed Japanese Orthopedic Association; MT ⫽ magnetization transfer; MTR ⫽ magnetization transfer ratio; qMRI ⫽
quantitative MRI; SC ⫽ spinal cord; SCI ⫽ spinal cord injury; UE ⫽ upper extremity

uantitative MR imaging (qMRI) techniques have the potential to provide in vivo measurement of specific tissue properties, including characterizing aspects of spinal cord (SC) microstructure and tissue injury.1,2 However, efforts to apply qMRI in

Q

clinical studies have thus far achieved only modest success.3 The
strongest results include cross-sectional area (CSA) as a measure
of spinal cord atrophy, the DTI metric fractional anisotropy (FA)
to evaluate axonal integrity, and the magnetization transfer ratio
(MTR) as a measure of demyelination.3 Spinal cord CSA has
shown moderate-to-strong correlation with disability in MS4-6
but is a nonspecific measure of tissue injury and shows high intersubject variability in healthy subjects,7,8 somewhat limiting its
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MATERIALS AND METHODS
Study Design and Subjects

FIG 1. T2WI showing a subject with DCM with spinal cord compression. Sagittal T2WI in a subject with DCM with severe impairment
shows multilevel disc degeneration, spondylosis, and spinal cord
compression at C5– 6 with focal hyperintensity.

utility. FA has demonstrated moderate correlation with global
and focal disability in dozens of studies involving various pathologies3,9-14 but has yet to achieve clinical uptake due to a lack of
standardized/portable acquisition methods and cumbersome
analysis techniques. MTR has also shown correlation with impairment in MS and spinal cord injury (SCI) studies,15-17 but results
have been inconsistent, in part due to T1 and frequency offset
dependencies, and thus insufficient to drive clinical adoption.3
At 3T or higher field strengths, T2*-weighted imaging of the
SC provides high resolution and strong contrast between GM and
WM, allowing segmentation between these structures and calculation of their CSA.18 It has also been established that T2*WI
shows hyperintensity in injured SC WM in various pathologic
conditions.19,20 We hypothesized that T2*WI hyperintensity is a
general phenomenon in WM injury, leading to decreased graywhite contrast that can be quantified by normalizing the WM
signal intensity within each axial section by that of the GM as a
T2*WI WM/GM signal-intensity ratio. Our investigation in 40
healthy subjects established that T2*WI WM/GM has lower
intersubject variability compared with CSA, FA, and MTR and
superior reliability compared with FA and MTR,7 though the
latter metrics showed acceptable results, in keeping with prior
reports.11,21-25
These encouraging findings prompted the current study in
degenerative cervical myelopathy (DCM), a common condition
involving degeneration of the discs, ligaments, and vertebrae, resulting in cervical spinal cord compression and functional impairment (Fig 1).26,27 We aimed to determine how well T2*WI
WM/GM differs between patients with DCM and healthy subjects
and correlates with global disability and focal neurologic deficits
when extracted from corresponding regions of WM, in comparison with FA, MTR, and CSA of the SC.

This study received institutional approval from the University
Health Network (Toronto, Ontario, Canada), and all participants
provided written informed consent. Fifty-eight patients with
DCM were consecutively recruited from the outpatient spine
neurosurgery clinic, and 42 healthy subjects were recruited between October 2014 and December 2016. Patients with DCM with
confounding neurologic impairment, such as diabetic neuropathy or symptomatic lumbar radiculopathy, were excluded. All
subjects were examined by an experienced physician (M.G.F,
A.R.M.). Two subjects recruited as healthy volunteers were found
to have clinical and imaging evidence of mild DCM and were
analyzed as subjects with DCM. Two subjects with DCM failed to
complete the MR imaging study due to pain/claustrophobia and
were excluded from analysis. Thus, 58 patients with DCM and 40
healthy subjects for analysis remained. DCM severity was categorized on the basis of the modified Japanese Orthopedic Association (mJOA) score (normal ⫽ 18 points) into mild (mJOA ⫽
15–17), moderate (mJOA ⫽ 12–14), and severe (mJOA ⬍ 12).26
Three patients with DCM had undergone previous cervical operations with metallic implants and had achieved a complete or
near-complete recovery (mJOA ⱖ 17) followed by new cord compression at another cervical level.

Clinical Assessments
Subjects with DCM were assessed with the following: 1) the mJOA
score to determine overall functional impairment; 2) the International Standards for Neurologic Classification of Spinal Cord Injury upper extremity (UE) motor score consisting of power testing (5-point score) in 10 upper extremity muscle groups
(maximum score ⫽ 50) on both sides28; and 3) the UE sensory
score consisting of Semmes Weinstein monofilament testing in
C6, C7, and C8 dermatomes (4 points each, maximum score ⫽
12). Healthy subjects all had mJOA ⫽ 18 and were assumed to
have full motor (50/50) and sensory (12/12) scores for analyses.

MR Imaging Acquisitions
Subjects underwent high-resolution isotropic T2WI, DTI with
single-shot EPI, spoiled gradient-echo imaging with and without magnetization transfer (MT) prepulse, and T2*WI with
multiecho recombined gradient-echo at 3T (Signa Excite
HDxt; GE Healthcare, Milwaukee, Wisconsin) as described in a
companion article.7 The multiecho recombined gradient-echo
sequence uses 3 echoes that are magnitude-reconstructed and
combined with a sum-of-squares algorithm. Total imaging
time was approximately 30 –35 minutes, including subject positioning, section prescription, and second-order localized
shimming.

Image-Analysis Techniques
Template-based analysis was performed by using the Spinal Cord
Toolbox, Version 2.3 (https://sourceforge.net/projects/spinal
cordtoolbox/),29 as described in the companion article.7 Metrics
included CSA from T2WI, FA, MTR, and T2*WI WM/GM signalintensity ratio extracted from the rostral uncompressed SC (C1–
C3); the maximally compressed level (MCL); and the caudal unAJNR Am J Neuroradiol 38:1266 –73
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to correct for confounding relationships
according to the following linear equations, developed from data in 40 healthy
subjects7:
1) CSAcorrected ⫽ CSAraw ⫺ 5.3690
⫻ (Cervical Cord Length ⫺ 10.6),
2) FAcorrected ⫽ FAraw ⫹ 0.0012053
⫻ (Age ⫺ 47.1),
3) MTRcorrected ⫽ MTRraw ⫹ 0.17410
⫻ (Height ⫺ 171.6) ⫹ 0.074131
⫻ (Age ⫺ 47.1).
In Equation 1, CSA is in square millimeters and cervical cord length is in
centimeters; in Equation 2, age is in
years; and in Equation 3, MTR is expressed as a percentage, height is in centimeters, and age is in years. Metrics
were then converted to z scores to normalize across rostrocaudal levels (eg, for
comparisons at the MCL). Comparisons
of normalized MR imaging metrics between DCM and healthy subjects were
made by using Welch t tests. These tests
were also repeated against an agematched group (by excluding healthy
subjects younger than 40 years of age) to
confirm the findings. Diagnostic accuracy was assessed with the area under the
curve (AUC) and logistic regression,
FIG 2. T2*WI demonstrating loss of gray-white contrast and Wallerian degeneration. A, Axial
T2*WI at C3– 4 in a healthy subject shows strong contrast between GM and WM (T2*WI WM/ with backward stepwise variable selecGM ⫽ 0.791 for this image). B, T2*WI at C5– 6 in a subject with severe DCM shows SC compression tion. Relationships between normalized
from a lateral disc herniation, with loss of gray-white contrast (T2*WI WM/GM ⫽ 0.967). C, T2*WI MR imaging metrics and clinical meaat C3 in the same subject with DCM shows focal hyperintensity (arrow) within the dorsal columns,
suggesting Wallerian degeneration (T2*WI WM/GM ⫽ 0.923). D–F, The same images as in A–C sures were assessed by using Pearson
with the Spinal Cord Toolbox probabilistic atlas representations of WM (red), GM (green), lateral correlation coefficients and backward
corticospinal tracts (blue), and fasciculus cuneati (yellow) overlaid.
stepwise multiple linear regression. CSA
of the SC and other metrics extracted
compressed cord (C6 –C7). For MCL metrics, CSA was extracted
from the total WM were analyzed against the mJOA score, while
from a single section, whereas FA, MTR, and T2*WI WM/GM
metrics from each lateral corticospinal tract and fasciculus cuneawere averaged over 3 sections centered at the compressed level. In
tus were analyzed against ipsilateral UE motor and sensory scores,
subjects with motion artifacts on the T2WI, T2*WI was used to
respectively. Two-way ANOVA with an interaction term was used
calculate the CSA with correction for the oblique angle. For FA,
to assess how T2*WI WM/GM and T2WI hyperintensity relate to
MTR, and T2*WI, ROIs included total WM, GM (T2*WI only),
the mJOA score. Results were considered statistically significant at
and the left/right fasciculus cuneatus and lateral corticospinal
P ⬍ .05, due to the exploratory nature of this study.
tract (Fig 2). Sagittal and reformatted axial T2WI were visually
assessed for SC hyperintensity by 2 raters (A.R.M., A.N.), with
RESULTS
disagreements resolved by discussion.

Subject Characteristics

Statistical Analysis
Statistical analysis was performed with R statistical and computing software, Version 3.3 (http://www.r-project.org). Metrics are
reported as mean ⫾ SD. Comparisons between characteristics of
healthy subjects and those with DCM were made by using 2sample t tests and 2 tests. MR imaging metrics were normalized
1268
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Subjects with DCM showed the following distribution of severity:
33 mild, 15 moderate, and 10 severe. Age differed significantly
between healthy subjects and those with DCM (mean, 47.1 ⫾ 15.3
versus 57.0 ⫾ 10.9 years, P ⫽ 3 ⫻ 10⫺4; Table 1). When healthy
subjects younger than 40 years of age were excluded, age became
equivalent (n ⫽ 26; mean age, 56.3 ⫾ 9.8 years, P ⫽ .76). Other

demographic variables (sex, height, weight, and neck length) did
not vary between groups.

Image Acquisition and Analysis
Four T2WI datasets and 1 T2*WI dataset were excluded due to
motion artifacts. Individual sections were excluded due to artifacts as follows: DTI: 5.3%; MT: 0.8%; and T2*WI: 0.7%. Three
patients with metallic implants had images excluded at those levels and 2 axial sections above and below them; the remaining
images and metrics appeared to be of acceptable quality. Analysis
of subjects with DCM required manual editing of segmentation
masks in most cases due to deformation of the cord and a lack of
contrast with surrounding tissues, requiring ⬍5 minutes per dataset. Automatic registration to the Spinal Cord Toolbox template/atlas was successful in all cases.

MR Imaging Metrics
Significant differences between DCM and healthy subjects were
found in 10/12 MR imaging metrics (Table 2), including decreased CSA (rostral: P ⫽ 9 ⫻ 10⫺5; MCL: P ⫽ 1 ⫻ 10⫺13),
Table 1: Subject characteristicsa
Healthy
Subjects
Characteristic
(n = 40)
Age (yr)
47.1 ⫾ 15.3
Sex (M/F)
21:19
Height (cm)
171.4 ⫾ 8.6
Weight (kg)
74.6 ⫾ 11.5
Neck length (mm)
106.1 ⫾ 9.6
mJOA
18.0 ⫾ 0.0
R UE motor
50.0 ⫾ 0.0c
L UE motor
50.0 ⫾ 0.0c
R UE sensation
12.0 ⫾ 0.0c
L UE sensation
12.0 ⫾ 0.0c

Subjects
with DCM
(n = 58)
57.0 ⫾ 10.9b
36:22
172.4 ⫾ 10.4
74.9 ⫾ 9.9
106.8 ⫾ 9.4
14.2 ⫾ 2.5b
46.1 ⫾ 5.2b
46.5 ⫾ 5.6b
10.5 ⫾ 2.5b
10.6 ⫾ 2.5b

increased T2*WI WM/GM (rostral: P ⫽ 8 ⫻ 10⫺7; MCL: P ⫽ 1 ⫻
10⫺11; caudal: P ⫽ 1 ⫻ 10⫺4), decreased FA (rostral: P ⫽ 2 ⫻
10⫺4; MCL: P ⫽ 2 ⫻ 10⫺9; caudal: P ⫽ 2 ⫻ 10⫺4), and decreased
MTR (rostral: P ⫽ .01; MCL: P ⫽ .001). Patients with DCM also
showed a trend toward decreased caudal CSA (P ⫽ .08). All differences remained significant compared with age-matched
healthy subjects, and caudal CSA became borderline significant
(P ⫽ .05). The strongest cross-correlations were found between
the same metrics at different levels (eg, rostral and caudal CSA:
r ⫽ 0.77) (Fig 3). Cross-correlations were relatively strong between MCL metrics (0.44 – 0.57) but weaker at rostral and caudal
levels.

Diagnostic Accuracy
MCL CSA showed the highest diagnostic accuracy with AUC ⫽
0.890, outperforming other metrics at MCL: T2*WI WM/GM
(0.860), FA (0.813), and MTR (0.698) (Table 2). At the rostral and
caudal levels, T2*WI WM/GM showed better discrimination than
other metrics with AUC ⫽ 0.775 and 0.721, respectively. T2WI
hyperintensity was present in 37/58 (64%) of subjects with DCM
and 0/40 healthy subjects, with AUC ⫽ 0.640. Multivariate analysis with logistic regression achieved AUC ⫽ 0.954, retaining rostral T2*WI WM/GM (P ⫽ .02), MCL FA (P ⫽ .12), MCL CSA
(P ⫽ .14), and T2WI signal change (P ⫽ .71).

Correlation with Global and Focal Impairment

The strongest univariate correlate with the mJOA score was MCL
CSA (r ⫽ 0.66) (Table 3). This was stronger than MCL T2*WI
WM/GM (r ⫽ ⫺0.59), FA (r ⫽ 0.54), and MTR (r ⫽ 0.43). At the
rostral and caudal levels, T2*WI WM/GM showed the strongest
correlation with the mJOA score (r ⫽ ⫺0.52, ⫺0.36, respectively).
Multiple linear regression for the mJOA score found a good fit
(R2 ⫽ 0.59, adjusted R2 ⫽ 0.55, P ⫽ 8 ⫻ 10⫺13), with rostral
T2*WI WM/GM showing the strongest relationship (P ⫽ .01),
Note:—L indicates left; R, right.
a
Demographics and clinical measures are reported as mean ⫾ SD.
followed by rostral MTR (P ⫽ .02), T2WI signal change (P ⫽ .02),
b
Signiﬁcant differences (P ⬍ .05) between those with DCM and healthy subjects.
caudal CSA (P ⫽ .05), caudal FA (P ⫽ .27), MCL CSA (P ⫽ .34),
c
Motor and sensory scores for healthy subjects were assumed to be full, on the basis
and MCL FA (P ⫽ .44). The strongest correlate with UE motor
of a screening examination.
and sensory scores was rostral T2*WI
Table 2: Summary of MRI metricsa
WM/GM, extracted from the ipsilatHealthy
Subjects
Diagnostic
eral lateral corticospinal tract (r ⫽
Region and
Subjects
with DCM
Accuracy
⫺0.45, P ⫽ 7 ⫻ 10⫺11) and fasciculus
Metrics
(n = 40)
(n = 58)
P Value
(AUC)
cuneatus (r ⫽ ⫺0.49, P ⫽ 4 ⫻ 10⫺13),
Rostral
respectively.
0.722
78.5 ⫾ 8.0
70.9 ⫾ 10.4
9 ⫻ 10⫺5
CSA (mm2)
FA
MTR
T2*WI WM/GM
MCL/C4–5
CSA (mm2)
FA
MTR
T2*WI WM/GM
Caudal
CSA (mm2)
FA
MTR
T2*WI WM/GM

0.725 ⫾ 0.036
52.7 ⫾ 2.4
0.848 ⫾ 0.031b

0.687 ⫾ 0.063
51.2 ⫾ 3.4
0.884 ⫾ 0.034b

2 ⫻ 10⫺4
.01
8 ⫻ 10⫺7b

0.692
0.648
0.775b

76.2 ⫾ 10.4b
0.652 ⫾ 0.048
49.9 ⫾ 2.9
0.850 ⫾ 0.022

50.8 ⫾ 18.1b
0.553 ⫾ 0.094
47.6 ⫾ 3.8
0.899 ⫾ 0.038

1 ⫻ 10⫺13b
2 ⫻ 10⫺9
.001
1 ⫻ 10⫺11

0.890b
0.813
0.698
0.860

63.7 ⫾ 9.1
0.599 ⫾ 0.050
46.2 ⫾ 3.8
0.862 ⫾ 0.047b

60.1 ⫾ 10.9
0.552 ⫾ 0.060
46.4 ⫾ 5.1
0.903 ⫾ 0.053b

.08
2 ⫻ 10⫺4
.85
1 ⫻ 10⫺4b

0.585
0.724b
0.515
0.721

Metrics (mean ⫾ SD) are reported at uncompressed rostral levels (C1–C3), MCL, or C4 –5 (healthy subjects) and
uncompressed caudal levels (C6 –C7). MCL data are converted from z scores to values at C4 –5 for ease of interpretation. Diagnostic accuracy is reported as AUC.
b
Strongest group differences for each region.
a

Effects of T2WI Hyperintensity
Subjects with DCM with T2WI with hyperintensity had lower mJOA scores
than those with T2WI without hyperintensity (13.6 versus 15.2, P ⫽ .005) and
higher MCL T2*WI WM/GM (0.905
versus 0.886, P ⫽ .07). When we analyzed all 98 subjects, 2-way ANOVA
found significant independent relationships with the mJOA scores for T2*WI
WM/GM (P ⫽ .01) and T2WI signal
change (P ⫽ .001), while the interaction
term was nonsignificant (P ⫽ .55), sug-
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FIG 3. Correlation matrix for MR imaging metrics. Pearson correlation coefﬁcients calculated between MR imaging metrics at rostral (C1–C3), MCL (or
C4 –5 in healthy subjects), and caudal (C6 –7) levels are color-coded to represent the degree of cross-correlation by using data from all 98 subjects.

a

Table 3: Correlation with clinical measures
Region and
mJOA Score
MRI Metrics
(n = 98)
Rostral
CSA
0.44 (6 ⫻ 10⫺6)
FA
0.37 (2 ⫻ 10⫺4)
MTR
0.35 (5 ⫻ 10⫺4)
T2*WI WM/GM
⫺0.52 (5 ⫻ 10⫺8)b
MCL/C4–5
CSA
0.66 (2 ⫻ 10⫺13)b
FA
0.54 (2 ⫻ 10⫺8)
MTR
0.43 (1 ⫻ 10⫺5)
T2*WI WM/GM
⫺0.59 (7 ⫻ 10⫺10)
Caudal
CSA
0.27 (0.007)
FA
0.35 (0.001)
MTR
0.02 (0.83)
T2*WI WM/GM
⫺0.36 (3 ⫻ 10⫺4)b
a

UE Motor Score
(n = 196)

UE Sensory Score
(n = 196)

–
0.20 (0.006)
0.22 (0.002)
⫺0.45 (7 ⫻ 10⫺11)b

–
0.26 (3 ⫻ 10⫺4)
0.11 (0.13)
⫺0.49 (4 ⫻ 10⫺13)b

–
0.36 (5 ⫻ 10⫺7)b
0.14 (0.04)
⫺0.33 (3 ⫻ 10⫺6)

–
0.40 (1 ⫻ 10⫺8)
0.05 (0.48)
⫺0.43 (8 ⫻ 10⫺10)b

–
0.09 (0.20)
0.12 (0.11)
⫺0.17 (0.01)b

–
0.05 (0.49)
0.05 (0.51)
⫺0.25 (6 ⫻ 10⫺4)b

mJOA is analyzed against FA, MTR, and T2*WI WM/GM extracted from total WM and SC CSA. UE motor score and UE
sensory score are analyzed with respect to non-CSA metrics extracted from the ipsilateral, lateral corticospinal tract
and fasciculus cuneatus, respectively. Pearson coefﬁcients are shown with P values in parentheses.
b
Strongest correlations with clinical measures for each region.
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gesting that T2WI hyperintensity does
not impact the performance of T2*WI
WM/GM. The within-group correlation
between MCL T2*WI WM/GM and
mJOA scores was slightly higher among
subjects without hyperintensity (r ⫽
⫺0.43) than among subjects with T2WI
hyperintensity (r ⫽ ⫺0.36) (Table 4).

DISCUSSION
Summary of Findings
All 4 qMRI metrics analyzed in this
study demonstrated significant results
in terms of group differences and clinical correlations, which was encouraging
given the predominance of subjects with
mild DCM in our cohort. MCL CSA
outperformed other measures in all univariate analyses; this result is not surprising because this measure of spinal

Table 4: Analysis of T2*WI WM/GM and T2WI signal changea
Measure
T2WI− (n = 61)
T2WI+ (n = 37)
mJOA
17.0 ⫾ 1.6
13.6 ⫾ 2.8
MCL T2*WI WM/GM
0.862 ⫾ 0.033
0.905 ⫾ 0.037
MCL T2*WI WM/GM ⬃ mJOA
⫺0.43 (9 ⫻ 10⫺4)
⫺0.36 (0.03)

P Value
7 ⫻ 10⫺9
2 ⫻ 10⫺7

T2*WI WM/GM: A Novel Biomarker
of WM Injury

T2*WI is available from all major MR
imaging vendors, including the GE
Healthcare multiecho recombined graa
dient-echo, Siemens multiecho data imThe entire cohort (including subjects with DCM and healthy subjects) is divided into subjects with and without T2WI
hyperintensity, denoted T2WI⫹ and T2WI⫺, respectively. Mean ⫾ SD are reported. T2*WI WM/GM is extracted from
age combination, Philips Healthcare
the MCL (subjects with DCM) or C4 –5 (healthy subjects), and Pearson correlation coefﬁcients between mJOA and
multiecho fast-field gradient echo, and
T2*WI WM/GM within each signal change group are shown (P values in parentheses).
Hitachi ADAGE (Additive Arrangement
Gradient Echo) sequences, though difcord compression reflects the primary mechanism of tissue inferences may exist between implementations, and cross-vendor
jury in DCM. Cord compression causes ischemia that often
validation is needed.32 Our investigation of the T2*WI WM/GM
30
represents partially reversible neurologic impairment,
signal intensity ratio follows from previous findings that T2*WI
whereas atrophy of the SC (rostral or caudal compression)
detects WM injury by exhibiting hyperintensity. In one study, a
pattern consistent with Wallerian degeneration of the fasciculus
suggests axonal loss or demyelination, which is more likely to
gracilis could be visualized rostrally following a cervical SC needle
be permanent.12 MCL CSA has been previously demonstrated
31
injury.19 Another study found hyperintensity in the bilateral latto correlate well with severity in DCM, and atrophy measureeral corticospinal tracts in a patient with amyotrophic lateral sclement has also proved useful in DCM12 and MS.4-6 However,
rosis, related to the degeneration of descending upper motor neuMCL CSA does not account for motion-related dynamic inrons.20 In our data, a small number of subjects with DCM also
jury, which is also believed to be an important mechanism of
exhibited focal T2*WI hyperintensity of the dorsal columns extissue injury in DCM,31 suggesting that this metric may be
tending through all images rostral to compression, consistent
better used in conjunction with other measures that directly
with Wallerian degeneration (Fig 2). However, most patients with
interrogate microstructural changes. FA showed strong group
DCM showed only loss of gray-white contrast, which is somewhat
differences and moderate correlations with impairment, but
akin to the diagnosis of acute ischemic stroke on brain CT. Howdiagnostic accuracy was modest. These findings are all consis3,9-14
ever, T2*WI signal intensity is a relative value that varies considtent with those in the previous literature.
MTR results
erably between subjects, requiring normalization. Although GM
were relatively weak, which is consistent with findings in prior
16,17
may also experience injury in DCM, we found that using GM
studies in MS,
but differ from results seen in chronic
signal intensity as a reference produced more consistent results
15
SCI.
than CSF due to variable CSF signal (A.R.M. et al, unpublished
We are not aware of published reports using MTR in patients
data, 2017). Furthermore, T2*WI WM/GM appears to be stable in
with DCM. The T2*WI WM/GM signal ratio showed the stronthe context of T2WI hyperintensity; this feature is commonly engest results at the rostral and caudal levels, and rostral T2*WI
countered in DCM, showing no significant interaction (effect
WM/GM was the strongest independent variable in multivariate
modification) and minimal impact on clinical correlations.
models for diagnosis and correlation with the mJOA score.
The calculation of the WM/GM signal-intensity ratio is easily
T2*WI WM/GM also demonstrated superior performance over
and accurately performed by using automated template-based
FA and MTR in almost every comparison. The encouraging findanalysis.29 The pathophysiologic processes that underlie T2*WI
ings for T2*WI WM/GM indicate that this novel biomarker is a
hyperintensity include demyelination, gliosis, increased calcium
relatively accurate measure of WM injury, with particularly
concentration, and nonheme iron stored in ferritin, but signal
strong results in multivariate models. T2*WI WM/GM also shows
intensity also depends on water content and local concentration
better reliability, compared with FA and MTR, with our techof deoxyhemoglobin (used in blood oxygen level– dependent
niques.7 In comparison with DTI and MT techniques, T2*WI had
fMRI).33-37 Thus, T2*WI WM/GM is somewhat nonspecific, refewer excluded sections, required less imaging time, and involved
flecting several microstructural features. The moderate crossless postprocessing, suggesting that this biomarker is well-suited
correlations observed between T2*WI WM/GM and other metfor clinical use.
rics did not reveal a clear pattern because these findings may
Unfortunately, all qMRI metrics failed to show diagnostic acsimply be explained by multiple pathologic processes occurring
curacy (AUC) of ⬎90% and provided only moderate clinical corsimultaneously. Histopathologic studies are necessary to fully unrelations, indicating somewhat limited utility when used individderstand exactly what SC microstructural changes are detected by
ually. However, our protocol produced 10 measures of tissue
T2*WI WM/GM compared with other measures, and further reinjury that are relatively independent, enabling multivariate use
search is needed to determine its performance in other patholoto strengthen their accuracy. This was evident in the logistic regies. However, its simplicity, sensitivity, and excellent reliability
gression model that achieved ⬎95% diagnostic accuracy, and the
suggest that it could be a very useful imaging biomarker.
linear regression model for the mJOA score that had much higher
adjusted R2 than univariate measures. Overall, our results demROIs
onstrate that T2*WI WM/GM performs well in comparison with
The strongest results for each metric were found at the MCL in
established biomarkers, and our multiparametric approach has
this study, with the exception of rostral T2*WI WM/GM for multhe potential to overcome the limitations of individual qMRI
tivariate analyses and tract-specific correlations. This finding
measures.
highlights a major challenge to using quantitative MR imaging in
AJNR Am J Neuroradiol 38:1266 –73
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DCM because the compressed region has potential bias related to
distorted anatomy (leading to inaccurate registration to the template) and increased susceptibility artifacts. This challenge was
partially mitigated by averaging MCL metrics over 3 sections, with
sections above and below MCL often showing no compression.
However, results from our reliability study showed a trend toward
diminished reliability for FA, MTR, and T2*WI WM/GM at the
MCL.7 It was encouraging to also find strong results rostrally for
T2*WI WM/GM, which has been previously reported for FA.14,38
This finding has important clinical implications because this region avoids the aforementioned issues and can be used for postoperative assessment rostral to metallic implants in most patients
with DCM. This region is also potentially useful for the prediction
of outcomes in acute SCI, with a postoperative scan in the days to
weeks following early surgical decompression.38 The caudal region consistently showed the weakest results, likely due to respiratory motion, susceptibility artifacts from the lungs, and increased partial volume effects due to the angle between sections
and the SC (in subjects with irreducible cervical lordosis). Despite
these issues, T2*WI WM/GM and FA showed some utility in this
region. Metrics extracted from individual WM tracts showed significant correlations with focal neurologic deficits, particularly at
the rostral and MCL levels, indicating that our quantitative analysis identifies focal tissue injury. However, correlations with motor/sensory scores were modest, potentially because of the small
number of voxels included in metric calculations but also because
clinical impairment can also result from GM injury, nerve root
compression (radiculopathy), and pain.

Future Directions: Clinical Translation of Quantitative
Spinal Cord MR Imaging
At present, SC qMRI has yet to achieve clinical adoption due to
challenges with the portability of acquisitions, cumbersome analysis, and modest results in diagnostic accuracy and clinical correlations. However, our multiparametric approach with simple
methods and automated analysis is designed to address each of
these issues and be suitable for clinical use. We anticipate that the
first clinical application of these techniques could be the development of more sensitive diagnostic tools. A diagnostic tool that can
directly detect tissue injury could have a major impact in DCM, in
which patients sometimes show minimal symptoms that cannot
be definitely attributed to the SC by clinical and electrophysiological examinations. Furthermore, many older individuals have spinal cord compression without neurologic dysfunction,39 indicating that anatomic imaging alone is insufficient. Our approach
may also prove useful for monitoring patients with DCM for progression of tissue injury by using serial qMRI examinations. Patients with mild DCM are often managed nonoperatively with
periodic clinical assessments, but symptoms are highly subjective
and mechanisms of behavioral adaptation and neuroplasticity
may mask subtle deterioration. Finally, effort has been made to
predict outcomes by using qMRI in DCM and other clinical populations,3,14 but this effort has yet to show great success, possibly
because outcomes depend on factors that extend beyond the current state of tissue injury. However, if qMRI techniques can differentiate between reversible and permanent injury by quantifying specific microstructural changes (eg, demyelination versus
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axonal loss), enhanced outcome prediction may also be possible.
Future studies should be directed at investigating each of these
exciting potential applications.

Limitations
Clinical assessments used in this study are somewhat coarse
(mJOA score, sensory score) and subjective (mJOA score, motor
score), potentially limiting the strength of correlations. T1weighted imaging was not performed in this study, and the effect
of T1WI hypointensity on T2*WI WM/GM has not been characterized. We aimed to minimize bias by using automated analysis,
but almost all DCM datasets required manual correction of segmentation. Other DTI metrics were not analyzed due to an a
priori decision to focus on FA, due to its consistent results in
previous studies.3 The validity of MR imaging metrics for 3 patients with metallic implants is unknown, but quantitative results
distant from the hardware appeared to be consistent with those in
other subjects.

CONCLUSIONS
T2*WI WM/GM is a novel biomarker of SC WM degeneration
that shows good diagnostic accuracy and correlation with clinical
features of DCM, warranting further investigation. This biomarker has strong potential for clinical translation, particularly in
multivariate approaches that combine quantitative measures of
SC injury. Such measures have the potential to provide more sensitive diagnosis of mild cord injury, monitoring of disease progression or recovery, and prediction of outcomes in DCM and
other spinal pathologies.
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LETTERS

Regarding “Embolization of Intracranial Dural Arteriovenous
Fistulas Using PHIL Liquid Embolic Agent in 26 Patients:
A Multicenter Study”

e read the article by Lamin et al1 with considerable interest.
They have highlighted their valuable experience with Precipitating Hydrophobic Injectable Liquid (PHIL; MicroVention,
Tustin, California) embolic agent in the management of dural
AVFs. We agree with their observations that the use of PHIL is safe
and effective for endovascular management of dural AVFs, with
outcomes comparable with those of Onyx (Covidien, Irvine,
California).
A few points are worth mentioning. The advantages of PHIL
over Onyx as they mentioned are the lack of any prior preparation, fewer beam-hardening artifacts, and less adhesiveness, leading to better forward penetration.1
Another advantage of PHIL over Onyx is seen when MR imaging is used on follow-up. Onyx causes susceptibility artifacts on
gradient and susceptibility-weighted images, which are not seen
with PHIL.2
Plug formation with PHIL is faster than with Onyx due to
fewer layering effects, resulting in reduced fluoroscopy time and
consequent radiation dose.2 There is minimal wastage with PHIL
because it comes in a prefilled syringe in contrast to Onyx.
Failed embolization with subsequent requirement of an operation or combined endovascular and surgical management for
dural AVFs has also been reported in previous studies. The au-
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thors of this study did not experience this failure; however, it has
been shown that Onyx forms a continuous smooth-surfaced column within vessels, while PHIL forms a rough-surfaced column
interspersed with blood clots. Careful surgical handling of the
vessel with low-voltage bipolar cautery to maintain vessel wall
integrity is required with the PHIL embolic agent.2
We have made similar observations with PHIL at our institution and have found it to be an effective embolic agent in the
management of intracranial AVFs as observed in the current
study.
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LETTERS

Striving for the Best: How Far Should We Go? Regarding
“Impact of Modiﬁed TICI 3 versus Modiﬁed TICI 2b
Reperfusion Score to Predict Good Outcome following
Endovascular Therapy”

ndovascular thrombectomy has become a valuable part of the
treatment of patients with an acute large vessel occlusion in the
anterior circulation. High rates of quality reperfusion after endovascular thrombectomy were considered a key element for achieving superior functional outcomes compared with sole medical
treatment with IV rtPA.1 Because a reperfusion grade of TICI 2b
or better has been shown to be a precise and reliable predictor of
good functional outcomes, TICI 2b and 3 are conventionally considered as “successful reperfusion.”2 In their highly relevant article, Dargazanli et al3 provided further evidence that the outcomes
of patients with “complete” (TICI 3) reperfusions are significantly
better as opposed to patients with “near complete” (TICI 2b)
reperfusions.4
These results not only underscore the need for devices that
minimize the occurrence of periprocedural thrombus fragmentation potentially accountable for incomplete reperfusions, but also
raise the important question of whether interventionalists should
strive to achieve TICI 3 reperfusion in cases where TICI 2b is
already achieved (“luxury rescue”).
Recent studies have suggested that it is technically feasible to
reach and recanalize smaller, distal MCA branches when encountered as the primary occlusion site. However, evidence for a clinical benefit of endovascular thrombectomy versus IV rtPA in
treating distal occlusions beyond the proximal M2 level is lacking.
Notwithstanding, risk-benefit ratios might differ in the scenario of already achieved TICI 2b reperfusions. First, catheter
placement is already taking place, which, relatively speaking, diminish the general risks of endovascular treatment (eg, groin he-
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matoma). Second, available therapy alternatives are limited when
TICI 2b reperfusion has already been achieved because the option
of administering IV rtPA is usually no longer available.
The study by Dargazanli et al3 supports the notion that a more
aggressive treatment approach in striving to achieve TICI 3 reperfusions might be of benefit. Because “luxury rescue” maneuvers
(eg, using IA lytics or small stent-retrievers) may inherit the risk of
jeopardizing the already achieved benefit of a TICI 2b reperfusion, the evaluation of such maneuvers with regard to technical
feasibility, safety, and clinical benefit is highly desirable.
Disclosures: Johannes Kaesmacher—UNRELATED: Grants/Grants Pending: KKF
(Technical University Munich)*. *Money paid to the institution.
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Caution; Confusion Ahead…

e read with great interest the article entitled “Endovascular
Therapy of M2 Occlusion in IMS III: Role of M2 Segment
Definition and Location on Clinical and Revascularization Outcomes” by Tomsick et al.1 This study is a post hoc subgroup analysis of the patients randomized in the endovascular arm of the
Interventional Management of Stroke (IMS) III study who underwent a mechanical thrombectomy (MT) for an MCA M2 segment
occlusion. This article provides interesting data on distal (ie, M2)
occlusions treated by endovascular means. Indeed, the recent randomized controlled trials (RCTs)2-7 that showed the effectiveness
of MT in acute ischemic stroke with large vessel occlusion included very few cases of M2 occlusion (Table). Consequently, the
American Heart Association (AHA) guidelines,8 according to the
results of RCTs, suggest that only M1 and more proximal arterial
occlusions should be safely treated by MT. Scant data (only nonrandomized, retrospective, monocenter series) on the safety and
effectiveness of MT in M2 occlusions are available in the literature.9-15 Despite the potential interest of this paper, we would like
to raise some comments on its methods.
First, we would like to underline the fact that a subgroup analysis, as mentioned in many papers and letters,16-18 is prone to bias
in the statistical analysis. Consequently, the results of such post
hoc analyses on small volume subgroups should be interpreted
with caution.
Second, we found it very questionable to perform a post hoc
analysis of a study19 that showed such a low recanalization rate,
due to the use of obsolete devices like “sonography-assisted
thrombolysis” (EKOS system; EKOS, Bothell, Washington) and
the “Merci retriever” (Concentric Medical, Mountain View,
California), in the era of stent retrievers and aspiration devices.
Indeed, the overall recanalization rate of M2 occlusion in this
series was only 40%. Recent monocenter retrospective studies
using more recent devices showed a recanalization rate over
75%.9,13,15 Our center’s experience with distal artery occlusions treated by endovascular means shows a recanalization
rate of 76%.20
Third, we would like to report our disagreement with the MCA
segmentation used in this paper. Indeed, the MCA segmentation
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commonly used is the one described in 1938 by Fischer21 (Fig 1)
and further used in anatomic22 and angiographic23 descriptive
studies. In Fischer’s21 paper (written in the German language),
the MCA segments are clearly defined:
Der Verlauf der A. cerebri media zerfällt in folgende
Unterabschnitte:
1) Den horizontalen Anfangsteil (M1), von der Teilungsstelle der
Carotis int. Bis zu dem etwa rechtwinkligen Knie der A. cerebri
media reichend,
2) Den nach hinten zu ansteigenden Inselabschnitt (M2), welcher
mit 2–3 Hauptästen dem Inselgebiet dicht aufliegt, im Seitenbild
in der arteriellen Gefäßachse (Moniz) des Gehirns verläuft und
im Vorderbild nahezu vertikal ansteigt,
3) Gefäßverzweigungen (M3) der vorgenannten Hauptäste der
Fossa Sylvii mit dem Kandelaber (Foix) und charakteristischen
Schleifenbildungen der Aa. Frontales asc. Im Seitenbild. Auf der
Vorderaufnahme bilden diese zusammen mit der folgenden
Gruppe ein charakteristisches, nach oben zu scharf begrenztes
Fächerbild (M3– 4), das bei Tumoren der Zentral- oder Parietalregion eine typische Kompression nach unten erfährt,
4) Gefäßverzweigungen (M4) im hintersten Teil der Fissura Sylvii
(Gyrus angularis-Gebiet), die im Seitenbild deutlich hervortreten, dagegen auf der Vorderaufnahme mit dem Fächer (M3– 4),
zusammenfallen,
5) Endausbreitungen (M5) der mittleren hirnarterie, Sie sind zum
Teil auf der Vorderaufnahme als feinere und mehr lockere
Gefäßmaschen unmittelbar über dem dichteren und etwas gröber
gezeichneten Fächerbild sichtbar, besonders klar jedoch im Seitenbild als divergiende Endäste (M5) zu erkennen (Aa. Parietalis
post., angularis und temporalis post.) Bei Tumoren der Hinterhauptlappens können diese Äste von unten her eine Zusammendrängung und Parallelverlagerung nach oben oder aber,
bei Entwicklung des Tumors mehr von dorsal her, eine stärkere Auseinanderdrängung in rechtwinkliger bis gerader Form
erfahren.
Our translation of this article reports that:
“The course of the middle cerebral artery is decomposed in the
following subsections:

FIG 1. Original drawings of the intracranial arteries by Fischer.21 A, Lateral view; B, frontal view. Reprinted with permission from Fischer E. Die
Lageabweichungen der vorderen Hirnarterie im Gefässbild. Zentralbl Neurochir 1938;3:300 –13.

FIG 2. Drawing summarizing the MCA segmentation used in Tomsick
et al’s1 article.
Number of patients with M2 occlusion in the recent randomized
controlled trials on MT
Study
No. of Patients
Rate of M2 Occlusion (%)
39
7.8
MR CLEAN2
19
10
SWIFT PRIME3
18
9
REVASCAT4
10
14.3
EXTEND-IA5
9
2.9
ESCAPE6
2
1
THRACE7

1) The horizontal initial part (M1), from the internal carotid bifurcation to the distal genu of the middle cerebral artery.
2) On the lateral view, the insular section progresses along the
axis of the brain arteries toward the rear and upwardly (M2)
and gives birth to 2–3 main branches lying on the insula, and,
on the front view, it is ascending almost vertically.
3) The junction of the above-mentioned main branches of the
Sylvian fissure (M3) with the candelabra (Foix) shows the typical loop aspect of the ascending frontal artery on the lateral
view. On the frontal view, these branches form and limit
sharply with the following group a typical image of a fan

turned upward (M3– 4), translated downward in case of a central or parietal lobe tumor.
4) Vessel intersection (M4) at the rear part of the Sylvian fissure (gyrus angularis), which clearly stands out on the lateral view, whereas they coincide with the fan on the frontal
view.
5) At the terminal section (M5) of the middle cerebral artery,
there are, on the frontal view, fine and looser vascular stitches
immediately above the attenuated and more visibly marked
fan; however, on the lateral view, these appear particularly
clear as the segments are divergent (M5) (posterior parietal,
angular, and posterior temporal arteries). With occipital lobe
tumors, these branches can be pushed together from downward and be translated upwardly, but with the development of
more dorsal tumors, a stronger compression can shift these
structures frontally.”
We think that using a classification without respecting criteria
and landmarks that define these different segments is very confusing. Indeed, in their paper, the authors artificially created what
they called an “M2 trunk” (Fig 2)1 that definitively belongs to the
M1 segment according to Fischer’s classification (horizontal segment, before the MCA genu). This imprecise interpretation of a
segmentation commonly used worldwide may lead to substantial
misunderstandings and may render the results published in this
series noncomparable with other studies dealing with M2 occlusions. Recently, Goyal et al24 made an effort to clarify what should
be considered as the M1 segment and detailed the M1 and M2
segment anatomic variations. In particular, they proposed to assimilate large anterior temporal artery (ATA) variation (ie, ATA
supplying more than the anterior aspect of the temporal lobe) to
an M2 segment.
To definitively clarify what is an M1 or M2 occlusion, we suggest using a classification such as the one presented below. In this
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FIG 3. Drawings summarizing true M1 and M2 occlusions. A, M1 occlusion; B, superior M2 occlusion; C, inferior M2 occlusion; D, M2 trifurcation
occlusion. ACA indicates anterior cerebral artery.

FIG 4. Drawings summarizing “M1-like” occlusions. A, Occlusion of both branches after MCA division, short M1 segment; B, occlusion of both
branches after MCA division, distal to the MCA’s genu; C, occlusion of both branches of a duplicated or accessory MCA; D, occlusion of either
the superior or inferior division of the MCA if it is a dominant branch (ie, division branch feeding ⱖ75% of the MCA’s cortical territory). ACA
indicates anterior cerebral artery.

FIG 5. Drawings summarizing “M2-like” occlusions. A, Occlusion of 1 branch after MCA division, proximal (short M1 segment) or distal to the
MCA’s genu; B, occlusion of 1 branch of a duplicated or accessory MCA; C, occlusion of the anterior temporal artery if its trunk is large (ie, as big
as M2). ACA indicates anterior cerebral artery.

classification, in addition to true M1 or M2 occlusions (Fig 3), we
describe “M1-like” (Fig 4) occlusions that comprise:
Occlusion of both branches after MCA division, proximal (short
M1 segment) (Fig 4A) or distal to the MCA’s genu (Fig 4B);
E42
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Occlusion of both branches of a duplicated or accessory MCA (Fig
4C); and,
Occlusion of either the superior or inferior division of the MCA, if
it is a dominant branch (ie, division branch feeding ⱖ75% of
the MCA’s cortical territory) (Fig 4D).

We also describe “M2-like” (Fig 5) occlusions that comprise:
Occlusion of 1 branch after MCA division, proximal (short M1
segment) or distal to the MCA’s genu (Fig 5A);
Occlusion of 1 branch of a duplicated or accessory MCA (Fig
5B); and,
Occlusion of the ATA if its trunk is large (ie, as big as M2) (Fig 5C).
To conclude, we think that speaking the same language, by
using the classifications in a common way, is the only manner to
provide comparable results.
Disclosures: Nader Sourour—UNRELATED: Consultancy: Medtronic; Payment for
Development of Educational Presentations: Medtronic, Comments: workshop;
Stock/Stock Options: Medina, Comments: former investor. Bruno Bartolini—
UNRELATED: Consultancy: Stryker. Frédéric Clarençon—UNRELATED: Consultancy:
Codman, Medtronic.
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REPLY:

hanks to Dr. Capocci and colleagues for their interest in our
manuscript. Their comments appear to address: 1) the appropriateness of the manuscript for submission; 2) our departure
from a rigid anatomic classification system; and 3) an additional
“new” classification of their own.
No strangers to confusion and controversy requiring caution
regarding the communication of historical classification constructs,1 we came to our conclusions after we saw stroke angiograms in studies over 20 years, and ultimately, we were ourselves
confused about the best way to analyze and report what we
observed.
Regarding the appropriateness, we would have been remiss
had we not looked beyond the original published results of the
largest randomized interventional stroke treatment study to date
with a focus on interventional subgroups.2 Various issues raised
in post hoc analysis should be of value to future investigators
planning their own studies.3-5
To the correspondents’ specific concerns regarding poor recanalization, the Interventional Management of Stroke (IMS) III
study showed a recanalization rate of 78.3% for M2 occlusion,
with 72.3% modified TICI 2–3 and approximately 40% modified
TICI 2b–3 reperfusion rate. However, in IMS III, revascularization (recanalization and reperfusion) had no interobserver agreement for distinction between modified TICI 2–3 and 2b–3 reperfusion versus outcome and did not correlate to good clinical
outcome for M2 occlusion. We encourage the stroke community
to settle these discrepancies with the correspondents’ assumptions in future analyses.
More importantly, however, the correspondents disagree with
our departure from strict anatomic categorization of the occlusion site in our manuscript. To be sure, we take no issue with
Fischer’s and others’ anatomic definitions.6,7 Nothing could be
more direct and succinct than “M1, M2, M3, and M4.” However,
the definitions were derived before angiography and intervention
were envisioned and were not designed to specifically meet the
need to correlate arterial occlusion branching patterns with clinical outcome after intervention by intravenous or intra-arterial
drugs or devices. Reference to Goyal’s publication as a resource
for the definition of M1–M2 anatomy fails to recognize the prior
sharing of a number of emails, images, and documents between
us in discussing the M1–M2 issue or his approval as a coauthor
of our M2 manuscript after a very long, arduous editing process. Goyal’s anatomic recommendation and our functional
modifications constitute 2 different reporting models of varying complexity, purpose, and significance, neither perfect for
all circumstances.
None of the correspondents’ references address any perceived
anatomic versus physiologic MCA occlusion concerns before
1994. With no applicable treatments to apply, no controversies of
parameters within patient study groups would be anticipated.
However, between 1994 and 2014, a concern arose regarding the
M1 and M2 definition in the Emergency Management of Stroke
(EMS) Study8,9 and its subsequent IMS I,10 II,11 and III2 succes-
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sors, culminating in the view that an M1 occlusion would have no
M2 segments or distal cortical distribution filling. EMS struggled
with the seeming contradiction of terms suggesting that any patent M2 segment, division, branch, artery, or vessel flow should
exist with M1 occlusion. M1 occlusion should have 100% of the
MCA cortical distribution occluded, save for the classic anterior
temporal artery. After all, can, or should, outcome comparisons
be made between an M1 occlusion with no distal filling versus an
M1 occlusion with distal cortical flow reducing volume at risk,
adding collateral circulation, and reducing collateral need from
other sources? To compare clinical outcomes, nothing seemed
more elemental than defining M1 occlusion as a blockage associated with the absence of arterial filling other than that of a typical
anterior temporal artery. Conversely, if 100% of the MCA distribution is not occluded, but rather a branch is patent, coursing into
the insular and Sylvian cistern to supply brain beyond, the EMSIMS functional designation of some form of M2 occlusion becomes operational. The problem of classifying the nature of the
M2 occlusion then arises. This conceptual, operational dilemma
always lurked in the background of EMS-IMS case evaluation, but
returned to the forefront in IMS III, where 83 “M2” occlusions
were encountered, with up to 25% exhibiting characteristics easily
confused with anatomic M1 occlusion.
Before EMS, no controlled, randomized trial had wrestled
with the question of anatomic versus functional occlusion from
an endovascular standpoint. PROACT (Prolyse in Acute Cerebral
Thromboembolism), conducted concurrently with EMS and reported sequentially from the same podium,12 did not specifically
define M1 and M2 occlusion to address any issue of anatomic
concern or to give direction for the future.13 Having now analyzed
the interesting discrepancies subsequently in prospective core-lab
analysis of over 100 EMS-IMS M2 occlusions, in addition to many
additional trial and nontrial cases, our manuscript hoped to share
a succinct method for describing M1, M2, and hybrid cases should
such categorization prove of value. With insufficient foresight
regarding all the issues that would arise in the final IMS III adjudication, only a post hoc analysis promised to offer clarity regarding our hypotheses and observations.
Even then, to distinguish between M1 and M2 trunk occlusions functionally could have been irrelevant with no significance
in doing so, or even erroneous, contributing to another dead wake
tailing behind the IMS study. To the contrary, our exploratory
analyses suggested that distinctions between distal M1 and M2
trunk occlusion may have relevance, as we very preliminarily reported. A post-post-hoc analysis further exploring unrecognized
factors that might contribute to measured numeric differences in
the clinical outcome of M1 versus M2 trunk occlusion has been
performed. In a presentation at the recent ASNR meeting, we
reported a variance in imaging core lab– defined ASPECTS (Alberta Stroke Program Early CT Score) ischemia of the lenticular
nucleus (more frequent with M2 trunk occlusion versus distal
M1) and insula (less frequent with M2 trunk occlusion versus
distal M1). Recognizing that our original post hoc analysis identified at least 30%– 40% of M2 trunk occlusions had occluded
lateral lenticulostriate arteries arising from them, an associated
deep ischemic effect is understandable. In addition, less frequent
insular infarction with M2 trunk occlusion further supports our

hypothesis that better collateral flow may indeed be afforded by
patent posterior temporal or holotemporal branches. However,
these 2 observations would create direct but opposite effects on
good clinical outcome, perhaps neutralizing one another in the
mRS outcome metric. We would welcome review by the investigators of the smaller recent studies detailed in the letter’s table to
support or summarily refute our observations.
Finally, the correspondents themselves also appear to find the
historical anatomic classification insufficient, suggesting their
own new subgroup classification. Their classification addresses
issues not directly specific to our manuscript, apart from our simple, general schematic reproduced with their letter. We will not
comment on their individual details and depictions. The lack of
core lab data and numbers of the varieties of occlusions envisioned provides little perspective on the impact their categorization would provide. However, that “a distal M1 occlusion with a
large anterior temporal artery supplying the entire temporal lobe”
should not be contracted to “M2 trunk occlusion” seems uneconomical in effort, inflexible in practice, less predictive in comparison of outcomes, and generally less precise in understanding. To
use “M1-like” or “M2-like” evades the precision or exactness of
what something is in favor of what it seems to be.
Workers interested in greater understanding of less obvious
patient-related factors contributing to the clinical outcome after
stroke intervention should be open to modifications not envisioned by or on the viewing screens of our predecessors. Perhaps
we should ask ourselves, given the advances in the treatment of
cerebrovascular disease, where our anatomist ancestors would
stand on the issue of splitting or clarifying their anatomic construct. Would they be as flexible as our new clot-removal devices
and recognize that new observations on anatomy versus outcome
might have sufficient relevance to recommend modifying their
construct, or would they be rigid and inflexible, holding to the
dictates of their time-honored effort? As a world-renowned empirical observer, radiologist Dr. Benjamin Felson used to summarize, when confronted with controversy and/or disagreement,
“My mind’s made up. Don’t confuse me with the facts.”
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